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Pharmacokinetic and Pharmacogenetic Factors Influencing
Methadone Plasma Levels
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Summary

Methadone is widely used as a maintenance treatment for opiate addiction.
Methadone plasma levels vary widely for a given dose, so contributing to in-
terindividual variability in response to methadone maintenance treatment. Until
recently, the relative in vivo involvement of various cytochrome P450 (CYP)
isoforms in methadone pharmacokinetics had been unclear. A recent large-scale
pharmacogenetic study with patients in methadone maintenance treatment has
now demonstrated that CYP3A4 and CYP2B6 are the major cytochrome P450
isoforms with a major involvement in methadone metabolism, while CYP2D6
only contributes to a minor extent. In addition, P-glycoprotein, a transmembrane
efflux protein, is also involved in methadone kinetics.
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Introduction

Methadone, which is widely used as a maintenance treatment for opiate addiction, is
a synthetic y-opioid receptor agonist. It is marketed in almost all countries as a racemic
mixture of (R)- and (S)-methadone, although most of the opioid effect is produced by
the (R)-enantiomer ®9. The metabolism of methadone is mediated by cytochrome P450
(CYP) enzymes, mostly leading to the inactive 2-ethylidene-1,5-dimethyl-3,3-diphe-
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nylpyrrolidine (EDDP) by the N-demethylation pathway ®®. Very large interindividual
variations in methadone plasma levels after a given dose had already been demonstrated;
these variations partly account for the high levels of interindividual variability found
in response to treatment ®. Wide-ranging variations in the relationship between dose
and plasma concentration are typical of drugs that are metabolized and/or transported
by polymorphic proteins ®. In addition, many patients in methadone maintenance
treatment (MMT) take concomitant medication(s); this may well influence methadone
kinetics, so accentuating interindividual variability.

Cytochrome P450 Family

The interindividual variability of the activity of CYP enzymes, along with their
potential for inductions and inhibitions, is probably responsible for a large proportion
of the variations in methadone kinetics and observed plasma levels ®. Several in vitro
and in vivo studies have demonstrated the involvement of different CYPs in methadone
metabolism. For along time, CYP3A4 was thought to be the main CYPisoform involved
in methadone metabolism, together with CYP2D6 and possibly CYP1A2, CYP2CS,
CYP2C9 and CYP2C19 ¢-7:8:11,13.15.17.21.32) ‘bt in vivo the involvement of each of these
was unclear. More recently, two in vitro studies demonstrated that CYP3A4 and CYP2B6
were the main enzymes involved in the methadone metabolism 3 !7, Interestingly, in
one of these studies, the enantiomers of methadone were evaluated separately and a
stereoselectivity was observed for CYP2B6 in favour of the (S)-enantiomer, and for
CYP2C19 towards the (R)-enantiomer, whereas CYP3A4 display no stereoselectivity
13 Tn a large-scale pharmacogenetic study, we were able to confirm in vivo the impact
of CYP2B6 on (S)-methadone plasma levels ®. The MMT patients carrying a CYP2B6
*6/*6 genotype presented significantly higher trough (S)-methadone plasma levels
than the non-carriers of allele *6 (209 and 105 ng*kg/ml*mg, respectively; p=0.0004),
whereas the impact on (R)-methadone plasma levels was not significant . As the (S)-
enantiomer makes no contribution to the y-opioid receptor activation, the CYP2B6*6
allele does not influence responses to treatment “.

As to CYP3A4, its involvement in the methadone metabolism was most strongly
suggested by interaction studies with CYP3A4 inducers and/or inhibitors & 17, It
should be noted that one study showed a higher level of CYP3A4 activity measured by
the midazolam phenotyping test in 32 MMT patients receiving high methadone doses;
this high level of activity may contribute to the need for high doses ®”. On the other
hand, based on the lack of specificity of the inducers and/or inhibitors used in these
interaction studies, it was concluded that CYP3A4 may play only a minor role in the
methadone metabolism in vivo 7, leading to a predominant role to CYP2B6 and a
possible role for intestinal transporters 9.

The expression and activity of CYP3A4 vary significantly between individuals©®®;
most of this variability is thought to be genetically determined. However, the low al-
lelic frequency of the functional polymorphisms of CYP3A4 cannot account for the
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variations that have been observed %3, Therefore, a phenotyping test better reflects
its activity than the genotyping of the described alleles. For example, midazolam is a
substrate of both CYP3A4 and CYP3AS, and its oral administration makes it possible
to measure both intestinal and hepatic CYP3 A activity . Midazolam’s metabolic ratio
was shown to correlate well with midazolam clearance; this allows it to be used as a
marker of CYP3A activity ©. We recently demonstrated that midazolam’s metabolic
ratio correlated with (R)-, (S)-, and (R,S)-methadone plasma levels, so confirming the
in vivo involvement of CYP3A in the methadone metabolism ©. In addition, we found
that CYP3A activity failed to display stereoselectivity in favour of any of the enantio-
mers of methadone ©, as might have been expected from an enzyme with such a wide
range of substrates; this finding confirmed previous in vitro results @13,

Unlike CYP3A4, the hepatic expression of CYP3AS is distributed bimodally,
indicating the existence of a polymorphism Y. CYP3A5*3 causes alternative splicing
and protein truncation, resulting in an absence of CYP3AS5 in most Caucasians !®. In
vitro, CYP3A5 was not shown to be involved in the methadone metabolism ¢ '7, but
it can constitute as much as 50% of the total hepatic CYP3A content in people who
express it ¥, which makes it likely that it contributes to the interindividual variability
of the methadone metabolism. We recently discovered that methadone plasma levels
did not differ according to the presence or the absence of CYP3AS, so confirming that
CYP3AS5 is not involved in the methadone metabolism ©.

As regards CYP2D6, only a minor involvement in the methadone metabolism was
demonstrated in vitro !> 15172132 but observed interactions between methadone and
CYP2D6 inhibitors provided an indication of a more important involvement -, maybe
by another pathway than N-demethylation ®. A previous in vivo study found a signifi-
cant difference in methadone concentrations corrected by dose and weight between
poor metabolizers (PMs), extensive metabolizers (EMs) and ultrarapid metabolizers
(UMs)@of CYP2D6. This influence of the UM genotype on trough methadone plasma
levels has recently been confirmed ©. On the other hand, the PM status of CYP2D6
had no influence on methadone plasma levels, possibly due to a compensatory activity
by other CYP isoforms in CYP2D6 PMs ©.

As to CYP1A2, in vitro it was not shown to be involved in the methadone metabo-
lism 31519 or was shown to have only a minor role @!-32, But a previous report on
MMT patients who were smokers revealed that the heavy smokers were those most
likely to report problems arising from not feeling ‘held’ by their methadone dose . As
CYP1A2 is induced by cigarette smoking, these differences may have been caused by
the CYP1A2-mediated metabolism, most likely by another metabolic pathway than N-
demethylation to EDDP®. The CYP1A2*F allele was proposed as possibly presenting
a higher inducibility, on the grounds that a significant difference in CYP1A2 metabolic
activity between the genotypes was only observed in smokers ?¥. However, we found
no influence of the CYPIA2* I F genotype on methadone plasma levels, which suggests
that this isozyme does not contribute to the methadone metabolism ©.

Lastly, certain in vitro studies have shown the involvement of CYPC9 and CYP2C19
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in the methadone metabolism (! 3-17:2D_In particular, one of these studies showed an
important involvement of CYP2C19, with a stereoselectivity favouring the active (R)-
enantiomer for this isoform ¥, But in vivo, for both isozymes, the PM status was not
found to influence methadone plasma levels ©.

P-Glycoprotein

Several in vitro and animal models have been used to demonstrate that methadone
is a substrate of P-glycoprotein (PGP) 22233033 "3 transmembrane efflux transporter
belonging to the ATP-binding cassette (ABC) family, and encoded by the ABCBI gene.
The expression of PGP in various human tissues, including the intestine, liver, kidneys,
testes and blood-brain barrier ®”, demonstrates its protective role against the potentially
toxic accumulation of xenobiotics, in enhancing of their elimination and limiting of
their distribution in the body !?. One important function of PGP is its limitation of
the access of xenobiotics to the brain, which has been demonstrated in vivo by studies
on PGP-deficient mice *. The presence of PGP in the blood-brain barrier, intestine
and kidneys is therefore of special interest during methadone treatment. In particular,
methadone distribution to the brain has been shown to be regulated by PGP in mice and
rats @*39_ Furthermore, the intestinal absorption or renal elimination of methadone may
be related to PGP intestinal or renal content. This probable role of PGP in the intestinal
disposition of methadone was suggested in a study on healthy subjects 9.

Several single nucleotide polymorphisms (SNPs) of the ABCBI gene have been
reported, in particular the synonymous 3435C>T SNP, which has been associated with
lower PGP expression (. Interestingly, it has recently been demonstrated that the
3435TT genotype is associated with a fall in PGP expression due to a decrease in mRNA
stability @Y. In one study in which 51 healthy volunteers took a single methadone dose,
no influence of ABCB1 2677G>T and 3435C>T was observed on methadone AUC and
peak plasma levels ?. But in studying steady-state MMT patients, we found that the
ABCBI 3435C>T SNP had an influence on trough but not on peak methadone plasma
levels ©. Stereoselectivity in PGP transport was not expected, as PGP can transport a
wide range of different chemical substances. Despite this, a study that quantified the
enantiomers of methadone to assess stereoselectivity in methadone transport using
Abcbla knockout mice observed an apparently lower brain access for (S)-methadone
than for (R)-methadone, so suggesting stereoselectivity in the activity of mouse PGP
3 Tn studying MMT patients, however, we did not find differences in the influence of
the ABCBI 3435C>T genotypes on (R)- and (S)-enantiomer plasma levels.

In summary, in vivo and in vitro results converge in identifying CYP3A4 and
CYP2B6 as the major CYP isoforms involved in the methadone metabolism, and in
indicating that CYP2D6 only contributes to a minor extent. As several CYP proteins
contribute simultaneously to methadone kinetics, a decreased function of one of them
does not lead to a major effect on methadone plasma levels. The genetic polymor-
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phisms of ABCB/ also contribute to a small extent to the interindividual variability of
methadone kinetics.

Grant Support: This work was supported by the Swiss National Research Foun-

dation (project 3200-065427.01) and by the Swiss Federal Office of Public Health
(project 02.001382).

References

1.

BEGRES., vON BARDELEBEN U., LADEWIG D., JAQUET-ROCHAT S., COSENDAI-SAVARY L.,
PoweLL GoLay K., KoseL M., BAumann P., Eap C.B. (2002): Paroxetine increases
steady-state concentrations of (R)-methadone in CYP2D6 extensive but not poor
metabolizers. J Clin Psychopharmacol 22: 211-215.

BENMEBAREK M., DEvaup C., GeEx-FaBry M., PoweLL Goray K., Brocr! C.,
BaumanN P., Gravier B., Eap C.B. (2004): Effects of grapefruit juice on the
pharmacokinetics of the enantiomers of methadone. Clin Pharmacol Ther 76:
55-63.

Bouer R., BARTHE L., PHILIBERT C., TOURNAIRE C., WoobLEY J., HouiN G. (1999):
Theroles of P-glycoprotein and intracellullar metabolism in the intestinal absorption
of methadone: in vitro studies using the rat everted intestinal sac. Fundam Clin
Pharmacol 13: 494-500.

CRretTOL S., DEGLONJ.J., BESSON J., CROQUETTE-KROKKAR M., GOTHUEY 1., HAMMIG
R., Monnar M., HoTtTEMANN H., BAUuMANN P., Ear C.B. (2005): Methadone
enantiomer plasma levels, CYP2B6, CYP2C19 and CYP2C9 genotypes, and
response to treatment. Clin Pharmacol Ther 78: 593-604.

CreTTOL S., DEGLONJ.J., BESSONJ., CROQUETTE-KROKKAR M., HAMMIG R., GOTHUEY
L., Monnat M., Eap C.B. (2006): ABCB1 and cytochrome P450 genotypes and
phenotypes: influence on methadone plasma levels and response to treatment.
Clin Pharmacol Ther 80: 668-681.

Ear C.B., BertscHY G., PoweLL K., BaAumanN P. (1997): Fluvoxamine and
fluoxetine do not interact in the same way with the metabolism of the enantiomers
of methadone. J Clin Psychopharmacol 17: 113-117.

Eapr C.B., Brory F., Mivo A., HimwmiG R., DEGLoN J.J., UEHLINGER C., MEILI D.,
CHEVALLEY A.F., BErTscHY G., ZuLLINO D., KoseL M., PREIsIG M., BAUMANN P. (2001):
Cytochrome P4502D6 genotype and methadone steady-state concentrations. J
Clin Psychopharmacol 21: 229-234.

Eap C.B., BucLin T., BaumanN P. (2002): Interindividual variability of the
clinical pharmacokinetics of methadone: Implications for the treatment of opioid
dependence. Clin Pharmacokinet 41: 1153-1193.

EapC.B.,BucLINT., CuccHia G.,ZULLINO D., HUSTERT E., BLEIBER G., POWELL GoLAY
K., AuBert A.C., BaumANN P., TELENTI A., KERB R. (2004): Oral administration
of a low dose of midazolam (75 micrograms) as an in vivo probe for CYP3A

43



Heroin Addiction and Related Clinical Problems

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

44

activity. Eur J Clin Pharmacol 60: 237-246.

EiseLt R., Domanski T.L., Z1BAT A., MUELLER R., PRESECAN-SIEDEL E., HUSTERT E.,
ZANGER U.M., BRockMOLLER J., KLENK H.P., MEYER U.A., Knan K.K., HE Y.A.,
HavrperT J.R., Wornowski L. (2001): Identification and functional characterization
of eight CYP3A4 protein variants. Pharmacogenetics 11: 447-458.

Foster D.J.R., SoM0oGYIA.A., BocHNER F. (1999): Methadone N-demethylation in
human liver microsomes: lack of stereoselectivity and involvement of CYP3A4.
Brit J Clin Pharmacol 47: 403-412.

FromM MLF. (2004): Importance of P-glycoprotein at blood-tissue barriers. Trends
Pharmacol Sci 25: 423-429.

GERrBERJ.G.,RHODESR.J., GALJ. (2004): Stereoselective metabolism of methadone
N-demethylation by cytochrome P4502B6 and 2C19. Chirality 16: 36-44.
HorrMmEYER S., BUrRk O., voN RicHTER O., ARNoLD H.P., BROCKMOLLER J., JOHNE
A., Cascorsr 1., GERLOFF T., Roots 1., EicHELBAUM M., BRINkMANN U. (2000):
Functional polymorphisms of the human multidrug-resistant gene: multiple
sequence variations and correlation of one allele with P-glycoprotein expression
and activity in vivo. Proc Natl Acad Sci USA 97: 3473-3478.

IRBARNE C., BertHOU E., BAIRD S., DREANO Y., PicarT D., BaL J.P., BEAUNE P.,,
MinNez JLE (1996): Involvement of cytochrome P450 3A4 enzyme in the N-
demethylation of methadone in human liver microsomes. Chem Res Toxicol 9:
365-373.

KHarascH E.D., Horrer C., WHITTINGTON D. (2004): The effect of quinidine, used
as a probe for the involvement of P-glycoprotein, on the intestinal absorption and
pharmacodynamics of methadone. Br J Clin Pharmacol 57: 600-610.
KHnarascH E.D., Horrer C., WHITTINGTON D., SHEFFELS P. (2004): Role of hepatic
and intestinal cytochrome P450 3A and 2B6 in the metabolism, disposition, and
miotic effects of methadone. Clin Pharmacol Ther 76: 250-269.

KuenL P., ZaanG J., LIN Y., LaMBA J., AssEM M., ScHUETZ J., WATKINS P.B., DALY
A., WrRiGHTON S.A., HarL S.D., MAUREL P., RELLING M., BRiMER C., Yasupa K.,
VENKATARAMANAN R., STROM S., THUMMEL K., Bocuskr M.S., Scuuetz E. (2001):
Sequence diversity in CYP3A promoters and characterization of the genetic basis
of polymorphic CYP3A5 expression. Nature Genetics 27: 383-391.

Lotsch J., SKARKE C., WIETING J., OerTEL B.G., ScamipT H., BROCKMOLLER J.,
GEIsSLINGER G. (2006): Modulation of the central nervous effects of levomethadone
by genetic polymorphisms potentially affecting its metabolism, distribution, and
drug action. Clin Pharmacol Ther 79: 72-89.

MarzoLint C., Paus E., BucLin T., Kim R.B. (2004): Polymorphisms in human
MDRI1 (P-glycoprotein): recent advances and clinical relevance. Clin Pharmacol
Ther 75: 13-33.

Moobpy D.E., ALBURGES M.E., PArRkER R.J., CoLLINS J.M., STRONG J.M. (1997):
The involvement of cytochrome P450 3A4 in the N-demethylation of L-a-
acetylmethadol (LAAM), norlaam, and methadone. Drug Metab Dispos 25:



S. Crettol & C.B. Eap: Pharmacokinetic and Pharmacogenetic Factors Influencing
Methadone Plasma Levels

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

1347-1353.

NaNovskAYA T., NEKHAYEVA 1., KARUNARATNE N., Aupus K., HANKINS G.D., AHMED
M.S. (2005): Role of P-glycoprotein in transplacental transfer of methadone.
Biochem Pharmacol 69: 1869-1878.

RopriGuEz M., OrTEGA 1., SoENGAS 1., SUAREZ E., Lukas J.C., CaLvo R. (2004):
Effect of P-glycoprotein inhibition on methadone analgesia and brain distribution
in the rat. J] Pharm Pharmacol 56: 367-374.

SacHsE C., BROCKMOLLER J., BAUER S., Roots 1. (1999): Functional significance
of a C -> A polymorphism in intron I of the cytochrome P450 CYP1A2 gene
tested with caffeine. Br J Clin Pharmacol 47: 445-449.

ScHINKELA.H., WAGENAARE., MoL C.A., VAN DEEMTER L. (1996): P-glycoprotein in
the blood-brain barrier of mice influences the brain penetration and pharmacological
activity of many drugs. J Clin Invest 97: 2517-2524.

Scort C.C., Rogins E.B., CHeN K.K. (1948): Pharmacological comparison of
the optical isomers of methadone. J Pharmacol Exp Ther 92: 282-286.
SHINDERMAN M., MAXWELL S., BRAWAND-AMEY M., POWELL GoLAYy K., BAUMANN
P., Eap C.B. (2003): Cytochrome P4503 A4 metabolic activity, methadone blood
concentrations, and methadone doses. Drug and Alcohol Dependence 69: 205-
211.

SurrLivan H.R., Due S.L. (1973): Urinary metabolites of dl-methadone in
maintenance subjects. ] Med Chem 16: 909-913.

Tacke U., WoLrr K., FincH E., STRANG J. (2001): The effect of tobacco smoking
on subjective symptoms of inadequacy (“not holding”) of methadone dose among
opiate addicts in methadone maintenance treatment. Addiction Biology 6: 137-
145.

THompsoN S.J., Koszpin K., BErRNarRDs C.M. (2000): Opiate-induced analgesia
is increased and prolonged in mice lacking P-glycoprotein. Anesthesiology 92:
1392-1399.

WanG D., Jounson A.D., Papp A.C., Kroerz D.L., SADEE W. (2005): Multidrug
resistance polypeptide 1 (MDR1, ABCB1) variant 3435C>T affects mRNA
stability. Pharmacogenet Genomics 15: 693-704.

WanGJ.S.,DEVANEC.L. (2003): Involvementof CYP3A4,CYP2C8,and CYP2D6
in the metabolism of (R)- and (S)-methadone in vitro. Drug Metab Dispos 31:
742-747.

WanG J.S., Ruan Y., TayLor R.M., DoNovaN J.L., MarkowITZ J.S., DEVANE
C.L. (2004): Brain penetration of methadone (R)- and (S)-enantiomers is greatly
increased by P-glycoprotein deficiency in the blood-brain barrier of Abcbla gene
knockout mice. Psychopharmacology 173: 132-138.

Woinowski L. (2004): Genetics of the variable expression of CYP3A in humans.
Ther Drug Monit 26: 192-199.

Received October 6, 2006 - Accepted March 14, 2007

45



xeq £q os|y

21n18uSIS
are(
o1ep uonendxg
|||||||||||||||| IaquinpN pIed
(Kruo AeI) ISERD)  VSIA pleocoing PpIe)) ISBN
pae) Npax) Au agaey)
s[ueq ueielf Uk U0 o[qeded oq 1SNUI Yooy ‘pasopuy Judwied

[rew-H

Xe,] auoyJ
— fnuno)

L1
apoo1sod
prOY/19911S
:$S2IppVY SUIIBN
Koualdy

QuwIeN 1SIL

oweN ATureq

T OIRQI[ @ SUdNE [Tew-
1807L-¥8S0 6€ Ul :Xeq
£L006L-78S0 6€ Ul :auo0yg
Aey - (20017]) BIUBSEIIAL SHOSS - €8 “VIqUIANAS XX BIA
I[BIDOS UL B JYDJIJUSIOSOINSN
9ZU3dS0U0,) S[[3P 0ZZIN(, ] Tod 2U0IZBIOOSSY

L Lawpdn aufiuaosoman SND-NV
pupisiapun o1 zpdoad Burdjayy,,
ATYLI
¥ T- PIUDSPIANG
Coualby foud sof 1005

{UI0J] J[qR[IeAY

Grpayd)
papnpoul uonensigal [enuue pedomyg

(suozn1) ueadong jseq 10J 00°0¢ 3
00°0L = [q01d UI[D [9Y ¥ PPV UIOIH
:uonydLIdsqns Aur J3)ud 3sedjd

SWA[QO. [EITUI[) P3IE[PY PUE UOIPIPPY UIOIIH

W 34 O4d 344394 a9 0

S T T T T Ty D R R R AL R R A PR

46



