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Abstract

Background: A considerable inter-individual variability has been reported in
the relationship between methadone doses applied and serum concentrations
achieved in methadone maintenance treatment. However, the underlying
causes for this variability are not fully understood.

Objectives: We investigated the influence of genetic, pathophysiological and
pharmacological factors on serum methadone concentration-to-dose ratio
(CDR) and discussed the clinical implications of the findings.

Methods: We used data from two retrospective laboratory databases and a
prospective cohort study to investigate the impact on methadone CDR of
hepatic cytochrome P450 enzyme system (CYP) genetic polymorphisms, age,
sex, concomitant medication, liver fibrosis and body mass index through linear
mixed model analyses.

Findings: A positive association was found between CDR and the homozy-
gous CYP2B6*6 genotype, concurrent treatment with CYP3A4 inhibitors and
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1 | INTRODUCTION

Methadone maintenance treatment (MMT) is an
evidence-based pharmacological intervention that
reduces overdose risk and mortality among people with
opioid dependence."” However, a significant inter-
individual variability in methadone pharmacokinetics
poses challenges in establishing a clear relationship
between dose and serum concentration.” The effective-
ness of MMT is primarily determined by outcomes such
as a reduction in illicit opioid use and improved treat-
ment retention.* Dose-related effects are observed, with
most patients achieving stabilization and alleviating
withdrawal symptoms and craving at daily methadone
dosages of 60-120 mg.> Higher doses have been associ-
ated with increased risk of adverse effects.”” There is lim-
ited data regarding the relationship between serum
concentrations and treatment outcomes,® although some
researchers have suggested a range of 150-600 ng/mL
through methadone concentrations to suppress opioid
craving.>® Currently, clinical signs, patient-reported
withdrawal symptoms and illicit opioid use remain the
primary indicators of dose adequacy.

Methadone is a synthetic opioid receptor agonist,
usually administered orally as a racemic mixture of R-
and S-methadone enantiomers, although predominantly
the R-enantiomer is seen to account for the opioid effect.
The peak plasma concentration is achieved after 2-4 h,
and the elimination half-life at steady state is 24-28 h.>*°
Oral methadone has a high bioavailability (70%-80%)
and is also largely (60%-90%) bound to plasma pro-
teins.'™'* The drug is extensively metabolized, mainly by
the cytochrome P450 enzyme system (CYP) in the liver,
resulting in at least 10 inactive metabolites excreted in
faeces.>'? In vitro and in vivo investigations have sug-
gested the involvement of several CYP enzymes in the
metabolism of methadone.'* " Some population phar-
macokinetic studies have demonstrated the importance

body mass index. CDR was lower among women and during concomitant use
of CYP inducers. CDR was not associated with age or the degree of liver fibro-
sis in our investigations.

Conclusions: This research work supports the need for individually tailored
dosage considering the various factors that influence methadone CDR. The
gained knowledge can contribute to reducing the risks associated with the

treatment and optimizing the desired outcomes.

dose adjustment, methadone, opioid agonist treatment, pharmacokinetic, serum

of CYP3A4 and CYP2B6 among other factors to describe
pharmacokinetics and toxicity for each methadone
enantiomer.?%?! There is, however, no consensus on the
relative contributions of each enzyme to the overall
disposition of methadone, although some research has
supported the impact of CYP3A4.>>** Some new in vivo
studies on the other side have suggested that CYP2B6
accounts for a major role in its metabolism,'*** at least of
the S-enantiomer.*

Although the efficacy of MMT is well established, the
impact of methadone pharmacokinetics on dose require-
ments and clinical outcomes remains controversial.'*
This may be due to a lack of knowledge concerning
factors that influence methadone disposition and conse-
quently the serum concentration-to-dose ratio (CDR).
Generally, in addition to genetic variations in metaboliz-
ing enzymes, other characteristics such as age, sex, body
mass index, hepatic and renal function, as well as extrin-
sic factors such as concomitant medication are presumed
to influence a drug’s pharmacokinetics. However, the
supporting evidence regarding MMT is still limited.***>%°
More knowledge in this field is needed to improve the
therapeutic outcomes and minimize the adverse effects,
including fatal overdoses.

This research, based on three studies as part of a PhD
thesis,”’* aimed to investigate the influence of genetic,
pathophysiological and pharmacological factors on meth-
adone CDR in MMT. The results suggest that CDR is
associated with various factors including CYP genetic
polymorphisms, sex, body mass index and concurrent
medication which should be considered when adjusting
methadone dosage.

2 | METHODS

Table 1 provides an overview of the methods and mate-
rials applied for this research.
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TABLE 1 An overview on the applied methods and materials for this research.

Study I1*®

Retrospective observational

Study I11*°

Prospective observational cohort

study cohort study study

Study 1”7
Design Retrospective observational cohort
Sources Laboratory TDM database,
Diakonhjemmet Hospital, Oslo,
Norway
Patients included 62 1691
Serum samples 155 4425
included
Main laboratory Serum methadone concentration
analyses and CYP genotypes
Measures Serum methadone concentration,
included dose, age, sex, time between last
dose and sampling, concomitant
medications, CYP2B6, CYP2C9,
CYP2C19, CYP2D6, CYP3A5
genotypes
Independent CYP2B6 genotypes
variables
Dependent Serum methadone concentration-
variable to-dose ratio (CDR)
Other co- Age, sex, time between last dose and
variables sampling, CYP2C9, CYP2C19,

CYP2D6, CYP3A5 genotypes

Laboratory TDM database,
St. Olav University Hospital,
Trondheim, Norway

Serum methadone concentration

Serum methadone concentration
and dose, age, sex, time
between last dose and
sampling, concomitant
medications

Interacting medications

Serum methadone concentration-
to-dose ratio (CDR)

Age, sex, time between last dose
and sampling

Clinical and laboratory data,
Haukeland University Hospital,
Bergen, Norway

155
155

Serum methadone concentration
and CYP genotypes

Serum methadone concentration
and dose, age, sex, time
between last dose and sampling,
concomitant medications, BMI,
eGFR, fibrosis stage, CYP2B6,
CYP3A5 genotypes

Liver fibrosis degree

Serum methadone concentration-
to-dose ratio (CDR)

Age, sex, time between last dose
and sampling, BMI, CYP2B6,
CYP3A5 genotypes

Abbreviations: BMI, body mass index; CYP, cytochrome P450 liver enzymes; eGFR, estimated glomerular filtration rate; OAT, opioid agonist treatment; TDM,

therapeutic drug monitoring.

2.1 | Data sources

Observational data from three different sources was used;
retrospective therapeutic drug monitoring (TDM) labora-
tory databases at the Center for Psychopharmacology,
Diakonhjemmet Hospital (Oslo, Norway) and the
Department of Clinical Pharmacology, St. Olav Univer-
sity Hospital (Trondheim, Norway), and prospective
cohort data from the INTRO-HCV study’® conducted at
the Department of Addiction Medicine, Haukeland
University Hospital (Bergen, Norway).

2.2 | Research data

All databases contained information about methadone
daily doses and steady state serum concentrations, age,
sex and concurrent medications. In addition, genetic
polymorphisms of CYP2B6, CYP2C9, CYP2C19, CYP2D6
and CYP3A5 were retrospectively collected from
62 patients (155 serum samples) during the period 2006—
2015 using the laboratory databases at the Center for

Psychopharmacology, Diakonhjemmet Hospital (Oslo,
Norway). The laboratory database at the Department of
Clinical Pharmacology, St. Olav University Hospital
(Trondheim, Norway) also contained the time of last dose
intake and blood sampling obtained from 1691 patients
(4425 serum samples) in the period 1999-2017. The pro-
spective cohort database at the Department of Addiction
Medicine, Haukeland University Hospital (Bergen,
Norway) was additionally included information on body
mass index, genotypes of CYP2B6 and CYP3AS5, degree of
liver stiffness, estimated glomerular filtration rate, status
of hepatitis C-virus infection (presence of antibody and
RNA) and human immunodeficiency virus (HIV) infec-
tion obtained from 155 patients (155 serum samples).

2.3 | Serum concentration analysis of
methadone

The analysis of racemic methadone in serum was per-
formed by comparable validated and certified ultra-
performance liquid chromatography with tandem mass
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spectrometry (HPLC-MS/MS) methods developed at the
abovementioned centres. During the development phase
of the method as well as in routine use, methadone con-
centrations were measured in nmol/L (the conversion
factor from nmol/L to ng/mL for methadone is 0.310).
The analytical methods are described in detail in other
publications.?”**

2.4 | Concentration-to-dose ratio
Dose-adjusted serum concentration of methadone was
expressed as CDR to consider the large variations in
methadone daily doses used when the samples were
obtained. CDR was calculated by dividing the measured
serum concentration (ng/mL or nmol/L) by the daily
dose (mg) used by the patient at the time of sampling,
that is, (ng/mL or nmol/L)/(mg/day). By using this
measure, the estimated values could be compared within
as well as between subjects without taking variations in
the dosage into consideration. The choice of the unit
for each study was based on the publishing journal’s
guidelines.

2.5 | Genotyping

Genotyping of the blood samples was performed using
TagMan-based real-time polymerase chain reaction
assays at the Center for Psychopharmacology, Diakonh-
jemmet Hospital (Oslo, Norway). The determination of
the CYP2B6*6 haplotype was based on genotyping
of 516G > T (rs3745274) and 785A > G (1s2279343)
variants. The presence of both variants 516TT and 785GG
was interpreted as CYP2B6*6/%6, whereas the presence of
516GT and 785AG or 785GG was interpreted as
CYP2B6*1/%6.

2.6 | Assessment of liver stiffness

Liver stiffness measurements (LSMs) were assessed by
vibration-controlled transient elastography (VCTE) using
FibroScan (Model 430 Mini). The LSM was calculated
using the median value of 10 repeated measurements on
an empty stomach. LSM is correlated to the liver fibrosis
stage.®’ Exclusion criteria were pregnancy, presence of an
implantable medical device and obesity (body mass index
>30 kg/m® to avoid erroneous measurements using
standard probes that were not adapted to obese individ-
uals). The cutoff values for fibrosis measures were:
LSM < 7 kPa for no/limited fibrosis, LSM 7 < kPa < 12
for fibrosis, LSM > 12kPa for cirrhosis and

LSM > 20 kPa for cirrhosis with probable significant por-
tal hypertension.*>**

2.7 | Concomitant medication

A total of 46 drugs were most recorded in at least 20
samples in the laboratory database at the Department of
Clinical Pharmacology, St. Olav University Hospital
(Trondheim, Norway) to be used in combination with
methadone. These drugs as well as some inhibitors and
inducers of the CYP isoenzymes having possible pharma-
cokinetic drug interactions with methadone,® were
defined as the relevant co-medications. The CYP3A4
inhibitors were atazanavir (n = 6), diltiazem (n=1),
erythromycin (n = 2), fluconazole (n = 3), indinavir
(n = 1), nelfinavir (n = 1) and saquinavir (n = 1). The
inducers included were carbamazepine (n = 30), nevira-
pine (n = 1), phenobarbital (n = 4) and efavirenz (n = 2).

2.8 | Statistical analyses

The quantitative analyses for this study were performed
using IBM SPSS version 21.0 (International Business
Machines, Chicago, USA), STATA/SE 15.1 (StataCorp,
TX, USA) and STATA/SE 16.0 (StataCorp, TX, USA). Sta-
tistical significance was set at the p < 0.05 level. Mean and
standard deviation (SD) or median and interquartile range
were calculated for continuous descriptive variables, and
1-way analysis of variance was used to test the differences
between groups. For categorical descriptive variables con-
tingency table and Pearson x> or Fisher exact tests were
used. The impact of CYP genetic polymorphisms, age, sex,
co-medication, liver fibrosis and body mass index on
methadone CDR were investigated by linear mixed model
analyses with a 95% confidence interval (CI). As we have
benefited from longitudinal data with repeated measure-
ments for all the papers included in this thesis, the linear
mixed model was considered the most appropriate method
to adjust for possible confounders and accordingly to
reduce the risk of systematic biases. Yet, the cohort studies
in this thesis are at risk for confounding as the effect of
other unknown confounders only can be handled by true
randomization. Each of the independent variables, that is,
CYP2B6 genotypes, interacting comedications and the
degree of liver fibrosis were separately inserted in the
analysis together with the other covariates shown in
Table 1. CDR was the dependent variable. The linear
mixed model analysis allows for adjustment between
repeated measurements of methadone serum concentra-
tions within each subject. We dealt with any missing
information by including only the samples with complete

35UBD1T SUOWILIOD) BAIIERID 3qedi|dde ayy Aq pausenob afe s3joNte YO ‘88N Jo SajnJ Joj Areld 1 auluQ A3]1A\ UO (SUOIIPUOD-pUR-SWLB)0D AB| 1M Areiq 1 BUI|UO//SANY) SUOIIPUOD pUe SWB | U} 88S *[7202/20/7T] uo Ariqiauluo A8|IA ‘O4a 1deasy 8di0Au| JfeaH 1jqnd JO ainisu| ueiBemioN Aq G26€T 1doq/TTTT OT/I0p/Wod A8 1M Areiq iUl uo//:sdny woly papeoumod ‘€ ‘7202 ‘Sv8Ler.T



CHALABIANLOO ET AL.

m 337
Basic & Clinical Bl Pharmacology &Toxicology

data sets. More detailed descriptions of the statistical
analyses are provided in the related publications.*’ >

3 | RESULTS

3.1 | CYP genetic polymorphisms
Homozygous carriers of CYP2B6*6 had higher CDR com-
pared with non-carriers (p < 0.001), whereas heterozy-
gous carriers of CYP2B6*6 were not significantly different
from non-carriers (p = 0.925). The respective estimated
mean CDRs were 17.8 (95% CI: 12.1, 26.1) and 9.1 (6.1,
13.4) (nmol/L)(mg/day) for homozygous and heterozy-
gous carriers of CYP2B6*6, and 9.2 (6.6, 12.9) for non-
carriers. The distribution of individual CDRs according to
the CYP2B6 genotype is presented in Figure 1. No other
CYP enzyme polymorphisms were notably associated
with methadone CDR.

3.2 | Age,sex and body mass index

CDR was not influenced by age (mean age: 38.4; range:
21-78). Women used on average 8 (95% CI: 5, 10) mg
higher daily methadone doses compared to men but had
about 26 (14, 37) ng/mL lower serum concentrations,
resulting in 9% (1, 10) (nmol/L)(mg/day) lower CDR.
Participants with overweight (a body mass index of
25-30 kg/m?) had about 15% higher CDR (coefficient:
2.34; 95% CI: 0.22, 4.45; p: 0.031) compared with normal-
weight individuals (body mass index <25 kg/m?).

3.3 | Liver fibrosis

There was no significant relationship between liver fibro-
sis and CDR (0.70; CI: —2.16, 3.57; p = 0.631) or cirrhosis
(—=0.50; CI —4.59, 3.59; p=0.810) compared to
no/limited fibrosis according to the adjusted linear mixed
model analysis (Figure 2).

3.4 | Concomitant medication

Concurrent treatment with CYP inducers reduced metha-
done CDR by 36% (95% CI: 28, 44), whereas CYP3A4
inhibitors as a group increased CDR by 36% (10, 68). The
combined effects of age, sex, and CYP inducers and
inhibitors on CDR in the adjusted regression analysis are
shown in Table 2.

4 | DISCUSSION

The present study demonstrates that CYP2B6 genetic
polymorphisms, sex, body mass index and concomitant
medication with CYP enzyme inducers and CYP3A4
inhibitors may explain some of the variations in dose-
adjusted serum methadone concentration. We also
observed that age, degree of liver fibrosis and the other
CYP polymorphisms investigated were not associated
with methadone CDR. Nevertheless, all included factors
only explained a fraction of the variation in CDR.

Our findings support previous reports demonstrating
a considerable variation in the relationship between
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Serum methadone concentration-to-dose ratio and liver fibrosis
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FIGURE 2 Serum methadone concentration-to-dose ratio (CDR), and liver fibrosis measures and stages in study participants on

methadone maintenance treatment. Respective liver stiffness measures and mean CDRs (with standard deviations): no/limited fibrosis:
<7 kPa, 14 (6); fibrosis: 7 < kPa < 12, 14 (8); cirrhosis: >12 kPa, 12 (5); no significant relationships between liver fibrosis and CDR
(coefficient: 0.70; CI: —2.16, 3.57; p = 0.631) or cirrhosis (coefficient: —0.50; CI —4.59, 3.59; p = 0.810) compared to no/limited fibrosis were

found. Adapted from Chalabianloo et al.*

TABLE 2 The effects of age, gender, sampling time and CYP inducers and inhibitors on the log.-transformed and expected methadone

serum concentration-to-dose ratio (CDR) in linear mixed model.

Log. (methadone CDR)

Expected methadone CDR (ng/mL)/(100 mg/day)

Variable Estimate 95% CI
Intercept” 1.128 1.017, 1.239
Age (per year) 0.002 —0.001, 0.005
‘Woman —0.092 —0.144, —0.040
Sampling time” 0.007 —0.017, 0.030
CYP inducer —0.452 —0.588, —0.324
CYP3A4 inhibitor 0.304 0.094, 0.515
CYP2D6 inhibitor —0.071 —0.222, 0.080
CYP2C19 inhibitor 0.003 —0.153, 0.146

p-value

<0.001
0.176
0.001
0.560

<0.001
0.005
0.360
0.965

Mean (95% CI)
309 (276, 345)
310 (276, 343)
282 (239, 332)
311 (272, 335)
197 (154, 250)
419 (304, 578)
288 (221, 374)
310 (237, 399)

Note: The variables showed in bold font had a significant effect on CDR. Adapted from Chalabianloo et al.,®
Abbreviations: CI, confidence interval; CYP, cytochrome P450 enzyme system.
"The intercept represents a 40-year-old man not using any of the interacting drugs, having a blood sample obtained 24 h after the last methadone intake.
"Hour (the difference between recorded time and 24 h from the last dose intake).

Change (%) (95% CI)

40 (=0, +1)
—9(-13, -4)
+1 (=2, +3)
—36 (—44, —28)
+36 (410, +68)
—7(=20,48)
+0 (—14, +16)
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methadone dose and serum concentration.>*® Although
some limited studies with small sample sizes were able to
show significant correlations between methadone dose
and serum concentration,***> dosage does not entirely
explain the variability of methadone concentrations, even
in patients without concomitant medications.>® For a
given dose, a broad range of 6-41-fold inter-individual
variability in the steady state serum concentrations of
both racemic methadone and its active R-enantiomer
alone is reported in patients without and with concomi-
tant use of other medications, respectively.>**® Regarding
serum concentration-effect relationships, a mean daily
dose of 100 mg methadone in MMT has been associated
with therapeutic response, that is, the absence of illicit
opioid in urinary tests, at steady state concentrations of
at least 400 ng/mL for racemic methadone and at least
250 ng/mL for R-methadone, whereas no such limit was
fond for S-methadone.>® However, there is limited knowl-
edge in this area.® Understanding possible factors that
may influence methadone disposition and CDR is impor-
tant in clinical decision-making on dose requirements to
optimize treatment outcomes. Some important factors
may include:

41 | Genetic factors

Although the impact of CYP2B6 genotype on inter-
individual variability of methadone pharmacokinetics
(particularly S-methadone) has been investigated in
several previous studies, 161819 the findings are still not
conclusive. We showed that the homozygous carriers of
CYP2B6* had the largest increase in CDR (>90%)
compared with non-carriers, which is in line with the
predicted slow metabolizer phenotype and agrees with
the results of Crettol et al.'® They showed through an
observational study on 245 MMT patients that
CYP2B6*6/%6 carriers had significantly higher steady state
through S-methadone serum concentrations and a trend
toward higher R-methadone serum levels, presenting a
higher total racemic methadone serum concentration.
Other previous studies failed to find a significant effect
of the CYP2B6 genotype on methadone serum
concentration,'**” although a trend supporting the find-
ings was observed. The most expected clinical conse-
quence of increased serum concentration is a higher risk
of undesirable effects. For instance, prolongation of the
QT interval in an electrocardiogram (the interval
between the heart contracting and relaxing) is presum-
ably related to a higher S-methadone serum concentra-
tion.”* A report examining methadone-related deaths
concluded that the risk of methadone fatality may be
partly related to the CYP2B6* polymorphism.*

m 3%
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However, there is limited knowledge regarding the
influence of the CYP2B6*6 polymorphism on the total
methadone serum concentration and possible clinical
outcomes. The overall conclusion would be that the clini-
cal impact of CYP2B6 genetic polymorphism in metha-
done disposition and dose adjustments is still unclear.

The present study showed no notable impact on
methadone CDR by genetic polymorphisms of other CYP
enzymes. Not surprisingly, there is limited clinical
research on the role of CYP3A5 polymorphisms on meth-
adone metabolism, as the expression of the active allele
among whites is rare.*” A possible in vivo impact of
CYP3A5 on methadone disposition is anticipated in a few
clinical studies, nevertheless, the results are conflict-
ing.'>'” CYP2C9, CYP2C19 and CYP2D6 have also, to
some extent, been related to methadone metabolism,'*!>
however, the limited and conflicting results are unlikely
to support a clinical relevance, which is in line with our
findings.

4.2 | Physiological factors

Currently, there are limited clinical studies on the influ-
ence of age and sex on methadone metabolism, and the
findings are not conclusive.”*' We showed that women
had 9% lower CDR compared to men, whereas the ratio
was not influenced by age. Others have stated that
methadone metabolism is significantly accelerated in
the third trimester of pregnancy.’” At that time, the daily
dose often needs to be increased to prevent withdrawal
symptoms and drug-seeking behaviour in the mother.
This knowledge and some other studies indicate an
inducing effect of estradiol on methadone metabolism
related to CYP2B6** and CYP3A4™ as an explanation
for the sex difference, which should be taken into con-
sideration in clinical practice. The lack of an age effect
on methadone metabolism in our study may be due to
the inclusion of only a few patients over 60 years of age.
Others have suggested that age may at least explain
some of the inter-individual variations in steady state
methadone levels,** however, studies supporting this
statement are lacking. Thus, to date, there is no evi-
dence to recommend methadone dose reduction with
increasing age.

We found a direct association between being over-
weight (body mass index 25-30 kg/m?) and having a
higher CDR. The impact of body weight on methadone
metabolism has not been sufficiently investigated in pre-
vious studies. Nevertheless, a recent study demonstrated
that overweight subjects had higher dose-adjusted serum
methadone concentrations,* which is in line with our
finding. Possible explanations for this observation could
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be liver steatosis*® or chronic inflammation with
increased levels of cytokines leading to CYP inhibition.*’
The clinical implication of the current knowledge may be
that being overweight does not necessitate higher metha-
done dosages; in fact, some patients may need dose
reduction.

4.3 | Pathological factors

Although the present study did not find an association
between liver fibrosis and methadone dose-adjusted
serum concentrations, it does not appear that available
research can definitively conclude on this topic.*>**°
Reduced metabolism of methadone among patients with
opioid use disorder infected by hepatitis C-virus was
demonstrated in one study,48 but no association between
methadone serum levels and liver fibrosis was found.
Another study* reported a higher concentration of total
methadone and the active R-enantiomer in hepatitis
C-virus seropositive patients compared to seronegative
patients. Both studies suggest consideration of dose
adjustments in MMT patients with a history of hepatitis
C-virus infection. However, the clearance of drugs, in
general, is not considerably altered in patients with
chronic active viral hepatitis without cirrhosis.”’ In a
study on patients undergoing MMT, the researchers
could not demonstrate notable changes in methadone
concentrations in individuals with mild to moderate
chronic liver disease.”® In line with our results, a recent
study® did not show a significant effect of liver stiffness
on methadone metabolic rate in patients with ongoing
hepatitis C-virus infection. Our findings may thus indi-
cate that increased liver fibrosis probably caused by ongo-
ing hepatitis C-virus infection does not immediately
warrant methadone dose adjustment without further
clinical assessments.

In very severe liver disease, the oral bioavailability
of methadone may increase due to portal hypertension
and the development of cirrhotic portosystemic shunts,
leading to a reduced first-pass metabolism.” Increased
bioavailability and decreased hepatic clearance can
cause a possible drug accumulation.’® Further, a strong
inverse relationship between the activity of hepatic CYP
enzymes and the severity of cirrhosis has been demon-
strated, in which the content and activity of some CYP
enzymes, such as CYP3A, appear to be particularly vul-
nerable to impaired liver function.>* Although we did
not find any interacting factor between liver stiffness
and the CYP genotypes regarding methadone CDR, the
pattern of CYP enzyme alterations may differ based on
the aetiology of liver disease.”® Due to the large bio-
availability and protein binding capacity, and a long

half-life, as well as the considerable inter- and intra-
individual variability in methadone pharmacokinetics, a
close clinical monitoring has been recommended in
patients with severe hepatic impairment, nevertheless,
no dose adjustment is suggested in mild and moderate
liver diseases."!

44 | Pharmacological factors

Based on our data, almost one-quarter of the patients
used other medications in addition to methadone, some
of which were potential inducers or inhibitors of hepatic
CYP enzymes. CYP inducers were found to reduce meth-
adone CDR by approximately a third. A previous study*'
showed that plasma levels of methadone were signifi-
cantly reduced days after co-administration of carbamaz-
epine with subsequent clinical opioid withdrawal
symptoms. The authors proposed methadone dose reduc-
tion after discontinuation of carbamazepine to avoid
methadone-induced respiratory depression. Also, with-
drawal symptoms have been reported days after starting
nevirapine among patients on MMT.*>* This may indicate
an inducing effect of the drug on methadone metabolism;
however, predicting a net effect is more complicated and
depends on the possible influences of other antivirals in
the recommended combination regimes.

Additionally, we showed that CYP3A4 inhibitors
increased CDR by approximately one-third. This finding
confirms some of the previous research data using
in vitro, in vivo, and clinical studies on the impact of
CYP3A4 in methadone metabolism.'%?%?>%% However, a
possible influence of some of the drugs in this group on
CYP2B6-related methadone metabolism cannot be ruled
out, as the effect of many drugs on CYP2B6 enzyme
activity is unknown. Having only three patients with
concurrent use of clopidogrel, which is a selective
CYP2B6 inhibitor,”” our work cannot predict the role of
CYP2B6 inhibitors on methadone CDR. In addition,
CYP2B6 involves stereo-selective methadone metabolism,
preferentially metabolizing the inactive S-methadone,
which was not measured separately in our research,
whereas CYP3A4 exhibits no clear-cut enantiomer prefer-
ence.'>'® This suggests that stereo-selective inhibition
might play a role in the varied total methadone serum
concentration.”® Several studies have suggested the pri-
mary roles of CYP3A4 and CYP2B6 in methadone’s
metabolism with minimal roles of CYP2C9, CYP2C19,
CYP2D6, CYP3A5 and other enzymes,'*>* which are in
line with our results. A systematic drug-drug interaction
analysis from 2019°” downgrades the role of CYP3A and
concludes that CYP2B6 plays a prominent role in metha-
done metabolism.
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Methadone is also more likely to be co-administered
with antiviral drugs used to treat infections like HIV and
chronic hepatitis C-virus infection.®” For certain agents,
which are dual inhibitors and inducers of CYP enzymes,
the effect on methadone pharmacokinetics can change
with time since induction is delayed compared to inhibi-
tion.® Close clinical monitoring is thus required with
respect to efficacy and toxicity, particularly shortly after
the start of treatment. Clinical and laboratory-based
assessments, including measurements of serum metha-
done concentration, could be crucial in decision-making
regarding the need for dose adjustments, especially
among patients with multiple comorbid conditions.

5 | STRENGTHS AND
LIMITATIONS

The major strength of this research work is the use of
several laboratory and clinical databases obtained from
Norwegian patients undergoing MMT enabling us to
access a large pool of information to conduct the
research. The naturalistic observation setting of the study
that reflects real life and actual clinical challenges in the
daily practice of MMT may constitute both a strength
and limitation of this work. In addition to some possible
classic biases related to selection, information and con-
founding, the use of retrospective TDM data for research
purposes also implies some methodological limitations
such as compliance, uncertainties about the exact dose,
the time interval between dose ingestion and sampling,
and whether the sample had been collected at steady
state. We therefore only included the samples where the
most crucial information was available and correctly
obtained. Administration of daily methadone doses under
supervision may also have reduced the risk of non-
compliance and diversion. We used the regression model
of analysis to adjust for possible confounders and accord-
ingly to reduce the risk of systematic biases. Yet, the
cohort studies in this research are at risk for confounding
as the effect of other unknown factors only can be fully
adjusted by true randomization.

Additionally, the low number of observations may
have resulted in type I and type II errors. A small sample
size does not allow for drawing certain conclusions about
the possible influences of the important clinical and
genetic confounders. The naturalistic nature of the
prospective study could also have contributed to some
limitations by allowing the clinicians to adjust the metha-
done dose based on their clinical judgement. Finally,
other factors that are beyond the scope of this research,
such as the individual’s psychosocial condition, may have
influenced the results.

Basic & Clinical Il Pharmacology &Toxicology

6 | CONCLUSIONS

The present study highlights the substantial inter-
individual variability in methadone pharmacokinetics,
reinforcing the existing clinical and research challenges
in MMT. Consistent with previous research, our findings
emphasize the impact of various factors including CYP
genetic polymorphisms, sex, body mass index and con-
current medication, which should be considered during
treatment. These factors contribute to the need for tai-
lored dosing strategies to achieve adequate serum con-
centrations and alleviate distressing symptoms. However,
the variability in the relationship between methadone
dose and serum concentration, along with the influence
of diverse factors, presents a major challenge. Conse-
quently, the use of therapeutic drug monitoring in MMT
should be limited to specific clinical scenarios such as
abnormal metabolism, concurrent use of possible inter-
acting medications or severe organ impairment. Under-
standing the complex dynamics between methadone
dosage, serum concentration and treatment response is
crucial for improving treatment outcomes and optimizing
patient care based on clinical-oriented decision making
in daily practice.
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