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Aims

The effect of enzyme induction on the pharmacokinetics of pioglitazone, a thiazo-
lidinedione antidiabetic drug that is metabolized primarily by CYP2C8, is not known.
Rifampicin is a potent inducer of several CYP enzymes and our objective was to study
its effects on the pharmacokinetics of pioglitazone in humans.

Methods

In a randomized, two-phase crossover study, ten healthy subjects ingested either
600 mg rifampicin or placebo once daily for 6 days. On the last day, they received
a single oral dose of 30 mg pioglitazone. The plasma concentrations and cumulative
excretion of pioglitazone and its active metabolites M-IV and M-Il into urine were
measured up to 48 h.

Results

Rifampicin decreased the mean total area under the plasma concentration-time curve
(AUC,_..) of pioglitazone by 549% (range 20-66%; P = 0.0007; 95% confidence
interval —78 to —30%) and shortened its dominant elimination half-life (¢,,,) from
4.9 to 2.3 h (P =0.0002). No significant effect on peak concentration (C,,,) or time
to peak (tn.) was observed. Rifampicin increased the apparent formation rate of M-
IV and shortened its t,, (P < 0.01). It also decreased the AUC,_.. of M-IV (by 349%;
P =0.0055) and M-Il (by 39%; P = 0.0026), shortened their t,,, (M-IV by 50%;
P =0.0008, and M-Il by 55%); P = 0.0016) and increased the AUC,_.. ratios of M-IV
and M-IIl to pioglitazone by 44% (P =0.0011) and 32% (P = 0.0027), respectively.
Rifampicin increased the M-1V/pioglitazone and M-Ill/pioglitazone ratios in urine by
98% (P =0.0015) and 95% (P = 0.0024). A previously unrecognized metabolite M-
Xl, tentatively identified as a dihydroxy metabolite, was detected in urine during both
phases, and rifampicin increased the ratio of M-XI to pioglitazone by 240%
(P = 0.0020).

Conclusions

Rifampicin caused a substantial decrease in the plasma concentration of pioglitazone,
probably by induction of CYP2C8. Concomitant use of rifampicin with pioglitazone
may decrease the efficacy of the latter drug.

Introduction

glitazone is rapidly absorbed, its oral bioavailability

Pioglitazone is a thiazolidinedione compound used in  exceeds 80%, and it is extensively metabolized by
the treatment of type 2 diabetes. It is an insulin sensitizer =~ hydroxylation and oxidation to active and inactive
that acts as agonist of the peroxisome proliferator-  metabolites in the liver [2, 3]. The main active metabo-
activated receptor subtype gamma (PPAR-y) [1]. Pio-  lites are M-IV (a hydroxy derivative) and M-III (a keto
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The metabolism of pioglitazone in humans [2]. M-XI is a previously unrecognized metabolite

derivative); the latter being formed from M-IV
(Figure 1) [3]. Another metabolite M-II also has phar-
macological activity, but its concentrations are low and
it does not significantly contribute to the total amount
of active species [2]. The circulating concentrations of
the metabolites M-IV and M-III are equal to or greater
than those of the parent pioglitazone and they have con-
siderably longer half-lives than pioglitazone [3]. In vitro
studies suggest the drug is metabolized by several cyto-
chrome P450 (CYP) enzymes, but mainly by CYP2C8
and CYP3A4 [2-4]. The lipid-lowering fibrate gemfi-
brozil, an inhibitor of CYP2CS8 [5], increases the mean
area under the plasma concentration-time curve (AUC)
of pioglitazone by 3.2-fold, whereas the antimycotic
itraconazole, a potent inhibitor of CYP3A4, has no
effect on the pharmacokinetics of pioglitazone [6].
These findings suggest that pioglitazone is metabolized
mainly by CYP2C8 in vivo.

Rifampicin, an antibiotic used mainly in the treatment
of tuberculosis, is a potent inducer of several drug-
metabolizing enzymes, and it markedly decreases the

plasma concentrations of many drugs [7]. Rifampicin
has its greatest effect on the expression of CYP3A4 [7],
but it also induces CYP2C8, for example in human
hepatocytes [8—10]. Rifampicin has recently been found
to decrease the AUC of the thiazolidinedione rosiglita-
zone, which is primarily metabolized by CYP2C8, by
over 50% [11, 12], as well as increasing the expression
of CYP2CS protein in small bowel enterocytes [13]. The
aim of this study was to investigate the effects of
rifampicin on the pharmacokinetics of pioglitazone.

Methods

Subjects

Ten healthy subjects (seven men, three women; age
range 21-24 years; weight range 57-79 kg; height range
168-182 cm) participated in the study after each gave a
written informed consent and were ascertained to be
healthy by medical history, clinical examination, and
routine laboratory tests. None received continuous med-
ication or oral contraceptives or was a smoker. The study
protocol was approved by the Ethics Committee for
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Studies In Healthy Subjects and Primary Care of the
Helsinki and Uusimaa Hospital District, and by the
Finnish National Agency for Medicines.

Study design

A randomized, two-phase crossover study with a wash-
out period of 4 weeks was carried out. Each subject took
600 mg rifampicin (one tablet of Rimapen, Orion
Pharma, Espoo, Finland) or placebo orally once daily at
20.00 h for 6 days. On day 6 at 09.00 h, a single dose of
30 mg pioglitazone (one tablet of Actos, Takeda Europe,
London, UK) was administered orally with 150 mL
water. The subjects fasted for 9 h before pioglitazone
intake, and received a standard meal 3 h and light stan-
dard meals 7 h and 11 h after dosing.

Blood and urine sampling

Venous blood samples (10 mL) were drawn from a can-
nulated forearm vein before administration of pioglita-
zoneand 1, 2,3,4,5,7,9, 12, 24 and 48 h later. Plasma
was separated immediately and stored at —70 °C until
analysis. Urine was collected cumulatively in fractions
of 0-12, 12-24 and 2448 h after the administration of
pioglitazone. After each collection period, the volume
of urine was measured and an aliquot was stored at
—70 °C.

Analysis of drug and metabolites

Samples (0.5 mL) were spiked with 50 uL. of internal
standard (rosiglitazone 3 ug mL™" in 20% methanol) fol-
lowed by extraction into 5 mL of ethyl acetate. After
evaporation of the organic phase under nitrogen (45 °C),
the residues were dissolved in 100 pL of mobile phase
(acetonitrile-water 45:55 v/v) and transferred into
autosampler vials.

The concentrations of pioglitazone and its metabo-
lites in plasma were measured by use of SCIEX API
3000 and the concentrations in urine by use of SCIEX
API 2000 tandem mass spectrometry (Sciex Division of
MDS Inc, Toronto, Ontario, Canada) coupled to an Agi-
lent 1100 series liquid chromatography system (Agilent
Technologies, Waldbronn, Germany). Chromatography
was performed on an XTerra RP Cj3 column
(3.9 x 100 mm; Waters Corp., Milford, Massachusetts,
USA) using a mobile phase consisting of 10 mM ammo-
nium acetate (A) (pH 9.0, adjusted with 25% ammonia
solution) and acetonitrile (B). An aliquot (5 uL) of sam-
ple was injected at a mobile phase flow rate of 400 uLL
min~'. The mobile phase gradient comprised of 0 min at
5% B, 1 min to 20% B, 12.4 min to 38% B, 2 min at
100% B and 5.6 min at 5% B, giving a total chromato-
graphic run time of 21 min. The mass spectrometers
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were operated in positive atmospheric pressure chemical
ionization (APCI) mode with selected reaction monitor-
ing (SRM). The ion transitions monitored were m/z 357
to m/z 134 for pioglitazone, m/z 371 to m/z 148 for M-
III, m/z 373 to m/z 150 for M-IV, m/z 387 to m/z 164
for M-V, m/z 389 to m/z 166 for a previously unrecog-
nized metabolite (M-XI, dihydroxypioglitazone,
Figure 1) and m/z 358 to m/z 135 for rosiglitazone.
These transitions represent the product ions of the
[M +H]J" ions. A weighted (1/x) linear regression was
used to generate calibration curve from standards (0—
2000 ng mL™"; 7*>0.999) and to calculate the concen-
trations of samples. The limit of quantification for piogl-
itazone in plasma was 0.1 ng mL™" and the day-to-day
coefficient of variation (CV) was 3.6% at 20 ng mL™",
3.3% at 200 ng mL™', and 6.3% at 2000 ng mL™" (n = 5).
The limit of quantification for pioglitazone in urine was
0.1 ngmL™ and the CV was below 8% at relevant
concentrations. Pioglitazone was obtained from Sigma-
Aldrich Chemie (Steinheim, Germany) and rosiglita-
zone from SmithKline Beecham plc (Middlesex, UK).
Because the reference compounds for the metabolites
were not available, their concentrations are given in
arbitrary units (U mL™") relative to the ratio of the peak
height of the metabolite to the peak height of the internal
standard. The detector response for each metabolite was
confirmed to be linear over the relevant concentration
range by means of sample dilution (5, 25, 125 and 625-
fold dilutions; 7*>0.998). A signal to noise ratio of
10 : 1 was used as the limit of determination. The CV
for the determination of the metabolites in plasma and
urine was below 8% at relevant concentrations (n = 8).
Rifampicin did not interfere with the assay.

Pharmacokinetic analysis

The pharmacokinetics of pioglitazone were character-
ized by the peak concentration in plasma (C,,,), the time
to C,a (t,a0), the dominant half-life (¢, the half-life of
the phase contributing most to the area under the curve),
the terminal half-life (7, emina) and the area under the
plasma concentration-time curve from 0O to 48h
(AUC,_4g) or to infinity (AUC,_..). The pharmacokinetics
of the metabolites M-IV and M-III were characterized
by Cuues tuaxs iy AUCy 45 and AUC ... An apparent for-
mation rate constant (k;) was calculated for M-IV. Val-
ues for C,,, and t,,,, were taken directly from the original
data. For each subject, the log-linear phases of the con-
centration-time curve for pioglitazone and the metabo-
lites M-IV and M-III were identified visually. The
plasma concentrations of pioglitazone declined biphasi-
cally, particularly during rifampicin treatment. There-
fore, for the dominant elimination phase, the elimination



rate constant (k.) was determined by linear regression
analysis using the first log-linear phase of the descend-
ing plasma concentration curve. For the slow elimina-
tion phase, starting between 9 and 12 h, a terminal
elimination rate constant (K eming) Was determined by
using the log-linear terminal part of the plasma piogli-
tazone concentration-time curve. The dominant and
terminal half-lives for parent pioglitazone were calcu-
lated from the equations #,, = In2/k. and #, ermina = 102/
Ke termina- The AUC for pioglitazone was calculated by the
linear trapezoidal rule for the ascending phase and the
log-linear trapezoidal rule for the descending phase,
with extrapolation to infinity when appropriate, by divi-
sion of the last measured concentration by K. jermina- The
plasma concentrations of M-IV and M-III declined
monophasically and the elimination rate constants (k.)
were determined by linear regression analysis of the log-
linear part of the concentration-time curve. The 7, was
calculated from the equation #,, = In2/k. and the AUC
by the linear and log-linear trapezoidal rules with
extrapolation to infinity by dividing the last measured
concentration by k.. The k; for the metabolite M-IV was
calculated by the method of residuals from the ascend-
ing part of the metabolite concentration-time curve [14].
All calculations were performed using MK-model, ver-
sion 5.0 (Biosoft, Cambridge, UK).

The cumulative 48 h excretion [Ae(0-48)] of piogli-
tazone (ng) and its metabolites in arbitrary units (U) into
urine were determined, and the renal clearance (Cl,cn,)
of pioglitazone was calculated from the expression
Ae(0-48)/AUC 4.

Statistical analysis

Results are expressed as mean values £ SD in the text
and tables, and, for clarity, as mean values £SEM in the
figures. Ninety-five per cent confidence intervals were
calculated on the mean differences between the placebo
and rifampicin phases for all pharmacokinetic parame-
ters except for t,,. The pharmacokinetic variables
between the two phases were compared by use of a
paired #-test, or in the case of t,,, by the Wilcoxon
signed-rank test. The level of statistical significance
was P < 0.05. The analyses were performed with Systat
for Windows version 6.0.1 (SPSS Inc., Chigago, IL,
USA).

Results

There was no apparent difference in the plasma concen-
trations of pioglitazone between the study phases up to
2 h after the ingestion of pioglitazone. From 3 h
onwards plasma pioglitazone concentrations were
significantly lower during the rifampicin phase than
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Mean +SEM plasma concentration-time curves for pioglitazone in

ten healthy subjects after a single oral dose of 30 mg pioglitazone on the
last day of a 6-day treatment with placebo (O) or 600 mg rifampicin (@)
once daily. The inset depicts the same data on a semilogarithmic scale

during placebo administration (Figure 2). Rifampicin
decreased the mean AUC, .. of pioglitazone by 54%
(range 20-66%; P =0.0007; 95% confidence interval
—78 to —30%) and shortened its dominant elimination
ti, from 4.9 h to 2.3 h (P = 0.0002), compared with pla-
cebo (Table 1 and Figure 2). Rifampicin had no signifi-
cant effect on the C,,.., 0 OF £1/2.ermina Of pioglitazone.

Compared with placebo, rifampicin increased the
apparent formation rate (k;) of M-IV by 131%
(P=0.0041) (Table 1, Figure 3). The t,,, of M-IV and
M-III were also reached significantly earlier during the
rifampicin phase than during placebo administration. In
addition, rifampicin (a) shortened the ¢, of M-IV and
M-III by 50% (P =0.0008) and 55% (P =0.0016),
respectively, and (b) decreased the AUC,_.. of M-IV and
M-III by 34% (P =0.0055) and 39% (P =0.0026),
respectively, whereas their AUC, 4 values remained
unaffected. Rifampicin increased the M-IV/pioglitazone
AUC,_., ratio by 44% (P =0.0011) and the M-IIl/piogl-
itazone AUC,_.. ratio by 32% (P =0.0027) (Figure 4).

Rifampicin decreased the Ae(0—48) of pioglitazone
by 49% (P <0.0001), and that of M-V by 43%
(P =0.0694), whereas the Ae(0-48) of M-IV and M-III
remained unchanged (Figure 5). The Ae(0—48) of M-XI
was increased by 44% (P = 0.0302). Rifampicin raised
the M-IV/pioglitazone Ae(0—48) ratio by 98% (P =
0.0015), the M-IIl/pioglitazone ratio by 95% (P =
0.0024), and the M-Xl/pioglitazone ratio by 240%
(P =0.0020) (Figure 4). The renal clearance of pioglita-
zone was unaffected by rifampicin.
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Table 1

Pharmacokinetic data for pioglitazone in ten healthy subjects after a single oral dose of 30 mg pioglitazone on the last day of a
6-day treatment with 600 mg rifampicin or placebo given once daily

Rifampicin phase Mean difference

Placebo phase Rifampicin percentage of between phases
Variable (control) phase control (range) (95% ClI) P-value
Pioglitazone
Crnor (ng ML) 932 +335 888 +335 95 (52-167) —44 (=339, 251) 0.7446
e (1) 1 (1-3) 1.5 (1-2) 1.0000
t» (h) 49+10 23406 47 (29-110) —2.6 (-3.6,-1.7) 0.0002
t1pageminal (1) 8.1+1.8 8.1 +4.0 99 (58-289) —0.1 (-3.4, 3.3) 0.9672
AUCo_s (mg L' h) 8.44 +3.50 3.93+1.19 47 (35-81) —451 (-6.51, —2.51) 0.0006
AUC,... (mg L™ h) 8.61 £3.66 3.98 £1.20 46 (34-80) -4.63 (-6.72, —2.55) 0.0007
Clrenat (ml h™") 0.12 £0.05 0.12 £0.06 99 (49-143) —0.001 (-0.03, 0.03) 0.9264
M-IV
ke (h™) 0.19 +£0.05 0.44 +0.19 231 (114-475) 0.25 (0.10, 0.40) 0.0041
Croe (UmL™) 0.87 +0.28 1.02 +£0.19 116 (63-219) 0.14 +(-0.12, 0.41) 0.2479
g () 12 (9-24) 8 (3-12) 0.0072
ts (h) 32+10 16 £3 50 (32-95) -16 (-23, -9) 0.0008
AUCosg (UmL™" h) 292483 272437 93 (66-166) -1.9 (-74, 3.5) 0.4431
AUC,_.. (UmL™" h) 482 +175 32.0 5.1 66 (49-155) -162 (-26.3, -6.1) 0.0055
M-Il
Croe (UmL™) 0.63 +0.22 0.81 +0.32 129 (51-244) 0.18 (-0.06, 0.42) 0.1220
fiz () 12 (9-24) 6 (3-9) 0.0076
ti (h) 39416 18 +4 45 (30-120) —22 (=33, -11) 0.0016
AUCosg (UmL™" h) 21.1465 20.4+73 97 (55-165) -0.7 (-5.0, 3.5) 0.7067
AUC,_.. (UmL™" h) 39.8+170 243485 61 (45-99) —15.5 (-24.0, =7.0) 0.0026

Values shown as mean +SD unless otherwise indicated, t,., data as median (range). Cl, confidence interval; C,.., observed
peak plasma concentration; t,., time to reach C,; t;,, dominant elimination half-life; t; 5 wemna, terminal elimination half-life;
AUC, 4, area under the concentration vs. time curve to 48 h; AUC,_.., area under the concentration versus time curve to infinity;
k;, apparent formation rate constant; U, arbitrary units (relative to the ratio of the peak height of the metabolite to the peak

height of the internal standard).

Discussion

Rifampicin was found to decrease substantially the
plasma concentration of pioglitazone from 3 h onwards,
shorten its dominant elimination ¢,,,, enhance the forma-
tion of its metabolites and increase the metabolite/piogl-
itazone ratio in plasma and urine. These findings
indicate that rifampicin induces the metabolism of
pioglitazone during its elimination phase. The shorten-
ing of the ¢, of the active metabolites M-IV and M-III
by rifampicin is consistent with the induction of the
further metabolism of these compounds. Some interin-
dividual variation in the extent of the interaction was
evident, with the decrease in the AUC of pioglitazone
ranging from 20% to 66%.

CYP2C8, and to a lesser extent CYP3A4 and
CYP2C9, catalyse the in vitro metabolism of pioglita-
zone [2—4]. In a previous study, the CYP2C8 inhibitor
gemfibrozil increased the mean AUC of pioglitazone by
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3.2-fold, whereas the CYP3A4-inhibitor itraconazole
had no effect on pioglitazone pharmacokinetics [6].
These findings suggest that pioglitazone is metabolized
mainly by CYP2C8 in vivo. Rifampicin induces a range
of proteins involved in drug metabolism and transport,
including several CYP enzymes, some conjugating
(phase II) enzymes, and drug transporters such as P-
glycoprotein [7]. Although rifampicin has its greatest
effect on drugs that are CYP3A4 substrates [15-19], it
can it also induce the metabolism of drugs that are
substrates of CYP2CS8 [11, 12, 20]. Because itracona-
zole has no statistically significant effect on the pharma-
cokinetics of pioglitazone, induction of CYP3A4
probably does not explain the effect of rifampicin on
pioglitazone pharmacokinetics. Taken together, these
findings indicate that rifampicin decreases plasma con-
centrations and urinary excretion of pioglitazone mainly
by inducing its CYP2C8-catalysed biotransformation in
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Figure 5

Mean £SEM amounts of pioglitazone, M-IV, M-
Ill, M-V and M-X| excreted in urine within 48 h
[Ae(0-48)] in 10 healthy subjects after a single
oral dose of 30 mg pioglitazone on the last day
of a 6-day treatment with 600 mg rifampicin
(@) or placebo (O) once daily
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the liver. The C,,, of pioglitazone remained unaffected,
which is typical for drugs with low hepatic extraction
ratio and negligible first-pass metabolism, such as this
drug has [2].

After its peak, the plasma pioglitazone concentrations
declined biphasically, as has been observed in previous
pharmacokinetic studies [21]. The majority of the elim-
ination of pioglitazone and its metabolite formation
takes place during the first phase, and rifampicin con-
siderably shortened the ‘dominant elimination half-life’
of pioglitazone associated with this phase. However, the
long-terminal half-life of pioglitazone observed in the
later phase remained unaffected by rifampicin. The
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parameter could reflect, for example, the release of
pioglitazone from peripheral tissues, which are not
changed by induction.

The urinary excretion of pioglitazone was decreased
during rifampicin treatment, although the renal clear-
ance of the drug was unchanged. During the rifampicin
phase the elimination of pioglitazone into urine was
nearly complete by 12 h, which is in agreement with the
time-course of the plasma concentration data and with
the inducibility of pioglitazone metabolism by rifampi-
cin. Rifampicin increased the apparent formation rate
(k¢) of the metabolite M-IV, shortened its t,, and
increased the M-IV/pioglitazone ratio in plasma and



urine, indicating that rifampicin increased the activity of
this metabolic step. The formation of the secondary
metabolite M-III is dependent on that of its precursor
M-IV. Rifampicin did not affect the M-III/M-IV AUC
and Ae ratios, which suggests that it does not induce this
secondary metabolic step. The relative contribution of
the active metabolites M-IV and M-III to the biological
activity of pioglitazone is probably increased by
rifampicin. M-V is an inactive polar metabolite, which
was found in detectable amounts only in urine. Rifampi-
cin showed a tendency to decrease the excretion of M-
V into urine, which could be explained by the lower
plasma concentrations of pioglitazone.

In addition to the six major metabolites of pioglita-
zone, four other metabolites (M-VII to M-X) have been
identified in vitro and in animals [22]. In the present
study, a previously unrecognized metabolite M-XI was
found in urine. Its mass to charge ratio 389 suggests that
the compound is a dihydroxy metabolite of pioglitazone,
formed by further hydroxylation of M-II or M-1V. The
neutral loss scan of m/z 389 resulted in the same neutral
223 amu fragment as did parent pioglitazone and its
other metabolites. During the placebo phase, the Ae(0—
48) of M-XI was approximately one-tenth of that of M-
V, which is the main compound in urine. M-XI was not
detected in plasma. The rapid excretion of M-XI into
urine is consistent with a polar nature. The increased
excretion of M-XI during rifampicin treatment strongly
suggests that its formation is inducible.

The absolute concentrations of the metabolites could
not be quantified in this study, because authentic stan-
dards were not available. However, we were still able to
study the effect of rifampicin on the relative changes in
the metabolite concentrations.

In the present study, rifampicin was given for 6 days.
Maximal induction of intestinal CYP enzymes and
transporters is achieved in about 1 week, whereas that
for hepatic induction can take longer [7, 18, 23]. Thus
it is possible that a more prolonged treatment with
rifampicin could result in an increase in the magnitude
of the rifampicin—pioglitazone interaction. Recent stud-
ies also suggest that rifampicin may act as both an
inducer and an inhibitor of CYP2C8 and CYP3A4. The
decrease in plasma drug concentration was found to be
smaller, when rifampicin and the target drug (e.g. repa-
glinide) are administrated at the same time [24, 25].
Thus, the time interval between administration of
rifampicin and pioglitazone may also affect the magni-
tude of the interaction.

The blood glucose-lowering effect of pioglitazone
develops gradually over a period of weeks and is dose-
dependent [26]. The decrease in the plasma concentra-
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tions of pioglitazone and its active metabolites by
rifampicin may decrease the blood glucose-lowering
efficacy of pioglitazone, although this was not investi-
gated in the present single dose study. Therefore, it is
advisable to monitor blood glucose concentrations when
starting treatment with rifampicin and to adjust piogli-
tazone dosage as necessary. Furthermore, it may be
important to decrease the dosage of pioglitazone when
rifampicin treatment is discontinued.

In previous studies in healthy subjects treatment with
rifampicin (600 mg daily for 5 or 6 days) was found to
decrease the AUC of rosiglitazone, which is mainly
metabolized by CYP2CS, by 54-65% [11, 12]. In addi-
tion, rifampicin decreases the AUC of the meglitinide
analogues repaglinide (a substrate of CYP2C8 and
CYP3A4) [20] and nateglinide (a substrate of CYP2C9
and CYP3A4) [27], and that of the sulphonylurea drugs
glyburide, glimepiride, glipizide and gliclazide (all sub-
strates of CYP2C9) by 22-70% [28-30]. In these stud-
ies, rifampicin has also decreased the glucose-lowering
effects of repaglinide, glyburide and gliclazide. It is also
possible that other CYP2C8 enzyme inducers, such as
phenobarbital [9], can decrease the plasma pioglitazone
concentrations.

In conclusion, pretreatment with rifampicin causes a
substantial decrease in the plasma concentrations of
pioglitazone and its active metabolites, probably by
induction CYP2C8. Concomitant use of rifampicin or
other potent enzyme inducer may decrease the clinical
efficacy of pioglitazone, although this could not be
established in the present single dose study in healthy
subjects.
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