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1. Introduction

1.1. Epidemiology and consequences of preterm birth

Preterm birth (PTB), defined by the World Health Organization as childbirth

between 20 and 37 weeks of gestation, is the leading cause of neonatal morbidity and

mortality, the incidence of which has not decreased over the last four decades despite

intensive antenatal care programmes aimed at high-risk groups, the widespread use of

tocolytics, and a series of other preventive and therapeutic interventions. In the USA,

the rate of PTB is 12-13%, in Europe and other developed country the reported rates are

generally 5-9% (Goldenberg et al., 2008, Reich 2012). The incidence of preterm labour

(PTL) in Hungary is still around 8% (Blencowe et al., 2012).

The exact causes of PTB are unsolved. In fact, the cause of 50% of the causes of

PTB is never determined. Several risk factors for PTB have been established: previous

repeated uterine and cervical anomalies, second trimester abortion, multiple pregnancy,

precocious foetal endocrine activation, in vitro fertilization, intrauterine

inflammation/infection, gestational bleeding, abnormal placentation, urogenital

infection, maternal medical complications, a low socio-economic status and a low body

mass index before conception (Hillier et al. 1995, Moutquin 2003, Hendler et al. 2005,

Haas 2006, Banhidy et al. 2007, Pennell et al. 2007, Simhan & Caritis 2007). Other

factors, such as the maternal age, physical workload, inadequate prenatal care,

psychosocial stress, sexual activities, drug and alcohol abuse, smoking and maternal

weight gain, are still under evaluation (Berkowitz et al., 1998, Parazzini et al., 2003).

Children who are born prematurely have higher rates of cerebral palsy, sensory deficits,

neuroinflammation, learning disabilities and respiratory illnesses as compared with

children born at term (Moster et al., 2008). The morbidity associated with PTB often

extends to later life, resulting in enormous physical, psychological and economic costs

(Petrou et al., 2003, Petrou 2005).

1.2. Tocolytic therapy

Several agents are used clinically as tocolytics, including magnesium sulphate, β2-

adrenergic receptor (β2-AR) agonists, oxytocin receptor antagonist atosiban,

progesterone (P), prostaglandin (PG) synthesis inhibitors, nitric oxide (NO) donors and
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calcium (Ca2+) channel blockers (CCBs), but the efficacy of the current modes of

pharmacological treatment has been questioned (Kim & Shim 2006). Despite the

research to develop drugs to inhibit myometrial contractions, there has been no

reduction in the incidence of PTB for more than 30 years. Present therapies cannot

prevent PTB, but at best provide sufficient delay in order to attempt treatments that

ameliorate the consequences of prematurity. According to Husslein & Quartarolo

(2003), the main rationale for the use of these drugs is to delay delivery for at least 48

hours in order to allow time for the effective treatment with corticosteroids, or transfer

of the pregnant mother to a specialized high-risk obstetrical unit.

Magnesium sulphate has been used intravenously for the treatment of eclamptic

convulsions, and for seizure prophylaxis in the setting of suspected preeclampsia

(Graham 1998, Omu et al., 2008). It has been widely used as a tocolytic in the USA and

for more than 30 years was often the first-line tocolytic, but it has rarely been used for

this purpose in Europe (Morgan et al., 2008, Mercer & Merlino 2009). The therapeutic

serum concentrations of Mg2+ for the prevention and treatment of seizures have not

been rigorously determined; ,minimum levels of 4 mEq/l (4.8 mg/dl) have been

suggested based ont he basis of clinical experience, rather than a formal dose-response

evaluation (Salinger et al., 2013). Various mechanisms of action have been proposed,

such as Mg2+competing with Ca2+ and thereby affecting multiple intracellular pathways,

but the exact role remains controversial. According to a 2010 Cochrane review,

magnesium sulphate is not effective in delaying birth or preventing PTB, because there

was not enough evidence to show any difference between Mg2+ maintenance therapy

and either placebo or no treatment (Han et al., 2010).

NO donors (e.g. glyceryl trinitrate) have been used as a patch on the abdomen for

cervical ripening, labour induction and tocolysis. NO is formed from L-arginine by the

action of NO synthetase. NO increases levels of cyclic guanosine monophoshate and

protein kinase G and can thereby affect several pathways associated with relaxation.

According to Arrowsmith et al. (2010), NO donors did not delay labour or improve the

neonatal outcome as compared with placebo or on alternative tocolytic.

The PGs play an important role in the onset and maintenance of labour.

Indomethacin was first used for tocolysis in 1974 (Zukerman et al., 1974), but despite

the favourable results, most studies have limited the duration of indomethacin use

because of the development of oligohydramnios, an increased risk of necrotizing
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enterocolitis and renal failure and constriction of the ductus arteriosus Botalli (Giles &

Bisits, 2007, Sood et al., 2011).

Competitive antagonists of the oxytocin receptor (atosiban, barusiban, epelsiban

and retosiban) have been shown to inhibit the uterotonic action of oxytocin completely

in a competitive and dose-dependent manner and to inhibit oxytocin-mediated PG

release. Atosiban was the first compound that was directly developed for the

management of PTB. Although atosiban has been extensively studied in randomized,

controlled trials, there is still controversy about its effectiveness and long-term safety

(Kinsler et al., 1996, Papatsonis et al., 2005, Kim et al., 2006).

β2-AR agonists were considered the drugs of choice for the treatment of threatening

PTB on the basis of randomized controlled trials and several subsequent meta-analyses,

which showed that β-agonists delay PTB for at least the required 48 hours. Although

there are convincing data indicating the effective prolongation of pregnancy, β-mimetics

have the most undesirable side-effect profile of all currently employed tocolytics (Pryde

et al., 2001, Oei 2006). The most serious reported side-effects associated with the

administration of β2-AR agonists as tocolytics are pulmonary oedema, hypotension and

tachycardia.

CCBs, initially proposed as tocolytics in the 1980s, have had a recent resurgence.

These agents act to inhibit Ca2+ influx across the cell membrane, thereby decreasing the

tone in the smooth muscle vasculature (Tan et al., 2006). They were originally

introduced to treat hypertension. Comparative trials with β-agonists have revealed a

more favourable neonatal outcome and better prolongation of gestation (Papatsonis et

al., 1997, Koks et al., 1998). Compared with other tocolytic agents, CCBs significantly

delay birth (7 days) when used before 34 weeks. Most of these trials involved the

comparison of nifedipine with ritodrine. However, no placebo-control trials have

addressed the acute management of PTL, and there is uncertainty about the optimum

form, dose and route of administration for CCBs (Arrowsmith et al., 2010).

Supplemental treatment with P has been studied to prevent PTB and birth and as an

adjunct to treat acute PTL (Meis et al., 2003, da Fonseca et al., 2003, Conde-Agudelo et

al., 2013). It has been demonstrated to reduce the risk of recurrent PTB when used

prophylactically, but has not been thoroughly investigated as an adjunct to tocolytic

drugs on the human myometrium. The primary action of P is thought to be mediated by

its interaction with the intracellular nuclear P receptor, but actions via a plasma

membrane receptor have recently been discovered. It may also have an anti-
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inflammatory effect, which aids its tocolytic action. Through its binding to nuclear

receptors, P alters gene expression, bringing about long-term changes in the contractile

phenotype of the myometrium. P inhibits phosphodiesterase PDE4, thereby increasing

the level of cAMP (Arrowsmith et al., 2010).

With a view to decreasing the potentially adverse maternal and foetal events and

improving the perinatal outcome, it is still a pharmacological challenge to find new

therapeutic strategies, mechanisms or combinations.

1.3. ABC transporters, general overview

The ABC (ATP-binding cassette) transporters form one of the largest families of

membrane transport proteins expressed in all organisms. The family is characterized by

a conserved structure of ABC binding domains (containing the “ATP-binding cassette”

motif) and transmembrane domains. In mammals, the functional ABC protein contains

two nucleotide binding domains (NBDs) and and two transmembrane domains (TMDs).

The four domains can be present in one polypeptide chain (full transporters) or might be

set up by homo- or heterodimerization of two polypeptides containing one of each

domain (half-transporters). Each TMD consists of six transmembrane α-helixes (6-12)

which span the membrane (Fig. 1). Two TMDs together form a pore-like structure

creating a channel across the membrane. The TMD probably has two conformations: an

open and a closed conformation. The changes in the conformations are regulated by

ATP hydrolysis which is responsible for the translocation of the compound across the

cell membrane.

The human ABC transporter family consists of 49 members, divided into 7

subfamilies, from A to G, based on similarity in gene structure, the order of the domains

and sequence homology. To date, 16 ABC genes have been linked to inherited diseases,

such as Tangier disease (ABCA1), Dubin-Johnson syndrome (ABCC2),

pseudoxanthoma elasticum (ABCC6) and cystic fibrosis (ABCC7) (Dean 2005).
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Figure 1 Typical structure of the ABC transporters. The TMDs each contain 6 transmembrane segments

and the NBDs contain the Walker A and Walker B (red circle) motifs. ABC half-transporters consist of

one TMD and one NBD that combine to form a functional unit upon translation. Adapted from Kavishe et

al. (2009).

The ABC transporter family has been extensively studied, and its members play

a vital role in many cellular processes. ABC transporters are responsible for the

multidrug resistance of cancer cells (ABCB1, ABCC1 and ABCG2) (Hyde et al., 1990),

but may also be capable of transporting several substrates such, as metal ions, peptides,

amino acids, sugars and a large number of hydrophobic compounds and metabolites

across the plasma membrane and also intracellular membranes. ABC transporters have

an important role in tissue defence through the excretion of toxic compounds and their

metabolites (Dean et al., 2001). The expression levels of ABC transporters are high in

tissues which have a barrier function; the brain, kidney, intestine, placenta, liver and

lung. The expression levels of the transporters are tightly regulated, emphasizing their

importance in organ protection (Leslie et al., 2005).

1.4. The role of ABC transporters in the uterus

Several ABC transporters have been identified in human reproductive tissues

(placenta, uterus, prostate and testis); ABCA 1, 4, 5-10, ABCB 5, 7, 8, ABCC 1, 5, 7-

10, ABCD 2-4 and ABCF 1-3 (Langmann et al., 2003). These transporters are mainly

efflux proteins. The most extensively studied ABC efflux transporters are the ABCB1

(P-glikoprotein/MDR1), ABCC1 (MRP1) and ABCG2 (BCRP/MXR).

The ABCG2 efflux protein displays high expression levels in reproductive

tissues such as the placenta (Maliepaard et al., 2001a) and uterus (Langmann et al.,
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2003), and somewhat lower expression levels in the prostate, testis and ovary (Doyle et

al., 1998). ABCG2 transports various compounds through the cell membrane: Table 1

shows the compounds transported by ABCG2, and Table 2 presents ABCG2 inhibitors.

Table 1 Compounds transported by the ABCG2 efflux protein.
ABCG2 substrates References

chemotherapeutic agents mitoxantrone, topotecane,
irinotecane, methotrexate, imatinibe

Ding et al. (2010)

antiviral agents lamivudine, zidovudine, abacavir Krishnamurthyet &
Schuetz (2006), Pal et al.

(2011)
antibiotics ciprofloxacin, ofloxacin,

norfloxacin, erythromycin,
rifampicin, nitrofurantoin

Robey et al. (2009),
Hutson et al. (2010),

Hahnova-Cygalova et al.
(2011)

Ca2+ channel blockers nifendipine Shukla et al. (2006), Zhou
et al. (2005)

HMGCoA reductase inhibitors rosuvastatin, pitavastatin,
cerivastatin

Huang et al. (2006),
Robey et al. (2009)

others cimetidine
folic acid

dipyridamole
Staud & Pavek (2005),

Robey et al. (2009)

Table 2 ABCG2 inhibitors.
ABCG2 inhibitors References

flavonoids apigenin, biochanin A, chrysin,
genistein, kaempferol, hesperetin,

naringenin, silymarin Morris & Zhang (2006)
Ca2+ channel blockers nicardipine, niguldipine,

nitrendipine,
verapamil

Zhou et al. (2005),
Heinrich et al. (2006)

oestrogens oestrone, 17β-oestradiol Imai et al. (2003) and (2005)
fumitremorgin C analogues KO-132

KO-134
KO-143

mycotoxin fumitremorgin C
demethoxyfumitremorgin C

Allen et al. (2002),
Rabindran et al. (2000),

van Loevezijn et al. (2001)
others elacridar (GF120918)

tariquidar (XR9576)
novobiocin

etposide
cyclosporine-A

HER tyrosine kinase inhibitor
(CI1033)

camptothecin analogues
(GF120918)

de Bruin et al. (1999),

Staud & Pavek (2005),

Heinrich et al. (2006),
Erlichman et al. (2001),

Maliepaard et al. (2001b)

As concerns the dihydropyridine-type Ca2+ channel blockers (DHPs), Zhou et al.

(2005) reported that, apart from nifedipine, they enhance intracellular mitoxantrone

accumulation in a concentration-dependent manner. Shukla et al. (2006) found that

DHPs are transported by ABCG2 and also determined the effect of DHPs on the
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ATPase activity of ABCG2; both nicardipine and nifedipine stimulated ATP hydrolysis

by the transporter, the maximum stimulation by nifedipine proving equal to or greater

than that obtained with prazosine, a known substrate of ABCG2. Moreover, they

established that fumitremorgin C inhibited nifedipine-stimulated ATPase activity in a

concentration-dependent manner. Ca2+-channel antagonists are known to abolish the

intracellular Ca2+ transients and myometrial contractions (Forman et al., 1979). The

Ca2+-channel blocker most commonly used in the onset of PTL is nifedipine. In a recent

review (Conde-Agudelo et al., 2011), nifedipine was described as superior to ß2-AR

agonists and magnesium sulphate for tocolysis and was associated with less frequent

side-effects than ß2-AR agonists (Koks et al., 1998, Cararach et al., 2006).

Although the vast majority of the ABC transporters are energy-dependent

transporters, the family also contains examples of channel gating by ATP binding and

hydrolysis. These proteins are called ion channel regulators and are also members of the

ABC transporter family; the cystic fibrosis transmembrane conductance regulator

(CFTR/ABCC7) and ATP-dependent K+ channel regulators, such as the sulphonylurea

receptors SUR1/ABCC8 and SUR2/ABCC9. The ion channels, including the K+

channels, are central to the regulation of the cell membrane potential and contractility of

the smooth muscle (Wray 1993). The opening of these channels results in an outward

flow of K+, drawing the cell membrane potential closer to the K+ equilibrium potential,

and thereby reducing cellular excitability and contractility (Khan et al., 2001). There are

several types of K+ channels: the large-conductance Ca2+- and voltage-sensitive K+

channel (BKCa channel), the ATP-sensitive K+ channel (KATP channel), the Shaker-like

voltage-gated K+ channel (Kv channel), and small-conductance Ca2+-sensitive K+

channels (SK channel) (Brainard et al., 2007). KATP channels were first discovered in

cardiac myocytes (Noma 1983) and later in many other tissues, including pancreatic ß-

cells, skeletal muscle, smooth muscle, the brain, pituitary, kidney and mitochondria. By

linking the cell metabolic state to the membrane potential, KATP channels regulate a

variety of cellular functions, including insulin secretion from pancreatic ß-cells, the

excitability of skeletal muscle and neurones, K+ recycling in the renal epithelia, and

cytoprotection in cardiac and brain ischaemia (Inagaki & Seino 1998, Yokoshiki et al.

1998). Several papers have reported that KATP channels are involved in the smooth

muscle relaxation induced by β-AR agonists; pulmonary vasorelaxation in the rat

(Sheridan et al., 1997), vasodilatation in the rat diaphragmatic microcirculation (Chang

et al., 1997), vasorelaxation in the rat mesenteric artery (Randall et al., 1995), detruser
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muscle relaxation in the rat (Hudman et al., 2000) and myometrial relaxation in non-

pregnant buffaloes (Choudhury et al., 2009).

KATP channels are large hetero-octameric complexes containing four subunits

from the inwardly rectifying K+ channel family (Kir6.x: Kir6.1 or Kir6.2) and four

regulatory SUR subunits from the ABC transporter family ABCC8 (SUR1) and ABCC9

(SUR2). SUR2 has two different isoforms, SUR2A and SUR2B; these are splicing

variants. Both subunits (SURs and Kir6.x) are necessary for the channel function. Kir6.x

comprises the K+ channel component of the KATP, while the SURs are responsible for

the ATP sensitivity, pharmacological properties, and trafficking of this channel

(Aguilar-Bryan et al., 1998, Gross et al., 1999, Bryan et al., 2004, Teramoto 2006, Ko

et al., 2008) (Fig. 2.).

Figure 2 Diagramatic representation of KATP channel structure. KATP channels regulate the transport of K+

through cell membranes. They are formed by the combination of two types of subunit, the pore-forming

inwardly rectifying subunit (Kir6.X) and the regulatory SUR. Transport of K+ via the Kir6.X pore is

controlled externally via K+  channel regulators binding to SUR nucleotide binding sites (NBD1 and

NBD2) on the internal surface. Each channel consists of an outer ring of four SUR receptor subunits and

an inner ring of four pore-forming subunits, Kir6.X (complete channel, surface views). Each subunit is a

transmembrane protein (transmembrane views). Adapted from Shorter et al. (2008).
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The molecular structure of the KATP channels is different, due to the

heterologous expression of Kir6.x and the SUR subunits. This leads to different

combinations, and creates different types of KATP channel with distinct

electrophysiological properties and pharmacological sensitivities that reflect the various

KATP channels in native tissues. While Kir6.2/SUR1 constitutes the pancreatic ß-cell type

(Inagaki et al., 1995), the cardiac-type KATP channels consist of Kir6.2/SUR2A (Inagaki

et al., 1996), and Kir6.2/SUR2B probably constitutes the non-vascular smooth muscle

type. The vascular smooth muscle-type KATP channel comprises Kir6.1/SUR2B (Yamada

et al., 1997). Kir6.1 and SUR2B mRNA transcripts have been identified in the rat

myometrium (Chien et al., 1999, Sawada et al., 2005). Investigations on the human

myometrium indicated that the major KATP channel is composed of Kir6.1 and SUR2B

and that down-regulation of this channel may facilitate the myometrial function (Curley

et al., 2002). K+ channel-opening compounds (KCOs) are known to be potent smooth

muscle relaxants and have been reported to be potent inhibitors of non-pregnant uterine

contractions (Novakovic et al., 2007). The KCOs, including diazoxide, pinacidil,

cromakalim and nicorandil, are a structurally diverse group of drugs which open KATP

channels in various cell types (Aschroft & Gribble, 2000a). It has been shown that

different SUR subunits confer varying sensitivities to KCOs. For example, Kir6.2/SUR1

channels are activated strongly by diazoxide, but not by pinacidil, Kir6.2/SUR2A

channels are activated by pinacidil and cromakalim, but only weakly by diazoxide,

while Kir6.2/SUR2B channels are activated by diazoxide, pinacidil and cromakalim

(Inagaki et al., 1995, Isomoto et al.. 1996, Babenko et al., 1998, Gribble et al., 1998,

D’Hahan et al., 1999).
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2. Aims of the study

The main focus of this work was to investigate the function of the ABC transporters in

the regulation of the uterine contractility in the rat, from the aspects of both the efflux

transporters (ABCG2) and the ion channel regulators (ABCC8/SUR1 and

ABCC9/SUR2). The following aims were set:

1. Determination of the expression levels of ABCG2 in the rat uterus during

gestation, and investigation of the uterus-relaxant effect of the ABCG2 substrate

nifedipine in the presence of the ABCG2 inhibitor KO-134 in vivo.

2. Investigation of the expression of the SUR subunits of the KATP channels

(ABCC8/SUR1 and ABCC9/SUR2) in the rat myometrium in non-pregnant

animals and during pregnancy, and investigation of possible correlations

between SUR subunit levels and the efficacy of the KCOs in vitro.

3. Investigation of the functional presence of the KATP channel in the myometrial

relaxation induced by β2-AR agonists; in the presence of glibenclamide (a KATP

channel blocker) and pinacidil (a KATP channel opener) in the early-pregnant

(day 6) and late-pregnant rat uterus (day 22) in vitro, in order to find a

correlation between the SUR expression and the pharmacological reactivity of

the β2-AR agonists.
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3. Materials and Methods

3.1. Housing and handling of the animals

The animals were treated in accordance with the European Communities Council

Directives (86/609/ECC) and the Hungarian Act for the Protection of Animals in

Research (XXVIII.tv.32.§). All experiments involving animal subjects were carried out

with the approval of the Hungarian Ethical Committee for Animal Research

(registration number: IV/01758-2/2008). Sprague–Dawley (SPRD) rats (Charles-River

Laboratories, Hungary) were kept at 22±3 °C; the relative humidity was 30–70% and

the light/dark cycle was 12/12 h. The animals were maintained on a standard rodent

pellet diet (Charles-River Laboratories, Hungary) with tap water available ad libitum.

They were euthanized by CO2 inhalation.

3.2. Mating of the animals

Mature female (180–200 g) and male (240–260 g) rats were mated in a special mating

cage. A metal door, which was movable by a small electric engine, separated the rooms

for the male and female animals. A timer controlled the function of the engine. Since

rats are usually active at night, the separating door was opened before dawn. Within 4–5

h after the possibility of mating, vaginal smears were taken from the female rats, and a

sperm search was performed under a microscope at a magnification of 1200 times. If the

search proved positive, or if smear taking was impossible because of an existing vaginal

sperm plug, the female rats were separated and were regarded as first-day pregnant

animals.

3.3. Tissue isolation

Pregnant and non-pregnant SPRD rats were euthanized in a CO2 chamber. Uterus tissue

was rapidly removed; both horns of the uterus were sliced out. The first (cervix side)

and the last (ovary side) myometrial rings were not collected. The remaining rings were

washed in ice-cold saline (0.9% NaCl) and then transferred to a solution containing
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recombinant ribonuclease inhibitor (RNalater, Life Technologies, Hungary). The

samples were frozen in liquid nitrogen and stored at –70 °C until total RNA and protein

extraction.

3.4. Real-time quantitative reverse transcription

Uterus tissues frozen in liquid nitrogen were mechanically homogenized. The PARIS

Kit (Protein and RNA Isolation System, Life Technologies, Hungary) was used for total

RNA and protein extraction from the tissues. The quality and the quantity of the RNA

were assessed via the ratio of the absorbancies at 260 and 280 nm; all samples displayed

an absorbance ratio in the range 1.6-2.0. 2 g of total RNA and the High Capacity

RNA-to-cDNA Kit (Life Technologies, Hungary) were used for reverse transcription.

PCR products were amplified with the TaqMan Gene Expression Master Mix (Life

Technologies, Hungary) and the ABI Step One Real-Time cycler. The following

primers were used: assay ID Rn01476318_ml for ABCC8/SUR1, Rn01463198_m1 for

ABCC9/SUR2, Rn01639905-m1 for ABCG2, Rn00667869-m1 for ß-actin and

Rn99999916_s1 for GAPDH as endogenous controls. The fluorescence intensities of

the probes were plotted against PCR cycle numbers. The amplification cycle exhibiting

the first significant increase in the fluorescence signal was defined as the threshold

cycle (CT).

3.5. Western blot analysis

30 g of protein per well was subjected to electrophoresis on 4-12 % NuPAGE Bis-Tris

Gel (Life Technologie, Hungary) in XCell SureLock Mini-Cell Units (Invitrogen,

Hungary). Proteins were transferred from gels to nitrocellulose membranes (Scheicher

and Schuell, Germany), by a semidry blotting technique (BioRad, Hungary). Antibody

binding was detected with the Western Breeze Chromogenic Western blot immune

detection kit (Invitrogen, Hungary).  The blots were incubated on a shaker with

ABCG2, ABCC8/SUR1, ABCC9/SUR2, GAPDH and ß-actin polyclonal antibody

(Santa Cruz Biotechnology, California, 1:200) in the blocking buffer. Images were

captured with the EDAS290 imaging system (KODAK, Invitrogen, Hungary), and the
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optical density of each immunoreactive band was determined with Kodak 1D Images

analysis software. Optical densities were calculated in arbitrary units after local area

background subtraction.

3.6. In vivo contractility studies

The method applied for the measurement of intrauterine pressure was based on the

classical microballoon experiments originally described by Csapo (Csapo 1963).

Throughout the experiments, the rats were anaesthetized with a combination of

ketamine (36 mg/kg) and xylazine (4 mg/kg), administered intraperitoneally 24 h after

the spontaneous delivery. The in vivo experiments were carried out on post-partum rats

because the intrauterine pressure measurements with the Millar catheter in the pregnant

animals were not sufficiently accurate: the foetus disturbed the measurement efficiency

and the catheter could not be fixed appropriately. The jugular veins of the animals were

cannulated for intravenous drug administration. After the cannulation, the abdominal

cavity was opened and a Millar catheter fitted with a liquid-filled latex microballoon

was inserted into the uterus through a small section above the cervical part. After a 45-

min equilibration period, the intrauterine pressure was recorded (Isosys Data

Acquisition System, Experimetria Ltd., U.K.). The effect of the administered drug was

assessed by expressing the integrated tension relating to a 5-min period; areas under the

curves (AUCs) of 5-min periods were evaluated; expressed as a percentage in terms of

the AUC of the spontaneous contractions preceding the administration of the relaxing

drugs.

3.7. In vitro organ studies

3.7.1. Uterus preparation

Uteri were removed from non-pregnant rats in the oestrus phase (250–350 g) and from

pregnant rats on day 6, 8, 18 or 22 of pregnancy. Muscle rings 5 mm long were sliced

from the uterine horns and mounted vertically in an organ bath containing 10 ml of de

Jongh solution (composition: 137 mM NaCl, 3 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 12

mM NaHCO3, 4 mM NaH2PO4, 6 mM glucose, pH=7.4). The organ bath was

maintained at 37 °C, and carbogen (95% O2 + 5% CO2) was bubbled through it. After

mounting, the rings were equilibrated for about 1 h before the experiments were
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undertaken, with a solution change every 15 min. The initial tension of the preparation

was set to about 1.25 g, which was relaxed to about 0.5 g at the end of equilibration.

The tension of the myometrial rings was measured with a gauge transducer (SG-02;

Experimetria Ltd., Budapest, Hungary) and recorded with a SPEL Advanced ISOSYS

Data Acquisition System (Experimetria Ltd., Budapest, Hungary).

3.7.2. KCO studies: oxytocin-induced contractions

The uterus-relaxant effects of the KCOs pinacidil or diazoxide (10-8–10-4 M) (Sigma-

Aldrich, Budapest, Hungary) were investigated on oxytocin-induced contractions alone

or in the presence of glibenclamide (10-6 M) (Sigma-Aldrich, Budapest, Hungary).

Following the addition of each concentration of pinacidil or diazoxide, recording was

performed for 300 s. Dose-response curves (DRCs) were fitted, and AUCs were

evaluated and analysed. Statistical analyses were carried out with the Prism 5.0

(Graphpad Software Inc. San Diego, CA, USA) computer program. From the AUC

values, the maximum inhibitory effects (Emax) of pinacidil and diazoxide were

calculated on a given day of pregnancy, and the concentrations eliciting 50% of the

maximum inhibitions of uterine contraction (EC50) were calculated. For statistical

evaluations, data were analysed by the ANOVA Neuman–Keuls test.

3.7.3. KCO studies: contractions induced by electric field stimulation

(EFS)

Uteri were removed from rats as described in the section on uterus preparation, except

that uterus rings were mounted vertically between two platinum electrodes. Maximum

rhythmic contractions were elicited with a digital, programmable stimulator (ST-02,

Experimetria U.K. Ltd.), using different values of pulse width (PW, the duration of the

electric field as a single stimulus) and period time (PP, the time interval between two

stimuli). The uterus-relaxant action of pinacidil was investigated cumulatively on the

non-pregnant, the 8-day, the 18-day and the 22-day-pregnant uterus on EFS-induced

contractions alone, and in the presence of the Ca2+-dependent K+ channel (KCa channel)

blocker tetraethylammonium (TEA) (Sigma-Aldrich, Budapest, Hungary) on non-

pregnant and 22-day-pregnant animals. TEA was added to the organ bath 20 min before
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the exposure to pinacidil. After EFS, pinacidil (10-8–10-4 M) was added in a cumulative

manner. AUC values of 3-min periods were evaluated; the effect of pinacidil was

expressed as a percentage of the contraction induced by EFS preceding the

administration of the relaxing drug. EFS parameters were as follows; non-pregnant and

8-day-pregnant (PP: 30 s, PW: 50 ms), 18-day-pregnant (PP: 18 s, PW: 75 ms) and 22-

day-pregnant (PP: 25 s, PW: 150 ms).

3.7.4. Effects of combinations of ß2-AR agonists with pinacidil and

glibenclamide on spontaneous contractions

The uterus-relaxant effects of the β2-AR agonists ritodrine and salmeterol (10-10-10-5 M)

(Sigma-Aldrich, Budapest, Hungary) were investigated on spontaneous rhythmic

contractions cumulatively, alone or in the presence of the KATP channel blocker

glibenclamide (10-6 M) or the KATP channel opener pinacidil (10-9-10-7 M) after a 5-min

preincubation. Following the addition of each concentration of β2-AR agonist, recording

was performed for 300 s. DRCs were fitted, and AUC values were evaluated and

analysed. Statistical analyses were carried out with the Prism 5.0 computer program.

From the AUC values, the maximum inhibitory effects (Emax) of the β2-AR agonists on

a given day of pregnancy were calculated, and the concentrations eliciting 50% of the

maximum inhibitions of uterine contraction (EC50) were calculated. For statistical

evaluations, data were analysed with the ANOVA Neuman–Keuls test.
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4. Results

4.1. ABCG2 expression in the rat uterus

The expressions of ABCG2 mRNA and protein were investigated in the non-pregnant,

pregnant and post-partum rat uterus. This revealed characteristic expression during

gestation: low levels of ABCG2 were found in the non-pregnant and in the early-

pregnant uterus (days 6, 8, and 10), but on day 15 of gestation a sharp increase was

observed, which reached its maximum on day 18 of pregnancy and decreased from day

20 to post partum. The post-partum levels were similar to the non-pregnant levels (Fig.

3).

np 6 8 10 15 18 20 22 pp
0

5

10

15

20

25

***
***

***

(ABCG2)
[72 kDa]

A

B

(ß-Actin)
[43 kDa]

days of pregnancy

RQ

Figure 3 (A) Changes in expression of ABCG2 mRNA during pregnancy in the rat

myometrium. RQ (Relative Quantity) values on different days of pregnancy were

compared with those in non-pregnant rats. *** denotes p < 0.001. Each value indicates

the mean ± S.E.M, n = 5 (np: non-pregnant, pp: post-partum). (B) Representative

Western blot of ABCG2 protein expression in non-pregnant (np), pregnant and post-

partum (pp) rat myometrium.
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4.2. Uterus-relaxing effect of nifedipine in combination with KO-134 in

vivo

The uterus-relaxing effect of nifedipine was investigated in the post-partum rat uterus in

vivo with an intrauterine pressure-measuring method. Nifedipine proved to exert a

strong relaxant effect on the spontaneous uterine contractions. Parallel administration of

the ABCG2 inhibitor KO-134 dose-dependently increased the uterus-relaxing effect of

nifedipine. The ED50 of nifedipine was 240 µg/kg, whereas that of its combination with

15 mg/kg KO-134 or with 30 mg/kg KO-134 was significantly lower, at 170 µg/kg and

25 µg/kg, respectively (Fig. 4). Figure 5 shows the experimental procedures.
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Figure 4 Uterus-relaxing effects of nifedipine (N) alone and in the presence of 15

mg/kg or 30 mg/kg doses of the ABCG2 blocker KO-134 in the post-partum rat uterus

in vivo. Insert: ED50 values of nifedipine alone or in combination with KO-134 doses of

15 mg/kg or 30 mg/kg. The ED50 values of the combinations were significantly lower

than that of nifedipine alone. * p<0.05, ** p<0.01 and *** p<0.001. Each value denotes

the mean ± S.E.M, n = 8.
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Figure 5 (A) Experimental procedures. (B) Solvent controls for KO-134 and nifedipine.

S: spontaneous contractions, K1, K2, K3: KO-134 vehicle (DMSO:chremophor:saline,

2:1:7, v/v/v), N1-N8: nifedipine vehicle (PEG 400:DMSO:saline, 3:3:10, v/v/v).

(C) Representative patterns of intrauterine pressure change in the presence of KO-134

vehicle + nifedipine or KO-134 15 mg/kg or 30 mg/kg + nifedipine. Under the patterns,

the cumulative nifedipine doses are indicated (N4 = 4 µg/kg, ... N572 = 572 µg/kg).
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4.3. ABCC8/SUR1 and ABCC9/SUR2 expression in the rat uterus

Relative quantative real-time PCR and Western blot analysis revealed that both SUR1

and SUR2 mRNAs and proteins are expressed in the pregnant and non-pregnant rat

uteri. The mRNA and protein expression of the SUR1 subtype were found to be

elevated in the early stage of pregnancy (day 6), dramatically decreased from day 8 to

day 12, and then remained unchanged until the end of pregnancy (Fig. 6). The SUR2

mRNA and protein levels did not undergo any alterations during pregnancy (Fig. 7).

SUR1 and SUR2 were investigated on days 6 and 10 of pregnancy; samples were

collected separately from implantation and interimplantation sites (Fig. 8).
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Figure 6. (A) Changes in expression of ABCC8/SUR1 mRNA during pregnancy in the

rat myometrium. RQ (Relative Quantity) values on different days of pregnancy were

compared with those in non-pregnant rats. ns: non-significant, ** denotes p< 0.01, ***

p<0.001. Each bar indicates the mean ± SEM, n = 5. (B) Representative Western blot of

ABCC8/SUR1 protein expression in the non-pregnant (NP) and the pregnant rat

myometrium.
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Figure 7. (A) Changes in expression of ABCC9/SUR2 mRNA during pregnancy in the

rat myometrium. RQ values on different days of pregnancy were compared with those

in non-pregnant rats. ns: non-significant. Each bar indicates the mean ± SEM, n = 5. (B)

Representative Western blot of SUR2 protein expression in the non-pregnant (NP) and

the pregnant rat myometrium.
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Figure 8. Change in expressions of ABCC8/SUR1 and ABCC9/SUR2 mRNA in 6-day

and 10-day-pregnant animals. Samples were collected separately from implantation and

interimplantation sites. Each bar indicates the mean ± SEM, n = 5

4.4. Effects of the SUR-non-selective KATP channel opener diazoxide

and the KATP channel blocker glibenclamide

Diazoxide in the range 10-8–10-4 M inhibited the oxytocin-induced contractions. The

uterus-relaxant effect of diazoxide was investigated on the non-pregnant and on the 6-

day, 8-day, 18-day and 22-day-pregnant rat uterus. The diazoxide-relaxant effect

reached its maximum level on day 6 (60%), and was lower on days 8 and 18 (40%).

Diazoxide had no significant effect on the uterine contractions in non-pregnant and

term-pregnant animals. The relaxant effect was blocked by 10-6 M glibenclamide on day

6 of pregnancy (Fig. 9).
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Figure 9. Uterus-relaxing effect of the KATP channel opener diazoxide (10-6-10-4 M) on

oxytocin (10-6 M)-evoked rhythmic contractions in the non-pregnant and in the 6-day, 8-

day, 18-day and 22-day-pregnant rat myometrium in vitro. Values on different days of

pregnancy were compared with those in non-pregnant rats. Reversal by glibenclamide

(10-6 M) on day 6 of pregnancy. Each value denotes the mean ± SEM, n= 6.
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4.5. Effects of the SUR2-selective KATP channel opener pinacidil, the

KATP channel blocker glibenclamide and the KCa channel blocker TEA

The oxytocin-stimulated uterine contractions of non-pregnant and of 8-day, 18-day and

22-day-pregnant rats were inhibited concentration-dependently by pinacidil in the range

10-8-10-4 M. The Emax values were elevated on days 8 and 18, but on day 22 Emax was

significantly lower, similar to that in the non-pregnant animals (Fig. 10 A). The EC50

values of pinacidil were significantly lower in the pregnant rat myometrium as

compared to the non-pregnant myometrium (Fig. 10 B). The uterus-relaxant effect of

pinacidil was blocked by glibenclamide (10-6 M) on days 8 and 22. The DRCs of the

pinacidil were shifted to the right in the presence of glibenclamide (Fig. 11). The

uterus-relaxant effect of pinacidil was investigated on EFS-induced contractions in non-

pregnant and in 8-day, 18-day and 22-day-pregnant rats (Fig. 12), and reversal by TEA

(10-3 M) on the non-pregnant and the 22-day pregnant uterus (Fig. 13). The EFS-

induced contractions were inhibited by pinacidil, but there were no differences between

the Emax and EC50 values on either gestational days. TEA significantly antagonized the

uterus-relaxant effect of pinacidil on days 8 and 22 of gestation; the EC50 values were

significantly higher in the presence of TEA.
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Figure 10 (A) Uterus-relaxing effect of the KATP channel opener pinacidil (10-8-10-4 M)

on oxytocin (10-6 M)-evoked rhythmic contractions in the non-pregnant and in the 8-

day, 18-day and 22-day-pregnant rat myometrium in vitro. Emax values on different days

of pregnancy were compared with those in non-pregnant rats. (B) Changes in EC50

values of the pinacidil on oxytocin-induced contractions in the non-pregnant (NP) and

in the 8-day, 18-day and 22-day-pregnant rat myometrium in vitro. EC50 values on

different days of pregnancy were compared with those in non-pregnant rats. *** denotes

p < 0.001. Each value denotes the mean ± SEM, n = 6.
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Figure 11. Uterus-relaxing effect of the KATP channel opener pinacidil (10-8-10-4 M) on

oxytocin (10-6 M)-evoked rhythmic contractions on the 8-day and 22-day-pregnant rat

myometrium in vitro; reversal by glibenclamide (10-6 M) on day 8 and day 22 of

pregnancy. Each value denotes the mean ± SEM, n= 6.
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Figure 12. (A) Uterus-relaxing effect of the KATP channel opener pinacidil (10-8-10-4 M)

on EFS-evoked rhythmic contractions in the non-pregnant and in the 8-day, 18-day and

22-day-pregnant rat myometrium in vitro. (B) Changes in EC50 values of pinacidil on

EFS-induced contractions in the non-pregnant (NP) and in the 8-day, 18-day and 22-

day-pregnant rat myometrium in vitro. EC50 values on different days of pregnancy were

compared with those in non-pregnant rats. ns: non-significant. Each value denotes the

mean ± SEM, n = 6.
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Figure 13. Uterus-relaxing effect of the KATP channel opener pinacidil (10-8-10-4 M) on

EFS-evoked rhythmic contractions in the non-pregnant (NP pin.) and the 22-day-

pregnant (22 pin.) rat myometrium in vitro; reversal by TEA (10-3 M). *** denotes

p<0.001. Each value denotes the mean ± SEM, n = 6.



31

4.6. Effects of ß2-AR agonists in the presence of the KATP channel

blocker glibenclamide and the KATP channel opener pinacidil

4.6.1. Effects of β2-AR agonists on the 6-day-pregnant rat myometrium

The uterus-relaxant effects of ritodrine and salmeterol (10-10-10-5 M) were investigated

on the 6-day-pregnant rat uterus in the presence of 10-6 M glibenclamide and different

doses of pinacidil (10-9, 10-8 and 10-7 M). Both the KATP channel blocker glibenclamide

and the KATP channel opener pinacidil influenced the effects of salmeterol and ritodrine.

Glibenclamide blocked the tocolytic effect of the β2-AR agonists, the DRCs shifted to

the right, and the EC50 values of the β2-AR agonists were significantly increased in the

presence of glibenclamide. Pinacidil enhanced the tocolytic effects of the β2-AR

agonists, the DRCs were shifted to the left, and the EC50 values of the β2-AR agonsits

were significantly lower in the presence of pinacidil (Figs 14 and 15).

4.6.2. Effects of β2-AR agonists on the 22-day-pregnant rat myometrium

The uterus-relaxant effects of ritodrine and salmeterol (10-10-10-5 M) were investigated

on the 22-day pregnant rat uterus in the presence of 10-6 M glibenclamide and different

doses of pinacidil (10-9, 10-8 and 10-7 M). Neither glibenclamide nor pinacidil was found

influence the effects of the β2-AR agonists (Figs 16 and 17).
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Figure 14 (A) Uterus-relaxing effect of the β2-AR agonist salmeterol (10-10-10-5 M) on

the spontaneous rhythmic contractions in the 6-day-pregnant rat myometrium alone (S),

reversal by glibenclamide (S+G), and in the presence of pinacidil (10-9 M: S+P9, 10-8 M:

S+P8 and 10-7 M: S+P7) in vitro. (B) Changes in EC50 values of the β2-AR agonist

salmeterol acting on the spontaneous rhythmic contractions in the 6-day-pregnant rat,

reversal by glibenclamide, and in the presence of pinacidil. The EC50 values of the

different combinations were compared with that for salmeterol alone. *** denotes p <

0.001, ** denotes p < 0.01 and * denotes p < 0.05. Each value denotes the mean ±

S.E.M, n = 6.
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Figure 15 (A) Uterus-relaxing effect of the β2-AR agonist ritodrine (10-10-10-5 M) on

the spontaneous rhythmic contractions in the 6-day-pregnant rat myometrium alone (R),

reversal by glibenclamide (R+G), and in the presence of pinacidil (10-9 M: R+P9, 10-8

M: R+P8 and 10-7 M: R+P7) in vitro. (B) Changes in EC50 values of the β2-AR agonist

ritodrine acting on the spontaneous rhythmic contractions in the 6-day-pregnant rat,

reversal by glibenclamide, and in the presence of pinacidil. The EC50 values of the

different combinations were compared with that for ritodrine alone. *** denotes p <

0.001 and ** denotes p < 0.01. Each value denotes the mean ± S.E.M, n = 6.
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Figure 16 (A) Uterus-relaxing effect of the β2-AR agonist salmeterol (10-10-10-5 M) on

the spontaneous rhythmic contractions in the 22-day-pregnant rat myometrium alone

(S), reversal by glibenclamide (S+G), and in the presence of pinacidil (10-9 M: S+P9,

10-8 M: S+P8 and 10-7 M: S+P7) in vitro. (B) Changes in EC50 values of the β2-AR

agonist salmeterol acting on the spontaneous rhythmic contractions in the 22-day-

pregnant rat, reversal by glibenclamide, and in the presence of pinacidil. The EC50

values of the different combinations were compared with that for salmeterol alone, ns:

non-significant. Each value denotes the mean ± S.E.M, n = 6.
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Figure 17 (A) Uterus-relaxing effect of the β2-AR agonist ritodrine (10-10-10-5 M) on

the spontaneous rhythmic contractions in the 22-day-pregnant rat myometrium alone

(R), reversal by glibenclamide (R+G), and in the presence of pinacidil (10-9 M: R+P9,

10-8 M: R+P8 and 10-7 M: R+P7) in vitro. (B) Changes in EC50 values of the β2-AR

agonist ritodrine acting on the spontaneous rhythmic contractions in the 22-day-

pregnant rat, reversal by glibenclamide, and in the presence of pinacidil. The EC50

values of the different combinations were compared with that for ritodrine alone, ns:

non-significant. Each value denotes the mean ± S.E.M, n = 6.
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5. Discussion

The myometrial smooth muscle remains relatively quiescent throughout most of

pregnancy, but at term it undergoes a transformation that results in the development of

powerful rhythmic contractions. The factors regulating these painful contractions during

pregnancy and labour are poorly understood. An understanding of these processes, at

the cellular and molecular levels, is essential to develop novel therapeutic strategies for

the management of associated clinical problems such as PTL, the main cause of

perinatal mortality and morbidity in the developed world. Despite several agents being

available to treat PTB, the rate of PTB is still increasing; tocolysis is one of the greatest

challenges in obstetrical practice. New targets and new mechanisms are needed to

develop sufficient tocolytic agents. ABC transporters can be one of these new targets in

the treatment of PTB.

Several ABC transporters have been identified in the uterus, which function as

efflux pumps or ion channel regulators. This work was undertaken to extend our

knowledge concerning the gestational changes and functions of ABC transporters, from

the aspects of both efflux transporters (ABCG2) and KATP channel regulators (ABCC8

and ABCC9) in the rat uterus.

As concerns the efflux transporters, ABCG2 is one of the most extensively

studied ABC transporters; it is highly expressed in reproductive tissues (placenta, uterus

and prostate) and has an important role in the tissue defence through the efflux of toxic

compounds and their metabolites, thereby decreasing their intracellular concentration.

Several compounds with a uterus-relaxant effect (e.g. prazosine and nifedipine) are

transported by ABCG2. Nifedipine is commonly used in the therapy of PTL; it has a

greater tocolytic effect with less frequent side-effects than ß2-AR agonists (Koks et al.,

1998, Cararach et al., 2006, Conde-Agudelo et al., 2011). Our results demonstrated that

there were low levels of ABCG2 in the non-pregnant and the early-pregnant uterus, but

on day 15 of gestation a sharp increase was observed, leading to a maximum on day 18

and a subsequent decrease from day 20 to post-partum. The post-partum level was

similar to that in the non-pregnant animals. Our findings are comparable to those of

Cygalova et al. (2008), who found elevated ABCG2 levels in the rat foetus on

gestational days 15, 18 and 21. It seems that corresponding expressional changes occur

in the foetus and the uterus. Cygalova et al. (2008) concluded that the foetal and
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placental ABCG2 provides protection during gestation. It may be hypothesized that the

expression of the ABCG2 efflux protein in the rat uterus may also serve as a protective

mechanism during gestation, functioning as a special barrier to defend the uterus and

foetus from xenobiotics (e.g. tocolytics). From a pharmacotherapeutic aspect, it may be

a relevant mechanism that can reduce the efficacy of tocolytics. Moreover, if this efflux

mechanism could be blocked, then the tocolytic effect could be increased. Our in vivo

contractility studies tend to confirm this hypothesis. The results of Zhou et al. (2005)

and Shukla et al. (2006) indicated that nifedipine is transported by ABCG2. The

contractility studies revealed the strong uterus-relaxant effect of nifedipine on

spontaneous contractions. Although the in vivo experiments were carried out on post-

partum rats, in which a low ABCG2 expression was found, our results clearly

demonstrated that the combination of nifedipine with the ABCG2 blocker KO-134

significantly and dose-dependently increased the uterus-relaxing effect of nifedipine.

Our findings clearly reveal that the combination of an efflux pump inhibitor with the

tocolytic agent nifedipine results in an enhanced uterus-relaxing effect. In the future,

ABC transporters may be new targets in drug design and development. The main

problem with ABCG2 inhibitors in human use is their lack of tissue specificity, which

results in undesired adverse effects. The development of a new uterus-selective ABCG2

inhibitor for human therapy appears to be a possibility of novel therapeutic relevance in

the management of PTB.

Besides efflux proteins, a number of ABC transporters function in ion-channels

as regulators. ABCC8/SUR1 and ABCC9/SUR2 are included in the KATP channels.

Kir6.x comprises the channel component of the KATP channel, while the SURs are

responsible for the ATP sensitivity, pharmacological properties and trafficking of this

channel. Previous studies reported that only the SUR2B subunit was involved in the

KATP channels in the rat myometrium (Chien et al., 1999, Sawada et al., 2005). SUR1

and SUR2 mRNA transcripts were found in the human myometrium (Curley et al.,

2002). In contrast with Chien et al., (1999) and Sawada et al., (2005), our results

demonstrated that both SUR subunits were expressed in the rat myometrium during

gestation. Our RT-PCR and Western blot analyses revealed that the SUR1 levels were

sharply elevated on day 6 of gestation and gradually decreased to term, while low SUR2

levels were found which did not change during gestation. It is well known that

implantation occurs in early pregnancy (day 5-6 of pregnancy). To exclude the

possibility that the elevated SUR1 levels in early pregnancy were not due to the
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implantation, we investigated the implantation and interimplantation sites separately in

the early pregnant stages (days 6 and 10) to determine whether there were any

differences between them. The results showed that there were no differences between

the implantation and the interimplantation sites, and thus the elevated SUR1 levels in

the 6- and 10-day-pregnant uterus were not due to the implantation. Similarly to the

results of Curley et al. (2002) on the human myometrium our findings indicate that the

decrease in SUR1 expression in late pregnancy may facilitate the enhanced contractility

of the rat myometrium. The uterus-relaxant effect of diazoxide was significantly

stronger when the SUR1 expression was sharply increased on days 6 and 8 of

pregnancy. Thus, the pharmacological reactivity of the non-selective diazoxide depends

on the characteristic change in SUR1. In the case of SUR2, low mRNA expression and

protein levels were found, which did not change during gestation. In spite of the fact

that low SUR2 levels were found during gestation, a strong uterus-relaxant effect of the

SUR2 agonist pinacidil was observed on the pregnant rat uterus, while the relaxant

effect on the non-pregnant uterus was significantly weaker. The relaxant effect of

pinacidil correlates with the SUR2 level because it remained unchanged during

gestation. Pinacidil is generally accepted as a SUR2-selective KATP channel opener, but

our results showed that this is questionable; the KCa channel blocker TEA, antagonized

the uterus-relaxant effect of pinacidil on bothmthe non-pregnant and the 22-day-

pregnant uterus. This result confirmed that pinacidil has multiple binding sites for K+

channels. The same results were found in the human radial artery by Gojkovic-Bukarica

et al. (2011). Glibenclamide, a KATP channel blocker, antagonized both pinacidil and

diazoxide induced-relaxation in the rat myometrium. However, it is generally accepted

that glibenclamide is a selective SUR1 blocker. Glibenclamide binds to both SUR

subunits, but in two different ways; SUR1 has two binding sites for blockers

(sulphonylurea and benzamido), while SUR2 has only a benzamido binding site.

Glibenclamide contains both sulphonylurea and benzamido moieties, and can therefore

bind to SUR1 in two regions and to SUR2 in one region (Aschroft & Gribble 2000b,

Ashfield et al., 1999, Babenko et al., 1999). Moreover, Stephan et al. (2006)

demonstrated that glibenclamide (10-9 M) induced complete inhibition of the pancreatic

KATP channel, whereas higher concentrations (10-7 M or 10-6 M) produced only partial

and reversible inhibition of the cardiovascular KATP channels. Our results showed that

these suggestions were also applicable for the rat myometrium.
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In the last 20 years, the KATP channels have been extensively investigated in

various tissues because they have a central role in the membrane potential regulation.

Several papers have reported that KATP channels are involved in β-AR agonist-induced

smooth muscle relaxation; pulmonary vasorelaxation in the rat (Sheridan et al., 1997),

vasodilatation in the rat diaphragmatic microcirculation (Chang et al., 1997),

vasorelaxation in the rat mesenteric artery (Randall et al., 1995), detruser muscle

relaxation in the rat (Hudman et al., 2000) and myometrial relaxation in non-pregnant

buffaloes (Choudhury et al., 2009). Our results clearly demonstrated that in the early-

stage of gestation (day 6), when an elevated SUR1 level was observed, the ß2-AR

agonist-induced myometrial relaxation was inhibited by glibenclamide and potentiated

by pinacidil. At the end of gestation (day 22), when the SUR1 level was decreased,

neither glibenclamide nor pinacidil influenced the tocolytic effects of the ß2-AR

agonists. It can be concluded that the involvement of the KATP channel in the efficacy of

the ß2-AR agonist depends on the expression of the SUR1 subunit of the KATP channel.

Earlier we had demonstrated that the tocolytic effects of the ß2-AR agonists were

significantly decreased towards term (days 15, 18, 20 and 22 of gestation) as compared

with early gestation in the rat (Gaspar et al., 2005). This phenomenon could be

explained by decrease of the ß2-AR function, which is partially controlled by ß-

adrenergic kinase, oestrogen/progesterone levels and G-protein-coupled receptor

kinases (Ruzycky & DeLoia 1997, Simon et al., 2001, Simon et al., 2003). From our

results, it is very likely that there are other mechanisms which cause the decreased

tocolytic effect of ß2-AR agonists at the end of gestation. The low levels of KATP

channels at the end of gestation are one of the reasons for the decreased efficacy of the

betamimetics. In the human myometrium, Curley et al. (2002) showed that the SUR1

expression was decreased in late-pregnancy as compared with non-pregnant. Moreover,

low levels of the Kir 6.1 and Kir 6.2 subunits were determined at the end of gestation.

Since, the open state of the KATP channels draws the cell membrane potential closer to

the K+ equilibrium potential, the KATP channels are closely involved in reducing cellular

excitability and contractility. The low levels of the KATP channels at the end of gestation

may facilitate the enhanced excitability and contractility both in the rat and in the

human myometrium. The combination of betamimetics with a KATP channel opener will

therefore not have any therapeutic relevance in the treatment of PTB. However, this

combination may be used as a uterus relaxant in the early stage of gestation (e.g.

habitual abortion).
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6. Summary

PTL and prematurity remain the main causes of perinatal morbidity and

mortality. Despite the recent developments in perinatology and prenatal care, the

mechanisms of induction of preterm uterine contractility are still unknown. Tocolysis is

one of the greatest challenges in obstetrical practice. The rate of PTB is generally 8-

10% in the world despite the use of tocolytic therapy. New therapeutic targets are

needed to reduce the PTB rate. In the light of our results, we can conclude that one of

these new targets can be the ABC transporters.

1. ABCG2 showed a characteristic expression during gestation; at term it functions

as a special barrier to protect the foetus by the efflux of xenobiotics. The in vivo

studies showed that the ABCG2 substrate nifedipine had a potent uterus-relaxing

effect which was dose-dependently potentiated by an ABCG2 blocker KO-134.

The development of a new uterus-selective ABCG2 inhibitor for human therapy

appears to be a possibility of novel therapeutic relevance in the management of

PTB.

2. The SUR subunits of the KATP channels also showed a characteristic expression

during gestation. The in vitro studies revealed that both KCOs had a uterus-

relaxant effect; diazoxide was effective only on those days when the SUR1

subunit displayed the highest level, while the uterus-relaxant effect of pinacidil

was independent of the gestation time. In the future, the development of a

‘pinacidil-like’ uteroselective KATP channel opener may be of therapeutic

relevance in the treatment of PTB.

3. The ß2-AR agonist and pinacidil combination showed that the KATP channels are

involved in the uterus-relaxant effect of ß2-AR agonists. This combination

proved to be potent in early gestation, while it had no benefits at term. On the

basis of these findings, the therapeutic application of both the ß2-AR agonist and

a KATP channel opener can not be suggested as a promising tocolytic agent.

However, this combination may be of value as a uterus relaxant in the early

stage of gestation.
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Abstract

ATP-sensitive potassium channels (KATP channels) are composed of sulfonylurea receptors (SURs) and potassium inward rectifiers

(Kir6.x) that assemble to form a large octameric channel. This study was designed to examine the expression and role of sulfonylurea-

binding regulatory subunits 1 (SUR1 (ABCC8)) and 2 (SUR2 (ABCC9)) of the KATP channels in the pregnant rat myometrium with

particular regard to the contractility. RT-PCR and western blot analyses were performed to detect the presence of SUR1 and SUR2.

The SUR1 levels were markedly increased in the early stages of pregnancy. The highest level was detected on day 6 of pregnancy,

whereas in the late stages, the levels of SUR1 were significantly decreased. The SUR2 level remained unchanged throughout

pregnancy. The SUR non-selective diazoxide and the SUR2-selective pinacidil inhibited oxytocin-induced contractions.

Glibenclamide, a KATP channel blocker, antagonized both pinacidil- and diazoxide-induced relaxations. It was established that SURs

are responsible for pharmacological reactivity of KATP channel openers. We conclude that both SURs are involved in the KATP channel

in the pregnant rat myometrium. It may further be concluded that ‘pinacidil-like’ KATP channel openers may be of therapeutic

relevance as tocolytic agents in the future.

Reproduction (2011) 142 175–181
Introduction

The factors regulating myometrial function during
pregnancy and labor are poorly understood. An under-
standing of these processes, at the cellular and molecular
levels, is essential if novel therapeutic strategies are to
be developed for the management of associated clinical
problems such as preterm labor, the main cause of
perinatal mortality and morbidity in the developed
world (Byrne & Morrison 2002). The ion channels,
including the potassium (KC) channels, are central to
the regulation of the cell membrane potential and
contractility of the smooth muscle (Wray 1993). The
opening of these channels results in an outward flow of
KC, drawing the cell membrane potential closer to the
KC equilibrium potential and thereby reducing cellular
excitability and contractility (Khan et al. 2001). There are
several types of KC channels: the large-conductance
calcium- and voltage-sensitive KC channel (BKCa

channel), the ATP-sensitive KC channel (KATP channel),
the Shaker-like voltage-gated KC channel (Kv channel),
and small-conductance calcium-sensitive KC channels
(SK channel; Brainard et al. 2007). KATP channels were
first discovered in cardiac myocytes (Noma 1983) and
later in many other tissues including pancreatic b-cells,
skeletal muscle, smooth muscle, brain, pituitary, kidney,
q 2011 Society for Reproduction and Fertility
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and mitochondria. By linking the cell metabolic state
to the membrane potential, KATP channels regulate
a variety of cellular functions, including insulin
secretion from pancreatic b-cells, the excitability of
skeletal muscle and neurones, KC recycling in the
renal epithelia, and cytoprotection in cardiac and
brain ischemia (Inagaki & Seino 1998, Yokoshiki et al.
1998). KATP channels are large hetero-octameric
complexes containing four subunits from the inwardly
rectifying KC channel family (Kir6.x: Kir6.1 or Kir6.2) and
four regulatory sulfonylurea receptor (SUR) subunits
from the ATP-binding cassette (ABC) transporter family
ABCC8 (SUR1) and ABCC9 (SUR2). SUR2 has two
different isoforms, SUR2A and SUR2B; these are
splicing variants. Both subunits (SURs and Kir6.x) are
necessary for the channel function. Kir6.x comprises the
KC channel component of the KATP, whereas the SURs
are responsible for the ATP sensitivity, pharmacological
properties, and trafficking of this channel (Aguilar-Bryan
et al. 1998, Gross et al. 1999, Bryan et al. 2004,
Teramoto 2006, Ko et al. 2008). The molecular structure
of the KATP channels is different due to the heterologous
expression of Kir6.x and the SUR subunits. This leads
to different combinations and creates different types
of KATP channel with distinct electrophysiological
DOI: 10.1530/REP-10-0492
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Figure 1 (A) Changes in expression of Sur1 mRNA during pregnancy
in the rat myometrium. RQ values on different days of pregnancy
were compared with those in non-pregnant rats. ns, non-significant;
**P!0.01, ***P!0.001. Each bar indicates the meanGS.E.M., nZ5.
(B) Representative western blot of SUR1 protein expression in the
non-pregnant (NP) and the pregnant rat myometrium.
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Figure 2 (A) Changes in the expression of Sur2 mRNA during pregnancy
in the rat myometrium. RQ values on different days of pregnancy were
compared with those in non-pregnant rats. ns, non-significant. Each
bar indicates the meanGS.E.M., nZ5. (B) Representative western blot
of SUR2 protein expression in the non-pregnant (NP) and the pregnant
rat myometrium.
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properties and pharmacological sensitivities that reflect
the various KATP channels in native tissues. Although
Kir6.2/SUR1 constitutes the pancreatic b-cell type
(Inagaki et al. 1995), the cardiac-type KATP channels
consist of Kir6.2/SUR2A (Inagaki et al. 1996) and Kir6.2/
SUR2B probably constitutes the non-vascular smooth
muscle type. The vascular smooth muscle-type KATP

channel comprises Kir6.1/SUR2B (Yamada et al. 1997).
Kir6.1 and Sur2b mRNA transcripts have been identified
in the rat myometrium (Chien et al. 1999, Sawada et
al. 2005). There are no reports of the expression of
SURs in the rat myometrium during gestation. Investi-
gations on the human myometrium indicated that the
major KATP channel is composed of Kir6.1 and SUR2B
and that downregulation of this channel may facilitate
the myometrial function (Curley et al. 2002). Those
authors were unable to delineate the exact time at which
the downregulation occurs because of the ethical
constraints; it was not possible to carry out serial
sampling. KC channel-opening compounds (KCOs) are
known to be potent smooth muscle relaxants and have
been reported to be potent inhibitors of non-pregnant
uterine contractions (Novakovic et al. 2007). The KCOs
including diazoxide, pinacidil, cromakalim, and nicor-
andil are a structurally diverse group of drugs that open
KATP channels in various cell types (Ashcroft & Gribble
2000a). It has been shown that different SUR subunits
confer varying sensitivities to KCOs. For example, Kir6.2/
SUR1 channels are activated strongly by diazoxide, but
not by pinacidil, Kir6.2/SUR2A channels are activated by
pinacidil and cromakalim, but only weakly by diazoxide,
whereas Kir6.2/SUR2B channels are activated by diaz-
oxide, pinacidil, and cromakalim (Inagaki et al. 1995,
Reproduction (2011) 142 175–181
Isomoto et al. 1996, Babenko et al. 1998, Gribble et al.
1998, D’Hahan et al. 1999).

The objectives of this study were to investigate the
expression of the SUR subunits of the KATP channels
in the rat myometrium in non-pregnant animals and
during pregnancy and to investigate possible correlations
between SUR protein levels and the effectiveness
of KCOs.
Results

mRNA and protein expression assays

Relative quantitative real-time PCR and western blot
analysis revealed that both SUR1 and SUR2 mRNAs and
proteins are expressed in the pregnant and non-pregnant
rat uteri. The mRNA and protein expression of the SUR1
subtype were found to be elevated in the early stage of
pregnancy (day 6), dramatically decreased from days 8
to 12, and then remained unchanged until the end of
pregnancy (Fig. 1A–B). The SUR2 mRNA and protein
levels did not undergo any alterations during pregnancy
(Fig. 2A–B).
Effects of SUR non-selective KATP channel opener
diazoxide and KATP channel blocker glibenclamide

Diazoxide in the range 10K8–10K4 M inhibited the
oxytocin-induced contractions. The uterus-relaxant
effect of diazoxide was investigated in non-pregnant
and in 6-, 8-, 18-, and 22-day pregnant rat uteri.
The diazoxide-relaxant effect reached its maximum
www.reproduction-online.org
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Figure 3 (A) Uterus-relaxing effect of the KATP channel opener
diazoxide (10K8–10K4 M) on oxytocin (10K6 M)-evoked rhythmic
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the meanGS.E.M., nZ6. (B) Representative non-cumulative patterns for
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glibenclamide (oCg).
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level on day 6 (60%) and was lower on days 8 and 18
(40%). Diazoxide had no significant effect on the uterine
contractions in non-pregnant and term-pregnant animals
(Fig. 3). The relaxant effect was blocked by glibencla-
mide 10K6 M on day 6 of pregnancy (Fig. 3).
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Figure 4 (A) Uterus-relaxing effect of the KATP channel opener pinacidil
(10K8–10K4 M) on oxytocin (10K6 M)-evoked rhythmic contractions
in the non-pregnant and in the 8-, 18-, and 22-day pregnant rat
myometrium in vitro. Emax values on different days of pregnancy were
compared with those in non-pregnant rats. ***Denotes P!0.001,
ns, non-significant. Each value denotes the meanGS.E.M., nZ6.
(B) Representative non-cumulative patterns for non-pregnant oxytocin
(o)-treated uterus contractions and (C) the effect of pinacidil on
oxytocin-induced contractions.
Effect of SUR2-selective KATP channel opener pinacidil
and KATP channel blocker glibenclamide and Ca-
dependent KC channel blocker tetraethylammonium

The oxytocin-stimulated uterine contractions of non-
pregnant and of 8-, 18-, and 22-day pregnant rats were
inhibited concentration dependently by pinacidil in the
range 10K8–10K4 M (Fig. 4). The EC50 values of pinacidil
were significantly lower in the pregnant rat myometrium
compared with the non-pregnant stage (Fig. 5). The Emax

values were elevated on days 8 and 18, but on day 22,
Emax was significantly lower, similar to that in the non-
pregnant animals (Fig. 4). The uterus-relaxant effect of
pinacidil was blocked by glibenclamide 10K6 M on days
8 and 22 (Fig. 6). The uterus-relaxant effect of pinacidil
was investigated on electric field stimulation (EFS)-
induced contractions in the presence of tetraethylam-
monium (TEA; 10K3 M) on non-pregnant and 22-day
pregnant uterus (Fig. 7).
www.reproduction-online.org
Discussion

The myometrial smooth muscle remains relatively
quiescent throughout most of pregnancy, but at term, it
undergoes a transformation that results in the develop-
ment of powerful rhythmic contractions. The factors
regulating these painful contractions during pregnancy
and labor are poorly understood. KATP channel activation
has been shown to decrease the uterine tone and this is a
target for the inhibition of uterine activity in the
treatment of preterm labor (Piper et al. 1990, Brainard
et al. 2007). KATP channels are composed of two different
subunits: SURs and Kir6.x. It has been established that the
SURs are responsible for the pharmacological reactivity
of the KCOs on each KATP channel. Previous studies
reported that only the SUR2B subunit was involved in
the KATP channels in the rat myometrium (Chien et al.
1999, Sawada et al. 2005). Curley et al. (2002) found
SUR1 and SUR2 mRNA transcripts in the human
myometrium. This study was undertaken to extend our
knowledge concerning the gestational changes of SUR1
and SUR2 of the KATP channels in the rat uterus. In
contrast to Chien et al. (1999) and Sawada et al. (2005),
our results clearly demonstrated that both SUR-binding
regulatory subunits were expressed in the rat myome-
trium during gestation. Our findings demonstrate that
there is a fivefold downregulation in Sur1 mRNA level in
Reproduction (2011) 142 175–181
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the rat myometrium in late pregnancy compared with the
non-pregnant myometrium and w80-fold decrease
relative to early stages (days 6–8) of pregnancy. Similar
to the results of Curley et al. (2002) on the human
myometrium, our findings indicate that the decrease
in SUR1 expression in late pregnancy may facilitate
the enhanced contractility of the rat myometrium.

We have demonstrated that KCOs (diazoxide and
pinacidil) are potent relaxants of the non-pregnant and
pregnant rat uterus and are antagonized by glibencla-
mide. Diazoxide non-selectively activates KATP channels
containing SUR1 or SUR2 (Inagaki et al. 1996, Seino
& Miki 2003). Pinacidil selectively activates KATP chan-
nels containing SUR2 subunits (Yokoshiki et al. 1998).
The uterus-relaxant effect of diazoxide was signifi-
cantly stronger when the SUR1 expression was sharply
increased on days 6 and 8 of pregnancy. Thus, the
pharmacological reactivity of the non-selective diaz-
oxide depends on the characteristic change in SUR1. In
the case of SUR2, low mRNA expression and protein
levels were found, which did not change during
gestation. In spite of the low SUR2 levels, a strong
uterus-relaxant effect of the SUR2 agonist pinacidil
was observed on the pregnant rat uterus, whereas
the relaxant effect on the non-pregnant uterus was
significantly weaker. The relaxant effect of pinacidil
correlates with the SUR2 level because it remained
unchanged during gestation, but the difference between
the pregnant and the non-pregnant stages on oxytocin-
induced contractions is not clearly understood. The
Ca-dependent KC channel (KCa channel) blocker TEA
antagonized the uterus-relaxant effect of pinacidil on
non-pregnant and 22-day pregnant uterus. This result
confirms that the pinacidil has multiple binding sites
for KC channels. The same results were found in the
human radial artery by Gojkovic-Bukarica et al. (2011).
Glibenclamide, a KATP channel blocker, antagonized
both pinacidil- and diazoxide-induced relaxations.
However, it is generally accepted that glibenclamide is
a selective SUR1 blocker. Our results showed that
glibenclamide selectivity in the pregnant rat myome-
trium is questionable. Ashfield et al. (1999) and Babenko
et al. (1999) reported that both SUR subunits can bind
Reproduction (2011) 142 175–181
KATP channel blockers, but in two different ways.
Whereas SUR1 has two binding sites for blockers
(sulfonylurea and benzamido), SUR2 has only a
benzamido-binding site. Glibenclamide contains both
sulfonylurea and benzamido moieties, and it can,
therefore, bind to SUR1 in two regions and to SUR2 in
one region (Ashcroft & Gribble 2000b). Stephan et al.
(2006) demonstrated that glibenclamide (10K9 M)
induced complete inhibition of the pancreatic KATP

channel, whereas higher concentrations (10K7 or 10K6

M) produced only partial and reversible inhibition of the
cardiovascular KATP channels. These studies clearly
revealed that glibenclamide is a non-selective SUR
blocker. It is very likely that this mechanism exists in
the pregnant rat myometrium.

In conclusion, this study provides the ontogeny of the
SUR-binding regulatory subunits of KATP channels in the
pregnant rat myometrium. It has been established that
the SUR-binding regulatory subunits play important roles
in the pharmacological reactivity of KCOs. The relaxant
effect of diazoxide was significantly stronger when the
SUR1 expression was sharply increased on days 6 and 8
of pregnancy and did not show any appreciable effect on
those gestation days when SUR1 was downregulated.
www.reproduction-online.org
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Figure 7 Uterus-relaxing effect of the KATP channel opener pinacidil
(10K8–10K4 M) on EFS-evoked rhythmic contractions in the non-
pregnant (NP pin.) and the 22-day pregnant (22 pin.) rat myometrium
in vitro, reversal by TEA (10K3 M). ***P!0.001. Each value denotes
the meanGS.E.M., nZ6.
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The downregulation of SUR1 expression in the rat uterus
may contribute to the enhanced contractility associated
with the onset of labor. As the uterus-relaxant effect of
the SUR2-selective pinacidil on the KATP channel is
independent of the gestational age, it can be concluded
that the development of ‘pinacidil-like’ uteroselective
KATP channel openers may be of novel therapeutic
relevance in the management of preterm labor in the
future. However, the main problem with KCOs is lack of
specificity, resulting in undesired adverse effects. Further
research in this field may shed light on the development
of new drugs acting via KC channels. Whether newly
developed KCOs will exhibit significant selectivity for
the uterus remains to be seen.
Materials and Methods

Housing and handling of the animals

The animals were treated in accordance with the European
Communities Council Directives (86/609/ECC) and the
Hungarian Act for the Protection of Animals in Research
(XXVIII.tv.32.§). All experiments involving animal subjects
were carried out with the approval of the Hungarian Ethics
Committee for Animal Research (registration number:
IV/01758-2/2008). Sprague–Dawley rats (Charles-River
Laboratories, Budapest, Hungary) were kept at 22G3 8C; the
relative humidity was 30–70% and maintained on a 12 h
light:12 h darkness cycle. The animals were maintained on a
standard rodent pellet diet (Charles-River Laboratories) with tap
water available ad libitum. They were killed by CO2 inhalation.
www.reproduction-online.org
Mating of the animals

Mature female (180–200 g) and male (240–260 g) rats were
mated in a special mating cage. A metal door, which was
movable by a small electric engine, separated the rooms for
the male and female animals. A timer controlled the function
of the engine. Because rats are usually active at night, the
separating door was opened before dawn. Within 4–5 h after
the possibility of mating, vaginal smears were taken from
the female rats, and a sperm search was performed under a
microscope at a magnification of 1200!. If the search proved
positive, or if smear taking was impossible because of an
existing vaginal sperm plug, the female rats were separated and
were regarded as first-day pregnant animals.
Real-time quantitative RT-PCR

Uterus tissues were separated and frozen in liquid nitrogen and
the tissue was mechanically homogenized. The PARISKit (Protein
andRNA isolation system;LifeTechnologies,Budapest, Hungary)
was used for total RNA and protein extraction from the tissues.

The quality and the quantity of the RNA were assessed at
A 260/280, and all samples displayed an absorbance ratio
in the range 1.6–2.0. Two micrograms of total RNA and the
High Capacity RNA-to-cDNA Kit (Life Technologies) was used
for RT. PCR products were amplified with the TaqMan Gene
Expression Master Mix (Life Technologies) and the ABI StepOne
Real-Time cycler. The following primers were used: assay ID
Rn01476318_ml for Abcc8/Sur1 and Rn01463198_m1 for
Abcc9/Sur2 and Rn99999916_s1 for Gapdh as endogenous
control. The fluorescence intensities of the probes were plotted
against PCR cycle numbers. The amplification cycle exhibiting
the first significant increase in the fluorescence signal was
defined as the threshold cycle (CT).
Western blot analysis

Protein (30 mg per well) was subjected to electrophoresis on
4–12% NuPAGE Bis-Tris Gel (Life Technologies) in XCell
SureLock Mini-Cell Units (Invitrogen). Proteins were trans-
ferred from gels to nitrocellulose membranes (Scheicher and
Schuell, Dassel, Germany) by a semi-dry blotting technique
(Bio-Rad). The antibody binding was detected with the
WesternBreeze Chromogenic western blot immune detection
kit (Invitrogen). The blots were incubated on a shaker with
SUR1, SUR2, and GAPDH polyclonal antibody (Santa Cruz
Biotechnology, Heidelberg, Germany, 1:200) in the blocking
buffer. Images were captured with the EDAS290 imaging
system (KODAK, Invitrogen), and the optical density of each
immunoreactive band was determined with Kodak 1D Images
analysis software. Optical densities were calculated as arbitrary
units after local area background subtraction.
Isolated organ studies

Uterus preparation

Uteri were removed from non-pregnant rats in the estrus phase
(250–350 g) and from pregnant rats on day 6, 8, 18, or 22 of
Reproduction (2011) 142 175–181
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pregnancy. Muscle rings 5 mm long were sliced from the uterine
horns and mounted vertically in an organ bath containing 10 ml
of de Jongh solution (composition: 137 mM NaCl, 3 mM KCl,
1 mM CaCl2, 1 mM MgCl2, 12 mM NaHCO3, 4 mM NaH2PO4,
6 mM glucose, pH 7.4). The organ bath was maintained at
37 8C, and carbogen (95% O2C5% CO2) was bubbled through
it. After mounting, the rings were equilibrated for about 1 h
before the experiments were undertaken, with a solution
change every 15 min. The initial tension of the preparation
was set to about 1.25 g, which was relaxed to about 0.5 g at the
end of equilibration. The tension of the myometrial rings was
measured with a gauge transducer (SG-02; Experimetria Ltd,
Budapest, Hungary) and recorded with a SPEL Advanced
ISOSYS Data Acquisition System (Experimetria Ltd).
KCO studies

Oxytocin-induced contractions

Contractions were elicited with 10K6 M oxytocin and
non-cumulative dose-response curves were constructed in each
experiment in the presence of pinacidil or diazoxide (10K8–10K4

M; Sigma–Aldrich). Following the addition of each concentration
of pinacidil or diazoxide, recording was performed for 300 s.
Concentration-response curves were fitted and area under curve
(AUC) were evaluated and analyzed. Statistical analyses were
carried out with the Prism 5.0 (Graphpad Software, Inc., San
Diego, CA, USA) computer program. From the AUC values, the
maximum inhibitory effects (Emax) of pinacidil and diazoxide
were calculated on a given day of pregnancy, and the
concentrations eliciting 50% of the maximum inhibitions of
uterine contraction (EC50) were calculated. For statistical eva-
luations, data were analyzed by the ANOVA Neuman–Keuls test.

Contractions induced by EFS

Uteri were removed from rats as described in the ‘uterus
preparation’ section, except that uterus rings were vertically
mounted between two platinum electrodes. Maximum rhyth-
mic contractions were elicited with a digital, programmable
stimulator (ST-02, Experimetria UK Ltd.), using different values
of pulse width (PW, the duration of the electric field as a single
stimulus) and period time (PP, the time interval between two
stimuli). The uterus-relaxant action of pinacidil was investi-
gated cumulatively on the non-pregnant and the 22-day
pregnant uterus on EFS-induced contractions alone and in
the presence of the KCa channel blocker TEA. TEA was added
to the organ bath 20 min before the exposure to pinacidil.
After EFS, pinacidil (10K8–10K4 M) was added in a cumulative
manner. AUC of 3 min periods were evaluated; the effect of
pinacidil was expressed as a percentage of the contraction
induced by EFS preceding the administration of the relaxing
drug. EFS parameters were as follows: non-pregnant (PP: 30 s,
PW: 50 ms) and 22-day pregnant (PP: 25 s, PW: 150 ms).
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rncrease of the Uterus-relaxant Effect of Nifedipine by the
Abcg} Efflux Protein Inhibitor Ko134 in the Iiat In Wvo
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De\artment of Pharmacodynamics and Biopharmacy, Faculty of Pharmacy, University of Szeged, Szeged, Hungary

Abstract. Background/Aim: High Abcg2 (ATP-Binding
Cassette Transporter Subfamily G, Member_2) levels have
been found in reproductive tissues, such as the placenta and
uterus. The substrate specfficity of Abcg2 is very wide,
including uterus-relaxant agents (e.g. nifedipine and
prazosine). Through the use of a potent inhibitor (KoI34),
intracellular accumulation of the substrate can be increased.
NifediPine, Commonly used in acute tocolytic therapy, exerts
a greater tocolytic effect and has fewer side-fficts than z-
adrenergic receptor aTonists. The aims of the present study
were to investigate the expression of Abc92 in the rat uterus
during gestation and the uterus-relaxant effect of nlftdipine
in the presence of the Abcg2 inhibitor KoI34. Materials and
Methods: Real,time Polymerase Chain Reaction (pCR) and
western blot analyses were performed to detect the levets of
Abcg2 during gestation in the rat. The uterus-relaxant effect
of ntÍediPine in vivo was investigated by the intra-uterine
pressure measuring method, described by csapo. Results:
Low levels of Abcg2 were found in non-pre?nant animals and
early-pre?nancy (days 6, 8 and ] 0), but on day 15 of
gestation, A sharp increase in Abcg2 levels was observed,
which reached its maximum on day ]B and later decreased
until the end of gestation. The post-partum levels were
similar to those in non-pregnant rats. The in vivo
contractility studies revealed that nifedipine had a strong
uterus,relaxant effect on spontaneous contractions, and that
this effect was significantly and dose-dependently íncreased
by the Abcg2 blocker Ko 134 . Conclusion: The
administration of ffiux pump inhibitors in combination with
tocolYtic agents may be of novel therapeutic relevance in the
mana7ement of pre-term labour.
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Preterm birth, defined by the World Health organization as
childbirth between 20 and 3J weeks of pregnancy, is a major
determinant of neonatal mortality and morbidity and has
long-term adverse consequences for health. The exact causes
and aetiologies of preterm birth are not known. Its incidence,
now exceeding 12Vo of all births in the USA, is constantly
increasing despite major improvements in medical
(especially perinatal) care facilities and extensive medical
research. Its annual costs reached 26.2 billion US dotlars in
20a5, imPosing a huge public burden (1).With a view to
reducing the Potentially adverse maternal and foetal events
an,d improving perinatal outcome, it is a pharmacological
challenge to find new therapeutic strategies. Ca2+ -crrannel
blockers are known to abolish intracellul ar Ca2+ transients
and mYometrial contractions (2). The CaL+_channel blocker
most commonly used in the onset of preterm labour is
nifedipine.

The ATP-binding cassette (ABC) transporters, expressed in
all organisms, form one of the largest families of membrane
transPort Proteins. These transporters are responsible for
multi-drug resistance (3, 4), may be also capable of
transPortation across the plasma membrane and intracellular
membranes (5). They play important roles in tissue defence
through the excretion of toxic compounds (6). The expression
levels of these transporters are tightly_regulated, emphasizing
their irnportance in organ protection (7).

The efflux pump protein ABC subfamily G member-2
(AbcgZ) is highlY expressed in reproductive tissues such as
the Placenta (8) and uterus (9), and at somewhat lower 

'evelsin the prostate, testis and ovary (10) . ,\bcg2 transports
various compounds through the cell membrane (Table I). A
nurnber of Abcg2 inhibitors have been reported (Table II).

Regarding the Caz*-channel blockers of the dihydropyridine
type (DHPs) , Zhou et al. (11) reported that apart from
nifedipine, they enhance intracellular mitoxantrone
accumulation in a concentration-dependent manner. Shukla er
al. (12) demonstrated that DHPs are transported by Abc 92, and
determined the effects of DHps on the ATpase activity of
Abcg2; nifedipine stimulated ATP hydrolysis by the transporter,
maximum stimulation proving equa1 to or greater than that
achieved with prazosine, a known substrate of Abcg2.
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Table |. Cornpounds transported by the ABC-Transporter subfamily G member-2 (Abcg2) transporter.

Abcg2 substrates References

Chemotherapeutic agents

Anti-viral agents

Antibiotics

Ca2+-channel blockers
HMGCoA reductase inhibitors

Others

Mitoxantrone, topotecan, irinotecan, methotrexate, imatinib
Lamivudine, zidovudine,

abacavir
Ciprofl oxacin, ofloxacin,

norfl oxacin, erythromycin,
rifampicin, nitrofurantoin

Nifedipine
Rosuvastatin, pitavastatin,

cerivastatin
cimeti,dine, folic acid,

dipyridamole

(13)

(I4)
( 15)
(16)

(17)
(1 8)

(1I, 12)
( 19)
( 16)
(20)
( 16)

Table II. ABc-Transporter subfamily G member-2 (Abc82) inhibitors.

Abcg2 inhibitors References

Flavonoids
CaZ+-channel blockers

Oestrogens
Fumitremorgin C analogues

Others

Apigenin, biochanin A, chrysin, genistein, kaempferol, hesperetin, naringenin, silymarin (21)
Nicardipine, niguldipine, (11)
nitrendipine, verapamil (22)

Oestrone, l7B-oestradiol (23,24)
Kol32, Ko134, Ko143, (25)

T :H:T";T#H:,,:il:, í3:]
Elacridar (GF120918), (28)

Tariquidar (XR9576), Novobiocin, (20)
Etposide, Cyclosporine-A, (22)

HER tyrosine kinase inhibitor (CI1033), (29)
Camptothecin analogues (GF120918) (30)

l
j
:l]]
],
J
,,í

t
4

J:
Moreover, they established that fumitremorgin C inhibited
nifedipine-stimulated ATPase activity in a concentration-
dependent manner. These results confirmed that nifedipine is
transported by Abc g2.It may, therefore, be hypothesized that a

combination of nifedipine with the Abc 92 btocker KO I34 will
result in an increase in the efficacy of nifedipine.

The aims of the present study weíe to determine the levels
of Abc 92 duting gestation in the rat, and to investigate the
uterus-relaxant effect of nifedipine in the presence of the
AbcgZ inhibitor KOI34.

Matedals and Methods

Drugs. Nifedipine and KO134 were purchased from Sigma-Aldrich
Ltd, Budapest, Hungary. Nifedipine was dissolved in polyethylene-
glycol 400: dimethyl-sulfoxide: saline (3:3:10 ,vlvlv) and KOI34 in
dimethyl-sulfoxide: cremophor: saline (2:1:7, vlvlv).

Hottsing and handlin7 oí the animat. The animals were treated in
accordance with the European Comrnunities Council Directives
(86/609/ECC) and the Hungarian Act for the Protection of Animals
in Research (XXVilI.tv.32. ). A11 experiments involving animal
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subjects were carried out with the approval of the Hungarian Ethical
Committee for Animal Research (registration number: IVl017 58-
2l2008). Sprague-Dawley rats (Charles-River Laboratories,
Budapest, Hungary) were kept at 22*3'C; the relative humidity was
30-70Vo and the light/dark cycle was l2ll2 h. The animals weíe
maintained on a standard rodent pellet diet (Charles-River
Laboratories) with tap water available ad libitum.

Mating of the animals. Mature female (180-200 g) and male (240-
260 rats were mated in a special mating cage. A metal door,
which was movable by a small electric engine, separated the rooms
for the male and female animals. A timer controlled the function of
the engine. Since rats are usually active at night, the separating door
was opened before dawn. Within 4-5 h after the possibility of
mating, vaginal smears were obtained from the female rats, and a

sperm search was performed under a microscope at a magnification
of 1200 times. If the search proved positive, or if smear taking was
impossible because of an existing vaginal sperm plug, the female
rats were separated and were regarded as first-day pregnant animals.

Tissue isolation. Non-pregnant, pregnant (6th,8th, 10th, 15th, 18th,
20th and 22th) and post-partum Sprague-Dawley rats (weight: 250-
300 g) were euthanized in a COz chamber. Uterine tissue was
rapidly removed; both horns of the uterus were excised. The first
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(cervical side) and the last (ovarian side) myometrial rings were not
collected. The remaining rings were washed in ice-cold saline (0.9vo
NaCl) and then transferred to a solution containing recombinant
ribonuclease inhibitor (RItIALater, Life Technologies, Budapest,
HungarY). The samples were ftozen in liquid nitrogen and stored at
-70"C until total RI{A and protein extraction

Real-time quantitative reverse transcription-Polymerase Chain
Reaction (PCR). Uterine tissues frozen in liquid nitrogen and were
mechanically homogenized. The PARIS Kit (Protein and RNA
Isolation SYstem; Life Technologies) was used for total RIrIA and
protein extraction from the tissues. The High Capacity RNA-to-
cDNA Kit (Life Technologies) was used for reverse transcription.
PCR Products were amplified with the TaqMan Gene Expression
Master Mix (Life Technologies) and a ABI Stepone Real-Time
cycler (50'C hold 2 min,95"C hold 10 min, than 40 cycle 95'C 15
sec and 60'C lmin). The following prirners were used: assay ID
RnOI639905-m1 for Abcg2 , and Rn00661869-m1 for B-actin as
endogenous control. The fluorescence intensities of the probes were
Plotted against PCR cycle numbers. The amplification cycle
exhibiting the first significant increase in the fluorescence signal
was defined as the threshold cycle (Cr).

Western blot analysis. Thirty micrograms of protein per well was
subjected to electrophoresis on 4- I2Vo NupAGE Bis_Tris Gel (Life
Technologies) in XCelt Surelock Mini-Cell Units (Invitrogen,
Budapest, Hungary). proteins were transferred from gels to
nitrocellulose membranes (Scheicher and Schuell, Dassel, Germany)
by a semi-dry blotting technique (BioRad, Budapest, Hungary). The
blots vrere incubated on a shaker with polyclonal antibodies against
Abcg2 and B-actin (Santa Cruz Biotechnology, CA, USA; 1:200) in
the blocking buffer. Antibody binding was detected with the
WesternBreeze Chromogenic Western Blot Imrnune Detection Kit
(Invitrogen). Images were captured with the KoDAK EDAS290
imaging system (Invitrogen), and the optical density of each
immunoreactive band was determined with kodak lD Image
analYsis software. Optical densities were calculated in arbitrary units
after local atea background subtraction.

In vivo contractility studies. The method applied for the
measurement Of intra-uterine pressure was based on the classica1
microballoon experiments originally described by Csapo (31-33).
The in vivo experiments were carried out on post_partum rats
because the intra-uterine pressure measurements with a Millar
catheter in the pregnant animals were not sufficiently accurate: the
foetus disturbed the measurement efficiency and the catheter could
not be fixed appropriately. Throughout the experiments, the rats
were anaesthetized with a combination of ketamine (36 mglkg) and
xYlazine (4 mglkg), administered intra-peritoneally 24 h after the
SPOntaneous delivery. The jugular veins of the animals were
cannulated for intravenous drug administration. After the
cannulation, the abdominal cavity was opened and a Millar catheter
fitted with a liquid-filled latex microballoon was inserted into the
uterus through a small incision above the cervical part. After a 45_
min equilibration period, the intrauterine píessure was recorded with
S.P.E.L. Advanced ISOSYS Data Acquisition System (Experimetria,
Budapest, Hungary). The effect of nifedipine was assessed by
exPressing the integrated tension relating to a 5-min period. Areas
under the curves (AUCs) of 5-min periods were evaluated and the
effect of nifedipine was expressed as a percentage in terms of the

AUC of the sPontaneous contractions preceding the administration
of the relaxing drug. The experimental procedures and the patterns
of intrauterine pressure change are presented in Figure 1 .

Statistical analyses. A11 experiments were carried out on at least 8
animals and each reported value is given as the mean+S.E.M. A11
curve fittings , data calculations and statistical analyses were
Performed with the Prism 5.0 computer software (Graph pad Software
rnc, San Diego, CA, USA). Group comparisons were performed by
one-way ANOVA tests with the l.{ewman-Keuls post test.

Results

Abcg2 exPression in the rat uterus. The expressions of Abcg2
mRNA and protein were investigated in non-pregnant,
pregnant and post-partum tat uterus. This revealed a
characteristic expression during gestation: low levels of
Abcg2 were found in the non-pregnant and the early-
pregnant uterus (days 6 , 8 and 10) , but on day 15 of
gestation, a sharp increase was observed,,,-a maximum was
reached on daY 18 of gestation, and the level then decreased
from day 20 to post-partum. The post-partum levels were
similar to the non-pregnant levels (Figures 2 and 3).

(.Jterus-relaxing effect af nifedipine in vivo. The uterus_
relaxing effect of nifedipine was investigated in the post_
Partum rat uterus in vivo with an intra-uterine pressure
measuring method. Nifedipine proved to exert a strong
relaxant effect on the spontaneous uterine contractions.
Parallel administration of the Ab cgz inhibitor Ko I34 dose_
dependently increased the uterus-relaxing effect of
nifedipine. The effective dose fifty percent (ED50) of
nifediPine wa s 240 pglkg, whereas that of its combination
with 15 mg/kg KOl34 or with 30 mg/kg KOI34 were
significantly lower (p<0.001) at I70 pg/kg and,25 t-lglkg,
respectively (Figure 4 A and B).

Discussion

ABc transporters play important roles in the absorption,
distribution and elimination of many compounds,
potentially resulting in multi-drug resistance and therapy
failure. The level of expression of these transporters is
tightly-regulated, emphasizing their importance in organ
Protection. AbcgZ, a recently identified ABC transporter, is
highlY exPressed in reproductive tissues (placenta, uterus
and Prostate) and has an important role in tissue defence
through the efflux of toxic compounds and their
metabolites, thereby reducing their intracellular
concentrations. Several compounds with a uterus-relaxant
effect (e .s. ptazosine and nifedipine) are transported by
Abcg}. The blocking of CaZ+-channels has been shown to
reduce uterine tone and this is a target for the inhibition of
uterine activity in the treatment of pre-term labour.

365



in vivo 27:363-370 (2013)

A
Incubation period, spontaneous

cantraction
KO 1 34 vehicle,

KO I34 15 or 30 mg/kg
Injected nifedipine doses, at 5-min intervals

$glkg)
45 min 30 min 4 8 20 40 100 100 100 100 100 100

C

32 72

72 I72 272 372

7z 32 72 I72

Figure 1. A Experimental procedure. Representative patterns of intra-uterine pressure change in the presence of B solvent controls for KOl34 and
niftdipine. S: Spontaneous contractions, Kl , K2, K3: KOl34 vehicle (DMSO:cremophor:saline,2:1:7, v/vlv), 1-8: nifedipine vehícle (PEG
400:DMSO:saIine, 3:3:10, v/v/v), C KO134 vehicle plus nifedipine, and KOl34 at 15 mglkg or j0 mglkg plus ndedipine, Under the patterns'for C,
the cumulative niíedipine doses are indicated.
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Figure ?. A: Changes in expression of ABC-Transporter subfamity G
member-2 (Abcg2) mRNA during gestation in the rat myometrium.
Values for relative quantity on dffirent days of gestation were compared
with that in non-pre?nant rats (np). ***Denotes p<0.001 compared to
nP. Each value indicates the meanxs.E.M, n=5. B Representative
Western blot of Abcg2 protein expression in non-pre7nant, pre7nant and
Post-Partum (pp) rat myometrium, with B-Actin as endogenous control.

Nifedipine is commonly used in the therapy of preterm
labour. Nifedipine has been reported to be superior ta Fz-
adrenergic receptor agonists and magnesium sulfate for
tocolysis (3a) and to be associated with less frequent side-
effects than B2-adrenergic receptor agonists (3 5, 36).

A number of studies have been conducted regarding the
expression of Abcg? in various tissues from different
species, but according to our knowledge this is the first
publication on the expression of Abc 2 in the rat uterus
during gestation. Low levels of Abc92 were found in the
non-pregnant and the early-pregnant uterus, but on day 15
of gestation a sharp increase was observed, leading to a
maximum on day 18 and a subsequent decrease from day
2a to post-partum. The post-partum level was similar to that
in the non-pregnant animals. Our findings are comparable
to those of Cygalova et aI. (36), who found elevated Abcg2
levels in the rat foetus on gestational days 15, 1 8 and, 2I .

It seems that corresponding expressional changes occur in
the foetus and the uterus. Cygalova et al. (36) concluded
that the foetal and placental Abcg} provides protection
during gestation. It may be hypothesized that the expression
of the AbcgZ efflux protein in the rat uterus may also serve
as a protective mechanism during gestation, functioning as
a special barrier to defend the uterus and foetus from
xenobiotics (e,s. tocolytics). From a pharmaco-therapeutic
aspect, it may be a relevant mechanism that can reduce the
efficacy of tocolytics. Moreover, if this efflux mechanism

Figure 3. Densitometric analysis of ABC-Transporter subfamily G
member-2 (Abcg2) western blot data (data show on Figure 2B).
Densitometric values on dffirent days of gestation were compared with
that in non-pre7nant rats. ***Denotes p<0.001 . Each value indicates
the mean*S .E .M , n= 5 . np : Non-pre?nant, pp : post-partum.

could be blocked, then the tocolytic effect could be
increased. Our in vivo contractility studies tend to confirm
this hypothesis.

The results of Zhou et al. ( 1 1) and Shukla et al. (I2)
indicated that nifedipine is transported by Abcg}. The
contractility studies revealed the strong uterus-relaxant effect
of nifedipine on pontaneous contractions. Although the in
vivo experiments were carried out on post-partum rats, in
which a low Abcg} expression was found, our results clearly
demonstrated that the combination of nifedipine with the
Abcg? blocker KO 134 significantly and dose-dependently
increased the uterus-relaxing effect of nifedipine. Our
findings clearly reveal that the combination of an efflux
pump inhibitor with the tocolytic agent nifedipine results in
an enhanced uterus-relaxing effect. In the future, ABC
transporters may be new targets in drug design and
development. The main problem with Abcg} inhibitors in
human,'use is their lack of specificity, which results in
undesired adverse effects. The development of a new uterus-
selective Abcg2 inhibitor for human ther apy appears to be a
possibility of novel therapeutic relevance in the management
of preterm delivery.
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