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ABSTRACT ARTICLE HISTORY

Methadone is a full p-opioid receptor agonist used in the treatment of heroin addiction. It is com- Received 11 April 2016

mercialized as a racemic mixture with considerable variability in the pharmacokinetics and Revised 12 May 2016

pharmacodynamics between individuals that can affect dose-response and toxicological profile. ~ Accepted 17 May 2016

This review aims to discuss metabolomics of methadone, namely by presenting all major and Published online 17 June
. . s . R . . 2016

minor metabolites and pharmacokinetic drug interactions. The main mechanism for methadone

metabolism is hepatic through the cytochrome P450, specifically isoenzymes 2B6, 3A4 and 2D6. KEYWORDS

Firstly, methadone is N-demethylated and cyclize to form its major 2-ethylidene-1,5-dimethyl-3,3- Chirality; methadone;

diphenylpyrrolidine (EDDP) and 2-ethyl-5-methyl-3,3-diphenylpyraline (EMDP) metabolites. Several metabolomics; pharmacokin-

alternate minor pathways have been described namely various methadol metabolites, which etics; toxicity

proved to be active.

It is expected that knowing the metabolomics of methadone may provide further insights,

attempting a personalized therapy aiming to attain effective blood concentrations. The historical

record is therefore especially important when investigating clinical and forensic cases related to

methadone administration, since interindividual responses are known to vary considerably.

Introduction

The term “opioids” refer to compounds of natural, semi-
synthetic, synthetic and endogenous origin that inter-
acts as agonists or antagonists with p-, k- or d-opioid
receptors and that are completely antagonized by nalox-
one (Martin, 1983). Analgesia, sedation, respiratory
depression, cough reflex suppression, sweating, euphoria,
dysphoria, confusional state, insomnia, agitation, fear, hal-
lucinations, drowsiness, nausea, vomiting, motor incoord-
ination, mood changes, miosis, dependence and addition
are the main pharmacological effects (Dinis-Oliveira,
2014a; Katzung et al.,, 2012). Methadone, buprenorphine
and naltrexone have been claimed useful as treatment
strategies for opioid addiction (Brunton et al., 2011).

Methadone (Dolophine®), firstly developed during
World War Il, has been used since 1965 for the treat-
ment of opioid addiction, typically in patients with poly-
drug abuse or significant psychiatric comorbidity, and as
analgesic (Dole & Nyswander, 1965; Mattick et al., 2009).
In comparison with other opioids, it possesses a long
half-life, a property that makes outpatient management
feasible (Kristensen et al., 1996; Leonard, 2003).

Although methadone therapy is generally considered
safe, several risk intoxication factors have been identi-
fied, such as i) the concomitant administration of other
drugs; ii) the elevated risk of some individuals for tor-
sade de pointes (a life-threatening cardiac ventricular
dysrhythmia) and iii) the inadequate or erroneous dose
increase adjustment, namely, when prescribing metha-
done for pain. Indeed, time to develop tolerance to pre-
vious doses must be given especially during the first
weeks of the treatment to avoid accumulation of toxic
levels that can be easily achieved due to methadone
long half-life. A linear relationship between opioid-
related overdose deaths and the increase in the pre-
scription of pain relievers have been described (Paulozzi
& Ryan, 2006).

Methadone (an opioid of diphenylheptylamine class;
structurally unrelated to morphine) binds primarily as
full agonist to the p-opioid receptor, but also possesses
some affinity for the k and & receptors. In addition, it
exerts non-opioid-related effects, namely, (Bush et al,
2006; Callahan et al.,, 2004; Eap et al, 2007; Johnson,
2011; Mendlik & Uritsky, 2015; Mitchell et al., 2004;
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Robinson et al, 1997) i) noncompetitive antagonist at
the N-methyl-p-aspartate receptor that may have a role
in the treatment of neuropathic pain and hyperalgesia
and may retard the development of opioid tolerance;
and ii) as inhibitor of the reuptake of noradrenalin and
serotonin that may result in an antidepressant effect
and predispose to serotonin syndrome.

As shown in Figure 1, methadone (6-dimethylamino-
4,4-diphenyl-3-heptanone) has one stereogenic center
and therefore can exist as two possible stereoisomers
[R (:-methadone) and S (p-methadone)]. The opioid
activity of methadone lies principally in the R enantio-
mer that has a 10-fold higher affinity for the p and &
receptors and longer half-life (53 versus 33h)
(Kristensen et al, 1996; Leonard, 2003). Moreover, R-
methadone is also approximately 50 times more potent
as analgesic and the unique effective enantiomer in pre-
venting opioid withdrawal (Leonard, 2003; Scott et al,
1948). On the other hand, S-methadone has been impli-
cated in important non-opioid-related adverse effects. It
blocks the rapidly activating delayed rectifier cardiac
potassium channel, I, (hERG or Kv11.1 channels
encoded by the human ether-a-go-go-related gene or
KCNH2) greater than twofold in comparison to R-metha-
done, being primarily responsible for cardiotoxicity
(Inturrisi, 2005) and even death (Eap et al, 2007).
Indeed, not all methadone-related deaths were due to
respiratory depression (Kristensen et al., 1995). S-metha-
done also retains certain pharmacological effect such as
the antitussive activity (Ferrari et al, 2004). Both enan-
tiomers seems to be an effective N-methyl-p-aspartate
receptor. In spite of this dualistic activity, methadone
hydrochloride is most commonly administered as a 50/
50 ratio of the R/S-methadone enantiomers since it is
expensive to make it pure (Ferrari et al, 2004). The only
exception is in Germany where it is also available as the
pure R enantiomer.

Metabolomics (also known as metabolic profiling or
metabonomics) aims the characterization of all picture
of drug’s metabolites (Dinis-Oliveira, 2014b; Dinis-
Oliveira, 2016b). The focus of this manuscript is the
methadone metabolism. Population studies consistently
demonstrate extreme interindividual variation and
unpredictability in pharmacokinetics and pharmaco-
dynamics. Indeed, unintentional deaths are much more
common after methadone administration than in any
other opioid (Trescot et al.,, 2008). Moreover, metabolic
substrates and/or inhibitors or inducers of the same CYP
isoforms implicated in methadone metabolism are
administered concurrently; consequently clinically sig-
nificant changes in methadone concentration can occur
(Ferrari et al., 2004). This work aims to review the metab-
olism of methadone focusing on all the major and

minor metabolites and their pharmacological and toxi-
cological effects.

Methodology

An English exhaustive literature search was carried out
as previously described (Dinis-Oliveira, 2016a). Briefly,
methadone and related known metabolizing enzymes
and metabolites, and studies addressing drug-interac-
tions were searched in PubMed (US National Library of
Medicine) without a limiting period. Furthermore, the
retrieved journal articles as well as books on methadone
were reviewed for possible additional publications
related to human and nonhuman in vivo, in vitro and ex
vivo studies.

Absorption, distribuition and excretion

Methadone is typically administered per os. It is readily
absorbed from the gastrointestinal tract with a peak
plasmatic concentrations occurring after 2.5-4.4h (Eap
et al., 2002; Meresaar et al., 1981; Vos et al., 1995). Oral
bioavailability is usually high (80-90%) pointing to a lit-
tle first-pass metabolism (Bart & Walsh, 2013) but there
is a significant variability between patients (41-95%)
(Meresaar et al., 1981; Nilsson et al., 1982a). Thus, follow-
ing the administration of equal doses, different blood
concentrations are usually obtained, meaning that the
selection of initial and maintenance doses should be
carefully defined (Vos et al.,, 1995; Ward et al., 2012).
Due to its high lipid solubility, 98% of the absorbed
methadone is rapidly distributed to the liver, kidneys,
lungs and, in small proportion to the brain, here most of
its pharmacodynamic effects are mediated (Dole &
Kreek, 1973); 1-2% remains in the blood compartment
(Meresaar et al., 1981), 60-90% bound to plasma
proteins, mostly the acid o4-globulins such as a4-acid
glycoprotein (AGP or AAG; also known as orosomucoid
- ORM - glycoprotein) (Eap et al., 1990a; Garrido et al.,
2000), and only in part (13.4-17.4%) to the y-globulins
(Olsen, 1973). AGP is synthesized primarily in hepato-
cytes and has a normal plasma concentration between
0.6 and 1.2mg/mL (1-3% plasma protein) (Colombo
et al, 2006). It acts as a carrier of basic and neutrally
charged lipophilic compounds (whereas albumin carries
acidic drugs) such as methadone and other opioids. The
extent of protein binding is of obvious importance for
methadone activity. Indeed, since a4-acid glycoprotein
is an acute phase protein, their blood concentrations
increase in stress conditions, cancer and in heroin
addicts (Olsen, 1973). As a consequence, there is an
increase of the amount of protein-bound methadone
and a decrease of free and active methadone fraction
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(Garrido et al,, 1996). On the other hand, liver disease
(e.g. cirrhosis) as a consequence of alcoholism may pre-
dispose to increase methadone levels and therefore to
adverse effects (Arima et al., 1977).

Methadone has a large volume of distribution
(2.1-9.2L/kg) and differences have been described for
R/S enantiomers (Dole & Kreek, 1973; Meresaar et al.,
1981). Therefore, due to tissue accumulation, during
maintenance treatment a short-lasting decrease of
blood levels of methadone is usually not associated
with clinically evident withdrawal symptoms (Plummer
et al., 1988).

The elimination of methadone and its metabolites
occurs mainly through the kidneys as unchanged drug,
and as 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine
(EDDP)  and  2-ethyl-5-methyl-3,3-diphenylpyrroline
(EMDP) (Bart & Walsh, 2013; Nilsson et al, 1982a).
Therefore, urine is routinely analyzed in clinical and
forensic settings, namely for screening analysis by
immunoassays (Dinis-Oliveira et al, 2010; Dinis-Oliveira
& Magalhaes, 2013). The rate of elimination of unmodi-
fied methadone increases by urine acidification since it
limits the extent of the pH-dependent tubular reabsorp-
tion (Bellward et al.,, 1977; Nilsson et al., 1982b). Biliary
excretion has also been described (Lynn et al., 1976).

The two enantiomers differ significantly (Totah et al.,
2007) in their disposition in humans, with R-methadone
having a greater volume of distribution (3.8 versus 4.0)
(Kristensen et al., 1996), longer half-life (53 versus 33 h)
(Kristensen et al., 1996), higher total systemic clearance
(Kristensen et al., 1996) and lower plasma protein bind-
ing (Eap et al., 1990b; Romach et al., 1981).

Metabolism

The metabolism of methadone has been described as
extensive and stereoselective and occurs mainly in the
liver and small intestine (Nilsson et al., 1982a). It is a
very good example of how CYP isoforms can carry out a
simple operation on a compound that causes a marked
change in the structure and subsequent loss of function.
At least 20 metabolites were already identified
(Figure 1). The primary pathway of the two enantiomers
is a two sequential N-demethylation catalyzed mainly by
CYP3A4 (63-74%; not stereoselective) (Ferrari et al,
2004; Moody et al, 1997). The first methyl group is
removed from the tertiary nitrogen and the resulting
molecule (i.e. N-desmethylmethadone) is very unstable
and essentially reacts with itself and immediately
cyclizes by condensation of the secondary amine with
the carbonyl group forming EDDP, which is then deme-
thylated again and dehydrated to form EMDP (Sullivan
& Due, 1973). Both the metabolites are inactive at opioid

receptors (Pohland et al, 1971; Sullivan & Due, 1973).
Nevertheless, it was demonstrated that these metabo-
lites are likewise highly effective blockers of human
a3p4 and 942 neuronal nicotinic acetylcholine recep-
tors (nAChRs) (Xiao et al., 2001). EMDP, but not EDDP,
displayed robust effects predictive of anxiolytic and anti-
depressant efficacy without significant effects on loco-
motor activity (Forcelli et al., 2016).

A number of other P450 enzymes may be important,
namely CYP2B6 (12-32%), 2C19 (1.4-14%), 2C8, 2C9,
3A5, 3A7 and 2D6 (Chang et al, 2011; Crettol et al.,
2005; Gerber et al., 2004). CYP2C19 (R>S), 2C8 (R>S),
3A7 (R>S), 2C18 (S>R), 2D6 (S > R) and CYP2B6 (S>R)
exhibit stereoselective metabolism so that there can be
significant differences in the plasma concentrations of R
and S methadone even though it is administered as a
50/50 ratio (Anzenbacher & Zanger, 2012; Chang et al,
2011; Gerber et al, 2004; Totah et al, 2007).
Hydroxylated metabolites of EMDP and EDDP, and
hydroxy methoxy EMDP were found as O-glucuronide
conjugates in rat bile (Lynn et al., 1976).

A minor oxidative pathway of methadone originates
from 4-methylamino-2,2-diphenylvaleric acid and subse-
quent N-demethylation allowed ring closure to an
additional minor cyclic metabolite, 1,5-dimethyl-3,3-
diphenyl-2-pyrrolidone, which was identified in urine
(Sullivan & Due, 1973). The later was reported as that
possessed pharmacological activity although details are
not clear (Kreek et al.,, 1976). p-Hydroxylation of one aro-
matic ring has also been reported, resulting in the for-
mation of four diastereomeric compounds collectively
referred to as p-hydroxy methadone (Anggard et al.,
1975). Ketone reduction to methadol and subsequent N-
demethylation to normethadol and dinortmethdol was
described (Sullivan et al,, 1972; Sullivan et al., 1973).
From these only normethadol has yet been identified in
humans, but all three proved to as active as methadone
but are formed in low concentrations. The existence of
methadone-N-oxide has been demonstrated (Davis &
Fenimore, 1977) but conflicting results exists (Sullivan
et al,, 1973).

It contradicts the effective contribution of CYP3A4
and CYP2B6, regarding which one plays the major role
in methadone metabolism (Totah et al., 2008). Due to its
location, CYP3A4 affects both the intestinal and hepatic
metabolism of methadone (Oda & Kharasch, 2001).
Moreover, its activity varies greatly among the individu-
als, from 1- to 30-fold in the liver and from 1- to 11-fold
in the small intestine (Ketter et al., 1995; Paine et al.,
1997). Therefore, relevant bioavailability, interindividual
differences are expected (Garrido & Troconiz, 1999).
Although clinically relevant genetic polymorphism of
CYP3A4 was not yet described, this enzyme can be
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highly induced or inhibited (Moody, 2013). Rifampicin,
barbituates, phenytoin, carbamazepine, oxcarbazepine
and antiretrovirals such as nevirapine, efavirenz, ampre-
navir, nelfinavir and ritonavir can accelerate the metab-
olism, with consequent decrease in the amount of
methadone available (Meemken et al., 2015). Therefore,
analgesia is reduced and withdrawal may be precipi-
tated with consequent increased risk of reverting to
illicit drug use and to incur in behaviors that facilitates
the transmission of infections (Gruber & McCance-Katz,
2010). CYP3A4 is inhibited by fluconazole, ketoconazole,
cimetidine, norfloxacin, fluoxetine, norfluoxetine, parox-
etine, fluvoxamine, ciprofloxacine, macrolide antibiotics
(e.g. erythromycin, clarithromycin, troleandromycin),
grapefruit juice (large amounts) and others leading to
methadone accumulation predisposing to sedation,
bradycardia and/or respiratory failure (Herrlin et al.,
2000). Foster et al. (Foster et al, 1999) demonstrated
that methadone N-demethylation through CYP3A4 was
not stereoselective.

CYP2B6 is a minor but highly polymorphic hepatic
P450 isoform that affects about 3-4% of the Caucasians
(Gadel et al, 2013; Kharasch et al, 2015). Higher
S-methadone in vivo and postmortem blood concentra-
tions, and QT prolongation was registered in individuals
who were CYP2B6*6 poor metabolizers, the most com-
mon and clinically significant variant allele (Bunten
et al,, 2010; Eap et al,, 2007; Kharasch et al,, 2015; Yang
et al, 2016). These findings may help to explain post-
mortem results linking the 2B6*6 allele to methadone-
associated deaths (Bunten et al,, 2011) and the required
lower doses of methadone in CYP2B6 poor metabolizers
(Levran et al., 2013). CYP2B6 is highly affected by many
of the same inhibitors and inducers of CYP3A4
(Coleman, 2005; Anzenbacher & Zanger, 2012).

Regarding the implication of CYP1A2 in methadone
metabolism, available literature data are conflicting
(Shiran et al., 2009). This isoenzyme is not polymorphic
but its activity can vary from 1- to 40-fold between indi-
viduals and is higher in women and induced by tobacco
smoke (Klaassen, 2013).

While CYP2D6 is not induced, its expression can be
reduced by paroxetine, fluvoxamine (and fluoxetine to a
less extent) and exhibits genetic polymorphism
(Somogyi et al.,, 2014). CYP2D6 ultra rapid metabolizers
have reported a higher level of dissatisfaction during
methadone treatment (Perez de los Cobos et al., 2007).
Inhibitors of CYP2D6 have been shown to increase
plasma methadone concentrations (Wu et al., 1993).

CYP2C19 has also been implicated in methadone
metabolism (Tsai et al.,, 2014). CYP2C19 comprises 16%
of the CYP2C subfamily (Gerbal-Chaloin et al., 2001).
Particularly interesting are the results of some studies
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demonstrating that CYP2C19%2 gene variant (associated
with a poor metabolizer phenotype in both the
Caucasian and Asian populations) produces higher
plasma concentrations of EDDP than individuals carrying
the wild-type gene (Carlquist et al, 2015; Wang et al.,
2013). This variant was associated with a prolongation
of the QT interval of the cardiac cycle and may be useful
in identifying patients with increased risk (Carlquist
et al., 2015). Further mechanistic studies are needed to
clarify if EDDP is implicated in this adverse effect or it is
a biomarker for another metabolite(s) that effectively
mediates the prolongation of the QT interval.

Flavin-containing monooxygenase have been shown
to metabolize tertiary amines such as methadone to
form N-oxide (Coleman, 2005).

Cocaine also increases clearance of methadone
(McCance-Katz et al.,, 2010). It was also demonstrated
that the microsomal demethylation of methadone is
inhibited by ethanol, resulting in elevated levels of
methadone in the brain and the liver (Borowsky &
Lieber, 1978; Kreek, 1984). Since patients in methadone
therapy, often maintain ethanol abuse, and since this
substance can worsen liver disease (Dinis-Oliveira et al.,
2015), higher methadone concentrations are expected
(Kleykamp et al., 2015). Therefore, patients in rehabilita-
tion should be advised to the need to abstain from
street drugs.

In the course of chronic methadone treatment, induc-
tion of its own metabolism by N-demethylation has
been described (Anggard et al, 1975; Verebely et al.,
1975). This effect seems to be related to induction of
CYP2B6 and CYP3A4 mRNA expression (Campbell et al.,
2013) and may explain the requests for higher doses by
some drug addicts (Horns et al, 1975). Moreover,
another in vivo study demonstrated that methadone is
associated with inhibition of CYP2D6 and UDP-glucuro-
nosyl transferase (UGT) 2B4 and 2B7 (Gelston et al.,
2012). The inhibitory effect on UGT2B7 is shown to have
an important role in opiate withdrawal symptoms,
including pupil size and tremor (Tian et al., 2012).

Conclusion & future perspective

Methadone has been widely used for the first line in the
replacement therapy of heroin dependence (Johnson,
2011). Useful characteristics include route of administra-
tion, large oral bioavailability and long half-life. It is
claimed, that its use has been linked to a decrease of
criminal activity, the costs of crime, the illicit drug use
by opiate abusers, improvement social integration and
employment prospects and decrease of the morbidity
and mortality of opiate users. Nevertheless, methadone
therapy is complicated by unpredictable 20- to 100-fold
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interindividual variability due to pharmacokinetics and
pharmacodynamics factors (Inturrisi et al, 1990;
Faggiano et al., 2003; Kharasch et al., 2004).

In this work, metabolism of methadone was fully
reviewed. It is metabolized in the liver predominately by
several isoforms of cytochrome P450 by N-demethyla-
tion producing EDDP and EMDP, which are the main
metabolites excreted in urine. Less than 5% of metha-
done dose is excreted in feces. In addition, minor path-
ways involving aromatic hydroxylation, microsomal
reduction (i.e. to methadol and subsequent N-demethy-
lation to nor- or dinormethadol) and conjugation have
also been reported.

Besides direct/exposure metabolites, methadone can
also induce biochemical alterations, which may be of
major interest in understanding potential toxic effects
(Deng et al., 2012; Dinis-Oliveira, 2014b; Jiang et al.,
2003; Mannelli et al., 2009). Indeed, patients undergoing
methadone treatment showed altered oxidation-reduc-
tion activity confirmed by higher plasma levels of a- and
y-tocopherol and increased GSH/GSSG ratio, and altered
purine metabolism evidenced by increased concentra-
tion of guanine and xanthosine, with decreased guano-
sine, hypoxanthine and hypoxanthine/xanthine and
xanthine/xanthosine ratios (Mannelli et al, 2009).
Nevertheless, these represent preliminary results and
further studies are needed in this field to claim them as
useful biomarkers of disease or response to methadone
treatment.

To better understand clinical effects, pharmacokinet-
ics should be explored to find for active and inactive
metabolites. Indeed, the metabolic profile, namely poly-
morphisms in genes encoding enzymes (e.g. CPY2B6)
involved in methadone metabolism, may influence both
drug efficacy and toxicity. Besides genetics, due to
extensive metabolism by P450, important interactions
may occur when methadone is taken concomitantly
with other drugs. The identification of additional metab-
olites is also needed during drug development and for
clinical and forensic toxicology, where specific metabo-
lites are used to confirm xenobiotic exposure (Dinis-
Oliveira, 2016a). Regarding methadone, further
knowledge of the pharmacological profiles of the enan-
tiomers is required for a more efficacious therapeutic
drug monitoring in order to avoid adverse effects.
Particularly, S-methadone may interfere with normal car-
diac repolarization and produce QT interval prolonga-
tion due to blockade of the myocytes hERG voltage-
gated potassium channels, an effect that predisposes to
the development of ventricular dysrhythmias such as
torsades de pointes (Krantz et al, 2009), syncope and
sudden death (Martell et al., 2005). The identification of
genetic variants or biomarkers that may help to predict

electrocardiographic changes during methadone treat-
ment would significantly improve the safety of the drug
(Carlquist et al., 2015). Finally, further studies are needed
to access the contribution of drug interactions and poly-
morphisms of o4-acid glycoprotein, drug transporters
and opioid receptors for methadone pharmacodynamics
(Li et al., 2008).

Disclosure statement

The author has no relevant affiliations or financial involve-
ment with any organization or entity with a financial interest
in or financial conflict with the subject matter or materials
discussed in the manuscript. This includes employment, con-
sultancies, honoraria, stock ownership or options, expert testi-
mony, grants or patents received or pending, or royalties. No
writing assistance was utilized in the production of this
manuscript.

Funding information

Ricardo Dinis-Oliveira acknowledges Fundacao para a Ciéncia
e a Tecnologia (FCT) for his Investigator Grant (IF/01147/
2013). This work was supported by FEDER under Program
PT2020 (project 007265 -UID/QUI/50006/2013).

References

Anggard E, Gunne L-M, Holmstrand J, et al. (1975).
Disposition of methadone in methadone maintenance. Clin
Pharmacol Ther 17:258-266.

Anzenbacher P, Zanger UM. (2012) Metabolism of drugs and
other xenobiotics. Weinheim: Wiley-VCH Verlag GmbH &
Co. KGaA.

Arima T, Motoyama Y, Yamamoto T, et al. (1977). Serum gly-
coproteins in the liver diseases. IV. Alpha-1 acid glycopro-
tein level in liver cirrhosis. Gastroenterol Jpn 12:43-46.

Bart G, Walsh SL. (2013) Methadone pharmacodynamics and
pharmacokinetics. In: Cruciani AR, Knotkova H, eds.
Handbook of methadone prescribing and buprenorphine
therapy. New York: Springer New York, 59-72.

Bellward GD, Warren PM, Howald W, et al. (1977). Methadone
maintenance: Effect of urinary pH on renal clearance in
chronic high and low doses. Clin Pharmacol Ther 22:92-99.

Borowsky SA, Lieber CS. (1978). Interaction of methadone and
ethanol metabolism. J Pharmacol Exp Ther 207:123-129.

Brunton LL, Chabner BA, Knollmann BC. (2011). Goodman &
Gilman’s: The pharmacological basis of therapeutics. New
York: McGraw-Hill - Medical Publishing Division.

Bunten H, Liang WJ, Pounder D, et al. (2011). CYP2B6 and
OPRM1 gene variations predict methadone-related deaths.
Addict Biol 16:142-144.

Bunten H, Liang WJ, Pounder DJ, et al. (2010). OPRM1 and
CYP2B6 gene variants as risk factors in methadone-related
deaths. Clin Pharmacol Ther 88:383-389.

Bush E, Miller C, Friedman 1. (2006). A case of serotonin syn-
drome and mutism associated with methadone. J Palliat
Med 9:1257-1259.



Downloaded by [82.155.233.206] at 06:30 04 July 2016

Callahan RJ, Au JD, Paul M, et al. (2004). Functional inhibition
by methadone of N-methyl-D-aspartate receptors
expressed in Xenopus oocytes: Stereospecific and subunit
effects. Anesth Analg 98:653-659.

Campbell SD, Crafford A, Williamson BL, Kharasch ED. (2013).
Mechanism of autoinduction of methadone N-demethyla-
tion in human hepatocytes. Anesth Analg 117:52-60.

Carlquist JF, Moody DE, Knight S, et al. (2015). A possible
mechanistic link between the CYP2C19 genotype, the
methadone metabolite ethylidene-1,5-dimethyl-3,3-diphe-
nylpyrrolidene (EDDP), and methadone-induced corrected
QT interval prolongation in a pilot study. Mol Diagn Ther
19:131-138.

Chang Y, Fang WB, Lin SN, Moody DE. (2011). Stereo-selective
metabolism of methadone by human liver microsomes and
cDNA-expressed cytochrome P450s: A reconciliation. Basic
Clin. Pharmacol Toxicol 108:55-62.

Coleman MD. (2005) Human drug metabolism: An introduc-
tion. West Sussex, UK: John Wiley & Sons.

Colombo S, Buclin T, Decosterd LA, et al. (2006). Orosomucoid
(alphal-acid glycoprotein) plasma concentration and gen-
etic variants: Effects on human immunodeficiency virus
protease inhibitor clearance and cellular accumulation. Clin
Pharmacol Ther 80:307-318.

Crettol S, Deglon JJ, Besson J, et al. (2005). Methadone
enantiomer plasma levels, CYP2B6, CYP2C19, and CYP2C9
genotypes, and response to treatment. Clin Pharmacol
Ther 78:593-604.

Davis CM, Fenimore DC. (1977). Methadone N-oxide in the
Rhesus monkey. Journal of Pharm Pharmacol 29:573-574.
Deng Y, Bu Q, Hu Z, et al. (2012). (1) H-nuclear magnetic res-
onance-based metabonomic analysis of brain in Rhesus
monkeys with morphine treatment and withdrawal inter-

vention. J Neurosci Res 90:2154-2162.

Dinis-Oliveira RJ. (2014a). [Licit and ilicit uses of medicines].
Acta Med Port 27:755-766.

Dinis-Oliveira RJ. (2014b). Metabolomics of drugs of abuse: A
more realistic view of the toxicological complexity.
Bioanalysis 6:3155-3159.

Dinis-Oliveira RJ. (2016a). Metabolomics of A(9)-tetrahydro-
cannabinol: Implications in toxicity. Drug Metabol Rev
48:80-87.

Dinis-Oliveira RJ. (2016b). Oxidative and non-oxidative metab-
olomics of ethanol. Curr Drug Metabol 17:327-335.

Dinis-Oliveira RJ, Carvalho F, Duarte JA, et al. (2010).
Collection of biological samples in forensic toxicology.
Toxicol Mech Methods 20:363-414.

Dinis-Oliveira RJ, Magalhaes T. (2013). Forensic toxicology in
drug-facilitated sexual assault. Toxicol Mech Methods
23:471-478.

Dinis-Oliveira RJ, Magalhaes T, Queiros O, et al. (2015). Signs
and related mechanisms of ethanol hepatotoxicity. Curr
Drug Abuse Rev 8:86-103.

Dole VP, Kreek MJ. (1973). Methadone plasma level: Sustained
by a reservoir of drug in tissue. Proc Natl Acad Sci USA
70:10.

Dole VP, Nyswander M. (1965). A medical treatment for
diacetylmorphine (heroin) addiction. A clinical trial with
methadone hydrochloride. JAMA 193:646-650.

Eap CB, Buclin T, Baumann P. (2002). Interindividual variability
of the clinical pharmacokinetics of methadone: Implications

DRUG METABOLISM REVIEWS 7

for the treatment of opioid dependence. Clin
Pharmacokinet 41:1153-1193.

Eap CB, Crettol S, Rougier JS, et al. (2007). Stereoselective
block of hERG channel by (S)-methadone and QT interval
prolongation in CYP2B6 slow metabolizers. Clin Pharmacol
Ther 81:719-728.

Eap CB, Cuendet C, Baumann P. (1990a). Binding of d-metha-
done, 1-methadone, and dl-methadone to proteins in
plasma of healthy volunteers: Role of the variants of ol-
acid glycoprotein. Clin Pharmacol Ther 47:338-346.

Eap CB, Cuendet C, Baumann P. (1990b). Binding of d-metha-
done, |-methadone, and dl-methadone to proteins in
plasma of healthy volunteers: role of the variants of alpha
1-acid glycoprotein. Clin Pharmacol Therap. 47:338-346.

Faggiano F, Vigna-Taglianti F, Versino E, Lemma P. (2003).
Methadone maintenance at different dosages for opioid
dependence. Cochrane Database Syst Rev 3:CD002208.

Ferrari A, Coccia CP, Bertolini A, Sternieri E. (2004).
Methadone-metabolism, pharmacokinetics and interac-
tions. Pharmacol Res 50:551-559.

Forcelli PA, Turner JR, Lee BG, et al. (2016). Anxiolytic-
and antidepressant-like effects of the methadone metabol-
ite 2-ethyl-5-methyl-3,3-diphenyl-1-pyrroline (EMDP).
Neuropharmacology 101:46-56.

Foster DJ, Somogyi AA, Bochner F. (1999). Methadone
N-demethylation in human liver microsomes: Lack of
stereoselectivity and involvement of CYP3A4. Br J Clin
Pharmacol 47:403-412.

Gadel S, Crafford A, Regina K, Kharasch ED. (2013).
Methadone N-demethylation by the common CYP2B6
allelic variant CYP2B6.6. Drug Metabol Dispos 41:709-713.

Garrido MJ, Aguirre C, Troconiz IF, et al. (2000). Alpha 1-acid
glycoprotein (AAG) and serum protein binding of metha-
done in heroin addicts with abstinence syndrome. Int J
Clin Pharmacol Ther 38:35-40.

Garrido MJ, Jiminez R, Gomez E, Calvo R. (1996). Influence of
plasma-protein binding on analgesic effect of methadone
in rats with spontaneous withdrawal. J Pharm Pharmacol
48:281-284.

Garrido MJ, Troconiz IF. (1999). Methadone: A review of its
pharmacokinetic/pharmacodynamic properties. J Pharmacol
Toxicol Methods 42:61-66.

Gelston EA, Coller JK, Lopatko OV, et al. (2012). Methadone
inhibits CYP2D6 and UGT2B7/2B4 in vivo: A study using
codeine in methadone- and buprenorphine-maintained
subjects. Br J Clin Pharmacol 73:786-794.

Gerbal-Chaloin S, Pascussi JM, Pichard-Garcia L, et al. (2001).
Induction of CYP2C genes in human hepatocytes in pri-
mary culture. Drug Metabol Dispos 29:242-251.

Gerber JG, Rhodes RJ, Gal J. (2004). Stereoselective metabol-
ism of methadone N-demethylation by cytochrome
P4502B6 and 2C19. Chirality 16:36-44.

Gruber VA, McCance-Katz EF. (2010). Methadone, buprenor-
phine, and street drug interactions with antiretroviral medi-
cations. Curr HIV/AIDS Rep 7:152-160.

Herrlin K, Segerdahl M, Gustafsson LL, Kalso E. (2000).
Methadone, ciprofloxacin, and adverse drug reactions.
Lancet 356:2069-2070.

Horns WH, Rado M, Goldstein A. (1975). Plasma levels and
symptom complaints in patients maintained on daily dos-
age of methadone hydrochloride. Clin Pharmacol Ther
17:636-649.



Downloaded by [82.155.233.206] at 06:30 04 July 2016

8 R. J. DINIS-OLIVEIRA

Inturrisi CE. (2005). Pharmacology of methadone and its iso-
mers. Minerva Anestesiol 71:435-437.

Inturrisi  CE, Portenoy RK, Max MB, et al. (1990).
Pharmacokinetic-pharmacodynamic relationships of metha-
done infusions in patients with cancer pain. Clin Pharmacol
Ther 47:565-577.

Jiang Y, Yang W, Zhou Y, Ma L. (2003). Up-regulation of mur-
ine double minute clone 2 (MDM2) gene expression in rat
brain after morphine, heroin, and cocaine administrations.
Neurosci Lett 352:216-220.

Johnson BA. (2011) Addiction medicine: Science and practice.
London: Springer.

Katzung BG, Masters SB, Trevor AJ. (2012). Basic & clinical
pharmacology. London, UK: McGraw-Hill Medical.

Ketter TA, Flockhart DA, Post RM, et al. (1995). The emerging
role of cytochrome P450 3A in psychopharmacology. J Clin
Psychopharmacol 15:387-398.

Kharasch ED, Hoffer C, Whittington D, Sheffels P. (2004). Role
of hepatic and intestinal cytochrome P450 3A and 2B6 in
the metabolism, disposition, and miotic effects of metha-
done. Clin Pharmacol Ther 76:250-269.

Kharasch ED, Regina KJ, Blood J, Friedel C. (2015). Methadone
pharmacogenetics: CYP2B6 polymorphisms determine
plasma concentrations, clearance, and metabolism.
Anesthesiology 123:1142-1153.

Klaassen CD. (2013). Casarett & Doull’s toxicology: The basic
science of poisons. New York: McGraw-Hill.

Kleykamp BA, Vandrey RG, Bigelow GE, et al. (2015). Effects of
methadone plus alcohol on cognitive performance in
methadone-maintained volunteers. Am J Drug Alcohol
Abuse 41:251-256.

Krantz MJ, Martin J, Stimmel B, et al. (2009). QTc interval
screening in methadone treatment. Ann Intern Med
150:387-395.

Kreek MJ. (1984). Opioid interactions with alcohol. Adv
Alcohol Subst Abuse 3:35-46.

Kreek MJ, Gutjahr CL, Garfield JW, et al. (1976). Drug interac-
tions with methadone. Ann New York Acad Sci
281:350-371.

Kristensen K, Blemmer T, Angelo HR, et al. (1996).
Stereoselective pharmacokinetics of methadone in chronic
pain patients. Ther Drug Monit 18:221-227.

Kristensen K, Christensen CB, Christrup LL. (1995). The mul,
mu2, delta, kappa opioid receptor binding profiles of
methadone  stereocisomers and morphine. Life Sci
56:PL45-PL50.

Leonard BE. (2003) Fundamentals of psychopharmacology.
West Sussex, UK: John Wiley & Sons.

Levran O, Peles E, Hamon S, et al. (2013). CYP2B6 SNPs are
associated with methadone dose required for effective
treatment of opioid addiction. Addict Biol 18:709-716.

Li Y, Kantelip JP, Gerritsen-van Schieveen P, Davani S. (2008).
Interindividual variability of methadone response: Impact
of genetic polymorphism. Mol Diagn Ther 12:109-124.

Lynn RK, Leger RM, Gerber N. (1976). Identification of glucuro-
nide metabolites of d- and 1-methadone in bile from the
isolated perfused rat liver. Res Commun Chem Pathol
Pharmacol 15:1-10.

Mannelli P, Patkar A, Rozen S, et al. (2009). Opioid use affects
antioxidant activity and purine metabolism: Preliminary
results. Hum Psychopharmacol 24:666-675.

Martell BA, Arnsten JH, Krantz MJ, Gourevitch MN. (2005).
Impact of methadone treatment on cardiac repolarization
and conduction in opioid users. Am J Cardiol 95:915-918.

Martin WR. (1983). Pharmacology of opioids. Pharmacol Rev
35:283-323.

Mattick RP, Breen C, Kimber J, Davoli M. (2009). Methadone
maintenance therapy versus no opioid replacement ther-
apy for opioid dependence. Cochrane Database Syst Rev
3:CD0022009.

McCance-Katz EF, Jatlow P, Rainey PM. (2010). Effect of
cocaine use on methadone pharmacokinetics in humans.
Am J Addict 19:47-52.

Meemken L, Hanhoff N, Tseng A, et al. (2015). Drug-drug
interactions with antiviral agents in people who inject
drugs requiring substitution therapy. Ann Pharmacother
49:796-807.

Mendlik MT, Uritsky TJ. (2015). Treatment of neuropathic pain.
Curr Treat Opt Neurol 17:50.

Meresaar U, Nilsson M-I, Holmstrand J, Anggard E. (1981).
Single dose pharmacokinetics and bioavailability of metha-
done in man studied with a stable isotope method. Eur J
Clin Pharmacol 20:473-478.

Mitchell TB, Dyer KR, Newcombe D, et al. (2004). Subjective
and physiological responses among racemic-methadone
maintenance patients in relation to relative (S)- vs. (R)-
methadone exposure. Br J Clin Pharmacol 58:609-617.

Moody DE. (2013). Metabolic and toxicological considerations
of the opioid replacement therapy and analgesic drugs:
Methadone and buprenorphine. Expert Opin Drug Metab
Toxicol 9:675-697.

Moody DE, Alburges ME, Parker RJ, et al. (1997). The involve-
ment of cytochrome P450 3A4 in the N-demethylation of
L-alpha-acetylmethadol (LAAM), norLAAM, and methadone.
Drug Metab Dispos 25:1347-1353.

Nilsson M-I, Widerlov E, Meresaar U, Anggard E. (1982a).
Effect of urinary pH on the disposition of methadone in
man. Eur J Clin Pharmacol 22:337-342.

Nilsson MI, Meresaar U, ANggard E. (1982b). Clinical pharma-
cokinetics of methadone. Acta Anaesthesiol Scand
26:66-69.

Oda Y, Kharasch ED. (2001). Metabolism of methadone and
levo-alpha-acetylmethadol (LAAM) by human intestinal
cytochrome P450 3A4 (CYP3A4): Potential contribution of
intestinal metabolism to presystemic clearance and bioacti-
vation. J Pharmacol Exp Ther 298:1021-1032.

Olsen GD. (1973). Methadone binding to human plasma pro-
teins. Clin Pharmacol Ther 14:338-343.

Paine MF, Khalighi M, Fisher JM, et al. (1997). Characterization
of interintestinal and intraintestinal variations in human
CYP3A-dependent metabolism. J Pharmacol Exp Ther
283:1552-1562.

Paulozzi LJ, Ryan GW. (2006). Opioid analgesics and rates of
fatal drug poisoning in the United States. Am J Prevent
Med 31:506-511.

Perez de los Cobos J, Sinol N, Trujols J, et al. (2007).
Association of CYP2D6 ultrarapid metabolizer genotype
with deficient patient satisfaction regarding methadone
maintenance treatment. Drug Alcohol Depend 89:190-194.

Plummer JL, Gourlay GK, Cherry DA, Cousins MJ. (1988).
Estimation of methadone clearance: Application in the man-
agement of cancer pain. Pain 33:313-322.



Downloaded by [82.155.233.206] at 06:30 04 July 2016

Pohland A, Boaz HE, Sullivan HR. (1971). Synthesis and identi-
fication of metabolites resulting from the biotransformation
of DL-methadone in man and in the rat. J Med Chem
14:194-197.

Robinson SE, Maher JR, Wallace MJ, Kunko PM. (1997).
Perinatal methadone exposure affects dopamine, norepin-
ephrine, and serotonin in the weanling rat. Neurotoxicol
Teratol 19:295-303.

Romach MK, Piafsky KM, Abel JG, et al. (1981). Methadone
binding to orosomucoid (alpha 1-acid glycoprotein):
Determinant of free fraction in plasma. Clin Pharmacol
Ther 29:211-217.

Scott CC, Robbins EB, Chen KK. (1948). Pharmacologic com-
parison of the optical isomers of methadon. J Pharmacol
Exp Ther 93:282-286.

Shiran MR, Lennard MS, Igbal MZ, et al. (2009). Contribution
of the activities of CYP3A, CYP2D6, CYP1A2 and other
potential covariates to the disposition of methadone in
patients undergoing methadone maintenance treatment.
Br J Clin Pharmacol 67:29-37.

Somogyi AA, Barratt DT, Ali RL, Coller JK. (2014).
Pharmacogenomics of methadone maintenance treatment.
Pharmacogenomics 15:1007-1027.

Sullivan HR, Due SL. (1973). Urinary metabolites of dl-metha-
done in maintenance subjects. J Med Chem 16:909-913.
Sullivan HR, Due SL, McMahon RE. (1972). The identification
of three new metabolities of methadrone in man and in

the rat. J Am Chem Soc 94:4050.

Sullivan HR, Due SL, McMahon RE. (1973). Letter: Methadone
N-oxide in the urine of methadone maintenance subjects-
an artifact? J Pharm Pharmacol 25:1009-1010.

Tian JN, Ho IK, Tsou HH, et al. (2012). UGT2B7 genetic poly-
morphisms are associated with the withdrawal symptoms
in methadone maintenance patients. Pharmacogenomics
13:879-888.

Totah RA, Allen KE, Sheffels P, et al. (2007). Enantiomeric
metabolic interactions and stereoselective human metha-
done metabolism. J Pharmacol Exp Ther 321:389-399.

DRUG METABOLISM REVIEWS 9

Totah RA, Sheffels P, Roberts T, et al. (2008). Role of CYP2B6
in  stereoselective  human methadone metabolism.
Anesthesiology 108:363-374.

Trescot AM, Helm S, Hansen H, et al. (2008). Opioids in the
management of chronic non-cancer pain: An update of
American Society of the Interventional Pain Physicians’
(ASIPP) Guidelines. Pain Physician 11:55-S62.

Tsai HJ, Wang SC, Liu SW, et al. (2014). Assessment of CYP450
genetic variability effect on methadone dose and toler-
ance. Pharmacogenomics 15:977-986.

Verebely K, Volavka J, Mulé S, Resnick R. (1975). Methadone
in man: Pharmacokinetic and excretion studies in acute
and chronic treatment. Clin Pharmacol Ther 18:180-190.

Vos JW, Ufkes JGR, Wilgenburg H, et al. (1995).
Pharmacokinetics of methadone and its primary metabolite
in 20 opiate addicts. Eur J Clin Pharmacol 48:361-366.

Wang SC, Ho IK, Tsou HH, et al. (2013). Functional genetic
polymorphisms in CYP2C19 gene in relation to cardiac side
effects and treatment dose in a methadone maintenance
cohort. OMICS 17:519-526.

Ward J, Bell J, Mattick RP, Hall W. (2012). Methadone mainten-
ance therapy for opioid dependence. CNS Drugs
6:440-449.

Wu D, Otton SV, Sproule BA, et al. (1993). Inhibition of human
cytochrome P450 2D6 (CYP2D6) by methadone. Br J Clin
Pharmacol 35:30-34.

Xiao Y, Smith RD, Caruso FS, Kellar KJ. (2001). Blockade of rat
alpha3beta4 nicotinic receptor function by methadone, its
metabolites, and structural analogs. J Pharmacol Exp Ther
299:366-371.

Yang HC, Chu SK, Huang CL, et al. (2016). Genome-wide
pharmacogenomic study on methadone maintenance
treatment identifies SNP rs17180299 and multiple haplo-
types on CYP2B6, SPON1, and GSGIL associated with
plasma concentrations of methadone R- and S-enantiom-
ers in  heroin-dependent  patients. PLoS  Genet
12:21005910.



	Metabolomics of methadone: clinical and forensic toxicological implications and variability of dose response
	Introduction
	Methodology
	Absorption, distribuition and excretion
	Metabolism
	Conclusion & future perspective
	Disclosure statement
	Funding information
	References


