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ABSTRACT

Methadone and buprenorphine (BUP) are used for treatment of the pregnant opiate addict.
CYP19/aromatase is the major placental enzyme responsible for the metabolism of metha-
done to 2-ethylidine-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP) and BUP to norbuprenor-
phine (norBUP). The aim of this investigation was to determine the effects of methadone and
BUP on the activity of placental microsomal aromatase in the conversion of its endogenous
substrates testosterone to 17p-estradiol (E;) and 16a-hydroxytestosterone (16-OHT) to
estriol (E3). The conversion of testosterone and 16-OHT by human placental microsomes
exhibited saturation kinetics, and the apparent K, values were 0.2+ 1 and 6 + 3 uM,
respectively. Vinax values for E; and E; formation were 70 + 16 and 28 + 10 pmol/mg pro-
tein min, respectively. Also, data obtained revealed that methadone and BUP are compe-
titive inhibitors of testosterone conversion to E, and 16-OHT to E;. The K; for methadone
inhibition of E, and E; formation were 393 + 144 and 53 + 28 pM, respectively, and for BUP
the K; was 36 + 9 and 6 + 1 pM. The higher potency of the two opiates and their metabolites
in inhibiting E; formation is in agreement with the lower affinity of 16-OHT than testoster-
one to aromatase. Moreover, the metabolites EDDP and norBUP were weaker inhibitors of
aromatase than their parent compounds. The determined inhibition constants of metha-
done and BUP for E; formation by a cDNA-expressed CYP19 preparation were similar to
those for placental microsomes. Therefore, data reported here suggest that methadone,
BUP, and their metabolites are inhibitors of androgen aromatization in the placental
biosynthesis of estrogens.
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1. Introduction

The human placenta assumes a crucial role in the main-
tenance of pregnancy and fetal organogenesis, growth, and
development. The structure and localization of the placenta,
as an interface between the maternal and fetal circulations,
allow its regulation of nutrient uptake from the maternal
circulation, exchange of gasses between the latter and fetal
circulation, and elimination of fetal waste products. Moreover,
the human placenta is responsible for the synthesis of specific
polypeptide and steroid hormones that have endocrine and
paracrine functions (e.g., chorionic gonadotropin, and estro-
gens). Our working hypothesis during the last 5 years has
been, human placenta may act as a functional barrier
protecting the fetus from the effects of drugs/opiates and
xenobiotics. The placenta achieves this role, in part, by the
activity of its metabolizing enzymes and efflux transporters.
Therefore, our investigations focused on placental disposition
of the two opiates used in treatment of the pregnant heroin/
opiate addict — namely, methadone, and buprenorphine
(BUP).

The transplacental transfer of methadone and BUP, as
compared with the freely diffusible and non-metabolizable
antipyrine, was investigated using the technique of dual
perfusion of term placental lobule. The data obtained revealed
that the rate of methadone transfer to the fetal circuit was
higher (29.4 + 4.6%) than that for BUP (11.6 & 2.5%) [1,2]. The
concentration ratio for BUP in the tissue/fetal and tissue/
maternal circuits, when the drug was transfused in the
maternal-to-fetal direction were 27.4+0.4 and 13.1+6.5,
respectively. The concentration ratio for methadone in the
tissue/fetal and tissue/maternal circuits under identical
experimental conditions were 9.9+ 1.2 and 6.5 + 1.0, respec-
tively. Therefore, it is apparent that a concentration gradient
for each opiate is formed between placental tissue and both
the maternal and fetal circuits and that it is higher for BUP
than for methadone due to their retention by the tissue. If such
a gradient exists in vivo, the concentration of either
methadone or BUP in placental tissue could be significantly
higher than its therapeutic levels in the maternal circulation.
Accordingly, the effect of either methadone or BUP on the
activity of placental metabolic enzymes should be greater than
that assumed on the basis of its circulating concentration
following administration of a therapeutic dose. This conclu-
sion gained importance in light of the data obtained on the
metabolism of methadone and BUP by placental tissue. These
recent investigations in our laboratory revealed that the major
placental enzyme responsible for the metabolism of metha-
to 2-ethylidine-1,5-dimethyl-3,3-diphenylpyrrolidine
(EDDP) and BUP to norbuprenorphine (norBUP) was micro-
somal CYP19/aromatase [3,4]. Moreover, earlier investigations
identified CYP19 as the enzyme responsible for the metabo-
lism of other endogenous placental compounds and xenobio-
tics [5-7].

On the other hand, the major enzyme responsible for the
metabolism of methadone [8-10] and BUP by human hepatic
microsomes [11-13] was identified as CYP3A4 although other
CYP isozymes were not ruled out [10]. Two metabolites for
methadone, namely EDDP and 2-ethyl-5-methyl-3,3-diphe-
nylpyrroline (EMDP), were detected in human plasma and

done

urine [14,15] as well as in mice bile [14]. However, to the best of
our knowledge, the in vitro sequential demethylation of
methadone to EDDP and EMDP was catalyzed only by human
intestinal microsomal preparations [16].

Itis well recognized that CYP19/aromatase is a key enzyme
in the biosynthesis of estrogens by human placenta —
specifically, the conversion of C;9 androgens to C;g estrogens
[17,18]. The role of estrogens in pregnancy is, and has been, the
subject of numerous investigations. Reports indicated that
estrogens regulate several placental functions crucial for the
maintenance of pregnancy and fetal development such as
trophoblast differentiation, uteroplacental blood flow, uterine
growth and contractility, as well as progesterone biosynthesis
[19-23]. During pregnancy, the placenta becomes the major
source for 17p-estradiol (E,), estriol (Es), and estrone (E,) in the
maternal and fetal circulations. E; is produced exclusively by
human placenta from fetal precursors and was considered a
useful indicator of fetal well being [21,24,25]. In addition, lower
levels of E; correlated with below normal fetal and placental
weights [26,27], and it was suggested that estrogen levels
should be monitored during pregnancy [21]. It is also
important to note that the concentration of E; is lower in
animals and humans under treatment with methadone [28-
30].

Therefore, it appears that human placenta could be a target
for drug interactions in pregnant women under treatment
with methadone or BUP. The aim of this investigation was to
determine the effects of these two opiates on the activity of
term placental CYP19/aromatase in the conversion of its
endogenous substrates testosterone to E; and 16a-hydroxy-
testosterone (16-OHT) to Es.

2. Material and methods
2.1. Chemicals

All chemicals and reagents were purchased from Sigma
Chemical Co. (St. Louis, Mo) unless otherwise indicated.
BUP, norBUP, methadone and EDDP were a gift from the drug
supply unit of the National Institute on Drug Abuse.
Acetonitrile was purchased from EM Science (Gibbstown,
NJ). The cDNA-expressed CYP19 supersomes, commercially
available from Gentest were utilized. Properties of the super-
somes were reported previously [31].

2.2. Clinical material

All placentas were obtained immediately after delivery, from
term healthy pregnancies, according to a protocol approved by
the Institutional Review Board of the University of Texas
Medical Branch at Galveston. Placentas of drug abusing
women were excluded.

Villous tissue was excised, rinsed with ice-cold saline, and
homogenized in 0.1 M potassium phosphate buffer pH 7.4
(Ultra Turrax, Staufen, Germany). The homogenate was used
to prepare crude subcellular fractions (mitochondrial and
microsomal) by differential centrifugation. The microsomal
fraction was prepared by resuspending the 10,000 x g pellet in
0.25 M sucrose buffer (pH 8), centrifuging at 104,000 x g, and
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the pellet obtained was resuspended in 0.1 M potassium
phosphate buffer (pH 7.4). Protein content of the fraction was
determined using a commercially available reagent (Bio-Rad
Laboratories kit, Hercules, CA) and BSA as a standard. Aliquots
of the subcellular fraction were stored at —80 °C until used. A
pool of 15 microsomal fractions was prepared and used in all
experiments.

2.3.  Activity of aromatase (CYP19)

2.3.1. 17p-Estradiol formation

The activity of placental microsomal fractions (0.25mg
protein) in catalyzing the conversion of testosterone to 178-
estradiol was determined in a total reaction volume of 1 mL
potassium phosphate buffer (pH 7.4). Increasing concentra-
tions of testosterone were added to the reaction solution,
(highest concentration, 2.0 uM), and preincubated for 5 min at
37 °C. The reaction was initiated by the addition of NADPH
regenerating system (NADP 0.4 mM, glucose-6-phosphate (G-
6-P) 4 mM, G-6-P dehydrogenase 1 U/mL, and 2 mM MgCl,) and
incubated for 5 min at the same temperature. The reaction
was terminated by the addition of 100 pL of a 10% (w/v)
trichloroacetic acid and placed on ice. Estrone, 100 pL of 10 pg/
mlL solution, was added to each tube as an internal standard.
The precipitated protein was separated by centrifugation at
12,000 x g for 10 min and the resulting supernatant extracted
with 1.5 mL butyl chloride. The organic layer was separated,
evaporated, and the residue resuspended in 200 L of the HPLC
mobile phase used to determine the amounts of E, formed as
described below. Data reported on the kinetics of E, formation
are the mean of three experiments.

2.3.2. Estriol formation
The activity of the pool of placental microsomal fractions in
catalyzing the conversion of 16-OHT to E; was determined
under identical reaction conditions to those described for E,
formation except for the following: the highest concentration
of 16-OHT was 50 pM, the incubation period was 15 min, and
chlorimipramine (25 pL of 10%, w/v) was used as the internal
standard, and the supernatant obtained after centrifugation
was analyzed to determine the amounts of E;. The mean of the
results obtained from three experiments on the kinetics of E3
formation is reported.

The apparent K, and V. values were calculated from the
saturation curves of testosterone and 16-OHT using Michaelis-
Menten equation and nonlinear regression.

2.4.  Effect of the opiates on aromatase activity

2.4.1. Effect of the opiates on estrogen formation by placental
microsomal fraction

The effect of BUP, methadone, and their metabolites on the
aromatization of testosterone to E, and 16-OHT to E3 by
placental microsomal fractions was investigated. The ICso
value for the opiates were calculated from data obtained from
three experiments for each as described below. The concen-
trations of steroid substrates were equivalent to their
apparent K,,, values determined in our laboratory (0.2 pM for
testosterone and 6.0 pM for 16-OHT), and each opiate was
added at a range of concentrations. For E, formation, the

concentrations of opiates used were: methadone, 100~
2000 uwM; EDDP, 100-1000 pM; BUP, 10-200 pM; norBUP, 10-
400 uM. For E; formation, the concentrations were: metha-
done and EDDP, 100-1000 uM; BUP, 1-100 uM; norBUP, 10-
200 pM. Each ICso value was calculated from plots of the
percent of the product formed (i.e., in the absence of inhibitor)
versus either the concentration of the inhibitor or the log of its
concentration.

2.4.2. Kinetics of aromatase inhibition by opiates in placental
microsomal fractions

The type of inhibition caused by each opiate, competitive or
non-competitive, was determined in the presence and
absence of each opiate, and the following ranges of substrate
concentrations: testosterone, 100-800 nM; 16-OHT, 3-12 uM.
For each reaction, zero time served as blank, and in the
control, the opiate was replaced by an equal volume of the
solvent. The data obtained were plotted as the reciprocal of the
concentration of product formed versus the reciprocal of
substrate concentration in the absence and presence of at
least three concentrations of each inhibitor.

The constant of inhibition (K;) of each opiate was
determined by Dixon plots of data obtained on the effect of
a range of opiate concentrations in the presence of two or
three substrate concentrations with one of them equal to its
apparent K, value. The concentration range of each opiate
was as follows: for E, formation — methadone, 500-1000 w.M;
BUP, 10-200 uM; norBUP, 50-400 pM and for E; formation —
methadone, 100-500 puM; BUP, 5-25 uM; EDDP, 200-750 uM;
norBUP, 25-100 pM. K; values were estimated from plotting the
reciprocal of the velocity of estrogens (E,, E3) formation versus
inhibitor concentrations as an intercept of lines, representing
two or three substrate concentrations. The values reported for
each of the K; of each opiate is the mean of the data obtained
from three experiments.

The K; for EDDP inhibition of E, formation was calculated
from its ICso values using the equation ICso =K; x (1 + [S)/Km)
[32]. The ICso for EDDP was determined experimentally as
described in Section 2.4.1.

2.4.3. Kinetics for the inhibition of cONA-expressed aromatase
activity by methadone and buprenorphine

The effect of methadone and BUP on E; formation by a cDNA-
expressed CYP19 preparation “supersomes” was investigated
and the K; values for the opiates determined. The concentra-
tion of CYP19 was 10 pmol/250 pL of reaction volume. The
reaction conditions and the concentration of methadone and
BUP were identical to those described above for placental
microsomes. The substrate concentration was equal to its Ky,
and 2 x Kp, (6 and 12 uM). The rates of E; formation are
expressed as pmol of Es/pmol of CYP19. The K; values were
determined by Dixon plots of the data obtained from three
experiments.

2.5.  Analysis of 17B-estradiol and estriol formation

The amounts of E, and E; formed were determined by HPLC/
UV according to the method of Taniguchi et al. [33] with slight
modifications to resolve E, from E; using a 250 x 4.6 mm Luna
5uM Cyg chromatography column (Phenomenex, Torrance,
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Calif). The mobile phase used for analysis of E, was
acetonitrile:water (45:55, v/v) containing 0.1% (v/v) triethyla-
mine at a pH of 3.0 adjusted with orthophosphoric acid.
Isocratic elution was performed at a flow rate of 1.2 mL/min
and the eluent monitored at a wavelength of 200 nm. The
mobile phase used for E; was made of acetonitrile:water (35:65,
v/v) containing 0.2% (v/v) triethylamine at a pH of 3.5. The flow
rate was maintained at 0.5 mL/min for the first 15 min of the
run time and then changed to 1 mL/min for the remaining
period, and the compound was detected at a wavelength of
280 nm.

2.6.  Statistical analysis

Statistical analysis of data on the effect of the opiates on
aromatase activity was carried out using ANOVA with multi-
ple comparison analysis compared with zero inhibitor con-
centration.

3. Results

3.1. The conversion of testosterone to 17-estradiol and
16a-hydroxytestosterone to estriol by placental microsomal
fractions

Testosterone and 16-OHT are metabolic intermediates in the
biosynthesis of estrogens in human placenta and are the
naturally occurring substrates for the enzyme CYP19/aroma-
tase. The rate of formation of the two products E, and E; was
dependent on the concentration of their respective substrates
and exhibited saturation kinetics (Fig. 1A and B). Analysis of
the data obtained revealed apparent K,, values for testoster-
one and 16-OHT of 0.2 and 6 pM, respectively. These data
suggest that the enzyme responsible for each of the two
reactions is likely to be a CYP isozyme with higher affinity to
testosterone (approximately 30 times higher) than to 16-OHT.
Also, the maximum velocity for E, formation was approxi-
mately three times that for E; formation (70 + 16 versus
28 + 10 pmol mg~* protein min~?, respectively).

3.2.  Effects of methadone, buprenorphine, and their
metabolites on the activity of CYP19/aromatase

3.2.1. Methadone and EDDP

Both methadone and EDDP inhibited the formation of E; but
only methadone had an effect on E, formation (Fig. 2A and B).
Methadone, at a concentration of 500 pM, inhibited the
formation of E, and E; by 40 and 90%, respectively. On the
other hand, the concentration of 500 uM EDDP did not affect E,
formation but inhibited that of E; by approximately 60%. The
ICso values calculated for the effect of methadone and its
metabolite EDDP (Fig. 2A and B) are cited in Table 1.

3.2.2. Buprenorphine and norBUP

Both BUP and norBUP inhibit the conversion of testosterone to
E,; and 16-OHT to E; and were more potent inhibitors of E; than
E, formation (Fig. 3A and B). BUP at a concentration of 100 nM
inhibited E; formation by 90 and E, by 60%. On the other hand,
an equimolar concentration of norBUP (100 pM) inhibited Ej
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Fig. 1 - Plots of the relation between increasing
concentrations of the androgens (A) testosterone or (B) 16«-
hydroxytestosterone and the rate of estrogen formation
(17B-estradiol [E,] or estriol [E;], respectively) by a pool of
placental microsomal fractions indicate saturation kinetics.
The insets, Eadie-Hofstee plots of reaction velocity (v)
against v/[S] confirm monophasic kinetics for the formation
of E, and Es. Each point represents the mean of three
experiments. Analysis of the data obtained revealed the
apparent K,,, values for testosterone and 16a-
hydroxytestosterone of 0.2 and 6 uM, respectively, and
Vmax Values for E, and E; formation of 70 + 16 and

28 + 10 pmol mg™* protein min~?, respectively.

and E, formation by approximately 50 and 30%, respectively. It
is also apparent that BUP is more potent than its metabolite
norBUP in inhibiting E, and E; formation. The ICsy values
calculated for BUP inhibition of E, and Es formation were 80
and 7 puM, respectively, while the corresponding values for
norBUP were 176 and 103 uM (Table 1).

3.3.  Kinetics of aromatase inhibition by opiates

3.3.1. Methadone and buprenorphine

Lineweaver-Burk plots of the data obtained revealed that
methadone and BUP are competitive inhibitors for the binding
of both testosterone and 16-OHT to aromatase (Fig. 4A-D).
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Fig. 2 - The effects of increasing concentrations of (A)
methadone and (B) EDDP on 17f-estradiol (E,) and estriol
(Es) formation. The opiates were pre-incubated with the
steroid substrates at 37 °C for 5 min. The reaction was
initiated by the addition of an NADPH regenerating system
and the incubation continued for another 5 min in case of
E, formation and 60 min for E;. The concentrations of the
substrates were 0.2 pM for testosterone and 6.0 pM for
16a-hyroxytestosterone. The rates for metabolite (E, or E)
formation are expressed as percent of control (absence of
an opiate). Each data point represents the mean =+ S.D. of
three experiments. ‘Statistical significance of P < 0.05.

The K; values for methadone and BUP inhibition of E, and E;
formation were calculated by Dixon plots (Table 1, Fig. 5A and
B). It is apparent from the K; values for methadone and BUP
that they are lower for the inhibition of the conversion of 16-
OHT to E; than for testosterone to E,. In all cases, it appears
that BUP has approximately 10 times greater affinity to the
enzyme than methadone.

A commercially available preparation of cDNA-expressed
CYP19 was used to determine the K; values for methadone and
BUP inhibition of E; formation under experimental conditions
similar to those described above for the pool of placental
microsomal fractions. Dixon plots of the data obtained
revealed K; values (Fig. 6). These K; values are in agreement
with those obtained for the pool of placental microsomal
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Fig. 3 - The effects of increasing concentrations of (A) BUP
and (B) its metabolite norBUP on 173-estradiol (E,) and
estriol (E;) formation. The experimental conditions are
identical to those described in Fig. 2. The rates of product
formation (E, or E;) are expressed as percent of control.
Each data point represents the mean =+ S.D. of three
experiments. ‘Statistical significance of P < 0.05.

fractions (Table 1) and confirm that the enzyme catalyzing the
reactions in both cases is most likely the same.

3.3.2. EDDP and norBUP

The type of inhibition caused by EDDP and norBUP on the
formation of E, and E; was determined using identical
experimental conditions to those described for their parent
compounds. EDDP, at a concentration of 1 mM, had no effect
on the conversion of testosterone to E, but it was a competitive
inhibitor of 16-OHT. However, norBUP was a competitive
inhibitor of testosterone and 16-OHT conversion to E, and Es,
respectively.

The K; for EDDP inhibition of the conversion of 16-OHT to Es
and norBUP inhibition of testosterone conversion to E, and 16-
OHT to E; was determined by Dixon plots of data obtained
utilizing experimental conditions identical to those for their
respective parent compounds. The K; values obtained are cited
in Table 2. It is apparent that the affinity of the opiate
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Table 1 - The inhibition constants for the opiates and their metabolites

Opiate Inhibition of testosterone Inhibition of 16a-hydroxytestosterone conversion to

conversion to 17p-estradiol estriol

Pool of placental Pool of placental cDNA-expressed
microsomes® microsomes? CYP19

ICso (nM) Ki (1M) ICso (1M) K; (M) K; (nM)
Buprenorphine 80 + 14 36 +9 7+2 6+1 9+3
Norbuprenorphine 176 + 22 131+ 39 103 + 40 56 + 13 ND
Methadone 613 + 44 393 + 144 144 + 58 53 +28 58 + 26
EDDP >2000 b 295 +27 161+ 36 ND

Data represented are mean =+ S.D. of three experiments. ND indicates ‘“not determined”; EDDP, 2-ethylidine-1,5-dimethyl-3,3-diphenylpyrro-

lidine.
@ Pool of microsomal fractions from 15 term placentas.

b K, was calculated from the determined ICs, as 18,445 + 15,859 pM.

metabolites to aromatase is less than that of their parent
compounds. However, the metabolites are similar to the
parent compounds in having higher affinity for aromatase
conversion of 16-OHT to E; than that for testosterone to E,.
Also, norBUP has higher affinity to CYP19 than EDDP.

4. Discussion
Methadone and buprenorphine are used in maintenance/

treatment programs for pharmacotherapy of the pregnant
opiate addict. The patient, in most cases, joins the treatment

0.06

& Meth 2000 uM & BUP 200 uM

. A Meth 1500 uM . Ao  BUP50uM
€ 005{ ™ Meth1000uM € 005{ ® BUP10uM
= ® MethO = e BUPO
£ c
Q [
5 0044 5 0.04
S S
D ()}
€ 0.03 £ 0.03
= =
o o
£ IS
£ 002 s 0.02
ke S
@ 0014 ui 0.1 %
-5 0 5 10 15 20 -5 0 5 10
(A) 1/Testosterone (uUM) (B) 1/Testosterone (uM)

127 & Meth 500 uM 0.35 ¢ BUP50uM

4 Meth 250 uM 4 BUP25uM

= 10d ™ Meth 100 uM = 030{®™ BUP10uM
é . e MethO = e BUPO
. = 0.25 1
c =
D 0.8 1 ()
B [e]
= 5 0.20
o 0.6 =
£ % 0.15
[<}
€ 04] g
s — 0.10
° K]
z) 0.2 4 Lﬁ 0.05 /./l/.
‘_v —&02 T T T , f T 0400 T T T .
025 000 025 050 075 100 -03 -02 -01 00 01 02 03 04

(C) 1/16a-hydroxytestosterone (uM)

(D) 1/16a-hydroxytestosterone (uM)

Fig. 4 - Lineweaver-Burk plots of the data to determine the type of inhibition for (A and B) 178-estradiol (E,) and (C and D)
estriol (E3) formation. The reciprocal of the rate of estrogen formation is plotted versus the reciprocal of substrate
concentration in the presence and absence of the inhibitor (methadone [Meth] and buprenorphine [BUP]). For E, formation,
testosterone was used at four concentrations: 0.1, 0.2, 0.4, and 0.8 pM (1/2, 1, 2, and 4 x K,,,). For E; formation, 16«-
hydroxytestosterone was used at three concentrations: 3, 6, and 12 pM (1/2, 1, and 2 x Ky,). In both reactions the opiate did
not have an effect on the Vy,.x value but increased the apparent Ky, of the reaction indicating competitive inhibition.
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Fig. 5 - Dixon plots of the data obtained to determine K; for
(A) methadone and (B) buprenorphine inhibition of 16a-
hydroxytestosterone (16-OHT) conversion to estriol. The
reciprocal of the velocity for estriol formation is plotted
against the concentration of the opiate in the presence of
three different substrate concentrations (1/2, 1, and

2 x Km). Each substrate concentration was incubated in the
presence of placental microsomes, NADPH regenerating
system, and increasing concentrations of either
methadone (100, 250, 500 uM) or BUP (5, 10, 25 M) for a
period of 60 min.

program in the beginning of the first trimester and continues
until delivery. The administered dose of methadone varies
between 40-150 and 4-24 mg/day for BUP [34,35] according to
the patient condition. However, adjustment of the adminis-
tered opiate dose with the progress of gestation might be
necessary for certain individuals. Evidence on improving
maternal and neonatal outcome of patients under treatment
has been extensively reported and a review of these data
would be beyond the scope of this report. Nevertheless, a
controversy exists on whether the dose of the administered
opiate correlates with the incidence and/or intensity of
neonatal abstinence syndrome [36].
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Fig. 6 — Dixon plot of the data obtained to determine
buprenorphine (BUP) constant of inhibition (K;) for the
conversion of 16a-hydroxytestosterone (16-OHT) to estriol
by a commercially available cDNA-expressed CYP19. Two
substrate concentrations were used: equal to and

2x apparent K, value. All other experimental conditions
were identical to those described in Fig. 5.

The working hypothesis for investigations in our laboratory
during the last 7 years has been, and is, one of the variables
that could affect the incidence and intensity of neonatal
abstinence syndrome is the concentration of methadone or
BUP in the fetal circulation and the latter will depend on
placental disposition of the opiate. The human placenta acts
as an interface between the maternal and fetal circulations
and was considered to be a ‘“barrier’”. However, this barrier
does not affect drugs with a molecular weight <1000. These
drugs, including opiates, are transferred from one circulation
to the other by passive diffusion and according to their
physicochemical properties. However, drugs can also be
transferred from the maternal circulation by uptake trans-
porters and from the tissue back to the maternal circulation by
efflux transporters localized in the trophoblast layer of the
tissue. In addition, the human placenta is also capable of
metabolizing drugs and xenobiotics.

Aromatase is the major enzyme metabolizing methadone
and BUP to EDDP and norBUP, respectively [3,4] and is also the
key enzyme in the biosynthesis of estrogens by the human
placenta; it is the main source of these hormones during
pregnancy [25,37]. Thus, it became apparent that the human
placenta could be a site for drug interactions between the
administered methadone or BUP and the conversion of
androgens to estrogens by aromatase. The goal of this
investigation was to determine the effects of methadone,
BUP, and their metabolites EDDP and norBUP on the in vitro
conversion of testosterone to E, and 16-OHT to E; by human
placental microsomal fractions.

The conversion of testosterone to E,, by a pool of 15
placental microsomal fractions revealed typical substrate
saturation kinetics with an apparent K, of 0.2 pM (Fig. 1A)
and required the presence of saturating concentration of
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NADPH, suggesting that the reaction is catalyzed by a CYP450
enzyme. This data is in agreement with that reported earlier
on the kinetics of the reaction [37,38]. Similarly, the conversion
of 16-OHT to E; by the same pool of placental microsomes also
required the presence NADPH. Analysis of the data obtained
revealed substrate (16-OHT) saturation kinetics and an
apparent K, of 6 uM. Moreover, the apparent K, values
determined in our laboratory are in agreement with earlier
reports indicating that the affinity of testosterone and
androstenedione to aromatase is higher than their hydro-
xylated derivatives [38—40].

An earlier report [4] from our laboratory provided data on
the metabolism of methadone (apparent K, value,
424 + 92 pM) to EDDP by aromatase. Data cited in this report
indicated that methadone is a more potent inhibitor for the
conversion of 16-OHT to E; than testosterone to E, as revealed
by the respective K; values of 53 and 393 pM (Fig. 2A; Table 1).

BUP is also metabolized to norBUP by term human
placental CYP19 and the apparent K,, value reported was
12 + 4 pM [3]. The data cited in Table 2 indicate that BUP was
also a more potent inhibitor of 16-OHT conversion to E; than
testosterone to E, as revealed by the respective K; values of
6+1 and 36+9uM. Moreover, analysis of the type of
inhibition caused by methadone and BUP revealed that it
was competitive (Fig. 4A-D). It is apparent that both
methadone and BUP are more potent inhibitors of the
reactions where the natural substrate had a lower affinity to
aromatase — namely, 16-OHT (Table 1).

The effects of methadone and BUP on the activity of a
commercially available preparation of cDNA-expressed CYP19
in conversion of 16-OHT to E; was compared to the effects of
the opiates on the pool of placental microsomal fractions used
in this investigation. Analysis of the data obtained revealed
that methadone and BUP inhibited the reaction catalyzed by
the cDNA-expressed CYP19 with K; values of 58 +26 and
9+ 3 uM, respectively. These inhibition constants are in
agreement with those obtained for the same reaction
catalyzed by the pool of placental microsomal fractions
(Table 1), confirming that the enzyme affected in the
preparation is aromatase.

Our laboratory reported on the metabolism of methadone
to EDDP by aromatase and that EMDP was not detected under
the experimental conditions used [4]. Similarly, hepatic
microsomes metabolized methadone to EDDP only [8,9].
However, it should be noted that the sequential demethylation
of methadone by intestinal microsomes to EDDP and EMDP
was also reported [16]. At this time, it is unclear whether the
sequential demethylation of methadone and the detection of
EDDP and EMDP is tissue specific or is due to the experimental
conditions used by the different investigators. Therefore, the
effect of EDDP only was investigated and the data revealed
thatit had no effect on the conversion of testosterone to E; but
inhibited the conversion of 16-OHT to E, with a K; of
161 + 36 uM.

An earlier investigation of BUP metabolism by placental
CYP19 revealed its dealkylation to norBUP as detected by
HPLC/MS [3]. Contrary to EDDP, norBUP inhibited the forma-
tion of both E, and E;. NorBUP was also a more potent inhibitor
of 16-OHT conversion to E; than testosterone to E, as revealed
by the determined K; values of 56 +13 and 131+ 39 pM,

respectively. Moreover, analysis of our data indicated that
both EDDP and norBUP were competitive inhibitors of the
natural substrates of CYP19. Therefore, it is apparent that
EDDP and norBUP are poor substrates of aromatase and
consequently are weaker inhibitors of estrogen formation
than their parent compounds. In addition, the potency of
EDDP and norBUP is similar to their parent compounds in
inhibiting E; more than E, formation as discussed above and
could also be explained by the lower affinity of 16-OHT than
testosterone to CYP19.

The characteristics of the active site of aromatase and the
binding properties of its substrates and inhibitors as well as
the mechanism of aromatization has been the subject of
numerous investigations that provided insight into the role of
the enzyme in the biosynthesis of estrogens by the placenta
and other tissues. Initial reports suggested the presence of
aromatase isozymes in steroidegenic tissues [39] and were
followed by others, suggesting one enzyme with two inter-
active binding sites or one binding site for all androgens
[38,41-43]. Moreover, a full-length ¢cDNA insert complemen-
tary to mRNA encoding human CYP450 aromatase was
reported. The expressed protein was similar in size to the
human placental enzyme and catalyzed aromatization of Cqg
steroids [44]. A discussion of the data in the above-mentioned
reports would be out of the scope of the aim of this work,
which is to investigate the in vitro effects of methadone and
BUP on estrogen formation by placental microsomes rather
than opiate-androgen interactions at the binding site of the
enzyme. Therefore, on the basis of the data cited in this report,
it can be concluded that methadone, BUP, and their respective
metabolites EDDP and norBUP are competitive inhibitors of
androgens aromatization in the human placenta.

In a recent report, placental transfer and retention of
methadone was investigated utilizing the ex vivo model
system of dual perfusion of the placental lobule. Methadone
was transfused at a concentration range of 100-400 ng/mL
corresponding to 0.3-1.3 uM [2], which is equal to that reported
for its level in the maternal circulation following the
administration of a range of therapeutic doses [34]. The data
obtained revealed that methadone was retained and accu-
mulated by the transfused placental tissue. The amount of
methadone retained by the tissue formed a concentration
gradient that is eight times that in the maternal circuit of the
ex vivo model system used [2]. In each experiment, the weight
of the transfused tissue/lobule ranges between 13 and 16 gand
the volume of the maternal circuit is 250 mL. In vivo at term,
the maternal blood volume is approximately 6-7 L and the
weight of the placenta is 400-500 g. It is apparent that the ratio
of maternal circulation volume to placental tissue weight in
vivo is similar to that in the ex vivo model system. Therefore,
the concentration of methadone in placental tissue in vivo
could be in the range of 2-10 pM. The apparent K; values for
methadone determined in this investigation for inhibition of
E; and E, formation by aromatase are 50 and 400 uM,
respectively. Accordingly, it is reasonable to assume that
the concentration of methadone in placental tissue in vivo
could affect the activity of aromatase in the conversion of 16-
OHT to E; more than testosterone to E,. Similarly, the above
calculations and assumptions could be applied for BUP that
was transfused, utilizing the same model system, at a range of



BIOCHEMICAL PHARMACOLOGY 71I (2006) 1255-1264

1263

concentrations between 0.5 and 30 ng/mL corresponding to
0.001-0.06 pM [1]. This range of concentrations was reported in
the maternal circulation of women under treatment with BUP
[35]. However, there is an important and significant difference
between methadone and BUP — the amount of BUP retained
by the transfused placental lobule could form a concentration
gradient that is 20 times that in the maternal circuit [1] (i.e.,
approximately twice that formed by methadone). If true in
vivo, the concentration of BUP in placental tissue could reach
1.2 pM. In addition, BUP was a more potent inhibitor of
aromatase than methadone with an apparent K; values for E,
and E; formation of 36 and 6 pM, respectively (Table 1).
Therefore, the data cited here suggest that BUP administered
to women during pregnancy could also affect placental
biosynthesis of estrogens.

In conclusion, our previous data on the transplacental
transfer of methadone and BUP, as well as on their retention
and accumulation by the tissue, were obtained utilizing an ex
vivo model system. More over, the concentrations used for
each opiate to calculate its K; values were much higher than
their levels in the maternal circulation of pregnant women
under treatment. However, in view of the K; values deter-
mined, as well as the placental tissue accumulation of BUP and
methadone, it is reasonable to assume that each opiate might
affect estrogen biosynthesis in vivo. It is also reasonable to
assume that the metabolites, EDDP and norBUP, whether
formed by placental CYP19 or maternal hepatic CYP3A4, could
also affect steroidegenesis in various tissues. These may
merely be reasonable assumptions, but they are validated by
earlier reports on lower levels of estriol in pregnant women
under treatment with methadone [30] and in light of similar
data obtained using animal models (mice and rats) treated
acutely and chronically with methadone [28,29]. Unfortu-
nately, most likely due to the rather recent use of BUP for
treatment of the pregnant women, there are no reports, to the
best of our knowledge, on estrogen levels of this patient
population. Therefore, clinical investigations of women under
treatment with BUP during pregnancy should provide infor-
mation on their levels of estrogens.
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