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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Management of pain in opioid dependent

individuals is problematic due to numerous
issues including cross-tolerance to opioids. Hence
there is a need to find alternative analgesics to
classical opioids and tramadol is potentially one
such alternative.

• Methadone inhibits CYP2D6 in vivo and in vitro.
• We aimed to investigate the effect of methadone

on the pathways of tramadol metabolism:
O-demethylation (CYP2D6) to the opioid-active
metabolite M1 and N-demethylation (CYP3A4) to
M2 in subjects maintained on methadone or
buprenorphine as a control.

WHAT THIS STUDY ADDS
• Compared with subjects on buprenorphine,

methadone reduced the clearance of tramadol to
active O-desmethyl-tramadol (M1) but had no
effect on N-desmethyltramadol (M2) formation.

• Similar to other analgesics whose active
metabolites are formed by CYP2D6 such as
codeine, reduced formation of
O-desmethyltramadol (M1) is likely to result in
reduced analgesia for subjects maintained on
methadone. Hence alternative analgesics whose
metabolism is independent of CYP2D6 should be
utilized in this patient population.

AIMS
To compare the O- (CYP2D6 mediated) and N- (CYP3A4 mediated)
demethylation metabolism of tramadol between methadone and
buprenorphine maintained CYP2D6 extensive metabolizer subjects.

METHODS
Nine methadone and seven buprenorphine maintained subjects
received a single 100 mg dose of tramadol hydrochloride. Blood was
collected at 4 h and assayed for tramadol, methadone, buprenorphine
and norbuprenorphine (where appropriate) and all urine over 4 h was
assayed for tramadol and its M1 and M2 metabolites.

RESULTS
The urinary metabolic ratio [median (range)] for O-demethylation (M1)
was significantly lower (P = 0.0002, probability score 1.0) in the subjects
taking methadone [0.071 (0.012–0.103)] compared with those taking
buprenorphine [0.192 (0.108–0.392)], but there was no significant
difference (P = 0.21, probability score 0.69) in N-demethylation (M2).
The percentage of dose [median (range)] recovered as M1 was
significantly lower in subjects taking methadone compared with
buprenorphine (0.069 (0.044–0.093) and 0.126 (0.069–0.187),
respectively, P = 0.04, probability score 0.19), M2 was significantly
higher in subjects taking methadone compared with buprenorphine
(0.048 (0.033–0.085) and 0.033 (0.014–0.049), respectively, P = 0.04,
probability score 0.81). Tramadol was similar (0.901 (0.635–1.30) and
0.685 (0.347–1.04), respectively, P = 0.35, probability score 0.65).

CONCLUSIONS
Methadone inhibited the CYP2D6-mediated metabolism of tramadol to
M1. Hence, as the degree of opioid analgesia is largely dependent on
M1 formation, methadone maintenance patients may not receive
adequate analgesia from oral tramadol.
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Introduction

Opioid abuse and dependence as a result of illicit or licit
opioid use is of significant public health concern world-
wide [1]. Maintenance therapies using substitution
opioids, such as methadone and buprenorphine, are the
most cost-effective treatments for opioid dependence [2]
and are sanctioned by the World Health Organization to
prevent opioid withdrawal. However, a high prevalence of
pain has been reported among the opioid maintenance
population [3, 4], and this population has been shown to
be hyperalgesic to cold pressor-induced pain, most prob-
ably as a result of continued opioid exposure [4, 5]. Conse-
quently, management of both acute and chronic pain in
these patients can be problematic, with issues such as
cross-tolerance to additional opioids, for example mor-
phine, other than their maintenance opioid [6] and altered
prescribing practices of opioids due to history of opioid
abuse [7]. Therefore, there is a need to find suitable anal-
gesic alternatives to the ‘typical’ opioids for the treatment
of pain in these patients.

Tramadol, a synthetic mixed m opioid receptor agonist
[8], may be such an alternative. It is administered orally as
the racemate and undergoes O-demethylation by cyto-
chrome P450 2D6 (CYP2D6) to O-desmethyltramadol (M1,
5–15% oral dose), and N-demethylation by CYP3A4 to
N-desmethyltramadol (M2, 4–31% oral dose) [9–12]. In
comparison with tramadol, the M1 and M2 metabolites
are more (444-fold) and less (0.2-fold) potent m opioid
receptor agonists, respectively [8], while tramadol itself
also possesses serotonin and norepinephrine re-uptake
blocking activity [13, 14]. Consequently, the opioid
analgesic effect of tramadol is mediated almost exclu-
sively by the M1 metabolite. Indeed, deficiency in CYP2D6
activity has been demonstrated to alter not only the
pharmacokinetics of tramadol and M1, but also the
clinical analgesic and pharmacodynamic responses
[15–19].

With regard to tramadol use in opioid maintenance
patients, there is potential for methadone to inhibit the
formation of M1 due to its competitive inhibition of the
CYP2D6-mediated O-demethylation of dextromethorphan
[20, 21].This is supported by our recent study that demon-
strated that methadone significantly inhibited the
CYP2D6-mediated O-demethylation of codeine to mor-
phine and its glucuronides [22]. Clinically, this has the
potential to alter tramadol analgesia in a similar manner as
paroxetine (a potent CYP2D6 inhibitor) that reversed tra-
madol analgesia to cold pressor pain [23]. In contrast, while
buprenorphine and its major metabolite norbuprenor-
phine have been reported to possess in vitro CYP2D6
inhibitor activity (microsomes expressing CYP2D6 c-DNA
Ki = 1.8 and 42 mM, respectively) [24], this is not expected to
be of clinical importance at the plasma concentrations
reached following maintenance dosing (~4 to 12 nM after 4
to 24 mg dose [25]).

Therefore, although tramadol has the potential to be
used as an alternative analgesic in patients on methadone
or buprenorphine maintenance therapy, there are no
reports regarding the impact of either methadone or
buprenorphine on tramadol metabolism, and hence safety
and efficacy in this population. Consequently, the aim of
the current study was to compare the impact of
co-administration of methadone and buprenorphine on
the metabolism of tramadol to its major metabolites, M1
and M2 in CYP2D6 genotypic extensive metabolizers.

Methods

The study was conducted as an open label, parallel group
investigation. The participants were patients maintained
on methadone or buprenorphine recruited from the Wari-
nilla Clinic (Drug and Alcohol Services SA, Adelaide, Austra-
lia).The study was approved by the Royal Adelaide Hospital
Research Ethics Committee (RAH Protocol no. 070525)
and signed informed consent was obtained from each
participant.

Both males and females, between the ages of 18–55
years, who had been on their current maintenance medi-
cation for at least 4 weeks and were on a stable dose for at
least the past week, were eligible for inclusion into the
study. Exclusion criteria included taking any known
CYP2D6 inhibitor medication in the week prior to the study
or having a positive urine drug screen for opioids (exclud-
ing their maintenance medication, see below; Microcheck
Multidrug Screening Test, Thermo Fisher Scientific,
Scoresby, Australia: limit of detection 300 ng ml-1). Geno-
typic CYP2D6 poor metabolizers and those who had liver
function test results [alanine aminotransferase (ALT), alka-
line phosphatase (ALP) and gamma glutamyl transferase
(GGT)] greater than three times the upper normal limit
were also excluded from analysis after the completion of
the study.

Subjects received their prescribed daily dose of metha-
done or buprenorphine as per normal clinic protocol.
Upon submitting a urine sample for testing and it being
confirmed to be negative for opioids other than metha-
done or buprenorphine, they received a single, orally
administered 100 mg dose of tramadol as two 50 mg tra-
madol hydrochloride capsules (Zydol™, Grünenthal,
Germany distributed by Arrow Pharmaceuticals Limited,
NSW, Australia) with 200 ml water. Blood pressure and self-
reported adverse effects (including nausea, vomiting and
dizziness) were monitored for the duration of the study.

Biological sample collection
A 15 ml venous blood sample was taken by venepuncture
at 4 h for CYP2D6 genotype and liver function tests (LFTs),
and a plasma aliquot retained for quantification of trama-
dol, methadone, buprenorphine and norbuprenorphine
(for methadone and buprenorphine maintenance partici-
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pants, respectively). All urine passed for 4 h after tramadol
dosing was collected, volume and pH/[H+] recorded and an
aliquot retained for analysis of tramadol and its M1 and M2
metabolites. Samples were stored at -20°C until required
for analysis.

Genotyping
Extraction of genomic DNA, PCR reactions, DNA sequenc-
ing and the subsequent CYP2D6 genotype (identifiable
alleles *1-*10, *16, *33, *41, *45A/*45B/*46) was deter-
mined as previously described by us [26].

Drug quantification analysis
O-desmethyltramadol (M1) and N-desmethyltramadol
(M2) were a kind donation from Grünenthal GmbH (Stol-
berg, Germany). Acetonitrile, ethyl acetate, di-potassium
hydrogen phosphate and sodium hydroxide were from
BDH Chemicals (Poole, UK) and hydrochloric acid and 85%
orthophosphoric acid were from Ajax Chemicals (Auburn,
Australia). All chemicals and reagents were of the highest
analytical grade.

Plasma tramadol concentrations and urine tramadol,
M1 and M2 concentrations were determined directly by
high performance liquid chromatography (HPLC) with
fluorescence detection modified from Paar et al. [27].
Plasma sample preparation was as follows: plasma (500 ml)
was alkalinized with 1 M (100 ml) sodium hydroxide prior to
extraction in hexane : ethyl acetate (80 : 20, 3 ml). The
organic layer (2.7 ml) was then back extracted into 0.05 M

(150 ml) hydrochloric acid, the organic phase was aspirated
and 100 ml of the remaining acidic phase was injected on
to the HPLC system. Urine sample preparation was as
follows: samples were centrifuged (6 min, 400 ¥ g), the
supernatant was diluted 1 in 100 in mobile phase (details
below) and injected (100 ml) on to the HPLC system.

The HPLC system comprised a LC Workstation Class
LC10 (Shimadzu, Kyoto, Japan) consisting of a SIL-10ADvp
autoinjector and LC-10ADvp liquid chromatograph
(pump), with fluorescence detection (excitation and emis-
sion wavelengths of 210 and 305 nm, respectively; LC-240
Perkin Elmer, Buckinghamshire, UK) and a C-R6A Chro-
matopac integrator (Shimadzu, Kyoto, Japan). Tramadol,
M1 and M2 were separated on a C18 LUNA analytical
column (150 ¥ 4.6 mm, Phenomenex, Lane Cove, Australia).
The mobile phase for urine samples consisted of
acetonitrile : 25 mM dipotassium hydrogen orthophos-
phate (39 : 61, v/v) adjusted to pH 8.9 with 85% orthophos-
phoric acid at a flow rate of 1.0 ml min-1 and the mobile
phase for plasma samples consisted of acetonitrile : 20 mM

potassium dihydrogen orthophosphate (15 : 85, v/v)
adjusted to pH 3.0 with 85% orthophosphoric acid at a
flow rate of 1.5 ml min-1.

Calibration curves for tramadol quantification from
plasma samples were constructed with six final concentra-
tions ranging from 25–1000 ng ml-1. Calibration samples
were prepared identically in blank human plasma. Low,

medium and high quality control (QC) samples of tramadol
were also prepared with final concentrations of 75 200 and
350 ng ml-1, respectively. The extraction procedure was
externally standardized as opposed to the use of an inter-
nal standard and calculated extraction recovery of trama-
dol was 60%. The inter- and intra-assay precision and
inaccuracy data of the assay were as follows based on
quality control sample analysis (all n = 8, for 75, 200 and
350 ng ml-1, respectively): precision, intra-assay 11.6, 5.9
and 4.9%, inter-assay 5.2, 7.2 and 3.6%; inaccuracy, intra-
assay 1.6, 9.7 and 3.3%, inter-assay 7.5, 7.1 and 5.1%.

Calibration curves for tramadol, M1 and M2 quantifica-
tion from urine samples were constructed with six final
concentrations ranging from 100–1000, 10–100 and
10–100 ng ml-1, respectively. Calibration samples were pre-
pared identically in blank human urine. Low, medium and
high QC samples of tramadol, M1 and M2, respectively
were also prepared with final concentrations of: low 150,
15 and 15 ng ml-1, respectively, medium 500, 50 and
50 ng ml-1, respectively and high 950, 95 and 95 ng ml-1,
respectively. The inter- and intra-assay precision and inac-
curacy of the assay were as follows based on quality
control sample analysis: tramadol,150,500 and 950,respec-
tively, precision, intra-assay 2.5, 1.9 and 2.8%, inter-assay
3.3, 1.3 and 1.5% and inaccuracy, intra-assay 12.6, 6.4 and
2.9%, inter-assay 12.6, 5.8 and 5.1%; M1, 15, 50 and 95,
respectively, precision, intra-assay 5.6, 3.0 and 2.6%, inter-
assay 7.2, 1.9 and 3.1% and inaccuracy, intra-assay 9.8, 7.0
and 4.6%, inter-assay 12.0, 9.5 and 3.2%; M2, 15, 50 and 95,
respectively, precision, intra-assay 1.5, 3.1 and 1.6%, inter-
assay 2.1, 3.7 and 0.1% and inaccuracy, intra-assay 8.1, 1.9
and 0.9%, inter-assay 8.9, 0.7 and 0.4%.

Plasma R-, and S-methadone concentrations in metha-
done maintenance therapy (MMT) participants were
determined by HPLC-mass spectrometry as previously
described [28].

Plasma buprenorphine and norbuprenorphine con-
centrations in buprenorphine maintenance therapy (BMT)
participants were determined by HPLC-mass spectrometry
as previously described [29].

The percentage dose excreted as tramadol and its two
metabolites was calculated after taking into account
molecular weight and drug base differences. A urinary
metabolic ratio (MR) was calculated as the concentration
of metabolites formed via each pathway divided by
tramadol: O-demethylation – M1/tramadol and N-
demethylation – M2/tramadol.

Data analysis
Urinary recovery, plasma concentrations and urinary meta-
bolic ratios data were statistically compared through the
use of method 5 from [30] to provide an indication of the
size of the effect of methadone on the metabolism of tra-
madol.A probability score, U/mn was calculated, where U is
the Mann Whitney U-statistic and mn is the product of the
two population sample sizes with the possible score
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ranging between 0 and 1. A probability score of 0 or 1
indicated complete separation of the two maintenance
populations’ distributions and thus an effect of the metha-
done maintenance medication on the metabolism of tra-
madol when compared with buprenorphine, whilst a score
of 0.5, the null hypothesis value, indicated overlapping dis-
tributions and thus no effect of methadone.

The 95% confidence intervals (CIs) of the probability
scores were calculated through the use of an Excel spread-
sheet as previously described [22, 31].

Spearman rank correlations were used to investigate
associations between: urinary H+ concentration and the per-
centage recovered dose values, urinary H+ concentration and
urinary MR, urinary MR and plasma methadone concentra-
tions, urinary MR and plasma buprenorphine concentrations,
urinary MR and plasma norbuprenorphine concentrations,
urinary MR and plasma tramadol concentrations, urinary
MR and methadone daily doses, and urinary MR and
buprenorphine daily doses. These were all performed
using GraphPad Prism version 4.00 for Windows (GraphPad
Software, San Diego, USA). Data are reported as median
and range.

Results

Participants
Sixteen opioid dependent patients receiving a stable dose
of either methadone (eight males, one female; age mean
[range]: 43.3 [33–52] years) or buprenorphine (three males,
four females; age mean [range]: 26.6 [18–38] years) were
recruited from the Warinilla Clinic of the Drug and Alcohol
Services of South Australia (Adelaide, Australia). All partici-
pants had normal liver and renal function (liver function
test and plasma creatinine concentrations less than three
times above upper limit of normal ranges) and no history
of other medical conditions other than opioid depen-
dence. All were CYP2D6 genotypic extensive metabolizers.

Urinary metabolic ratio and dose recovery as
tramadol, M1 and M2
The urinary MR to M1 was significantly lower in the MMT
compared with the BMT group [median (range)] 0.071
(0.012–0.103) vs. 0.192 (0.108–0.392), P = 0.0002, probabil-
ity score 1.0; 95% CI 0.75, 1.00 (Figure 1A). However, there
was no difference in the urinary MR to M2 between the
MMT and BMT groups [median (range)] 0.059 (0.032–
0.153) vs. 0.052 (0.027–0.069), P = 0.2, probability score
0.69; 95% CI 0.41, 0.88 (Figure 1B).

There was a significant difference between the per-
centage of the recovered dose in 4 h urine samples as M1
(1.8-fold lower) and M2 (1.5-fold higher) between the MMT
and BMT groups (Table 1, both P = 0.04), but no difference
in tramadol urinary recovery (P = 0.35). In addition, there
was no difference in the total urinary recovery (mg, MMT
0.97 (0.45–1.46); BMT 0.74 (0.06–1.35), P = 0.47). There was

no association between urinary [H+] and the percentages
of the recovered dose as tramadol, M1 or M2 (rs = 0.41, 0.08
and 0.21, respectively, P � 0.1) or urinary M1 or M2 MR (rs =
-0.35 and -0.13, respectively, P � 0.2).

Associations between methadone dose and
urinary MR, plasma methadone, plasma
buprenorphine and norbuprenorphine or
tramadol
With regard to daily methadone doses, these ranged from
25 to 150 mg (median 88 mg). However, there was no sig-
nificant association between the dose and the urinary M1
MR (rs = -0.38, P = 0.3) or M2 MR (rs = 0.65, P = 0.07).Similarly
over a buprenorphine daily dose range of 8 to 24 mg
(median 14.6 mg), there was no significant association
between the dose and the urinary M1 MR (rs = 0.29, P = 0.6)
or M2 MR (rs = 0.11, P = 0.8).

Plasma R, S -methadone concentrations ranged from
148 to 811 ng ml-1. There was no significant association

M
1 

M
R

M
2 

M
R

MMT BMT

MMT

***

0.5

A

B

0.4

0.3

0.2

0.1

0.0

0.20

0.15

0.10

0.05

0.00

BMT

Figure 1
Tramadol urinary metabolic ratios (MR) of M1 (A) and M2 (B) in metha-
done (MMT, �) and buprenorphine (BMT, ) maintenance populations,
***P = 0.0002. The line represents the median values
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between these concentrations and the urinary M1 MR (rs =
-0.38, P = 0.31) or M2 MR (rS = 0.65, P = 0.07). Plasma
buprenorphine concentrations ranged from 0.53 to
8.18 ng ml-1. There was no significant association between
these concentrations and the urinary M1 MR (rs = -0.14, P =
0.78) or M2 MR (rs = 0.14, P = 0.78). Plasma norbuprenor-
phine concentrations ranged from 3.67 to 12.37 ng ml-1.
There was no significant association between these con-
centrations and the urinary M1 MR (rs = 0.54, P = 0.24) or M2
MR (rs = 0.21, P = 0.66). In addition, there was no significant
difference in plasma tramadol concentrations between
MMT (median [range]: 509 [235-571] ng ml-1) and BMT
groups (median [range]: 437 [266-516] ng ml-1): P value =
0.211, probability score (95% CI) = 0.30 (0.12, 0.59).

Although some adverse effects were reported (n = 3
moderate dizziness, nausea, tiredness or flushing, n = 1
visual disturbance for the first half hour following dosing),
none was considered serious or of clinical significance and
these were reported by both MMT and BMT subjects.

Discussion

This study is the first to demonstrate that
co-administration of methadone with tramadol results in
significant inhibition of the metabolism of tramadol to
O-desmethyltramadol, or M1, the formation of which
largely determines the analgesic activity of tramadol.
Given this pathway is mediated by CYP2D6, this observa-
tion confirms that at clinically relevant concentrations,
methadone is an inhibitor of CYP2D6.This is not surprising
given that the [I]/Ki for methadone ranges between 0.39
and 0.78, where [I] is the median methadone plasma con-
centration in this study and Ki is methadone inhibitory con-
stant for dextromethorphan O-demethylation [20] and
hence according to FDA guidelines inhibition of CYP2D6
would be predicted [32]. Further, these data agree with
previous reports of methadone inhibiting dextromethor-
phan and codeine O-demethylation [20–22]. In contrast,
buprenorphine did not inhibit the formation of M1, con-
firming previous reports that at clinically relevant concen-
trations buprenorphine is not a CYP2D6 inhibitor [24, 25].

The almost five-fold reduction in the urinary M1 MR
observed in MMT patients is in a similar range to the seven-

fold reduction observed during our investigation of
methadone inhibition of codeine O-demethylation [22]
and the five-fold reduction in plasma 0–8 h area under the
concentration–time curve M1 : tramadol ratios observed
during co-administration of paroxetine, another potent
CYP2D6 inhibitor [23]. It is also similar to the five-fold lower
24 h urinary M1 MR reported in CYP2D6 poor metabolizers
compared with extensive metabolizers [33], while one
study in CYP2D6 poor metabolizers and extensive metabo-
lizers reported a much larger (23-fold) reduction in 8 h
urinary M1 MR [34]. Nonetheless, as methadone is a com-
petitive inhibitor of CYP2D6 it would be expected that an
increase in plasma methadone concentrations in MMT
patients would result in a higher degree of inhibition and
lower urinary M1 MR. However, this was not observed in
the current study, with the most probable explanations for
the lack of association being the small number of MMT
patients (n = 9) or the 4 h collection of urine as the mean
elimination half-life of tramadol is 5–6 h [11]. It is not unex-
pected therefore, that there was also no association
between urinary M1 MR and daily methadone doses.

Although this study did not assess changes in clinical
response, the likely clinical consequence of a reduced for-
mation of M1 for MMT patients is that tramadol will not
provide sufficient opioid-mediated analgesia (acknowl-
edging the role of tolerance) for the treatment of pain at
normally recommended doses. However, for patients
lacking CYP2D6, i.e. CYP2D6 PM, tramadol may still be an
effective analgesic with elevated doses [35]. Even though
the percentage of the recovered dose as tramadol
increased and the amount of the M2 metabolite was
increased, the relative potency of tramadol and M2 com-
pared with M1 at the m opioid receptor (Ki = 2400, 12 000
and 5.4 nM, respectively, [8]) indicates that this is not
expected to translate into clinically relevant analgesia with
a 100 mg dose. Furthermore, the suppression of M1 forma-
tion in methadone maintained patients could be one of
the mechanisms by which tramadol failed to produce
agonist or antagonist effects in a withdrawal precipitation
study [36]. However, it should be noted that urinary recov-
ery data were only investigated for 4 h in the current study
and these data may change with a longer collection
period. Given the nature of the subjects studied, it was not
possible to keep them in the clinic beyond 4 h to collect

Table 1
Percentage (%) dose recovery as tramadol, M1 and M2 and total recovery (mg) in 4 h urine samples of methadone (MMT, n = 9) and buprenorphine (BMT,
n = 7) maintenance populations. Data are median (range)

MMT BMT P value* Probability score** (95% CI)

Tramadol 0.90 (0.439–1.50) 0.68 (0.049–1.28) 0.35 0.65 (0.368, 0.850)
M1 0.069 (0.057–0.113) 0.126 (0.021–0.225) 0.04 0.19 (0.061, 0.484)

M2 0.048 (0.027–0.138) 0.033 (0.003–0.061) 0.04 0.81 (0.516, 0.939)
Total recovery 0.97 (0.45–1.46) 0.74 (0.06–1.35) 0.47 0.38 (0.17, 0.66)

*Mann Whitney U-test; **Probability score = U/mn (methadone > buprenorphine).
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multiple blood samples for more accurate pharmacoki-
netic analysis.Nonetheless, this study further indicates that
tramadol can be used safely in BMT patients for the treat-
ment of acute and chronic pain. Our observations in MMT
patients adds to our previous report that codeine is also
unlikely to be an effective analgesic in MMT due to
reduced CYP2D6-mediated O-demethylation of codeine to
morphine and its glucuronides [22]. Therefore, it can be
postulated that any opioid requiring O-demethylation via
CYP2D6 to produce an active metabolite will not provide
adequate analgesia in MMT patients, so alternative analge-
sics that do not rely on CYP2D6 mediated metabolism
need future consideration in this population.Further, given
the increasing use of methadone in persistent pain, the
potential for other interactions with co-analgesics (e.g.
antidepressants, anti-emetics) that undergo CYP2D6
metabolism requires careful consideration.
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