Telithromycin, but not montelukast,
increases the plasma concentrations and

effects of the cytochrome P450 3A4 and
2C8 substrate repaglinide

Background and Objective: The antidiabetic repaglinide is metabolized by cytochrome P450 (CYP) 2C8 and
CYP3A4. Telithromycin, an antimicrobial agent, inhibits CYP3A4 in vitro and in vivo. Montelukast, an
antiasthmatic drug, is a potent inhibitor of CYP2CS8 in vitro. We studied the effects of telithromycin,
montelukast, and the combination of telithromycin and montelukast on the pharmacokinetics and pharma-
codynamics of repaglinide.

Methods: In a randomized 4-phase crossover study, 12 healthy volunteers received 800 mg telithromycin,
10 mg montelukast, both telithromycin and montelukast, or placebo once daily for 3 days. On day 3, they
ingested a single 0.25-mg dose of repaglinide. Plasma and urine concentrations of repaglinide and its
metabolites M1, M2, and M4, as well as blood glucose concentrations, were measured for 12 hours.
Results: Telithromycin alone raised the mean peak plasma repaglinide concentration to 138% (range,
91%-209%; P = .006) and the total area under the plasma concentration—-time curve from 0 hours to
infinity [AUC(0-%)] of repaglinide to 177% (range, 125%-257%; P < .001) of control (placebo).
Telithromycin reduced the AUC(0-x) ratio of the metabolite M1 to repaglinide by 68% (P < .001) and
the urinary excretion ratio of M1 to repaglinide by 77% (P = .001). In contrast to previous estimates
based on in vitro CYP2C8 inhibition data, montelukast had no significant effect on the pharmacokinetics
of repaglinide or its metabolites and did not significantly alter the effect of telithromycin on repaglinide
pharmacokinetics. Telithromycin, unlike montelukast, lowered the maximum blood glucose concentra-
tion (P = .002) and mean blood glucose concentration from 0 to 3 hours (P = .008) after repaglinide
intake, as compared with placebo.

Conclusions: Telithromycin increases the plasma concentrations and blood glucose-lowering effect of
repaglinide by inhibiting its CYP3A4-catalyzed biotransformation and may increase the risk of hypo-
glycemia. Unexpectedly, montelukast has no significant effect on repaglinide pharmacokinetics, suggest-
ing that it does not significantly inhibit CYP2CS8 in vivo. The low free fraction of montelukast in plasma
may explain the lack of effect on CYP2CS8 in vivo, despite the low in vitro inhibition constant, high-
lighting the importance of incorporating plasma protein binding to interaction predictions. (Clin Phar-
macol Ther 2006;79:231-42.)
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Telithromycin, a novel antimicrobial drug of the
ketolide class, is a potent inhibitor of cytochrome P450
(CYP) 3A4 in vitro."? Telithromycin can also consid-
erably raise the plasma concentrations of CYP3A4 sub-
strates in vivo.! For example, the area under the
concentration-time curve (AUC) of simvastatin is
raised by about 10-fold by telithromycin.” Montelukast
is a leukotriene receptor antagonist used in the treat-
ment of asthma and related diseases.** It is a potent and
selective inhibitor of CYP2CS8 in vitro, with inhibition
constant (K;) values ranging from 0.0092 to 0.15 pwmol/
L.> On the basis of in vitro inhibition data and the
therapeutic plasma concentrations of montelukast, it
has been estimated that montelukast could increase the
AUC of a CYP2C8-cleared drug by 2-fold to over
100-fold.> However, the effect of montelukast on the
pharmacokinetics of CYP2CS8 substrate drugs has not
been studied in vivo.

Repaglinide, a short-acting meglitinide analog an-
tidiabetic drug, is used to reduce postprandial glucose
levels in patients with type 2 diabetes.”® Repaglinide
has an oral bioavailability of about 60% as a result of
considerable first-pass metabolism.” The metabolites of
repaglinide are mainly inactive; they are excreted prin-
cipally into feces and, to a lesser extent, into urine.'°
CYP2C8 and CYP3A4 are the main enzymes that par-
ticipate in its oxidative biotransformation.''"'> The
plasma concentrations of repaglinide have been found
to be raised by drugs that inhibit either CYP2CS8 or
CYP3A4 enzymes.'"*”'® Thus trimethoprim (an inhibi-
tor of CYP2CS) has increased the AUC of repaglinide
by about 60%,'® and clarithromycin'® and itracon-
azole'* (inhibitors of CYP3A4) have increased its AUC
by about 40%. In addition, genetic polymorphism in
CYP2CS has been associated with altered pharmacoki-
netics of repaglinide.'” In addition to CYP enzymes,
membrane transporters seem to be important in the
pharmacokinetics of repaglinide. Recently, the AUC of
repaglinide was found to be greater in carriers than in
noncarriers of the functionally significant single-
nucleotide polymorphism (¢c.521T>C) in the SLCOIB1
gene, encoding organic anion transporting polypeptide
1B1 (OATPIB1), suggesting that repaglinide is a sub-
strate for this hepatic uptake transporter.'®

Because telithromycin inhibits CYP3A4' and mark-
edly increases the plasma concentrations of simvasta-
tin'? and because montelukast is a potent and selective
inhibitor of CYP2CS in vitro,” we hypothesized that
telithromycin and montelukast might interact with re-
paglinide. Accordingly, our aim was to investigate the
effects of telithromycin, montelukast, and the combi-
nation of telithromycin and montelukast on the phar-
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macokinetics, pharmacodynamics, and metabolic fate
of repaglinide in vivo in healthy subjects.

METHODS

Subjects. Twelve healthy, self-reported nonsmoking
volunteers (8 men and 4 women; age range, 18-24
years; weight range, 52-85 kg) participated in the study
after giving written informed consent. They were as-
certained to be healthy by a medical history, physical
examination, and routine laboratory tests. None of the
subjects used any continuous medication, and use of
grapefruit juice or any pharmaceuticals was not allowed
for 2 weeks before the study days.

Study design. The study protocol was approved by the
Ethics Committee for Studies in Healthy Subjects and
Primary Care of the Hospital District of Helsinki and
Uusimaa and the National Agency for Medicines. A ran-
domized crossover study with 4 phases and a washout
period of 2 weeks was carried out. The subjects ingested
800 mg telithromycin (two 400-mg Ketek tablets; Aventis
Pharma, Scoppito, Italy), 10 mg montelukast (one 10-mg
Singulair tablet; Merck, Sharp & Dohme, Haarlem, Hol-
land), both telithromycin and montelukast, or placebo
once daily at 8 am for 3 days. On day 3 at 9 am, after an
overnight fast and 1 hour after the last pretreatment dose,
they ingested a single 0.25-mg dose of repaglinide (half of
a 0.5-mg tablet of NovoNorm; Novo Nordisk, Bagsvaerd,
Denmark) with 150 mL water. All 3 drugs used in this
study have been approved by the Food and Drug Admin-
istration and European Medicines Agency. The small dose
of repaglinide was chosen because of safety reasons. The
volunteers remained seated for 3 hours after the adminis-
tration of repaglinide. The timing of repaglinide adminis-
tration was chosen to ensure adequate absorption of te-
lithromycin and montelukast before repaglinide ingestion.

Food intake on day 3 was identical in all phases. The
volunteers received a standardized light breakfast pre-
cisely 15 minutes after repaglinide administration, a
standardized snack rich in carbohydrates precisely 1
hour and 2 hours after repaglinide administration, a
standardized warm meal after 3 hours and 7 hours, and
a standardized light meal after 11 hours. The breakfast
was eaten within 10 minutes and the snacks within 5
minutes. The breakfast consisted of 150 mL orange
juice (Valio, Helsinki, Finland), 1 medium-sized ba-
nana, and 1 sandwich (2 pieces of dark bread, 2 slices
of cheese, lettuce, tomato, and margarine) and con-
tained approximately 1550 kJ energy, 70 g carbohy-
drates, 8 g protein, and 6 g fat. The snacks were
identical, consisted of 100 mL orange juice (Valio) and
1 medium-sized banana, and contained about 840 kJ
energy, 45 g carbohydrates, 2 g protein, and 1 g fat
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each. During the days of repaglinide administration, the
subjects were under direct medical supervision and
blood glucose levels were monitored throughout the
day. Additional carbohydrates, glucose solution for in-
travenous use, and glucagon for intramuscular use were
available, but they were not needed.

Sampling and determination of blood glucose con-
centrations. On the days of repaglinide administration,
timed blood samples (10 mL each) were drawn from a
cannulated forearm vein before and at 20, 40, 60, 80,
and 100 minutes and 2, 2.5, 3,4, 5, 7, 9, and 12 hours
after the administration of repaglinide. Blood samples
were collected into tubes containing ethylenediaminete-
traacetic acid. Blood glucose concentrations were mea-
sured immediately after each blood sampling by the
glucose oxidase method (Precision G Blood Glucose
Testing System; Medisense, Bedford, Mass). Plasma
was separated within 30 minutes after blood sampling.
Urine was collected cumulatively from O to 12 hours
after the administration of repaglinide. Plasma and
urine samples were stored at —70°C until analysis.

Determination of drug concentrations. Concentra-
tions of repaglinide and its metabolites M1, M2, and
M4 were measured in plasma and urine samples by use
of an API 3000 liquid chromatography—tandem mass
spectrometry system (Sciex Division of MDS, Toronto,
Ontario, Canada). Reversed-phase chromatographic
separation was achieved on a Symmetry Cg column
(internal diameter of 150 X 2.1 mm and particle size of
3.5 pwm) (Waters, Milford, Mass) by use of a mobile
phase consisting of 10-mmol/L ammonium formate
(pH 3.5, adjusted with 99% formic acid) and acetoni-
trile. A 15-pL aliquot was injected, and the mobile
phase flow rate was 180 pL/min. The mobile phase
gradient comprised 3 minutes at 40% acetonitrile, 3
minutes to 65% acetonitrile, 2 minutes at 65% aceto-
nitrile, 4 minutes to 100% acetonitrile, 4 minutes at
100% acetonitrile, and 8 minutes at 40% acetonitrile,
yielding a total chromatographic run time of 24 min-
utes. Clopidogrel served as the internal standard. The
mass spectrometer was operated in positive Turbolon-
Spray (Sciex Division of MDS) mode, and the samples
were analyzed via selected reaction monitoring by use
of the transition of the [M+H]" precursor ion to prod-
uct ion for each analyte and internal standard. The
selected reaction monitoring ion transitions were as
follows: mass-to-charge ratio (m/z) 453 to m/z 230 for
repaglinide, m/z 385 to m/z 162 for M1, m/z 485 to m/z
230 for M2, m/z 469 to m/z 246 for M4, and m/z 421 to
m/z 212 for clopidogrel. The limit of quantification for
repaglinide was 0.01 ng/mL, and the day-to-day coef-
ficients of variation (CVs) were 9.4% at 0.1 ng/mL and
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4.9% at 2.0 ng/mL (n = 11). Because authentic metab-
olite standards were not available, metabolite concen-
trations are given in arbitrary units (units per milliliter)
relative to the ratio of the peak height of each metab-
olite to that of the internal standard in the chromato-
gram. Telithromycin and montelukast did not interfere
with the assay.

The concentration of telithromycin in plasma was
measured from samples taken before and at 80 minutes
and 2, 3, 5, and 13 hours after telithromycin adminis-
tration by use of an API 2000 liquid chromatography—
tandem mass spectrometry system (Sciex Division of
MDS).?° The ion transition monitored was m/z 812 to
m/z 655. The limit of quantification for telithromycin
was 5.0 ng/mL, and the CVs were 5.9% at 7.0 ng/mL,
6.8% at 70 ng/mL, and 2.5% at 360 ng/mL (n = 7).

The concentration of montelukast in plasma was
measured from samples taken before and at 80 minutes
and 3, 5, and 13 hours after montelukast administration
by HPLC by use of fluorescence detection.”' The limit
of quantification for montelukast was 5 ng/mL, and the
CVs were 11.4% at 25 ng/mL, 11.7% at 250 ng/mL,
and 14.1% at 700 ng/mL (n = 5).

Pharmacokinetics. The pharmacokinetics of repaglin-
ide and its metabolites M1, M2, and M4 was characterized
by the peak concentration in plasma (C,,,,,), time to C, .,
(tmax)» AUC from O hours to infinity [AUC(0-)], and
elimination half-life (t,,). The C,,, and t,,, values were
taken directly from original data. The terminal log-linear
part of each concentration-time curve was identified visu-
ally, and the elimination rate constant (k) was determined
from log-transformed data via linear regression analysis.
The t,, was calculated by the following equation: t,, =
In2/k.. The AUC values were calculated by use of the
linear trapezoidal rule for the rising phase of the plasma
concentration—time curve and the log-linear trapezoidal
rule for the descending phase, with extrapolation to infin-
ity by dividing the last measured concentration by k.. The
renal clearance (Cl,,,) of repaglinide was calculated by
dividing the amount excreted into urine within 12 hours
by repaglinide AUC from 0 to 12 hours [AUC(0-12)]. The
pharmacokinetics of telithromycin was characterized by
Cax and AUC(0-). All pharmacokinetic calculations
were performed with the program MK-Model, version 5.0
(Biosoft, Cambridge, United Kingdom).

Pharmacodynamics. The pharmacodynamics of re-
paglinide was characterized by minimum and maxi-
mum blood glucose concentrations, as well as by mean
blood glucose concentrations from O to 3 hours, from 0
to 7 hours, and from O to 12 hours. The mean concen-
trations were calculated by dividing the area under the
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Fig 1. Mean * SEM plasma concentrations of repaglinide in 12 healthy volunteers after single oral
dose of 0.25 mg repaglinide after 3-day treatment with 800 mg telithromycin (squares), 10 mg
montelukast (solid circles), both telithromycin and montelukast (triangles), or placebo (open

circles) once daily. The inset depicts the same data on a semilogarithmic scale.

blood glucose concentration—time curve by the corre-
sponding time interval.

Statistical analysis. Results are expressed as mean
* SD in the text and tables and, for clarity, as mean *
SEM in the figures. The pharmacokinetic and pharma-
codynamic variables between the placebo, telithromy-
cin, montelukast, and telithromycin and montelukast
phases were compared by use of repeated-measures
ANOVA, as well as a posteriori testing with the paired
t test. The t,, values were compared via Friedman
2-way ANOVA followed by the Wilcoxon signed rank
test. The Pearson correlation coefficient was used to
investigate possible relationships between telithromy-
cin pharmacokinetic variables and the extent of inter-
action between telithromycin and repaglinide. The
analysis was performed with the statistical program
Systat for Windows, version 6.0.1 (SPSS, Chicago, I11).
Differences were considered statistically significant at
P < .05. With Bonferroni correction for multiple com-
parisons, the threshold for significance would be P =
.0083. The sample size was chosen so that a possible
clinically significant pharmacokinetic drug interaction
could be verified without the use of an unnecessarily
large group of healthy subjects. The number of subjects
(n = 12) was estimated to be sufficient to detect a 30%
change in the AUC(0-2°) of repaglinide with a power of
80% (a level, 5%).

RESULTS

Effect of telithromycin on repaglinide pharmacoki-
netics. Telithromycin alone considerably increased the
plasma concentrations and urinary excretion of un-
changed repaglinide (Fig 1 and Table I). Telithromycin
did not affect the t,, of repaglinide but raised its mean
Crax and AUC(0-) to 138% (P = .006) and 177% (P
< .001) of the control (placebo) values, respectively.
Telithromycin decreased the C,,,, and AUC(0-) of the
metabolite M1 and increased the C,,, and AUC(0-%)
of the metabolites M2 and M4 (Fig 2 and Table II). The
MI-to-repaglinide AUC(0-) ratio was lowered by
68% (P < .001), and the M2-to-repaglinide and M4-
to-repaglinide AUC(0-c°) ratios were raised to 125% (P
.012) and 153% (P < .001) by telithromycin,
respectively.

Telithromycin increased the urinary excretion of un-
changed repaglinide (to 229%, P < .001) and its me-
tabolites M2 (to 180%, P < .001) and M4 (to 198%, P
< .001) by about 2-fold but reduced the excretion of
M1 (by 41%, P < .001) compared with control (pla-
cebo) (Fig 3). The ratio of M2 or M4 to repaglinide in
urine was not changed significantly, whereas that of M1
to repaglinide was reduced by telithromycin, as com-
pared with the placebo or montelukast phase (Fig 3).
The Cl,,,; of repaglinide was increased by telithromy-
cin (to 138%, P = .010).
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Table I. Pharmacokinetic variables of repaglinide after single oral dose of 0.25 mg repaglinide in 12 healthy
volunteers after 3-day treatment with 800 mg telithromycin, 10 mg montelukast, both telithromycin and
montelukast, or placebo once daily

Placebo phase Telithromycin and
Variable (control) Telithromycin phase Montelukast phase montelukast phase
C,hax (ng/mL) 37+ 1.7 5.1 £ 2.4% 34+ 1.8% 54+ 2.1%%
% of control and range 100% 138% (91%-209%) 92% (61%-181%) 146% (97%-222%)
tnax (MIN) 40 (20-40) 40 (40)* 40 (20-40) 40 (20-40)
t,, (h) 1.4 =03 12+02 1.4 +0.2§ 1.2+0.2|
% of control and range 100% 85% (39%-106%) 100% (75%-145%) 87% (54%-129%)
AUC(0-%¢) (ng - h/mL) 3916 6.9 = 3.1q 3.9 £2.07 7.4 = 3.17%
% of control and range 100% 177% (125%-257%) 99% (61%-147%) 188% (132%-265%)
Ae (ng) 32.0 +16.7 73.5 £32.3] 32.7 + 13.6F 75.3 £23.39%
% of control and range 100% 229% (123%-632%) 102% (43%-222%) 235% (162%-541%)
Cl,opa (mL/h) 83 3.1 11.4 = 4.9% 9.2 +3.0 11.3 = 4.2%
% of control and range 100% 138% (75%-265%) 111% (70%-211%) 137% (70%-237%)

Data are given as mean * SD, except for t,,,, data, which are given as median and range.
Cnax» Peak concentration in plasma; t, ., time to reach peak plasma concentration; t,,,, elimination half-life; AUC(0-%), area under plasma concentration—time curve
from time O to infinity; Ae, amount excreted into urine; Cl,.,,;, renal clearance of repaglinide.

*P < .05, versus placebo phase.

TP < .001, versus telithromycin phase.
P < .001, versus montelukast phase.
§P < .05, versus telithromycin phase.
[P < .05, versus montelukast phase.
4P < .001, versus placebo phase.

Effect of montelukast on repaglinide pharmacoki-
netics. Montelukast alone had no statistically signifi-
cant effect on any of the pharmacokinetic variables of
the parent repaglinide or its metabolites M1, M2, or M4
(Figs 1, 2, and 3 and Tables I and II).

Effect of telithromycin-montelukast combination
on repaglinide pharmacokinetics. The combination of
telithromycin and montelukast raised the mean C,,,,
and AUC(0-%) of repaglinide to 146% (P = .002) and
188% (P < .001) of placebo values, respectively (Fig 1
and Table I). There were no significant differences in
any of the pharmacokinetic variables of repaglinide
between the combination phase and the telithromycin-
alone phase. During the combination phase, the C
and AUC(0-) of repaglinide were greater than during
the montelukast phase (Table I).

The combination of telithromycin and montelukast
decreased the C,,, and AUC(0-») of the metabolite
M1 but increased those of the metabolites M2 and M4
(Fig 2 and Table II), when compared with either the
placebo or montelukast phase. The combination of te-
lithromycin and montelukast lowered the MI-to-
repaglinide AUC(0-%) ratio and raised the M2-to-
repaglinide and M4-to-repaglinide AUC(0-%) ratios,
when compared with the placebo phase (Table II).

The combination also increased the urinary excretion
of unchanged repaglinide (to 235%, P < .001) and its
metabolites M2 (to 186%, P = .001) and M4 (to 191%,

P < .001) but reduced the excretion of M1 (by 44%, P
< .001). The combination decreased the MI-to-
repaglinide, M2-to-repaglinide, and M4-to-repaglinide
ratios in urine when compared with placebo (Fig 3).
The Cl,,,,, of repaglinide was increased by the combi-
nation (to 137%, P = .002).

Repaglinide pharmacodynamics. Compared with
the placebo phase, telithromycin reduced the maximum
blood glucose concentration (by 0.7 mmol/L, P = .002)
and mean blood glucose concentration (0 to 3 hours)
(by 0.5 mmol/L, P = .008) (Fig 4 and Table III). No
significant differences were observed in the blood glu-
cose concentrations between the placebo and monte-
lukast phases. The maximum blood glucose concentra-
tion was reduced in the combination phase compared
with the placebo phase (by 0.5 mmol/L, P = .030).
None of the subjects had symptomatic hypoglycemia.

Telithromycin and montelukast. The C_,, and AUC
from O to 13 hours [AUC(0-13)] of telithromycin were
1180 = 250 ng/mL and 5350 = 1520 ng - h/mL, respec-
tively, in the telithromycin phase (Fig 5). The plasma
concentration of telithromycin was about 500 ng/mL at
the time of repaglinide ingestion. The C,,, and AUC(0-
13) of montelukast were 540 = 170 ng/mL and 3050 =+
1130 ng - h/mL, respectively, in the montelukast phase
and 430 = 200 ng/mL and 2440 = 1060 ng - h/mL,
respectively, in the telithromycin and montelukast phase.
The plasma concentration of montelukast was around 100
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Fig 2. Mean + SEM plasma concentrations of M1, M2, and
M4 metabolites of repaglinide in 12 healthy volunteers after
single oral dose of 0.25 mg repaglinide after 3-day treatment
with 800 mg telithromycin (squares), 10 mg montelukast
(solid circles), both telithromycin and montelukast (trian-
gles), or placebo (open circles) once daily. The insets depict
the same data on a semilogarithmic scale.

CLINICAL PHARMACOLOGY & THERAPEUTICS
MARCH 2006

to 250 ng/mL at the time of repaglinide ingestion (Fig 5).
Montelukast had no statistically significant effect on the
pharmacokinetics of telithromycin, and telithromycin had
no statistically significant effect on the pharmacokinetics
of montelukast. There were no significant correlations
between the pharmacokinetic variables of telithromycin
and the extent of interaction between telithromycin and
repaglinide.

DISCUSSION

This study shows that telithromycin significantly in-
creases the plasma concentrations and effects of repa-
glinide. The ratio of the metabolite M1 to repaglinide in
plasma and urine was decreased by telithromycin, in-
dicating that telithromycin inhibited the formation of
this metabolite, formed primarily by CYP3A4.''*? On
the other hand, montelukast, a potent inhibitor of
CYP2CS in vitro,” unexpectedly had no effect on the
pharmacokinetics of repaglinide or its metabolites,
even when CYP3A4 was simultaneously inhibited by
telithromycin.

In vitro, CYP2C8 and CYP3A4 contribute similarly
to the metabolism of therapeutic repaglinide concentra-
tions, with no significant biotransformation by other
CYP enzymes.'"!? In addition, genetic association data
suggest that SLCOIBI (encoding OATP1B1) polymor-
phism is an important determinant of interindividual
variation in repaglinide pharmacokinetics.'® OATP1B1
is an uptake transporter expressed in the basolateral
membrane of hepatocytes™ and seems to have an im-
portant role in the elimination of repaglinide in vivo.'®

In pharmacokinetic interaction studies in humans, inhi-
bition of CYP3A4 (by itraconazole or clarithromycin)'*'*
and CYP2CS (by trimethoprim)'® has raised the AUC of
repaglinide by about 40% and 60%, respectively, indicat-
ing that both enzymes also metabolize repaglinide in vivo.
However, simultaneous inhibition of CYP-mediated bio-
transformation and OATP1B1-mediated hepatic uptake
has caused the largest drug interactions with repaglin-
ide.'**? Cyclosporine (INN, ciclosporin), an inhibitor of
CYP3A4 and OATP1B1,* has raised the AUC of repa-
glinide by 2.4-fold.** In that study the effect of cyclospor-
ine on repaglinide pharmacokinetics was smaller in sub-
jects with the SLCOIBI (encoding OATP1B1) ¢.521TC
genotype than in subjects with the reference genotype,
supporting the conclusion that inhibition of OATP1B1 by
cyclosporine contributes to the interaction. Gemfibrozil
has raised the AUC of repaglinide by about 8-fold, and the
combination of itraconazole and gemfibrozil has increased
the AUC of repaglinide by about 20-fold."* Gemfibrozil
and its glucuronide metabolite are inhibitors of CYP2CS8
and OATP1B1.>>%° Thus a combination of itraconazole
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Table II. Pharmacokinetic variables of M1, M2, and M4 metabolites of repaglinide after single oral dose of 0.25
mg repaglinide in 12 healthy volunteers after 3-day treatment with 800 mg telithromycin, 10 mg montelukast, both

telithromycin and montelukast, or placebo once daily

Telithromycin and

Variable Placebo phase (control) Telithromycin phase Montelukast phase  montelukast phase
M1 metabolite
C,hax (U/mL) 20+0.8 0.8 £ 0.3* 1.7 £ 0.8F 0.8 £ 0.2%%

% of control and range 100% 41% (25%-69%) 88% (54%-162%)  38% (25%-59%)
tmax (MiN) 60 (40-60) 60 (40-100) 60 (20-80) 60 (40-80)§

t,, (h) 0.8 +0.2 1.2 = 0.3% 0.8 = 0.2F 1.2 = 0.3%

% of control and range 100% 156% (106%-278%) 110% (85%-184%) 156% (100%-277%)
AUC(0-%0) (U - h/mL) 2.7 09 1.5 £ 0.5% 2.6 £ 1.20 1.4 = 0.4%|

% of control and range 100% 56% (36%-81%) 96% (60%-126%)  52% (30%-96%)
M1-to-repaglinide AUC(0-%) 0.80 = 0.41 0.25 = 0.11* 0.77 = 0.407 0.22 = 0.10*%

ratio (U/ng)

% of control and range 100% 32% (20%-55%) 96% (56%-176%)  27% (17%-60%)

M2 metabolite
C,hax (U/mL) 37x21 6.9 * 3.5% 3.5 £2.67 7.0 £ 3.9%%

% of control and range 100% 188% (127%-288%)  95% (49%-146%) 190% (133%-314%)
tnax (MiN) 40 (40-80) 60 (40-80)§ 40 (20-80) 60 (40-80) §||
t,,» (h) 0.8 £0.2 0.8 £0.2 0.9 = 0.1 09 *03

% of control and range 100% 107% (58%-155%)  109% (82%-202%) 114% (72%-171%)
AUC(0-%0) (U - h/mL) 53=*27 11.4 = 5.7* 5.6 £ 4.07 11.7 = 6.3%%

% of control and range 100% 216% (152%-304%) 106% (57%-172%) 223% (138%-318%)
M2-to-repaglinide AUC(0-%) 1.3+£04 1.7 = 0.5§ 14 0.6 1.6 = 0.5§

ratio (U/ng)

% of control and range 100% 125% (87%-218%)  104% (65%-156%) 118% (83%-187%)

M4 metabolite
C,.x (U/mL) 1.1 £0.5 2.4 * 1.0% 1.2 = 0.5F 2.4 = 1.2%§

% of control and range 100% 217% (118%-345%) 104% (62%-189%) 212% (114%-409%)
tnax (MiN) 40 (40-60) 40 (40-60)§ 40 (20-80) 40 (40-60)§

t,, (h) 0.7 £0.3 0.8 03 0.7 0.2 0.8 0.2

% of control and range 100% 106% (57%-180%) 93% (49%-133%) 107% (66%-148%)
AUC(0-%¢) (U - h/mL) 1.3 0.7 3.5+ 1.6% 1.4 = 1.0} 3.5 % 1.9%%

% of control and range 100% 264% (172%-391%) 108% (55%-214%) 266% (154%-411%)
M4-to-repaglinide AUC(0-%) 0.35 = 0.15 0.54 = 0.21* 0.39 = 0.167 0.50 = 0.19%|

ratio (U/ng)

% of control and range 100% 153% (113%-281%) 109% (68%-192%) 141% (82%-201%)

Data are given as mean * SD.
*#P < .001, versus placebo phase.

P < .001, versus telithromycin phase.
P < .001, versus montelukast phase.
§P < .05, versus placebo phase.

[P < .05, versus montelukast phase.
4P < .05, versus telithromycin phase.

and gemfibrozil results in simultaneous inhibition of
CYP2C8, CYP3A4, and OATP1B1.

In this study telithromycin increased repaglinide
AUC by almost 2-fold, which is even more than other
potent inhibitors of CYP3A4 (itraconazole and cla-
rithromycin)'*'* have increased the AUC of repagli-
nide. Telithromycin also increased the excretion of
unchanged repaglinide into urine and decreased the
ratio of the M1 metabolite (formed primarily by

CYP3A4)!'? to repaglinide in urine and plasma.
These data indicate that telithromycin inhibited the
CYP3A4-catalyzed biotransformation of repaglinide.
In previous studies the CYP3A4 inhibitors cyclospor-
ine*? and itraconazole'* have similarly reduced the
ratio of M1 to repaglinide. In plasma the AUC ratios of
M2 (formed by both CYP2C8 and CYP3A4 in vitro)"'
and M4 (formed primarily by CYP2CS in vitro)''"** to

repaglinide were increased by telithromycin, but there
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Fig 3. Mean — SEM excretion of M1, M2, and M4 metabolites of repaglinide into urine (fop) and
M1-, M2-, and M4-to-repaglinide ratios in urine (bottom). P, Placebo phase; T, telithromycin phase;
M, montelukast phase; T+M, telithromycin and montelukast phase.

was no increase (and, in fact, there was a slight de-
crease) in the ratios of M2 and M4 to repaglinide in
urine (Fig 3). These findings may be explained by the
increased renal clearance of repaglinide in the telithro-
mycin and telithromycin-montelukast phases and sug-
gest that CYP3A4 plays only a minor role in the for-
mation of M2 and M4 in vivo.

Both CYP2C8 and CYP3A4 are functionally ex-
pressed in the gut mucosa, as well as in the liver.”” The
CYP3A4 content of the intestinal mucosa exceeds its
CYP2C8 content,?®?° and at least CYP3A4 can mark-
edly contribute to the first-pass metabolism of drugs. In
our study the C_,, and AUC of repaglinide were in-
creased by telithromycin, whereas no effect on t,, was
seen. Moreover, as shown in Fig 2, the formation of the
M1 metabolite (formed primarily by CYP3A4)'"** was
already inhibited before the C_,,, of repaglinide was
reached, indicating inhibition of the first-pass metab-
olism of repaglinide. These findings suggest that
telithromycin raised the plasma concentrations of
repaglinide mainly by inhibiting its presystemic me-
tabolism, occurring presumably in the gut wall and
the liver.

In the telithromycin phase the maximum and mean
blood glucose concentrations (from 0 to 3 hours) were

lower than in the placebo phase. The differences in blood
glucose concentrations between the telithromycin-
montelukast phase and the placebo phase were smaller.
The relatively modest differences in the glucose-lowering
effect of repaglinide between the study phases, despite a
nearly doubled repaglinide AUC by telithromycin, can be
explained by the small repaglinide dose used (for safety
reasons), as well as the frequent carbohydrate intake after
repaglinide ingestion to prevent hypoglycemia. However,
because the blood glucose—lowering effect of repaglinide
is dose- and concentration-dependent,8 concomitant use of
telithromycin with repaglinide may increase the risk of
hypoglycemia, particularly if higher repaglinide doses are
used.

Montelukast had no significant effect on the pharma-
cokinetics or pharmacodynamics of repaglinide when
administered alone or with telithromycin. The ratio of
M4 (formed almost exclusively by CYP2C8)''*? to
repaglinide in plasma and in urine was unaffected by
montelukast, even when the CYP3A4-mediated part of
repaglinide metabolism was simultaneously inhibited
by telithromycin. Moreover, montelukast had no effect
on the M1 metabolite of repaglinide, formed by
CYP3A4, or on the pharmacokinetics of telithromycin,
a substrate of CYP3A4.%
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Fig 4. Mean = SEM blood glucose concentrations in 12 healthy volunteers after single oral dose

of 0.25 mg repaglinide after 3-day treatment with 800 mg telithromycin (squares), 10 mg monte-

lukast (solid circles), both telithromycin and montelukast (triangles), or placebo (open circles) once

daily. Representative error bars are shown, but for reasons of clarity, some have been omitted.

Table III. Blood glucose concentrations after single oral dose of 0.25 mg repaglinide in 12 healthy volunteers
after 3-day treatment with 800 mg telithromycin, 10 mg montelukast, both telithromycin and montelukast, or

placebo once daily

Placebo phase Telithromycin Montelukast Telithromycin and

Variable (control) phase phase montelukast phase
Minimum concentration (mmol/L) 39+0.5 35+0.5 3704 35204
Maximum concentration (mmol/L) 6.9 +0.8 6.2 + 0.5% 6.5+ 0.7 6.4+ 0.7*
Mean concentration from 0 to 3 h (mmol/L) 50x0.6 44 * 0.3*% 4.7 £ 047 4604
Mean concentration from 0 to 7 h (mmol/L) 48 0.5 44 *+0.3 4.6 £ 0.3} 45+04
Mean concentration from 0 to 12 h (mmol/L) 49 *+0.5 47 +0.3 48 0.3 47 +0.3

Data are given as mean * SD.
*P < .05, versus placebo phase.
TP < .05, versus telithromycin phase.

It has been estimated previously, based on in vitro
CYP2CS inhibition data and therapeutic concentrations
of montelukast in plasma, that the plasma concentra-
tions of a CYP2CS substrate such as repaglinide could
be increased considerably by montelukast in humans.’
The estimated increase in the AUC of a CYP2C8-
cleared drug ranged from 2-fold (based on unbound
montelukast C,,, and assuming a free fraction of
1%) to over 100-fold (based on total montelukast
Cmax)-5
The available in vivo and in vitro evidence suggests
that the contribution of CYP2CS to the metabolic clear-
ance of repaglinide is at least 50%. However, it is likely

that, during the study phases that included inhibition of
CYP3A4 by telithromycin, the contribution of CYP2CS8
was closer to 100%. Accordingly, the lack of effect of
montelukast on repaglinide pharmacokinetics and
CYP2C8-mediated metabolism in our study suggests
that the effect of montelukast on CYP2C8 in vivo is
very weak. The apparent discrepancy between the in
vitro estimates and our in vivo findings could be ex-
plained by the protein binding of montelukast being
higher than that assumed in the estimation. The total
plasma concentrations of montelukast observed in this
study were similar to those previously reported.>’ The
plasma protein binding of montelukast has been reported
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Fig 5. Mean = SEM plasma concentrations of telithromycin (fop) and montelukast (botfom) on day
3 in 12 healthy volunteers after last dose of 800 mg telithromycin or 10 mg montelukast (or both)
in telithromycin (squares), montelukast (circles), or telithromycin and montelukast (triangles)
phase. Time zero refers to administration of telithromycin or montelukast (or both) (ie, 1 hour before
the administration of repaglinide). The insets depict the same data on a semilogarithmic scale.

to be more than 99%, but the exact free fraction is not
known.*** Assuming a free fraction of 1% for monte-
lukast and that only 50% of the metabolism of repaglinide
is mediated by CYP2CS8, the equation and K; (0.0092
wmol/L) applied by Walsky et al’ would yield an estimate
of a 31% to 32% increase in the AUC of repaglinide by
montelukast (Table IV). However, when an assumed free
fraction of 0.1% is used, montelukast would be estimated
to cause only a 4% to 10% increase in the AUC of a drug

cleared 50% to 100% by CYP2C8. The latter calculations
agree well with our in vivo results and suggest that the
high protein binding of montelukast limits its concentra-
tion available to CYP2CS in vivo. The findings underline
the importance of carrying out drug interaction studies in
humans to confirm predictions based on in vitro data and
highlight the significance of incorporating plasma protein
binding to predictions of CYP inhibition—based interac-
tions.
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Table IV. Estimated effect of montelukast on the AUC of a drug metabolized by CYP2CS in vivo, based on

inhibition of CYP2C8 activity by montelukast in vitro

Assumed
In vivo inhibitor unbound
concentration available to fraction

Equation used to estimate the in vivo
inhibitor concentration available to the

Magnitude of drug interaction
(AUCipipirea’AUC,

contro[)

Substrate metabolized Substrate metabolized
100% by CYP2C8 50% by CYP2C8

the enzyme (f.) enzyme ([, i) =1 (,, = 0.5)
Systemic total C,,,, — s vive = Cinax 91 1.98
Systemic free C,,, 1% s vive = fu * Cinax 1.89 1.31
Systemic free C,, 0.5% [l vivo = fu  Cioax 1.45 1.18
Systemic free C, ., 0.1% [y vive = fu * Crnax 1.09 1.04
Estimated total portal C,,, — [Ilis vivo = Cmax T ko - F, - D/Qy 97 1.98
Estimated portal free C_,, 1% [, vivo = fa + (Coax + ko + F, - D/Q,) 1.96 1.32
Estimated portal free C,,, 0.5% [Ili; vivo = fu * (Chax T ko - Fo - D/Qy) 1.48 1.19
Estimated portal free C, ., 0.1% [Il;, vivo = fu + (Chax T ka - Fo - D/Qy) 1.10 1.05

Values used for montelukast include the following: mean peak concentration in plasma in the 2 phases of this study (C,,,.) (482 ng/mL), dose (D) (10 mg),
bioavailability (F,) (0.62),> unbound fraction (f,) (0.1%-1%), absorption rate constant (k,) (0.008 L/min),> and inhibition constant (K;) (0.0092 wmol/L).’> The equation

used in the estimation is as follows:
AUC; ihibited/ AUCconior = (/[T + [1]in vivo/Kil + [1 =]

AUC, Area under concentration-time curve; f,,, fraction metabolized by CYP2C8; Q,,, hepatic blood flow (1500 mL/min).>*

In conclusion, telithromycin increased the plasma
concentrations and blood glucose-lowering effect of
repaglinide by inhibiting its CYP3A4-catalyzed bio-
transformation. The possibility of an increased risk of
hypoglycemia should be considered when the 2 drugs
are used concomitantly. Montelukast had no effect on
the pharmacokinetics of repaglinide, suggesting that it
does not significantly inhibit CYP2C8 in vivo. This
lack of effect of montelukast on CYP2CS8 in vivo is
probably a result of its extensive binding to plasma
proteins, limiting its concentration at the enzyme site in
vivo.
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