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Abstract
Methadone is the therapeutic agent of choice for treatment of the pregnant opiate addict. However, little is known on the factors

affecting its concentration in the fetal circulation during pregnancy and how it might relate to neonatal outcome. Therefore, a better

understanding of the function of placental metabolic enzymes and transporters should add to the knowledge of the role of the tissue in the

disposition of methadone and its relation to neonatal outcome. We hypothesized that the expression and activity of the placental efflux

transporter P-glycoprotein (P-gp) would affect the transfer of methadone to the fetal circulation. Data obtained utilizing dual perfusion of

placental lobule and monolayers of Be–Wo cell line indicated that methadone is extruded by P-gp. Transfer of methadone to the fetal

circuit was increased by 30% in the presence of the P-gp inhibitor GF120918 while the transfer of paclitaxel, a typical substrate of the

glycoprotein, was increased by 50%. In the Be–Wo cell line, methadone and paclitaxel uptake was also increased in the presence of the P-

gp inhibitor cyclosporin A. Moreover, the expression of P-gp in placental brush–border membranes varied between term placentas. Taken

together, these data strongly suggest that the concentration of methadone in the fetal circulation is affected by the expression and activity

of P-gp. It is reasonable to speculate that placental disposition of methadone affects its concentration in the fetal circulation. If true, this

may also be directly related to the incidence and intensity of neonatal abstinence syndrome (NAS).

# 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Methadone is, and has been for several decades, the only

approved pharmacotherapeutic agent for treatment of the

pregnant opiate addict in the United States. Numerous

investigations have indicated that methadone treatment

programs improve maternal and neonatal outcome of this

patient population; a review of this literature would be out

of the scope of this report. However, a controversy exists

regarding the association of methadone pharmacotherapy

with neonatal abstinence syndrome (NAS) [1,2] and

whether the dose administered correlates with the inci-

dence and intensity of the syndrome [1–4]. The variability

in the efficacy of methadone among nonpregnant patients
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could be attributed to the factors affecting its disposition,

which include maternal clearance, bioavailability, and

metabolism by the liver and intestine. For the pregnant

patient, other factors include fetal and placental clearance

and metabolism. Our working hypothesis is that the pla-

centa contributes to the disposition of a drug during

pregnancy by virtue of its role as a functional barrier that

protects the fetus from exposure to xenobiotics. Two

reports from our laboratory about methadone provided

evidence supporting this hypothesis. In the first report,

cytochrome P 450 (CYP 19/aromatase) was identified as

the major enzyme responsible for the metabolism of

methadone to 2-ethylidene-1,5-dimethyl-3,3-diphenylpyr-

rolidine (EDDP) in term placentas obtained from healthy

pregnancies [5]. In the second report, the transfer rate of

methadone from the maternal to fetal circuit of the dually

perfused placental lobule was lower than that in the

opposite direction suggesting that the efflux transporter

P-glycoprotein (P-gp) might be involved [6]. Taken

together, the data obtained suggested that the kinetics

for transplacental transfer of methadone and its amount
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in the fetal circulation is determined by the sum of three

processes: simple diffusion, carrier-mediated uptake or

efflux, and biotransformation by the tissue’s metabolic

enzymes.

The efflux transporter P-gp is a glycoprotein product of

the multidrug resistance gene (MDR1) with a molecular

weight of 170 kDa. Its role in extrusion of anticancer drugs

from cells with intrinsic and acquired resistance is well

documented. P-gp is expressed in various normal human

tissues such as brain capillary endothelial cells that are part

of the blood–brain barrier and the brush–border membrane

of the intestine; this expression provides indirect evidence

that it protects the body from xenobiotics [7]. Of particular

interest to this investigation is the identification of P-gp in

placental trophoblast tissue brush–border membranes [8].

Vesicle preparations from trophoblast tissue were used to

provide evidence for the function of P-gp [9]. P-gp exhibits

very broad substrate structure specificity and interacts with

many xenobiotics and drugs including methadone [10]. In

choriocarcinoma epithelial cell culture of the trophoblast-

like cell line (Be–Wo), higher transfer of the P-gp sub-

strates digoxin, vinblastine, and vincristine was reported

more often in the basolateral-to-apical (fetal to maternal)

than in the apical-to-basolateral [11]. However, in the

human colon adenocarcinoma cell line (Caco-2), the rate

of methadone transfer in both directions was similar [12].

Therefore, the goal of this investigation was to determine

whether the activity of placental P-gp, localized on the

brush–border membrane of human trophoblast cells, might

affect the transfer rate and amounts of methadone in the

fetal circuit of the dually perfused placental lobule. The

effect of placental P-gp on the transfer of methadone was

investigated utilizing two methods. The first method is the

technique of dual perfusion of a term placental lobule in the

absence and presence the P-gp inhibitor GF120918. The

second method is the uptake of the opiate by Be–Wo cell

line. GF120918 is an acridine carboxamide derivative that

belongs to the second generation of P-gp antagonists,

which inhibits the efflux of its substrates [13,14], and a

recent report indicated that it significantly increased the

transfer of paclitaxel (Taxol) into the brain [15]. Paclitaxel

is a chemotherapeutic drug and a substrate of P-gp [7].

Therefore, its transplacental transfer was compared with

methadone utilizing two in vitro methods and is reported

here.
2. Materials and methods

2.1. Chemicals

P-gp inhibitor GF120918 was a generous gift from

GlaxoSmithKline, Philadelphia, PA. All chemicals were

purchased from Sigma-Aldrich (St. Louis, MO) unless

otherwise mentioned. The opiates buprenorphine (BUP),

levo-a-acetylmethadol (LAAM) and methadone and their
tritiated isotopes were a gift from the National Institute on

Drug Abuse drug supply unit. [3H]-Verapamil (85 Ci/

mmol) was purchased from American Radiolabeled Che-

micals Inc. (St. Louis, MO). Paclitaxel and paclitaxel [o-

benzamido-3H] (41 Ci/mmol) were purchased from Mor-

avek Biochemicals, Inc. (Brea, CA).

The murine monoclonal antibodies (mAb C219) were

purchased from Signet Laboratories (Dedham, MA). Actin

(C-2) mouse monoclonal antibodies and goat antimouse

horseradish peroxidase-conjugated antibody were pur-

chased from Santa Cruz Biotechnology, Inc. (Santa Cruz,

CA).

2.2. Clinical material

Placentas from term healthy pregnancies were obtained

upon delivery according to a protocol approved by the

Institutional Review Board at the University of Texas

Medical Branch, Galveston, TX. Placentas of women

who abused drugs during pregnancy were excluded from

the investigation.

2.3. Methods

2.3.1. Preparation of human placental brush–border

membranes

Brush–border membranes were prepared according to

the method described by Smith et al. [16] and modified by

Booth et al. [17]. Briefly, after removal of the umbilical

cord and amniotic membranes, tissue pieces weighing 20–

30 g were dissected and washed four times with cold (4 8C)

phosphate buffered saline (PBS; 83 mM NaCl, 22.2 mM

Na2HPO4, 5.5 mM KH2PO4, pH 7.4). The tissue was

minced, stirred for 1 h and filtered through nylon mesh.

The filtrate was centrifuged at 800 � g for 10 min, and the

pellet discarded. The supernatant was then centrifuged at

100,000 � g for 60 min, the pellet re-suspended in 30 mL

Tris–mannitol buffer (300 mM mannitol, 2 mM Tris–base,

pH 7.0) and homogenized. The homogenate was stirred on

ice for 10 min after the addition of 0.6 mL of 1 M MgCl2.

The homogenate was then centrifuged at 2200 � g for

12 min, and the supernatant was re-centrifuged at

100,000 � g for 60 min. The resulting pellet was re-sus-

pended in buffer (250 mM sucrose, 100 mM KNO3,

10 mM MgCl2, 0.2 mM CaCl2, 10 mM HEPES/Tris, pH

7.4), and its protein content was determined using a Bio-

Rad kit (Bio-Rad, Hercules, CA) with bovine serum albu-

min as a standard. All steps were performed at 4 8C.

2.3.2. ATPase assay

The verapamil-stimulated vanadate-sensitive ATPase

activity kit (Gentest Corporation, Woburn, MA) was used

to determine the interaction of opiates with P-gp. The kit is

based on the method described by Sarkadi et al. [18].

Human P-gp membranes, 40 mg membranes/20 mL, were

incubated in the presence of 20 mM verapamil (20 mL) as a
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positive control or an opioid at a final concentration of

20 mM with 20 mL of 4 mM MgATP. The reaction mixture

included the following components at their indicated final

concentrations: 50 mM Tris–Mes buffer, 2 mM EGTA,

50 mM KCl, 2 mM dithiothreitol, and 5 mM sodium azide.

The total volume of the reaction was 60 mL and was

incubated at 37 8C for 20 min. An identical reaction mix-

ture containing 100 mM sodium orthovanadate, a selective

inhibitor of the P-gp-coupled ATPase, was simultaneously

carried out to determine the ATPase activity in the presence

and absence of orthovanadate to obtain the vanadate-

sensitive ATPase activity. The reaction was terminated

by the addition of 30 mL 10% sodium dodecyl sulfate

(SDS) + Antifoam A. The other two reaction mixtures

were either in the presence or absence of orthovanadate,

and the absence of Mg-ATP represented ‘‘0’’ time condi-

tions. The liberated inorganic phosphate was determined

by the formation of a complex due to the addition of 2

volumes of 35 mM ammonium molybdate in 15 mM zinc

acetate: 10% ascorbic acid (1:4, v/w). The intensity of the

color was determined at 800 nm after incubation for

20 min at 37 8C using a phosphate standard curve.

2.3.3. Radioligand binding assay

Verapamil binding to P-gp expressed in trophoblast

tissue brush–border membrane preparations was used to

determine whether methadone competes for the same site

on the efflux transporter using a radioligand assay based on

a description by Doppenschmitt et al. [19]. The assay was

composed of the following: 250 mg brush–border mem-

brane proteins, a range of methadone concentrations from

0.1 to 300 mM, 50 mM Tris buffer (pH 7.4) to a final

volume of 0.5 mL, and tritium-labeled verapamil at spe-

cific activity of 85 Ci/mmol. The final concentration of

[3H]-verapamil was 5 nM and its specific binding was

calculated from the difference between that in presence

and absence of 1 mM Rhodamine123 [19]. The compo-

nents of the binding assay were incubated at 37 8C for

30 min and terminated by rapid filtration using a cell

harvester (Brandel, Gaithersburg, MD) and glass fiber

filters (#32; Schleicher & Schuell, Keene, NH) presoaked

in polyethylenimine. The filters were dried under a heat

lamp and placed in scintillation vials; cocktail fluid was

added, and the radioactivity was determined.

2.3.4. Dual perfusion of placental lobule

The method used is that by Miller et al. [20] and as

described in details in a previous report from our laboratory

[21]. Briefly, each placenta was examined for tears, and

vessels supplying a single peripheral cotyledon were can-

nulated with umbilical catheters. The selected lobule was

placed, maternal side up, in the perfusion chamber. Perfu-

sion was initiated by inserting two catheters into inter-

villous space on the maternal side. The perfusate was made

of tissue culture medium M199 (Sigma, St. Louis, MO)

supplemented with Dextran 40; 25 IU/mL heparin; 40 mg/
L gentamicin sulfate; and sulfamethoxazole and trimetho-

prin, 80 and 16 mg/L, respectively. The fetal perfusate was

equilibrated with a gas mixture of 95% N2 and 5% CO2 and

the maternal with a mixture of 95% O2 and 5% CO2. Each

placenta was perfused for an initial control period of 2 h,

i.e., in absence of methadone, to evaluate the physical

integrity of the tissue. An experiment was terminated if one

or more of the following criteria were observed: fetal artery

pressure reaching 50 mmHg, a loss in the volume of

transfused medium in the fetal circuit >2 mL/h, and/or

a difference between pO2
in the fetal vein and artery

<60 mmHg. Each experimental period was started by

replacing the perfusion medium in the fetal and maternal

reservoirs and adding methadone or paclitaxel to the

maternal reservoir at their final concentrations of 200

and 85 ng/mL, respectively. The placentas perfused with

either methadone or paclitaxel in the absence of the P-gp

inhibitor represented the control group. The transfer rate of

methadone or paclitaxel from the maternal to the fetal

circuit was determined under steady-state conditions by

utilizing the model system in its open–open configuration;

i.e., both the maternal and fetal circuits were not re-

circulated. The transfer parameters determined in the

control group of placentas served as a base line for the

experimental group of placentas. This experimental group

was transfused with the same concentration of methadone

or paclitaxel but in the presence of the P-gp inhibitor

GF120918 at its final concentration of 1 mM [22]. The

inhibitor was added to the maternal reservoir 30 min before

methadone or paclitaxel was added. Antipyrine (AP;

20 mg/mL) was co-transfused in all experiments as a

marker compound to account for interplacental variations.

The radioactive isotopes of all the drugs ([3H]-methadone,

[3H]-paclitaxel, and [14C]-AP) were added in their respec-

tive experiments to the maternal reservoir (6 mCi of each)

to increase their detection limits. Samples from the mater-

nal and fetal perfusates were collected at 0, 5, 10, 15, 20,

25, 30, 40, 50, 60, 75, 90, 105, and 120 min to determine

their content of the drugs and other variables. The transfer

parameters were calculated according to the following

equations: fetal transfer rate (Trf) = [CFv/CMa] � 100%,

where CFv and CMa are venous fetal and arterial maternal

concentrations of the drug; clearance (Cl) = (CFv/

CMa) � Qf (mL/min), where the fetal perfusion rate

(Qf) is 3 mL/min; clearance index (Clindex) = Trf drug/

Trf AP.

2.3.5. Be–Wo cells

The Be–Wo cell line (clone b30) was obtained from Dr.

Alan Schwartz (Washington University, St. Louis, MO).

Passage 29–40 of the cells were used in this study and

cultured as described previously [23]. Briefly, the cells

were cultured in Dulbecco’s modified Eagle’s medium

(DMEM, Sigma) adjusted to pH 7.4 and containing 10%

heat-inactivated fetal bovine serum (Atlanta Biologicals,

Norcross, GA), and 1% each of 200 mM (100�) L-gluta-



T. Nanovskaya et al. / Biochemical Pharmacology 69 (2005) 1869–18781872

Table 1

Effect of BUP, LAAM, methadone and morphine on the activity of the

vanadate-sensitive ATPase coupled to P-gp

Compound ATPase activity

(nmol mg�1 min�1)

ATPase activity

(nmol mg�1 min�1)

reported by Schwab et al. [37]

Verapamil 20 21

Morphine 4.3 3.7

Methadone 5.9 Not determined

LAAM 7.1 Not determined

BUP 4.8 Not determined

BUP: buprenorphine; LAAM: levo-a-acetylmethadol; P-gp: P-glycopro-

tein.
mine, 10,000 units/mL penicillin with 10 mg/mL strepto-

mycin, and 10 mM (100�) MEM nonessential amino acids

solution (all three from Invitrogen, Carlsbad, CA). Cells

were maintained at 37 8C in 150 cm2 flasks under 5% CO2

and 95% relative humidity; the media was changed every

other day. Cells were harvested with trypsin–ethylenedia-

minetetraacetate (EDTA) solution (Sigma) diluted in PBS

(129 mM NaCl, 2.5 mM KCl, 7.4 mM Na2HPO4, and

1.3 mM KH2PO4 adjusted to pH 7.4).

Prior to seeding Be–Wo cells in 24-well tissue culture

plates, the plates (Corning Costar, Corning, NY) were

prepared by coating each well in a 24-well plate with

70 mL of a 5 mg/mL poly-D-lysine (Sigma) solution in 28%

ethanol. The plates were then dried and sterilized under

fluorescent light. The plates were then coated with fibro-

nectin (Sigma) solution in PBS are added to each well in

12-well plates (two drops were added in 24-well plates).

Immediately prior to cell seeding, each well was rinsed

with DMEM. Be–Wo cells were seeded in the plates as

described previously [23] at a density of 12,500 cells/cm2.

The cells were incubated and media changed every other

day until 100% confluent (4–6 days).

The uptake experiments in Be–Wo cells were carried

out as described previously [23]. The cells were washed

three times with Hanks’ balanced salt solution (HBSS,

Sigma) and then equilibrated in HBSS at 37 8C for

approximately 45 min. [3H]-Methadone (20 nM) or

[3H]-paclitaxel was premixed with (or without) selected

inhibitors (e.g., 100 mM unlabeled methadone or 10 mM

Cyclosporin A) in warm HBSS and was added to the cells

in a shaking hot box (37 8C) for 30 min. The dosing

solutions were then aspirated, the cells were washed with

ice-cold HBSS three times before the lysing solution

(0.5% Triton X-100 in 0.2 N NaOH) was added, and

the plate continued to shake in the hot box for approxi-

mately 3 h. Samples of the lysate were then collected for

scintillation spectrometry (Beckman LS 60001C, Beck-

man-Coulter, Fullerton, CA) or protein assay using a kit

from Pierce (Rockford, IL) with bovine serum albumin as

the standard.

2.3.6. Western blot analysis of P-glycoprotein

The brush–border membranes were prepared by differ-

ential centrifugation of trophoblast tissue homogenates as

described above. Identification of P-gp expression was

carried out using 7.5% SDS/polyacrylaminde gel electro-

phoresis. The amount of sample protein loaded on each

well was 10 mg. At the end of electrophoresis, the gel was

electroblotted on nitrocellulose membranes overnight at

4 8C and a constant potential of 25 V. Blots were probed

with primary murine monoclonal antibodies (mAb C219,

Signet Laboratories, Dedham, MA) diluted 1:200 and

secondary goat antimouse horseradish peroxidase-conju-

gated antibodies diluted 1:1000 (Santa Cruz Biotechnol-

ogy, Inc., Santa Cruz, CA) Detection of the protein bands

was carried out by spot densitometry and digital imaging
(Alpha Innotech Corporation, San Leanrdo, CA) of the

enhanced chemiluminescence spots (Pierce, Rockford, IL).

The amount of expressed b-actin was used to normalize the

amount of P-gp in each loaded sample on the gel. A

positive control was made of human P-gp or MDR1

membranes (Gentest Corporation, Woburn, MA).

2.3.7. Statistical analysis

All values reported are expressed as mean � standard

deviation. The differences observed between control and

experimental groups were calculated by two-tailed t-test

and considered significant when the P value was <.05.
3. Results

3.1. Interaction of opiates with P-glycoprotein

The interaction of the opiates methadone, its derivative

LAAM, BUP, and morphine was determined using a

commercially available P-gp expressed in insect cell mem-

branes. The membranes were prepared from a baclovirus

expression system of human P-gp cDNA (Gentest Corp,

Woburn, MA). The stimulation of the ATPase activity

coupled to the transporter by each opiate (20 mM) was

used as a screening tool to identify P-gp substrates [24].

Once methadone was identified as a substrate of P-gp,

dependence of ATPase activity on its concentration was

also determined. The vanadate-sensitive ATPase activity of

the opiates is shown in Table 1. All opiates, at their tested

concentrations, stimulated the P-gp coupled ATPase activ-

ity. In addition, the relationship between the ranges of

methadone concentration (20–200 mM) and the ATPase

activity was linear (Fig. 1). LAAM caused the highest

stimulation of ATPase activity followed by methadone,

BUP, and morphine. These data suggest that the opiates

interact with the efflux transporter P-gp though the activa-

tion of ATP hydrolysis was only 30% of that caused by an

equimolar (20 mM) concentration of verapamil. However,

the methadone concentration of 200 mM caused approxi-

mately the same amount of ATP hydrolysis by 20 mM

verapamil.
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Fig. 1. The effect of methadone (20–200 mM) on the activity of the

vanadate-sensitive ATPase coupled to P-gp and expressed in a membrane

preparation. The ATPase activity increased in a linear fashion with the

concentration of methadone.

Fig. 3. Uptake of (A) 20 nM [3H]-methadone and (B) 50 nM [3H]-pacli-

taxel by the human trophoblast-like cell line Be–Wo. Cyclosporin A, a

typical inhibitor of P-gp, significantly enhances the uptake of methadone

and the uptake of the P-gp substrate, paclitaxel, by Be–Wo cells. Methadone

significantly enhances the uptake of paclitaxel by Be–Wo cells.
3.2. Methadone displaces verapamil binding to

P-glycoprotein

Methadone displaced the specific binding of [3H]-ver-

apamil to P-gp of brush–border membrane preparations.

The displacement curve obtained from a plot of specifically

bound verapamil versus the concentration of [DL]-metha-

done revealed an IC50 of approximately 80 mM (Fig. 2).

The total displacement of verapamil by 1 mM methadone

suggests that the two drugs compete for the same binding

site of P-gp.

3.3. Interaction of methadone with P-glycoprotein of

Be–Wo cells

The human trophoblast-like cell line, Be–Wo, was used

to assess the interaction of methadone with P-glycoprotein.

Be–Wo cells express functional P-gp at levels greater than
Fig. 2. The amount of [3H]-verapamil (5 nM) specifically bound to the

transporter site of P-gp decreased with the increase in methadone concen-

tration. The IC50 for methadone displacement of verapamil binding was

approximately 80 mM. The nonspecific binding of verapamil was deter-

mined in presence of Rhodamine123 (1 mM).
primary cultures of normal human cytotrophoblasts [25].

The uptake of methadone by Be–Wo cells was less than

5 pmol/mg protein (Fig. 3). The typical P-gp substrate and

inhibitor, cyclosporin A, increased labeled methadone

uptake 10-fold as did the presence of a high concentration

of unlabeled methadone. Uptake of the typical P-gp sub-

strate paclitaxel was significantly increased in the presence

of either cyclosporin A or methadone (Fig. 3B). These data

suggest that methadone is a substrate of P-gp in Be–Wo

cells.

3.4. Effect of P-gp inhibitor GF120918 on transplacental

transfer of paclitaxel

Paclitaxel is a substrate of the efflux transporter P-gp,

and its concentration in mice brain was increased in

presence of the inhibitor GF120918 in a manner similar

to that observed for the P-gp knockout mice [15]. To

determine the effect of the P-gp inhibitor GF120918 on

the transplacental transfer of paclitaxel, the technique of

dual perfusion of the placental lobule was utilized in its
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Table 2

Kinetics parameters for paclitaxel transfer across term human placental

lobule in presence and absence of the P-gp inhibitor GF120918

Parameters In absence of P-gp

inhibitor

In presence of P-gp

inhibitor

AP Paclitaxel AP Paclitaxel

Trf (%) 35.6 � 8.5 3.97 � 1.76 34.6 � 10.7 6.56 � 2.30a

Clearance

(mL/min)

1.05 � 0.27 0.11 � 0.05 1.02 � 0.33 0.19 � 0.06a

Cl index – 0.11 � 0.02 – 0.19 � 0.07b

P-gp: P-glycoprotein; AP: antipyrine; Trf: fetal transfer rate; Cl: clearance.

Each value represents the mean � standard deviation of six placental

perfusions.
a P < .05.
b P < .01.

Table 3

Kinetics parameters for methadone transfer across term human placental

lobule in presence and absence of the P-gp inhibitor GF120918

Parameters In absence of P-gp

inhibitor

In presence of P-gp

inhibitor

AP Methadone AP Methadone

Trf (%) 32.2 � 6.09 26.8 � 4.45 31.8 � 5.83 33.7 � 6.83a

Clearance

(mL/min)

0.96 � 0.21 0.79 � 0.14 0.90 � 0.15 0.96 � 0.18a

Cl index – 0.84 � 0.09 – 1.06 � 0.16b

P-gp: P-glycoprotein; AP: antipyrine; Trf: fetal transfer rate; Cl: clearance.

Each value represents the mean � standard deviation of eight placental

perfusions.
a P < .05.
b P < .01.
open–open configuration. Paclitaxel, at its final concentra-

tion of 100 nM (85 ng/mL), and its tritiated isotope were

added to the maternal circuit and co-transfused with the

inert, readily diffusible marker compound antipyrine (a

non-P-gp substrate) [26] under steady state conditions for a

period of 2 h (for the control group of term placentas). In

the experimental group of term placentas, the P-gp inhi-

bitor GF120918 was added first to the maternal reservoir at

its final concentration of 1.0 mM (600 ng/mL), transfused

for 30 min, and then paclitaxel and antipyrine were added.

Transfusion of the three compounds continued for an

additional 2 h under conditions identical to those used

for the control placentas. Table 2 shows the transfer

parameters for paclitaxel across the perfused human pla-

cental lobule in the absence (six control placentas) or

presence (six experimental placentas) of the P-gp inhibitor

GF120918. The data indicate that there is no difference in

the transfer rate and clearance of AP between the control

and experimental placentas and that the drug is not affected

by the presence of the P-gp inhibitor GF120918. Conver-

sely, the transfer of paclitaxel from the maternal to the fetal

circuit in the presence of the inhibitor (experimental

placentas) was approximately two-fold of that in the

absence of the inhibitor (control placentas, P < .05). These

data indicate that the inhibition of P-gp efflux activity

results in a significant increase in the transfer of paclitaxel

to the fetal circuit.

3.5. Effect of P-gp inhibitor GF120918 on transplacental

transfer of methadone

Experimental conditions identical to those described

above for paclitaxel were used to determine whether the

inhibition of the efflux activity of P-gp would increase the

transfer of methadone to the fetal circuit. The P-gp inhi-

bitor was added to the maternal reservoir and transfused for

30 min followed by the addition of methadone at its final

concentration of 0.58 mM (200 ng/mL) together with its

tritiated isomer (experimental placentas), and the transfu-

sion continued for 2 h. Methadone was transfused alone

(without the inhibitor) in control placentas under identical
conditions. Data obtained from the experimental placentas

were normalized to those for the transfer of AP in the

control experiments. The mean for the transfer parameters

of eight control and eight experimental placentas are

presented in Table 3. The data indicate a 30% increase

in the concentration of methadone in the fetal circuit in the

experimental placentas (in the presence of GF120918) over

control (no inhibitor, Fig. 4). In addition, the presence of

the inhibitor resulted in a significantly higher (P < .05,

Table 3) fetal transfer rate, clearance, and clearance index

of methadone (P < .05). These data suggest that the inhi-

bition of P-gp function as an efflux transporter results in an

increase in the transfer rates of methadone and paclitaxel

by 30 and 50%, respectively, suggesting that the che-

motherapeutic agent is a ‘‘better’’ substrate of P-gp or that

the passive permeability of methadone is greater than that

of paclitaxel.

3.6. Expression of P-gp in term human placentas

Western blots were used to determine the level of P-gp

expressed in brush–border membrane preparations

obtained from 81 term human placentas. The ratio of

the amounts of P-gp present in 10 mg brush–border mem-

brane protein of each placenta to that of actin is illustrated

in Fig. 5. The data indicated that there is an apparent

variation in the amounts of P-gp expressed between pla-

centas. It is unclear whether the expression of P-gp corre-

lates directly with its activity in the efflux of its substrates

paclitaxel or methadone.
4. Discussion

The goal of this study was to provide evidence for the

role of P-gp in the efflux of methadone from term human

placental trophoblast tissue. Our working hypothesis was

that human placenta might act as a functional barrier

protecting the fetus from the effects of xenobiotics, toxins

and therapeutic drugs. If true, the concentration of metha-

done, or any other drug/opiate agonist, in the fetal circula-
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Fig. 4. A histogram representing the concentration of methadone in the

fetal circuit of the dually perfused placental lobule. Each time point

indicates the concentration of methadone in the absence (control group)

and presence (experimental group) of the P-gp inhibitor GF120918. The

presence of the inhibitor in the maternal circuit resulted in a significant

increase in the concentration of methadone in the fetal circuit.
tion of a patient under treatment should be affected by

specific placental functions. These placental functions

would be directed towards limiting or decreasing the

transfer of the opiate to the fetal circulation. Accordingly,

placental disposition of methadone would be achieved by

its metabolism of the drug or its efflux back to the maternal

circulation. Earlier reports from our laboratory provided

evidence supporting our working hypothesis by identifying

aromatase/CYP 19 as the major enzyme responsible for the

metabolism of the opiates BUP to norBUP [27], LAAM to

norLAAM [28], and methadone to EDDP [5]. It is inter-

esting to note that the major enzyme responsible for the

metabolism of these opiates in human liver and intestine is

CYP 3A4 [29–31]. In addition, a recent investigation,

utilizing the dually perfused placental lobule, revealed that

the transfer rates of methadone were higher in the fetal to
Fig. 5. The expression of P-gp in apical membranes prepared from 81 term

human placentas as revealed by Western blots. The bar graphs represent the

ratio of P-gp expression to that of b-actin in each preparation. The data

indicate a wide range for P-gp expression between placentas.
maternal direction than vice versa [6]. The higher transfer

rates of methadone in the fetal to maternal direction could

be explained by the activity of the unidirectional trans-

porter P-gp. The explanation, though speculative, was

based on the localization of P-gp on the brush–border

membranes of human trophoblast cells and its activity

as an ATP-dependent unidirectional efflux transporter

[9,32]. Indeed, the activity of P-gp in the unidirectional

efflux of digoxin, vinblastine, and vincristine has been

reported in Be–Wo human placental choriocarcinoma

epithelial cells [11]. In addition, P-gp has a broad substrate

specificity similar to that of CYP 3A4 [33]; lipophilic drugs

that are metabolized by CYP 3A4 in the liver and intestine

are usually good candidates for being transferred by the

glycoprotein.

Several investigators reported on the interactions of

methadone with P-gp utilizing various model systems.

In one report, colon adenocarcinoma cell line Caco-2

monolayers in a transwell model system was used for

investigating intestinal drug transport, and methadone

transfer was not affected by the P-gp inhibitor verapamil

[12]. In an in vivo investigation utilizing knockout mice for

MDR1 gene revealed higher concentrations of methadone

in the brain of these animals [34] and increased analgesia

[35]. In another model system, addition of verapamil to the

everted rat intestine increased the transfer of methadone by

60% [36]. Accordingly, it was reasonable to assume that

the unidirectional activity of P-gp could contribute to the

role of the placenta as a functional barrier between mater-

nal and fetal blood and consequently protecting the devel-

oping fetus from environmental toxins, xenobiotics, and

drugs such as methadone.

In this report, direct and indirect evidence was provided

and demonstrated that P-gp regulates the transfer of metha-

done across term human placenta. A human cDNA-P-gp

expressed in a commercially available membrane prepara-

tion was utilized to determine whether methadone, and

other opiates, would stimulate the ATPase activity coupled

to the binding of a ligand to the efflux transporter. An

earlier investigation, utilizing the same method, deter-

mined that the morphine-stimulated ATPase activity was

3.7 nmol mg�1 min�1 [37], in agreement with our data

(Table 1). The rates for P-gp-coupled ATP hydrolysis

stimulated by the interaction of methadone, LAAM, and

BUP are shown in Table 1. The highest rates for ATPase

activity were in the presence of methadone and its deri-

vative LAAM. In addition, the stimulation of ATPase-

coupled activity to P-gp increased linearly with the con-

centration of methadone (Fig. 1). These data provide

evidence for the interaction between each of these opiates

and the efflux transporter P-gp.

To characterize the site of interaction of methadone with

P-gp, a radio-ligand binding assay was utilized to deter-

mine whether verapamil binding to P-gp can be displaced

by methadone. Two or more P-gp transporter sites have

been identified [38]. Verapamil, a substrate of one of the P-
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gp transporter sites [19] was used to determine whether

methadone is a ligand of the same binding site, while

progesterone binds to an allosteric modulatory site and is

not transported [39]. Our data indicate that [3H]-verapamil

specifically bound to P-gp was totally displaced by metha-

done and the concentration–response curve constructed

revealed an IC50 of approximately 80 mM. However, these

data, while confirming that methadone binds to the

verapamil drug transporter site of P-gp, are not sufficient

to determine whether the opiate is actually transported by

P-gp.

The technique of dual perfusion of a placental lobule was

utilized to determine the activity of P-gp in extruding

methadone from placental tissue back to the maternal

circuit. This ‘‘model’’ system offers close simulation of in

vivo conditions [40]. The kinetics for methadone transfer

from the maternal to the fetal circuit was determined utiliz-

ing the dually perfused placental lobule in the presence and

absence of the P-gp inhibitor GF120918. This acridonecar-

boxamide is considered the most potent and available P-gp

inhibitor [41]. In addition, we determined the transfer

kinetics for the chemotherapeutic drug paclitaxel that is a

known substrate of P-gp, in the presence and absence of the

inhibitor, for comparison with methadone. The fetal transfer

rate of paclitaxel in absence of the inhibitor was approxi-

mately 50% of that in its presence (Table 2). Conversely, the

fetal transfer rate of methadone in the presence of the

inhibitor was 30% higher than in its absence (Table 3).

Other kinetic parameters, determined for methadone and

paclitaxel (Tables 2 and 3) in the presence and absence of the

P-gp inhibitor, reflect similar changes. Therefore, the data

indicate that both methadone and paclitaxel are extruded by

P-gp from the placental tissue to the maternal circuit. The

observed difference in the rates of their extrusion may be

explained by one of the following: The chemotherapeutic

agent is a ‘‘better’’ substrate of P-gp than the opiate; or,

methadone has a higher passive permeability than paclitaxel

and consequently inhibition of P-gp would be less pro-

nounced though the opiate might be as ‘‘good’’ a substrate.

Indeed, the relative permeability of methadone (Table 3)

across placenta is significantly higher than for paclitaxel

(Table 2) rendering the second explanation more plausible.

Accordingly, if the in vivo activity of P-gp is similar to that

determined in vitro, then the concentration of methadone in

the fetal circulation should be also affected. Indeed, the

administration of the P-gp inhibitor quinidine to healthy

volunteers resulted in an increase in their plasma levels of

methadone [42].

It should be noted here that the observed increase in the

transfer of methadone and paclitaxel to the fetal circuit in

presence of the inhibitor GF120918 could be a result of the

simultaneous inhibition of at least two efflux transporter

proteins; namely, P-gp and Breast Cancer Resistance Pro-

tein (BCRP). Recent data indicate that GF120918 may also

inhibit the activity of BCRP [14], which is highly

expressed in the human placenta [43,44]. Therefore, the
involvement of BCRP in the efflux of methadone from

placental tissue could not be ruled out and should be

investigated.

The human trophoblast-like cell line Be–Wo expresses

functional P-gp at levels greater than the primary cultures

of normal human cytotrophoblasts [25] and was utilized to

investigate the interaction of the efflux transporter with

methadone and paclitaxel. The uptake of [3H]-methadone

by the cells was less than 5 pmol/mg protein and was

increased 10-fold in presence of the P-gp inhibitor cyclos-

porine A (Fig. 3A) or the addition of 0.1 mM of the

nonradioactive methadone isotope thus confirming the

mediated transfer of the opiate (Fig. 3A). The uptake of

paclitaxel by Be–Wo cells was also increased in the

presence of either methadone or cyclosporine A (Fig. 3B).

Taken together, the data cited in this report provide

evidence that methadone is extruded by the efflux trans-

porter P-gp expressed in term human placentas and the Be–

Wo cell line. In view of the reported range of CYP 19

activites in its metabolism of methadone to EDDP [21] by

different placentas, the expression of P-gp was determined

in 81 brush–border membrane preparations obtained from

term placentas of healthy uncomplicated pregnancies. A

similar variability in Be–Wo cell line has not been reported

and deemed unlikely to occur in a cell line. The ratio of P-

gp expression to that of actin in each placental preparation

ranged from <0.05 to 2.3 (Fig. 5). To the best of our

knowledge, the relation between P-gp expression and its

activity in human placentas has not been determined. On

the other hand, and irrespective of the expression–activity

relationship of placental P-gp, the interplacental variation

in the activity of CYP 19 in its metabolism of methadone

could be either augmented or decreased in each individual

depending on the extent of the activity of the transporter in

the efflux of the opiate. Accordingly, the concentration of

methadone in the fetal circulation may not correlate with

maternal serum drug level of women under treatment. Over

the last 30 years, several researchers have reported clinical

observations on the presence or absence of a correlation

between the dose of methadone administered to the mother

and the incidence or intensity of neonatal abstinence

syndrome [1–4].

In summary, our data indicate that methadone is a

substrate of human placental P-gp. The activity of P-gp

in returning methadone to the maternal circulation,

together with the activity of CYP 19 in metabolizing

methadone to EDDP, represent two functions of the pla-

centa in its disposition of the opiate, which results in a

decrease in its concentration in the fetal circulation.
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