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Aims To identify the human cytochrome P450 enzyme(s) involved in the in vitro
metabolism of rosiglitazone, a potential oral antidiabetic agent for the treatment of
type 2 diabetes-mellitus.
Method The specific P450 enzymes involved in the metabolism of rosiglitazone
were determined by a combination of three approaches; multiple regression analysis
of the rates of metabolism of rosiglitazone in human liver microsomes against
selective P450 substrates, the effect of selective chemical inhibitors on rosiglitazone
metabolism and the capability of expressed P450 enzymes to mediate the major
metabolic routes of rosiglitazone metabolism.
Result The major products of metabolism following incubation of rosiglitazone with
human liver microsomes were para-hydroxy and N-desmethyl rosiglitazone. The
rate of formation varied over 38-fold in the 47 human livers investigated and
correlated with paclitaxel 6a-hydroxylation (P<0.001). Formation of these
metabolites was inhibited significantly (>50%) by 13-cis retinoic acid, a CYP2C8
inhibitor, but not by furafylline, quinidine or ketoconazole. In addition, both
metabolites were produced by microsomes derived from a cell line transfected with
human CYP2C8 cDNA. There was some evidence for CYP2C9 playing a minor
role in the metabolism of rosiglitazone. Sulphaphenazole caused limited inhibition
(<30%) of both pathways in human liver microsomes and microsomes from cells
transfected with CYP2C9 cDNA were able to mediate the metabolism of
rosiglitazone, in particular the N-demethylation pathway, albeit at a much slower
rate than CYP2C8. Rosiglitazone caused moderate inhibition of paclitaxel
6a-hydroxylase activity (CYP2C8; IC50=18 mm), weak inhibition of tolbutamide
hydroxylase activity (CYP2C9; IC50=50 mm), but caused no marked inhibition of
the other cytochrome P450 activities investigated (CYP1A2, 2A6, 2C9, 2C19, 2D6,
2E1, 3A and 4A).
Conclusion CYP2C8 is primarily responsible for the hydroxylation and N-
demethylation of rosiglitazone in human liver; with minor contributions from
CYP2C9.
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mellitus) [1]. Type 2 diabetes is a common progressive
Introduction

disease affecting 1–4% of the population with increasing
incidence in middle to old age. This drug is extens-Rosiglitazone, a novel oral thiazolidinedione compound

that acts as an insulin sensitiser in order to improve ively metabolized, with virtually no rosiglitazone being
excreted unchanged, following an oral or intravenousglycaemic control, has been developed for the treatment

of type 2 diabetes mellitus (non-insulin dependent diabetes dose to man. In these studies, the primary routes of phase
I metabolism of rosiglitazone were identified as N-

* Nomenclature of individual P450 enzymes is as recommended demethylation and pyridine ring hydroxylation (Figure 1)
by Nelson et al. DNA and Cell Biology 1993; 12: 1–51. [SB data on file], typical cytochrome P450 mediated
Correspondence: Dr S. J. Baldwin, Department of Drug Metabolism and reactions.
Pharmacokinetics, SmithKline Beecham Pharmaceuticals, The Frythe, Welwyn,

The oxidative biotransformation of a large number ofAL6 9AR., Tel.: (01438) 782974, Fax: (01438) 782814.
therapeutic agents are mediated by cytochrome P450*Received 25 February 1999, accepted 1 June 1999.
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In vitro metabolism of rosiglitazone

(N-desmethyl-ortho-hydroxy rosiglitazone) (±) bufuralol
(S)-mephenytoin and [3–14C-methyl]caffeine were syn-
thesized in the laboratories of SmithKline Beecham
Pharmaceuticals. Sulphaphenazole, furafylline, 1∞-hydroxy
bufuralol, hydroxy tolbutamide and 4-hydroxy mepheny-
toin were obtained from Ultrafine Chemicals, Salford,
UK. Tolbutamide, coumarin, 7-hydroxy coumarin,
caffeine, lauric acid, paclitaxel (TaxolTM), 13-cis-
retinoic acid (isotretinoin), ketoconazole, and quinidine
sulphate were obtained from Sigma Chemical Co.
Ltd, Dorset, UK. [Mebmt-b-3H]-Cyclosporine A,
[4–14C]mephenytoin, [1–14C]lauric acid, [3H]-paclitaxel
and [ring-U-14C]-tolbutamide were purchased from
Amersham International plc, Amersham, Bucks, UK. All
other reagents were purchased from commercial sources
and were of the purest grade available.
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Figure 1 Metabolic pathways of rosiglitazone in vitro. Human liver tissue and preparation of human liver
*Indicates the position of [14C] radiolabel. Major pathways (solid microsomes
arrow) and minor pathway (broken arrow).

Samples of human liver (coded H27 to H33, H35, H37,
H99 to H108, H110 to H127, H307 to H317) were

mono-oxygenases. The specific P450 enzyme(s) involved
obtained from either Vitron Inc., Tucson, Arizona, USA,

in the biotransformation of a drug can be the defining
the International Institute for the Advancement of

characteristic of its pharmacokinetic behaviour, particu-
Medicine, Pennsylvannia, USA or the Anatomic Gift

larly if a polymorphic or otherwise highly variably
Foundation, Columbia, USA. All samples were from

expressed enzymes are involved. Additionally, the inci-
healthy donors and in all cases, the cause of death was

dence of drug interactions may be increased when there
not due to any known biochemical deficiency in the

is competition between two or more drugs for oxida-
liver. Liver samples were stored at circa −80° C until use.

tion by the same P450 enzyme [2]. Consequently, the
Human liver microsomal fractions were prepared by

assessment of the human P450 enyzme(s) involved in the
differential ultracentrifugation. After homogenization in

metabolism of a given drug can be useful in understanding
0.25 m Sucrose/50 mm Tris-HCl buffer, pH 7.4, the

the disposition and behaviour of the compound in vivo
microsomal fraction was isolated from the supernatant of

and may have clinical implications. This report describes
a 20 min, 10 000 gav. spin by ultracentrifugation at

an in vitro investigation into the metabolism of rosiglita-
105 000 gav. for 60 min. The microsomal pellet was

zone with the aim of identifying the human P450
resuspended in the Sucrose/Tris-HCl buffer and recen-

enzyme(s) responsible for its biotransformation. This was
trifuged at 105 000 gav. for 60 min. The final pellet

assessed by: (i) studying the metabolism of rosiglitazone
was resuspended in 50 mm potassium phosphate buffer,

in microsomes from human liver and cells transfected
pH 7.4, to obtain a suspension containing the equiva-

with specific human P450 cDNAs, (ii) determining the
lent of 1 g liver ml−1 and stored at circa −80° C until

effects of chemical inhibitors, selective for individual
required. Microsomal protein concentrations were deter-

P450 enzymes, and (iii) by correlation analyses with
mined by the method of Smith et al. [3] using the Pierce

specific P450 activities determined in a bank of human
BCA (bicinchoninic acid) Protein Assay Reagent.

livers.
Microsomes derived from human lymphoblastoid cells

transfected with human P450 cDNA: CYP1A1, 1A2,
Methods 2A6, 2B6, 2C9, 2D6-Val, 2E1, 3A4 and control and

microsomes derived from baculovirus infected insect
Chemicals

cells (BTI-TN-5B1–4) transfected with human P450
cDNA (supersomesTM) over-expressing CYP2C8 and[14C]-Rosiglitazone, maleate salt (radiochemical purity

98.5%, specific activity 120 mCi mg−1), nonradiolabelled CYP2C9-Arg144, were purchased from the Gentest
Corporation, MA, USA. The protein content for therosiglitazone (maleate salt) and authentic reference stan-

dards, SB 244675 (ortho-hydroxy rosiglitazone), SB expression systems was determined by the Gentest
Corporation.237216 (N-desmethyl rosiglitazone) and SB-243914

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 48, 424–432 425
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cDNA expressing one of the following P450 s: CYP1A1,
Rosiglitazone metabolism in human liver microsomes

1A2, 2A6, 2B6, 2C9, 2D6, 2E1, 3A4 and untransfected
cells (final concentration of 2 mg ml−1 microsomal[14C]-Rosiglitazone (at a final concentration equivalent

to the mean Km, 10 mm, added in methanol, final solvent protein) and also microsomes derived from baculo-
virus infected insect cells transfected with human P450concentration not exceeding 0.5% (v/v)), was incubated

with an NADPH generating system (final concentration cDNA (supersomesTM) over-expressing CYP2C8 and
CYP2C9-Arg144 (final concentration of 0.4 mg ml−10.5 mm NADP, 5 mm glucose-6-phosphate and 1 U ml−1

glucose-6-phosphate dehydrogenase in 2% (w/v) sodium microsomal protein).
hydrogen carbonate) with microsomal protein (approxi-
mately 0.4 mg ml−1 incubation) in 50 mm potassium Kinetics of rosiglitazone metabolism
phosphate buffer, pH 7.4 to give a final incubation
volume of 250 ml. Incubations were initiated by the Enzyme kinetic analysis of rosiglitazone metabolism, at

concentrations from 0.25 to 500 mm, was investigated inaddition of a NADPH generating system after a 5 min
preincubation period and were continued at 37°C for duplicate in microsomes from three human livers (H29,

H30 and H99) and CYP2C8 and CYP2C9-Arg1445 min in a shaking water bath. These initial velocity
conditions were linear with respect to both protein and supersomesTM. Rosiglitazone was incubated with approxi-

mately 0.4 mg ml−1 microsomal protein for 5 min.time of incubation. The reaction was terminated by
adding a volume of 50 ml 10% (w/v) trichloroacetic acid. Estimates for the apparent V max and Km values for the

formation of para-hydroxy and N-desmethyl rosiglitazoneThe extraction efficiency following protein precipitation
was >89%. After centrifugation, the supernatants were were determined by non-linear regression.
analysed by h.p.l.c.

H.p.l.c. of incubates was performed using a Merck-
Correlation experiments

Hitachi L6200 or a Hewlett Packard 1090 m system and
a NovapakA C18 column (5 mm, 3.9 mm×15 cm, from Comparative rates of rosiglitazone metabolism in micro-

somes from 47 human livers were investigated byWaters) maintained at a temperature of approximately
40° C with a flow rate of 1.0 ml min−1. Elution was incubating 10 mm rosiglitazone with 0.3–1 mg ml−1

microsomal protein for 5 min. The rates of rosiglitazoneobtained with 0.05 m ammonium acetate, pH 8.0 (solvent
A) with a gradient of acetonitrile (solvent B). The elution para-hydroxylation and N-demethylation were then corre-

lated with the rates of specific cytochrome P450 activitiesconditions were a linear gradient of 5% solvent B to 10%
B over 10 min, followed by an isocratic gradient of 20% determined in a number of human livers (n=47).
solvent B until 30 min and finally isocratic 100% B until
40 min. A Ramona-5 (Lablogic Inc.) was used for

Inhibition experiments
radiodetection and a Applied Biosystems 785 A pro-
grammable absorbance detector or a Hewlett Packard The effect of chemical inhibitors, selective for individual

cytochrome P450 enzymes on the metabolism of rosiglita-1040 A diode array detector for u.v. absorbance at
254 nm. The radioactive peaks of interest on the zone was investigated. The inhibitors furafylline (10 mm),

13-cis retinoic acid (142 mm), sulphaphenazole (10 mm),chromatogram were integrated and an area under each
peak expressed as a percentage of the total integrated area quinidine (1 mm) and ketoconazole (1 mm) were added to

incubates containing rosiglitazone (10 mm) to investigateusing LabChrom software (v 2.04 or 2.10) or Laura
software (v 1.1 and 1.2). Rates of formation of the involvement of CYP1A2 [5, 6], CYP2C8 [7],

CYP2C9 [8], CYP2D6 [9] and CYP3A [8, 10],rosiglitazone metabolites were evaluated from the frac-
tional conversion of rosiglitazone apparent from the respectively. Furafylline, sulphaphenazole and ketocona-

zole (in methanol) and retinoic acid (in acetone) wereradiochromatogram. Authentic rosiglitazone and reference
standards were used to establish retention times. The added to incubates giving a final solvent concentration of

2% (v/v). Quinidine was dissolved in 50 mm phosphateidentity of metabolites was established using LC/MS and
confirmed following comparison to mass spectral and buffer, pH 7.4. Inhibited activities were compared with

activities of appropriate control incubations and IC50NMR analysis of rat and dog in vivo samples [4].
values determined. Furafylline was preincubated with
microsomes and an NADPH generating system for

Rosiglitazone metabolism in microsomes from cells transfected
10 min, before adding rosiglitazone to initiate the

with human P450 cDNAs
reaction. In all other assays, reactions were initiated by
the addition of the NADPH generating system following[14C]-Rosiglitazone (final concentration 10 mm), was

incubated as described earlier with microsomes derived a 5 min preincubation. The effect of inhibitors on
rosiglitazone metabolism was investigated in microsomesfrom human lymphoblastoid cells transfected with human

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 48, 424–432426
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from up to six human livers and all incubations were addition of 2.5 ml ethyl acetate. After 10 min mixing and
5 min centrifugation the organic layer was evaporated toperformed in duplicate.

The inhibitory potential of rosiglitazone was investi- dryness under nitrogen then resuspended in aceto-
nitrile5water (50550 v/v). Samples were analysed on agated by performing assays for specific cytochrome P450

activities in the absence and presence of rosiglitazone Merck–Hitachi L7100 h.p.l.c. system linked to a Reeve
radio-detector equipped with a 500 ml homogenous flow(final concentration 100 or 250 mm, added in 0.5% (v/v)

methanol and 50 mm phosphate buffer, pH 7.4) using cell. A Highcrom Hypersil H5-ODS, 12.5 cm×4.6 mm
column was maintained at ambient temperature andmicrosomes from three human livers. All incubations

were performed in duplicate. Assays for specific cytochrome eluted at a flow rate of 1.0 ml min−1 with an isocratic
mixture of 65% solvent A (acetonitrile): 35% solvent BP450 activities were performed as described below.
(water) for 5 min, followed by a linear gradient to 65%
solvent B by 15 min, held at these conditions for a further

Determination of cytochrome P450 activities
5 min. Under these conditions the retention time of
6a-hydroxy paclitaxel was 14.5 min. The identificationCaffeine N3-demethylase, coumarin 7-hydroxylase, pacli-

taxel 6a-hydroxylase, tolbutamide hydroxylase (S)- of 6a-hydroxy paclitaxel was confirmed using mass
spectrometry [26].mephenytoin 4-hydroxylase, bufuralol 1∞-hydroxylase,

lauric acid v-1 hydroxylase, cyclosporin oxidase and
lauric acid v-hydroxylase were used as probe activities Analysis of results
for CYP1A2 [11], CYP2A6 [12, 13], CYP2C8 [14],

All graphical analysis of data was performed using GrafitCYP2C9 [15, 16], CYP2C19 [17], CYP2D6 [18],
v 3.0 [27]. The Michaelis-Menten parameters wereCYP2E1 [19], CYP3A [20] and CYP4A [19, 21],
determined from a nonlinear least squares regressionrespectively.
analysis. These kinetic parameters and the inhibitoryAll microsomal assays were carried out under similar
constant (IC50) were calculated, using weighted (1/y)conditions at approximately 37°C in potassium phosphate
data. The inhibition of enzyme activities were alsobuffer, pH 7.4, or 500 mm Tris-HCl buffer, pH 7.4, for
expressed as percentage of control enzyme activitiesthe lauric acid assay, using a NADPH generating system.
(mean±s.d.), where appropriate.Assays of caffeine N3-demethylation at 500 mm [22],

Tests for statistical significance were performed usingtolbutamide hydroxylation at 100 mm [6, 23] (S)-
SAS/INSIGHTA Version 6 [28]. A multiple linearmephenytoin 4-hydroxylation at 100 mm [6, 24], bufuralol
regression analysis was utilized to select a model to1∞-hydroxylation at 10 mm [6], cyclosporin oxidation at
identify the cytochrome P450 enzyme(s) which correlated1 mm [25] and lauric acid hydroxylation at 20 mm [19],
with hydroxy rosiglitazone and N-desmethyl rosiglita-were carried out as reported by these authors.
zone. A multiple regression model was initially fittedCoumarin 7-hydroxylase was determined by h.p.l.c.
using all known explanatory variables (cytochrome P450with fluorescence detection and quantified by external
enzyme activities). Type III F-or, equivalently, t-statisticsstandardization with authentic 7-hydroxycoumarin. A
were calculated for the exclusion of each explanatory1 mm concentration of coumarin was used. Incubations
variable from the model. The cytochrome P450 enzymewere terminated after 3 min by addition of 50 ml of 10%
activity corresponding to the lowest value of the statistic(w/v) trichloroacetic acid. After centrifugation, to pellet
was omitted if its P value was greater than the 5%the protein, 125 ml of the supernatant was analysed by
significance level and the change in the adjusted r2 valueh.p.l.c. on a Hewlett Packard 1090 m linked to a Hewlett
indicated that little explanatory power would be lost byPackard 1046 A fluorescence detector set at an excitation
its exclusion. The F- or t-statistics were then calculatedwavelength of 330 nm and an emission wavelength of
for the new model and the above steps were repeated455 nm. A Supelcosil LC-ABZ, 5 mm, 15 cm×4.6 mm
until no other cytochrome P450 enzyme activity couldcolumn was maintained at ambient temperature and
be omitted.eluted at a flow rate of 1 ml min−1 with an isocratic

mixture of 75% solvent A (0.1 m ammonium acetate,
ResultspH 5)/25% solvent B (acetonitrile) for 10 min. Under

these conditions the retention time of 7-hydroxycoumarin
Rosiglitazone metabolism in human liver microsomes

was approximately 6 min
Paclitaxel 6a-hydroxylase was determined by h.p.l.c. The major pathways of metabolism following incubation

of rosiglitazone with human liver microsomes and anusing [3H]-paclitaxel and a radiometric assay for quantifi-
cation. A 10 mm concentration of paclitaxel was used. NADPH generating system were identified as pyridine

ring hydroxylation and N-demethylation of rosiglitazoneIncubations containing approximately 0.4 mg ml−1

microsomal protein were terminated after 20 min by the (Figure 1). No metabolites were produced in the absence

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 48, 424–432 427
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Figure 3 Rosiglitazone metabolism in human P450 expression
systems (microsomes derived from human lymphoblastoid cells or
*baculovirus infected insect cells). ortho-hydroxylation is shown in
clear bars, para-hydroxylation in hatched bars and N-
demethylation in solid bars. Expression system rates are corrected
by a relative activity factor for comparison with the mean values
(n=47) in human liver microsomes (HM).

(CYP2C8; P<0.001, Figure 2) and to a slightly lesser
extent with tolbutamide hydroxylase (CYP2C9; P<0.001
and P<0.001, respectively). In addition, rates of rosiglita-
zone para-hydroxylation and N-demethylation correlated
with each other (P<0.001). Rosiglitazone hydroxylation
and N-demethylation did not correlate with CYP2A6,
CYP2C19, CYP2D6 or CYP3A activities, however,
weaker associations between CYP1A2 and rosiglitazone
para-hydroxylase activities (P<0.01) and CYP2E1 and
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rosiglitazone N-demethylase activities (P<0.001) were
Figure 2 Correlations of paclitaxel 6a-hydroxylation with (a) observed. The formation of ortho-hydroxy rosiglitazone
rosiglitazone para-hydroxylation and (b) rosiglitazone N-

(<1.8 nmol h−1 mg−1 protein) was low and inconsistentdemethylation, in human liver microsomes (n=47).
under the conditions used and it was not possible to
perform multiple regression analysis on these results.

of the NADPH generating system thus indicating the
involvement of the P450 enzyme system.

Rosiglitazone metabolism in microsomes from cells transfected
The two major metabolites, para-hydroxy and N-

with human P450 cDNAs
desmethyl rosiglitazone were detected in all 47 human
livers investigated, with the minor metabolite, ortho- Identical pathways of metabolism to those found in

hepatic microsomal incubations were observed fol-hydroxy rosiglitazone being quantifiable in only 28 of
the livers. Metabolism of rosiglitazone (at 10 mm concen- lowing incubation of rosiglitazone with CYP2C8 and

CYP2C9-Arg144 supersomesTM, although metabolitestration) varied in the human liver microsomes investigated
with the para-hydroxylation and N-demethylation path- were more extensively produced by the CYP2C8

expression system than CYP2C9. An additional metab-ways ranging from 1 to 38 nmol h−1 mg−1 protein and
0.8–31 nmol h−1 mg−1 protein, respectively (Figure 2). olite, previously undetected in vitro, was observed in trace

amounts following incubation with CYP2C8A multiple linear regression analysis (t-statistics) of
rosiglitazone metabolism in 47 human livers are shown supersomesTM. This peak co-chromatographed with

the authentic standard N-desmethyl-ortho-hydroxyin Table 1. Statistically significant correlations were
observed between rates of rosiglitazone hydroxylation rosiglitazone, which has previously been characterized by

LC/MS and NMR [SB data on file].and N-demethylation with paclitaxel 6a-hydroxylase

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 48, 424–432428
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Table 1 Multiple linear regression
analysis of rosiglitazone metabolism in 47
human livers.

Rosiglitazone t-statistic*
para- Rosiglitazone

Enzyme activity P450 hydroxylation N-demethylation

Caffeine N3-demethylase 1A2 2.92** NR
Coumarin 7-hydroxylase 2A6 NR NR
Paclitaxel 6a-hydroxylase 2C8 14.1*** 17.0***
Tolbutamide hydroxylase 2C9 4.59*** 3.00**
(S )-mephenytoin 4-hydroxylase 2C19 NR NR
Bufuralol 1∞-hydroxylase 2D6 NR NR
Lauric acid v-1 hydroxylase 2E1 NR 4.76***
Cyclosporine oxidase 3A NR NR
Lauric acid v-hydroxylase 4A NR NR

*t-statistic for the null hypothesis that the coefficient of the model is zero from the correlation
of each metabolite of rosiglitazone with known activities in 47 human livers. **P<0.01.
***P<0.001
NR, no statistical significance or negative relationship in the model.

Regression model for
rosiglitazone para-hydroxylation Correlation coefficient (r2)

2C8+2C9+1A2 0.92
2C8+2C9 0.91
2C8 0.89

Metabolism of rosiglitazone varied significantly in the
Kinetic analysis of rosiglitazone metabolism

nine heterologous expression systems investigated.
However, it is well known that individual human The kinetic data for para-hydroxylation and N-demethyl-

ation of rosiglitazone was most consistent with simpleb-lymphoblastoid and baculovirus expression systems do
not express P450 s equally, therefore all rates were scaled enzyme kinetics (Figure 4). The estimated Michaelis-

Menten parameters for the para-hydroxylation and N-by an appropriate ‘relative activity factor’ for direct
comparison with that in human liver microsomes. This demethylation of rosiglitazone in microsomes from three

human livers and CYP2C8 and CYP2C9-Arg144scaling factor was derived by determining the catalytic
activity of each P450 model substrate in the bank of supersomesTM investigated, are shown in Table 2. In the

human livers investigated the Km ranged from approxi-human liver microsomes and cDNA expression systems
tested as described by Venkatakrishnan et al. and Crespi mately 4–20 mm, with a mean of 10 mm. The V max

ranged from approximately 30–130 nmol h−1 mg−1[29, 30]. The adjusted rates of rosiglitazone para-
hydroxylation and N-demethylation by CYP2C8 protein, with a mean of 75 nmol h−1 mg−1 protein.
supersomesTM were 7 and 10 nmol h−1 mg−1 protein,
respectively, compared with 0.3 and 3 by nmol h−1 mg−1

Inhibition experiments
protein, respectively, by CYP2C9-Arg144 supersomesTM

(Figure 3). Rosiglitazone was not metabolized by the The effect of selective and semiselective inhibitors on the
hydroxylation and N-demethylation of rosiglitazone inheterologous expressions systems CYP1A1, CYP2A6,

CYP2B6 and CYP2D6. However, there were minor human liver microsomes is illustrated in Figure 5. 13-cis-
Retinoic acid (142 mm) had the most potent inhibitorycontributions from CYP1A2, CYP2E1 and CYP3A4

(rates <0.6 nmol h−1 mg−1 protein). effect on all the metabolic pathways, greater than 50%

Table 2 Michaelis-Menton parameters
(±s.e. mean) estimated for para-
hydroxylation and N-demethylation of
rosiglitazone in human liver microsomes
(n=3) and CYP2C8 and CYP2C9-
Arg144 supersomesTM.

Human liver SupersomesTM

H29 H30 H99 2C8 2C9

Rosiglitazone para-hydroxylation
Km (mm) 7.7±0.5 6.1±0.9 4.3±0.9 44±17 30±12
V max (nmol h−1 mg−1) 53 ±1.3 34±1.8 33±2.4 174±49 7.7±2.0
Rosiglitazone N-demethylation
Km (mm) 21±0.7 12±0.6 15±0.8 10±1.3 18±3.7
V max (nmol h−1 mg−1) 116±1.8 125±2.4 91±1.7 146±8.4 54±6.0

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 48, 424–432 429
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Figure 4 Michaelis-Menten plots of the enzyme kinetics of (a) rosiglitazone para-hydroxylation and (b) rosiglitazone N-demethylation,
in human liver microsomes (H29) and CYP2C8 supersomesTM.

The inhibitory potential of rosiglitazone on specific
cytochrome P450 activities was also investigated (Table 3).
Rosiglitazone caused moderate inhibition on paclitaxel
6a-hydroxylase activity (CYP2C8) with a mean IC50 of
18 mm and weak inhibition on tolbutamide hydroxy-
lase activity (CYP2C9) with a mean IC50 of 50 mm.
Rosiglitazone at a concentration of 100 mm had no
significant inhibitory effect on any of the other hepatic
P450 activities investigated. Thus, the IC50 values for
rosiglitazone inhibition of caffeine N3-demethylase
(CYP1A2), coumarin 7-hydroxylase (CYP2A6) (S)-

Table 3 Inhibitory potential of rosiglitazone on specific% Inhibition
0 20 40 8060 100

Furafylline

Retinoic acid

Sulphaphenazole

Quinidine

Ketoconazole

cytochrome P450 activities in human liver microsomesFigure 5 The effect of various selective P450 inhibitors on
(mean±s.d., n=3).rosiglitazone para-hydroxylation (hatched bars) and rosiglitazone

N-demethylation (solid bars) in human liver microsomes. Values
Cytochromeare illustrated as mean percentage inhibition±s.d. (error bars) in

Enzyme activity P450 IC50 (mm)human liver microsomes (n=3 with 13-cis retinoic acid,
quinidine, ketoconazole); (n=4 with furafylline); (n=6 with

Caffeine N3-demethylase 1A2 >100sulphaphenazole).
Coumarin 7-hydroxylase 2A6 >100

inhibition being observed at 10 mm rosiglitazone. Paclitaxel 6a-hydroxylase 2C8 18±6.4
Tolbutamide hydroxylase 2C9 50±3.1Sulphaphenazole (10 mm) demonstrated limited inhibitory
(S)-mephenytoin 4-hydroxylase 2C19 >100effect on rosiglitazone N-demethylation (#30%) and to
Bufuralol 1∞-hydroxylase 2D6 >100a lesser degree on rosiglitazone para-hydroxylation
Lauric acid v-1 hydroxylase 2E1 >100(#20%). Quinidine had no effect on the metabolism of
Cyclosporine oxidase 3A >100

rosiglitazone, with furafylline and ketoconazole causing Lauric acid v-hydroxylase 4A >100
<15% inhibition on any one metabolic route.

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 48, 424–432430
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mephenytoin 4-hydroxylase (CYP2C19), bufuralol N-demethylation pathways were inhibited by 13-cis
retinoic acid, an inhibitor of CYP2C8. Although its1∞-hydroxylase (CYP2D6), lauric acid v-1 hydroxylase

(CYP2E1), cyclosporin oxidase (CYP3A) and lauric acid selectivity has not been conclusively proven, retinoic
acid, a CYP2C8 substrate [7], has been reported tov-hydroxylase (CYP4A) were estimated to be >100 mm.
inhibit paclitaxel 6a-hydroxylation in human liver micro-
somes with a Ki of 27 mm [14]. Both pathways of

Discussion
rosiglitazone metabolism were inhibited to a limited
extent by sulphaphenazole, a selective P450 inhibitor ofThis study has demonstrated that para-hydroxylation of

the pyridine ring and N-demethylation are the major CYP2C9 [8, 23, 33], thus confirming the minor
involvement of CYP2C9. The lack of inhibition observedpathways of metabolism for rosiglitazone in human liver

microsomes. These oxidative pathways were also major with furafylline, a highly selective mechanism based
inhibitor of CYP1A2 activity [5, 6], suggests thatroutes of phase I metabolism in vivo in rat and dog [4]

and in man [SB data on file]. Metabolism of rosiglitazone CYP1A2 is not significantly involved in the metabolism
of rosiglitazone. Inhibitors of CYP3A4 and CYP2D6 hadin human microsomal incubations was NADPH depen-

dent and this study identified CYP2C8 as the major P450 no effect on the microsomal formation of para-hydroxy
and N-desmethyl rosiglitazone. Overall, the expressioninvolved, with a minor contribution from CYP2C9.

Multiple regression analysis between known P450 systems, correlation and inhibition studies performed are
fully consistent with CYP2C8 having the dominant roleenzyme selective activities and the rates of para-hydroxy

and N-desmethyl rosiglitazone formation revealed sig- in the metabolism of rosiglitazone.
As a CYP2C8 substrate rosiglitazone, as might benificant correlations with paclitaxel 6a-hydroxylase

activity, in the 47 human livers investigated. The anticipated, caused moderate inhibition of paclitaxel
6a-hydroxylase (IC50 approx. 20 mm) in human liverhydroxylation of paclitaxel, at position 6a on the taxane

ring, has been reported to be a selective CYP2C8 microsomes. Weak inhibition of tolbutamide hydroxylase
was also observed (IC50 approx. 50 mm), which maypathway [14, 31, 32]. Additionally, tolbutamide hydroxy-

lase (CYP2C9), caffeine N3-demethylase (CYP1A2) and reflect the minor involvement of CYP2C9 in the
metabolism of rosiglitazone or a lack of specificity oflauric acid v-1 hydroxylase (CYP2E1) activities correlated

significantly with para-hydroxy and/or N-desmethyl tolbutamide for CYP2C9, since CYP2C8 is also known
to be involved in its metabolism [15]. In addition,rosiglitazone. However, exclusion of these activities from

the multiple regression analysis model caused only minor concentrations of rosiglitazone required to influence the
metabolism of tolbutamide, are unlikely to be achievedeffects on the r2 value (<0.04). Thus, little explanatory

power was lost by exclusion of CYP2C9, 1A2 and 2E1 in vivo. No other P450 enzymes were significantly
affected by the presence of rosiglitazone.activities from the model, which suggests a relatively

small contribution to the metabolism of rosiglitazone There is currently limited information regarding
inhibitors, inducers and substrates of CYP2C8 in man, indespite the level of statistical significance. A significant

correlation was also apparent between the rates of vivo. Only a few clinically utilized drugs, for example
paclitaxel and cerivastatin, are known to be substrates ofrosiglitazone para-hydroxylation and N-demethylation,

which is consistent with the hypothesis that the two CYP2C8 [32, 34]. Since rosiglitazone has little nonspecific
binding in microsomes ( fumic=0.9 at 0.5 mm, personalmetabolic pathways are mediated by the same P450

enzyme(s). Correlations with substrates selective for communication H. Oldham) the IC50s determined here
probably accurately reflect the low in vitro inhibitoryCYP2A6, 2C19, 2D6, 3A and 4A activities were not

statistically significant. potential of rosiglitazone. In vivo rosiglitazone attains a
plasma Cmax of less than 2 mm at therapeutic doses, but isOf the heterologously expressed human drug-

metabolizing enzymes, only microsomes from baculovirus highly protein bound (>99.8%) with no accumulation
or concentration in the liver [SB, data on file]. Togetherinfected insect cells expressing CYP2C8 demonstrated

hydroxylation and N-demethylation of rosiglitazone at a this would suggest that the potential for drug interactions
mediated through P450 inhibition by rosiglitazone wouldcomparative rate to that seen in human liver microsomes.

Although the rate of rosiglitazone N-demethylation in be low.
CYP2C9 supersomesTM was four-fold less compared
with an average human liver and only trace amounts of
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