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bstract

The use of perhexiline (PHX) is limited by hepatic and neurological toxicity associated with elevated concentrations in plasma that are the
esult of polymorphism of the cytochrome P450 2D6 isoform (CYP2D6). PHX is cleared by hepatic oxidation that produces three 4-monohydroxy
etabolites: cis-OH-PHX, trans1-OH-PHX and trans2-OH-PHX. The current study describes an HPLC-fluorescent method utilising pre-column

erivatization with dansyl chloride. Following derivatization, the metabolites were resolved on a C18 column with a gradient elution using a
obile phase composed of methanol and water. The method described is suitable for the quantification of the metabolites in human plasma and

rine following clinical doses and for kinetic studies using human liver microsomes. The method demonstrates sufficient sensitivity, accuracy and
recision between 5.0 and 0.01, 50.0 and 0.2 and 1.0 and 0.005 mg/l in human plasma, urine and liver microsomes, respectively, with intra-assay

oefficients of variation and bias <15%, except at the lowest limit of quantification (<20%). The inter-assay coefficients of variation and bias were
15%. The application of this method to plasma and urine samples of five CYP2D6 extensive metaboliser (EM) patients at steady state with respect

o PHX dosing determined that the mean (±S.D.) renal clearances of trans1-OH-PHX and cis-OH-PHX were 1.58 ± 0.35 and 0.16 ± 0.06 l/h,
espectively. The mean (±S.D.) dose recovered in urine as free and glucuronidated 4-monohydroxy PHX metabolites was 20.6 ± 11.6%.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The efficacy of perhexiline (PHX) for anti-anginal therapy
as been demonstrated when used alone [1,2], when used in
atients receiving beta-blockers [3] and in patients on maximal
ntianginal therapy [4,5]. More recently, PHX has also been
emonstrated to be beneficial in chronic heart failure [6]. Its
se has been limited by its potential for causing severe hepatic
nd neurological toxicity associated with elevated plasma PHX

oncentrations [4,7] and polymorphism of cytochrome P450
D6 (CYP2D6) [8,9] that results in very large interpatient phar-
acokinetic variability [10–12]. As a consequence, therapeutic
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rug monitoring is essential in order to maintain plasma PHX
oncentrations within the range of 0.15–0.60 mg/l and achieve
herapeutic efficacy whilst minimising the risk of significant tox-
city [4,5].

PHX is systemically cleared by hydroxylation at C-4 of the
yclo-hexyl moieties, forming a single cis-OH-PHX metabo-
ite (M1) and two trans-OH-PHX metabolites, trans1-OH-
HX (M3) and trans2-OH-PHX (Fig. 1) [7,13,14]. Secondary
etabolism forms several 4,4′-dihydroxy metabolites as well as

lucuronide conjugates [7,14]. The primary metabolites found
n plasma are cis-OH-PHX and trans1-OH-PHX [14], except
n CYP2D6 poor metabolisers (PM) who have a profoundly
mpaired capacity to form cis-OH-PHX [12,15,16–18]. Using

method developed previously in this laboratory, over 4000

atient samples per year are routinely used to phenotype with
espect to CYP2D6 metabolism from the ratio of cis-OH-PHX
o PHX concentrations in plasma [12]. Phenotyping serves a
wo-fold purpose: it permits the early identification of PM and it

mailto:benjamin.davies@adelaide.edu.au
dx.doi.org/10.1016/j.jchromb.2006.06.020
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ig. 1. Chemical structures of perhexiline (A) and its three 4-monohydroxy
etabolites, cis-OH-PHX (B), trans1-OH-PHX (C) and trans2-OH-PHX (D).

llows an estimate of the clearance of PHX and therefore dosage
equirements by CYP2D6 extensive metabolisers (EM). How-
ver, use of the cis-OH-PHX to PHX plasma metabolic ratio
ssumes there is relatively little interindividual variability in the
learance of cis-OH-PHX compared to PHX [12].

Published reports regarding the capacity of PM to form
rans1-OH-PHX are conflicting; either no difference between
M and PM [7,16] or a reduced formation of this metabo-

ite by PM [15,17,18]. No investigation of trans2-OH-PHX has
een reported since its initial characterisation [14], although the
ajority of the clearance of PHX in PM is likely to be via the

ormation of this metabolite and trans1-OH-PHX.
The current study describes a validated HPLC-fluorescent

ethod utilising pre-column derivatization with dansyl chloride.
t is the first that adequately resolves the three 4-monohydroxy
etabolites of PHX for their quantification in human plasma,

rine and liver microsomes, and has sufficient sensitivity for
harmacokinetic and enzymatic studies.

. Experimental

.1. Chemicals

The cis-OH-PHX reference compound was supplied by Mar-
on Merrell Dow (Kansas City, KS, USA). The trans1- and
rans2-OH-PHX reference compounds were supplied by Sigma
harmaceuticals (South Croydon, Vic., Australia). They were
haracterised by NMR, GC–MS and HPLC–UV and were of
7% or greater purity. Stock solutions containing 100 mg/l of
is-OH-PHX and 100 mg/l each of trans1- and trans2-OH-
HX were prepared in 10% methanol with 0.1 M HCl. Working
tandards were prepared in 0.1 M HCl and stored at −20 ◦C
etween assays and were stable upon reanalysis after six months

CV and bias < 15%). Perhexiline maleate, dansyl chloride and
-glucuronidase (Helix pomatia) were purchased from Sigma
hemical Company (St Louis, MO, USA). All other reagents
nd chemicals were obtained from commercial sources and were
f analytical grade.
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.2. Urine sample preparation

Hydrolysis of 4-monohydroxy PHX glucuronides in urine
amples was studied using �-glucuronidase concentrations up
o 10,000 U/ml for 8–48 h. A 24 h incubation with 6000 U/ml of
-glucuronidase at 37 ◦C was sufficient for complete hydroly-
is. A stock solution of �-glucuronidase (7500 U/ml) was freshly
repared in 0.2 M sodium acetate buffer (pH 5) prior to use in
ach incubation. For the determination of total metabolite con-
entrations (free and glucuronidated), 400 �l of �-glucuronidase
tock was added to 100 �l urine samples. The incubations were
topped by rapid cooling on ice and 100 �l of this mixture added
o 400 �l of 0.1 M HCl prior to extraction. Urine samples for
he determination of free metabolite concentrations, calibration
tandards and quality control samples were prepared similarly
n ice but were not incubated.

.3. Microsome sample preparation

A human liver sample from a genotyped [19] CYP2D6 EM
CYP2D6*1/*4) was obtained during partial hepatectomy from
patient who had given their written informed consent for their

issue to be used. The donor had normal clinical chemistry and
aematology measurements prior to surgery and the tissue sam-
le was normal based on gross morphology. The sample was
tored at −80 ◦C. Human liver microsomes were prepared by
ifferential centrifugation of liver homogenate [20] and stored
n buffer at −80 ◦C until use. Microsomal incubations were
inear with time up to 60 min and with microsomal protein con-
entrations up to 1.0 mg/ml for PHX concentrations of 2 �M
the approximate upper limit of the PHX therapeutic range in
lasma). Accordingly, microsomal incubations were performed
t 37 ◦C in a shaking water bath for 30 min in 0.1 M phos-
hate buffer (pH 7.4) containing human liver microsomal protein
0.25 mg/ml), perhexiline maleate (2 �M, added as a stock dis-
olved in methanol to produce a final methanol concentration
f 0.5%, v/v) and an NADPH generating system composed of
mM NADP, 5 mM isocitrate, 1 U/ml isocitrate dehydrogenase

ype IV and 5 mM MgCl2, for a total incubation volume of 2 ml.
he incubations were stopped by rapid cooling on ice and imme-
iately extracted.

.4. Sample extraction procedure

A 500 �l aliquot of sample (plasma, treated urine, micro-
omes, calibrators and controls) was made basic with 50 �l
f 2 M NaOH before the addition of 4 ml of a solution of
0% dichloromethane and 70% n-hexane. This mixture was
haken on a horizontal mixer at 100 oscillations per minute
or 10 min, followed by centrifugation at 1200 × g for 15 min.
he organic layer was separated and dried and the residue was
erivatized with dansyl chloride. Derivatization was studied over
0–120 min using dansyl chloride concentrations of 5–25 mM

n acetone and NaHCO3 concentrations of 0.1–0.5 M. A 60 min
ncubation at 37 ◦C using 200 �l of freshly prepared 15 mM dan-
yl chloride in acetone and 200 �l of 0.3 M NaHCO3 produced
ufficient sensitivity and reproducibility. Following incubation,
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ml of n-hexane was added and vortex mixed for 5 min before
entrifuging at 1200 × g for 3 min. The organic layer was sep-
rated and dried and the residue reconstituted in 150 �l of a
olution of 20% glass distilled water and 80% methanol, of
hich 100 �l was injected onto the HPLC column.

.5. Chromatography

Chromatography was performed on an Agilent 1100 series
PLC (Agilent Technologies, Forest Hill, Vic., Australia)
perated by Chemstation for LC 3D software. The hardware
onsisted of a model G1322A degasser, a model G1311A
ump operating at 1 ml/min, a model G1313A autosampler,
nd a model G1321A fluorescence detector with excitation
nd emission wavelengths of 360 and 470 nm, respectively.
he two trans-OH-PHX metabolites and cis-OH-PHX were

esolved with a Merck Purospher RP-18E column (5 �m,
25 mm × 4 mm) at 30 ◦C and a mobile phase composed of 80%
ethanol and 20% glass distilled water for the first 14 min, at
hich time the methanol was increased to 100% for the remain-

ng 8 min of each sample run time in order to hasten the elution
f PHX.

.6. Method validation

Concentrations of cis-, trans1- and trans2-OH-PHX were
alculated from their respective peak areas. Calibration sam-
les were prepared by spiking drug-free human plasma, urine
r microsomal samples with cis-, trans1- and trans2-OH-PHX
orking standards. The calibration curves for trans1-OH-PHX,

rans2-OH-PHX and cis-OH-PHX were over concentration
anges of 5.0–0.01 mg/l for plasma, 50.0–0.20 mg/l for urine
nd 1.0–0.005 mg/l for liver microsomes and constructed using
nweighted linear regression. Precision and accuracy were eval-
ated using the coefficient of variation (CV) and the bias of the
easured concentration versus the known spiked concentration,

espectively. The method was validated within a single run by
ssaying six replicates of the top and bottom calibrators and six
eplicates of each of the quality control concentrations. Inter-
ssay quality control was assessed in analytical runs by analysing
liquots from three separately prepared control pools each for
lasma, urine and liver microsomes, spiked with cis-, trans1-
nd trans2-OH-PHX and representing low, medium and high
oncentrations of analytes. The quality control concentrations
ere 0.06, 0.3 and 1.5 mg/l for plasma, 0.6, 3.0 and 15.0 mg/l

or urine and 0.015, 0.075 and 0.4 mg/l for liver microsomes.
CV and bias of ±15% was considered acceptable, except at

he lowest limit of quantification (LLOQ: 0.01 mg/l for plasma,
.2 mg/l for urine, 0.005 mg/l for liver microsomes), where
20% was accepted [21]. Due to the lack of UV absorbance and
uorescence of the underivatized 4-monohydroxy PHX metabo-

ites and the unavailability of pure derivatized metabolites, it
as not possible to determine the absolute extraction efficien-
ies of the method. Nevertheless, the relative recovery of each
etabolite from plasma, urine (�-glucuronidase concentration

f 6000 U/ml) and microsomes was determined by analysing
ix replicates of each quality control sample and the peak areas
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ompared against those from six replicates of each non-extracted
tandard. Drugs commonly coadministered to patients receiving
reatment with PHX were screened for possible chromatographic
nterference by analysis of plasma and urine from patients admit-
ed to the Cardiology Unit of The Queen Elizabeth Hospital who
ere not taking PHX.

.7. Clinical study

Approval was obtained from the Ethics of Human Research
ommittee of The Queen Elizabeth Hospital to analyse blood

pecimens received for routine PHX monitoring over a 3-month
eriod with respect to the concentrations of the 4-monohydroxy
etabolites of PHX. Ten patients phenotyped as CYP2D6 PM

12] and at steady-state with respect to PHX dosing were iden-
ified and their trough concentrations of the 4-monohydroxy

etabolites of PHX measured in plasma. Ethics approval was
lso obtained for a pharmacokinetic study. Five patients phe-
otyped as CYP2D6 EM and one as a CYP2D6 PM [12]
nd at steady-state with respect to PHX dosing were identi-
ed and gave written informed consent to participate. For the
M patients, blood samples were drawn from an indwelling
enous catheter at times 0, 0.5, 1, 2, 4, 8 and 12 h. Patency of
he catheter was maintained by instilling 1.5 ml of heparinized
aline (15 U heparin) after each sample was drawn. The first
.5 ml of blood drawn was discarded to prevent dilution by
he heparinized saline. Three of the patients were taking PHX

aleate once daily and had a subsequent sample drawn at 24 h
y venepuncture. Samples were collected in EDTA tubes, cen-
rifuged immediately and the plasma collected. All the urine
as collected over the course of the dosing interval. For the
M patient, blood samples were drawn by venepuncture at

imes 0, 8, 24, 72, 120 and 168 h. Because the patient took 50
nd 100 mg of PHX maleate on alternating weeks, blood sam-
les were also drawn at times 176, 192, 240, 288 and 336 h.
amples were collected in EDTA tubes, centrifuged imme-
iately and the plasma collected. Plasma and urine samples
ere stored at −20 ◦C and were stable upon reanalysis after
months (CV and bias <15%). Plasma PHX concentrations
ere determined by a previously published method [12]. Cre-

tinine clearance was calculated according to the method of
ockcroft and Gault [22]. The areas under the cis-, trans1- and

rans2-OH-PHX concentration–time curves (AUC) were calcu-
ated by the linear trapezoidal method. Renal clearance was
alculated as the mass of metabolite recovered over the dos-
ng interval divided by its AUC in plasma for the same dosing
nterval.

. Results and discussion

.1. Chromatography

The 4-monohydroxy metabolites of PHX have very poor

V absorbance and fluorescence and require derivatization

o enhance their detection by conventional HPLC. This was
chieved by reaction with dansyl chloride to form highly flu-
rogenic dansyl derivatives.
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Fig. 2. Representative chromatograms of blank urine spiked with 10 mg/l each of the trans1-, trans2- and cis-OH-perhexiline reference compounds (a), unincubated
blank urine with �-glucuronidase (6000 U/ml) (b), the same sample as (b) following a 24 h incubation at 37 ◦C (c), and an incubated urine specimen with �-
glucuronidase (6000 U/ml) from a CYP2D6 extensive metaboliser containing 17.8 mg/l of trans1-OH-perhexiline and 14.3 mg/l of cis-OH-perhexiline (d). Peaks
1–3 correspond to trans1-OH-perhexiline, trans2-OH-perhexiline and cis-OH-perhexiline, respectively.

Fig. 3. Representative chromatograms of blank plasma spiked with 0.5 mg/l each of the trans1-, trans2- and cis-OH-perhexiline reference compounds (a), blank
plasma (b), a plasma specimen containing 0.13 mg/l of trans1-OH-perhexiline and 0.87 mg/l of cis-OH-perhexiline from a CYP2D6 extensive metaboliser patient
receiving treatment with perhexiline (c), and a plasma specimen containing 0.02 mg/l of trans2-OH-perhexiline from a CYP2D6 poor metaboliser patient receiving
treatment with perhexiline (d). Peaks 1–3 correspond to trans1-OH-perhexiline, trans2-OH-perhexiline and cis-OH-perhexiline, respectively.
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Fig. 4. Representative chromatograms of liver microsomes spiked with 0.05 mg/l each of the trans1-, trans2- and cis-OH-perhexiline reference compounds (a), a drug
f CYP
0 s2-O
c xiline
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or plasma (Table 4). This demonstrates that these drugs and
their metabolites will not interfere with the determination of the
4-monohydroxy metabolites of PHX in urine or plasma from
patients being treated with PHX.

Table 1
Bias and precision data for the quantification of cis-4-monohydroxyperhexiline,
trans1-4-monohydroxyperhexiline and trans2-4-monohydroxyperhexiline in
urine specimens

Target (mg/l) trans1-OH-PHX trans2-OH-PHX cis-OH-PHX

CV (%) Bias (%) CV (%) Bias (%) CV (%) Bias (%)

Intra-assay (n = 6)
50.0 5.8 −1.7 5.8 −1.6 4.5 −1.4
15.0 5.1 −0.2 5.8 −0.3 5.6 −0.1

3.0 6.6 13.5 9.1 13.9 5.7 11.1
0.6 8.3 2.0 4.9 13.5 10.3 8.3
0.2 12.5 13.6 11.3 13.8 12.2 11.1
ree microsomal incubation (b), and a microsomal incubation specimen from a
.035 mg/l (0.12 �M) of trans1-OH-perhexiline, 0.019 mg/l (0.06 �M) of tran
orrespond to trans1-OH-perhexiline, trans2-OH-perhexiline and cis-OH-perhe

Several compounds were evaluated for use as an internal
tandard. Hexadiline, a dehydro derivative of PHX used rou-
inely by this laboratory for quantification of cis-OH-PHX
nd PHX for therapeutic drug monitoring [12], proved unsuit-
ble due to the significantly greater polarity of the analytes.
he retention times for prenylamine, fendiline and pipradrol
ere practical, although they proved to be unacceptable with

espect to precision. Due to the lack of other commercially
vailable compounds structurally similar to the 4-monohydroxy
etabolites of PHX, it was necessary to validate the assay
ithout an internal standard. The retention times for trans1-,

rans2- and cis-OH-PHX were approximately 10.7, 11.9 and
3.2 min, respectively (Figs. 2a, 3a, 4a). There was no chro-
atographic interference with any of the peaks of interest

rom endogenous compounds in urine before or after incuba-
ion with �-glucuronidase (Fig. 2b and c, respectively), from
ndogenous compounds in plasma (Fig. 3b), from endogenous
ompounds in liver microsomes or the NADPH generating
ystem (Fig. 4b), or from PHX (retention time approximately
9.1 min).

.2. Method validation

Linear relationships were obtained between response and

oncentration, with correlation coefficients (r2) of 0.991–0.999
or urine (n = 6), 0.988–0.999 for plasma (n = 6) and 0.994–1.000
or liver microsomes (n = 6). The inter- and intra-assay accu-
acy and precision were within acceptable limits [21] and are

I

2D6 extensive metaboliser incubated with 2 �M of perhexiline and containing
H-perhexiline and 0.014 mg/l (0.05 �M)of cis-OH-perhexiline (c). Peaks 1–3
, respectively.

resented in Table 1 (urine), Table 2 (plasma) and Table 3
liver microsomes). The relative extraction efficiency of the 4-
onohydroxy metabolites of PHX was in the range of 69–79%

or plasma, 61–72% for urine (�-glucuronidase concentration
f 6000 U/ml) and 88–94% for liver microsomes. No interfer-
nce from drugs coadministered for ischaemic heart disease or
nrelated conditions or their metabolites was detected in urine
nter-assay (n = 6)
15.0 6.8 5.8 7.2 4.4 6.2 3.4

3.0 5.6 3.4 6.1 2.6 6.8 −1.8
0.6 8.1 0.8 4.7 1.8 6.6 0.8
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Table 2
Bias and precision data for the quantification of cis-4-monohydroxyperhexiline,
trans1-4-monohydroxyperhexiline and trans2-4-monohydroxyperhexiline in
plasma specimens

Target (mg/l) trans1-OH-PHX trans2-OH-PHX cis-OH-PHX

CV (%) Bias (%) CV (%) Bias (%) CV (%) Bias (%)

Intra-assay (n = 6)
5.00 9.9 4.2 10.1 4.2 9.2 2.8
1.50 10.2 −4.2 10.4 −4.0 8.4 −2.7
0.30 5.9 3.9 5.6 3.5 4.8 −6.3
0.06 7.7 −11.9 7.8 −11.6 6.4 −0.3
0.01 18.3 −9.2 15.9 6.6 18.2 −19.8

Inter-assay (n = 6)
1.50 8.2 6.4 6.3 4.6 9.4 4.1
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Table 4
Drugs and their metabolites screened and found to be free from chromatographic
interference in the analysis of the 4-monohydoxy metabolites of perhexiline in
urinea and plasmab

Acetazolamideb Fentanyla Pantoprazoleb

Allopurinolb Finasteridea Paracetamola,b

Amilorideb Flucloxacillinb Pergolidea

Amiodaroneb Fluconazoleb Perindoprila,b

Amitriptylineb Fluticasoneb Pravastatina,b

Amoxycillina,b Frusemidea,b Prazosina

Amphotericinb G-CSFb Prednisolonea,b

Aspirina,b Gemfibrozilb Prochlorperazineb

Atenolola,b Gentamicina,b Promethazinea,b

Atorvastatina,b Gliclazidea,b Propranololb

Azithromycinb Glipizidea,b Quetiapineb

Betaxololb Glyceryl trinitratea,b Quinaprilb

Brinzolamideb Haloperidolb Quinineb

Busulphanb Heparinb Ramiprilb

Cabergolinea,b Hydrochlorothiazideb Ranitidinea,b

Candesartana,b Hyoscine butylbromideb Risperidonea,b

Carbidopaa,b Ibuprofenb Roxithromycina,b

Carvedilola Indapamidea,b Salbutamola,b

Cefotaximeb Irbesartana Salmeterolb

Ceftazidimeb Isosorbide dinitratea,b Simvastatina,b

Ceftriaxonea Isosorbide mononitratea,b Soltalola

Cephalexinb Itraconazoleb Spironolactoneb

Ciprofloxacinb Latanoprostb Sulfamethoxazoleb

Citaloprama Levodopaa,b Sulfasalazinea

Clavulanic acida,b Lisinoprila Telmisartanb

Clonazepama Lithiumb Temazepamb

Clonidinea,b Lorazepama,b Thyroxineb

Clopidogrela,b Meloxicamb Ticarcillinb

Codeinea,b Memantineb Timololb

Dexamethasoneb Metformina,b Tiotropiumb

Digoxina,b Metoclopramidea,b Tramadola,b

Diltiazemb Metoprolola,b Tranexamic acidb

Domperidonea,b Metronidazolea,b Trimethoprima,b

Donepezilb Mometasoneb Tropisetronb

Enoxaparina Morphineb Vancomycina,b

Ergocalciferolb Nicotineb Venlafaxineb

Ergotaminea Nitrazepamb Verapamila,b

E b a,b b

F

0.30 8.1 5.2 8.2 4.4 5.4 5.3
0.06 9.6 3.7 10.0 5.6 9.5 2.6

.3. Detection of the 4-monohydroxy metabolites of
erhexiline in urine, plasma and liver microsome
ncubations

The primary 4-monohydroxy PHX metabolite recovered
n the urine as free metabolite and as glucuronide conjugate
as trans1-OH-PHX (Fig. 2d), and accounted for a mean

±S.D.) dose recovery of 9.4 ± 5.1 and 1.8 ± 1.1%, respec-
ively (Table 5). This finding is in contrast to other research that
ound cis-OH-PHX in greater concentrations in urine [7,15–18],
lthough all of these studies except one [7] used single doses
f PHX that may have minimised the saturation of CYP2D6-
ediated cis-monohydroxylation observed with repeated PHX

osing [23]. Free and glucuronidated cis-OH-PHX accounted
or a mean (±S.D.) dose recovery of 8.2 ± 5.2 and 1.0 ± 0.6%,
espectively (Table 5). The mean (±S.D.) percentage of the
ose recovered as free and glucuronidated 4-monohydroxy per-
exiline over a dosing interval was 20.6 ± 11.6%. This is con-
istent with the findings of two other studies conducted in

atients at steady-state [7,14]. Wright et al. [14] recovered a
urther 11–37% of a dose as free 4,4′-dihydroxy perhexiline,
nd formation of these and the 4-monohydroxy metabolites
ccounted for up to 75% of dose recovery. The mean (±S.D.)

able 3
ias and precision data for the quantification of cis-4-monohydroxyperhexiline,

rans1-4-monohydroxyperhexiline and trans2-4-monohydroxyperhexiline in
iver microsome specimens

arget (mg/l) trans1-OH-PHX trans2-OH-PHX cis-OH-PHX

CV (%) Bias (%) CV (%) Bias (%) CV (%) Bias (%)

ntra-assay (n = 6)
1.000 3.1 2.2 3.0 −0.7 3.0 0.4
0.400 5.7 1.8 5.9 1.9 5.1 1.9
0.075 3.6 3.7 4.0 3.1 4.0 2.9
0.015 4.8 14.4 9.7 14.7 7.4 13.2
0.005 10.0 16.4 9.1 10.1 11.0 4.3

nter-assay (n = 6)
0.400 2.9 1.6 2.9 1.2 3.9 −2.7
0.075 7.4 −2.0 7.8 −2.5 7.6 −8.4
0.015 9.4 −3.6 8.6 −5.5 11.3 −13.3

r
f
0

t
w
O
0
d
r
l
P
c
l
o
p
P
t

scitalopram Omeprazole Voriconazole
amciclovirb Oxazepamb Warfarina,b

enal clearance of trans1-OH-PHX and cis-OH-PHX, calculated
rom free metabolites recovered in urine, was 1.58 ± 0.35 and
.16 ± 0.06 l/h, respectively (Table 5).

The concentrations of 4-monohydroxy PHX metabolites in
he ten PM plasma samples received for routine monitoring
ere very low. The primary metabolite detected was trans2-
H-PHX (Fig. 3d), with a mean (±S.D.) concentration of
.020 ± 0.007 mg/l. Trans1-OH-PHX and cis-OH-PHX were
etected, but were below the LLOQ in seven and four instances,
espectively. Similarly, trans2-OH-PHX was the only metabo-
ite detected within the LLOQ over the sampling period for the
M subject of the pharmacokinetic study (Fig. 5c). In contrast,
is-OH-PHX and trans1-OH-PHX were the primary metabo-
ites in the EM plasma samples (Fig. 3c), with the concentration
f cis-OH-PHX greater than that of trans1-OH-PHX at all time

oints in the dosing interval (Fig. 5a and b). Because the EM and
M patients had similar dose-corrected plasma PHX concentra-

ions (data not shown), yet trans1-OH-PHX was only a primary
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Table 5
Extensive metaboliser patient characteristics, renal clearances and dose recoveries of the 4-monohydroxy metabolites of perhexiline

Subject Age (years) Sex cis-OH-PHX:
perhexiline
metabolic ratio

Creatinine
clearance (l/h)

AUC (mg h/l) Renal clearance (l/h)

trans1-
OH-PHX

trans2-
OH-PHX

cis-OH-
PHX

trans1-
OH-PHX

trans2-
OH-PHX

cis-OH-
PHX

EM1 80 M 11.7 0.9 3.8 – 29.4 1.20 – 0.13
EM2 76 M 3.6 2.7 6.4 – 61.2 2.14 – 0.21
EM3 77 M 0.8 4.7 4.1 0.6 17.7 1.64 0.73 0.24
EM4 77 M 10.3 1.5 3.6 – 44.1 1.49 – 0.12
EM5 89 F 7.9 1.6 3.4 – 41.6 1.45 – 0.10

Subject Free metabolite recovered (% of dose) Glucuronidated metabolite recovered (% of dose)

trans1-
OH-PHX

trans2-OH-PHX cis-OH-
PHX

trans1-
OH-PHX

trans2-OH-PHX cis-OH-
PHX

EM1 6.1 <LOQ 5.1 1.1 <LOQ 0.7
EM2 18.3 <LOQ 17.4 3.6 <LOQ 1.9
EM3 8.9 0.6 5.7 1.7 0.1 0.4
EM4 7.1 <LOQ 7.3 0.8 <LOQ 1.4
EM5 6.7 <LOQ 5.5 1.8 <LOQ 0.8

Fig. 5. Plasma perhexiline (squares), trans1-OH-PHX (triangles), trans2-OH-PHX (diamonds) and cis-OH-PHX (circles) concentration–time profiles in one poor
and two extensive metabolisers of perhexiline at steady-state with respect to perhexiline dosing. EM1 was maintained on 100 mg of perhexiline maleate twice per
d b) and
w s adm

m
b
p
t
a
O
a
s
T
A

i
E

4

ay (a), EM3 was maintained on 100 mg of perhexiline maleate once per day (
eeks (c). Perhexiline was administered after the 0 h sample was drawn and wa

etabolite in the plasma of the EM patients, clearance of PHX
y the formation of trans1-OH-PHX is likely to be mediated
rimarily by CYP2D6. Trans2-OH-PHX was above the LOQ in
he plasma of one EM patient only (Fig. 5b). This patient (EM3)
lso had the lowest CYP2D6 activity as measured by the cis-
H-PHX to PHX metabolic ratio (Table 5). Similarly, Beck et
l. [13] detected both trans-OH-PHX metabolites in PM plasma
amples, yet only one was present in the samples of EM patients.
his suggests that trans2-OH-PHX is a substrate of CYP2D6.
ll three of the 4-monohydroxy PHX metabolites were detected

fl
t
4
P

PM1 was maintained on 50 and 100 mg of perhexiline maleate on alternating
inistered again to PM1 after the 168 h sample was drawn.

n a microsomal incubation prepared with liver tissue from an
M (Fig. 4c).

. Conclusion

In summary, we report the first reversed-phase HPLC-

uorescent method providing sufficient resolution for the quan-

ification in urine, plasma and liver microsomes of the three
-monohydroxy metabolites of PHX in humans, trans1-OH-
HX, trans2-OH-PHX and cis-OH-PHX. The method described
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