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ABBREVIATIONS
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PXR pregnane X receptor
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ABSTRACT

The aims of this work were to investigate the effects of induction of drug-
metabolizing enzymes, with rifampicin as the model inducer, on the
pharmacokinetics and pharmacodynamics of the oral antidiabetic drugs,
glibenclamide, glimepiride, glipizide, and repaglinide, and to investigate the
effects of inhibition of CYP2C9 on the pharmacokinetics and
pharmacodynamics of glimepiride, with fluconazole, fluvoxamine, and
gemfibrozil as model inhibitors of CYP2C9. In addition, the effects of inhibition
of CYP3A4 on the pharmacokinetics and pharmacodynamics of repaglinide
were investigated, with clarithromycin as the model inhibitor.

A total of 9 to 12 healthy volunteers participated in each study, except in Study
II, in which 20 volunteers participated, because it comprised two separate
substudies. All the studies were randomized, placebo-controlled crossover
studies with 2 to 3 phases in each. Pretreatment with the inducer or inhibitor was
followed by a single dose of antidiabetic drug, whereafter blood samples were
collected for the determination of plasma drug, blood glucose, and, in two of the
six studies, serum insulin concentrations.

Rifampicin reduced the plasma concentrations of all of these oral antidiabetic
drugs and also significantly reduced the blood glucose-lowering effects of
glibenclamide and repaglinide. Rifampicin reduced the AUC of glipizide,
glimepiride, glibenclamide, and repaglinide by 22% (P < .05), 34% (P < .001),
39% (P < .001), and 57% (P < .001), respectively. Fluconazole considerably
elevated the plasma concentrations of glimepiride, whereas fluvoxamine and
gemfibrozil caused only moderate increases in the plasma glimepiride
concentrations. Fluconazole, fluvoxamine, and gemfibrozil elevated the AUC of
glimepiride by 138% (P < .0001), 33% (n.s.), and 23% (P < .005), respectively.
None of these drugs significantly affected the blood glucose-lowering effect of
glimepiride in healthy volunteers. The low 250-mg twice-daily dose of
clarithromycin raised the AUC and Cmax of repaglinide by 40% (P < .0001) and
67% (P < .005), respectively. Clarithromycin raised the incremental AUC(0-3)
of serum insulin and the maximum increase in the insulin concentration after
repaglinide by 51% (P < .05) and 61% (P < .01), respectively.
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The interactions of rifampicin with the sulfonylureas glibenclamide, glimepiride,
and glipizide are probably mainly explained by induction of CYP2C9 by
rifampicin. Induction of the P-glycoprotein by rifampicin probably also
contributed to the interaction between rifampicin and glibenclamide. The
susceptibilities of these antidiabetic drugs to interaction with rifampicin differ
significantly, and glipizide seems to be least susceptible to a clinically significant
interaction with rifampicin. Rifampicin had the greatest effect on the CYP3A4
substrate repaglinide, indicating that repaglinide is susceptible to clinically
significant interactions resulting in loss of blood glucose control with rifampicin
and other potent inducers of CYP3A4. CYP2C9 inhibitors can raise plasma
concentrations of glimepiride, and the concomitant use of fluconazole or other
potent inhibitors of CYP2C9 with glimepiride may markedly increase the risk of
hypoglycemia. Clarithromycin raised the plasma concentrations and the effects
of repaglinide probably by inhibiting its CYP3A4-mediated metabolism. The
concomitant use of potent inhibitors of CYP3A4 with repaglinide may enhance
its blood glucose-lowering effect and increase the risk of hypoglycemia.



INTRODUCTION

10

INTRODUCTION

Cytochrome P-450 (CYP) enzymes play a central role in the biotransformation
of a great number of drugs. Among the several CYP enzyme families, the first
three, CYP1, CYP2, and CYP3, are involved in human drug metabolism
(Wrighton & Stevens 1992). The primary organ for the biotransformation of
drugs is the liver. However, there are significant quantities of CYP enzymes in
several other organs as well. For example, the wall of the small intestine plays a
major role in the presystemic elimination of many drugs, and intestinal drug
metabolism can greatly reduce the oral bioavailability of drugs. CYP2C and
CYP3A4 enzymes are significantly expressed in the small intestinal wall
(Kivistö et al 1996, Zhang et al 1999).

The knowledge of harmful drug-drug interactions mediated by the CYP enzymes
has grown considerably during the past 10 years. Drugs that inhibit CYP
enzymes can greatly raise the plasma concentrations of certain other drugs
metabolized by these enzymes and thereby enhance their pharmacological and
toxicological effects. Induction of CYP enzymes can lower the plasma
concentrations and effects of some substrates of CYP enzymes. On the other
hand, if the substrate is a prodrug activated by CYP-mediated metabolism,
inhibition of its metabolism can reduce its effects and induction can either
enhance or reduce its effects and toxicity, depending on the effects of induction
on the further metabolism or excretion of the active metabolite. Certain drugs,
for instance the antimycotic fluconazole, competitively inhibit the metabolism of
drugs metabolized by certain CYP enzymes (Lin & Lu 1998, Miners & Birkett
1998). Some other drugs, like many macrolide antibiotics, form inactive
metabolic intermediate complexes with certain CYP enzymes and thereby inhibit
their catalytic activities (Lindstrom et al 1993, Ohmori et al 1993). The
antituberculosis drug rifampicin, as a potent inducer of several CYP enzymes
and some other drug-metabolizing enzymes as well as the xenobiotic transporter
P-glycoprotein, thereby reduces the plasma concentrations and effects of several
drugs (Venkatesan 1992, Greiner et al 1999, Branch et al 2000). Rifampicin
binds and activates the orphan nuclear receptor known as the pregnane X
receptor (PXR), which leads to increased CYP3A4 and P-glycoprotein protein
synthesis (Lehmann et al 1998, Geick et al 2001). Induction of CYP2C9 by
rifampicin is probably caused by the same mechanism (Gerbal-Chaloin et al
2001).
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The sulfonylureas used in the treatment of type 2 diabetes mellitus (non-insulin-
dependent diabetes mellitus; NIDDM) are eliminated primarily by metabolism,
mainly by the CYP2C9 enzyme. The meglitinide analogue repaglinide is a new
short-acting antidiabetic drug that acts mainly by the same mechanism as the
sulfonylureas (i.e., by increasing insulin secretion from the pancreas).
Repaglinide is metabolized to a significant extent by the CYP3A4 enzyme.
However, few controlled studies examine the effects of inducers or inhibitors of
CYP enzymes on the pharmacokinetics and pharmacodynamics of these
antidiabetic drugs.

The purpose of this work was to investigate the effects of rifampicin on the
pharmacokinetics and pharmacodynamics of oral antidiabetic drugs and to
investigate the effects of inhibitors of CYP enzymes on the pharmacokinetics
and pharmacodynamics of glimepiride and repaglinide.
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REVIEW OF THE LITERATURE

1. Drug metabolism, CYP enzymes, and P-glycoprotein

1.1. Principles of drug metabolism

Most drugs are lipophilic, which facilitates their passing through biological
membranes. Lipophilic compounds are not, however, readily excreted from the
body and need to be biotransformed into more hydrophilic forms. This
biotransformation is catalyzed in humans by a number of drug-metabolizing
enzymes. Drug metabolism can be divided into functionalization (phase I) and
conjugation (phase II) reactions. The functionalization reactions include
dehydrogenation or hydrogenation, oxidation, hydrolysis, reduction, and
monooxygenation (Meyer 1996). The metabolites produced by these reactions
are polarized hydrophilic compounds and usually possess fewer pharmacologic
and toxic properties than do the parent compounds. In other words, they are
bioinactivated. On the other hand, some inactive prodrugs are activated by the
functionalization reactions. In some cases, the metabolites possess toxic
properties and cause, for instance, hepatotoxicity. The enzymes involved in
phase II reactions transfer water-soluble chemicals, such as glutathione,
glucuronide, or sulfate to other compounds. Many drugs undergo both phase I
and phase II metabolism sequentially, but some can be excreted after either
phase I or phase II reactions or even while still nonmetabolized (Krishna &
Klotz 1994).

1.2. CYP enzymes

In phase I human drug metabolism, CYP enzymes play a major role. The CYP
enzymes comprise a superfamily of heme-containing mono-oxygenases. In the
presence of carbon monoxide, they have an absorption maximum at wavelength
450 nm and are therefore called P-450. The CYP superfamily is subdivided and
classified on the basis of amino acid identity, phylogenetic criteria, and gene
organization. The symbol CYP is followed by a number for families (in general,
groups of proteins with more than 40% amino acid sequence identity), a letter
for subfamilies (more than 55% identity), and a number for the individual
enzyme (Nelson et al 1996).



REVIEW OF THE LITERATURE

13

Human beings have 17 known CYP gene families (http://drnelson.utmem.edu/
human.p450s.html), of which only the first 3 seem to be important for drug
metabolism (Wrighton & Stevens 1992). Apart from being involved in drug
metabolism, the CYP enzymes also play an important role in cholesterol
biosynthesis, vitamin D metabolism, bile acid metabolism, and biosynthesis of
steroids and thromboxane A2 (Nelson 1999).

CYP enzymes can be induced and inhibited by various drugs and other
xenobiotics (Pelkonen et al 1998), and also be affected by some diseases.
Porphyrias are a group of diseases with genetic deficiencies in heme
biosynthesis. Patients with certain forms of porphyria can have markedly
decreased metabolism of certain drugs. Interestingly, in patients with variegate
porphyria the prolonged t½ of antipyrine (about 30 hours) can be shortened to 6
hours by a 3-day treatment with intravenous heme (Tokola et al 1988), and in
these patients, even a single infusion of heme can reduce the t½ of antipyrine to
13 hours (Mustajoki et al 1992).

The CYP1A subfamily comprises two members, CYP1A1 and CYP1A2; they
share 68% amino acid sequence identity. CYP1A1 is expressed primarily in
extrahepatic tissues, such as lungs, small intestine, and placenta, whereas
CYP1A2 is expressed primarily in the liver (Wrighton & Stevens 1992), where
it constitutes more than 10% of the total liver CYP content (Shimada et al 1994).
CYP1A1 and CYP1A2 are inducible by xenobiotics, and this induction is
mediated generally by the aryl hydrocarbon (Ah) receptor (Miners & McKinnon
2000). Cigarette smoke and charcoal grilled meat are typical inducers of CYP1A
enzymes (Miners & McKinnon 2000). Human CYP1A induction shows marked
heterogeneity, which may be caused by polymorphisms in the Ah receptor
(Miners & McKinnon 2000). In addition, the CYP1A1 gene shows structural
polymorphisms; furthermore the great variability in CYP1A2 activity is
suggestive of genetic polymorphism (Miners & McKinnon 2000).

CYP1A enzymes are capable of activating procarcinogenic xenobiotics (Miners
& McKinnon 2000). In addition, CYP1A2 is an important drug-metabolizing
enzyme in the human liver (Table I). Substrates for CYP1A2 include caffeine,
clozapine, theophylline, and R-warfarin (Miners & McKinnon 2000, Bertilsson
et al 1994). Fluvoxamine and ciprofloxacin are known inhibitors of CYP1A2
(Rasmussen et al 1995, Fuhr et al 1992).
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CYP2A6 comprises 1% to 4% of the total human liver CYP protein (Yun et al
1991, Shimada et al 1994) and is polymorphically expressed (Oscarson 2001).
CYP2A6 protein is induced in cell cultures by rifampicin (Dalet-Beluche et al
1992), and results from an in vivo study indicate that also the antiepileptic drugs
carbamazepine and phenytoin induce CYP2A6 (Sotaniemi et al 1995). CYP2A6
is the major coumarin 7-hydroxylase in human liver and is involved in the
metabolism also of nicotine, halothane, valproic acid, and disulfiram (Pelkonen
et al 2000, Oscarson 2001). Defective CYP2A6 alleles are associated with
deficient nicotine metabolism (Nakajima et al 2001). According to some studies,
these alleles tend to delay the age of starting regular smoking, reduce the number
of cigarettes smoked, and increase the likelihood of quitting smoking (Pianezza
et al 1998, Gu et al 2000). Interestingly, the CYP2A6 inhibitor methoxsalen
(Kharasch et al 2000) inhibits nicotine first-pass metabolism and in a laboratory
setting reduces smoking (Sellers et al 2000).

The CYP2C subfamily, the most complex mammalian subfamily, has 4 known
human members: CYP2C8, CYP2C9, CYP2C18, and CYP2C19. CYP2C
enzymes are primarily hepatic, but significant quantities of CYP2C protein exist
in the small intestine, as well (Zhang et al 1999). CYP2C8, CYP2C9, and
CYP2C19 are inducible in cell cultures by rifampicin, phenobarbital, and
dexamethasone (Gerbal-Chaloin et al 2001), and in vivo data indicate that, in
addition, carbamazepine and phenytoin induce CYP2C enzymes (Anderson
1998). CYP2C9 is the most abundant enzyme of the CYP2C subfamily in the
liver and in one study accounted for more than 30% of the total human liver
CYP content (Lasker et al 1998). CYP2C9 and CYP2C19 are polymorphically
expressed, with approximately 3% of Caucasians and 20% of Asians being poor
metabolizers of CYP2C19 substrates (Wedlund et al 1984, Nakamura et al
1985). CYP2C9 has at least 3 important allelic variants, Arg144/Ile359
(CYP2C9*1; wild-type), Cys144/Ile359 (CYP2C9*2), and Arg144/Leu359
(CYP2C9*3) (Miners & Birkett 1998). The CYP2C9*3 allele (in both
heterozygous and homozygous individuals) is associated with decreased
clearance of CYP2C9 substrates such as S-warfarin, celecoxib, phenytoin, and
glipizide (Takahashi et al 1998, Tang et al 2001, Kidd et al 1999). CYP2C9
polymorphisms also affect warfarin and phenytoin dose requirements (Aithal et
al 1999, van der Weide et al 2001) and risk of bleeding complications during
warfarin therapy (Aithal et al 1999). Approximately 10% to 15% of Caucasians
are heterozygous and 1% homozygous for the CYP2C9*3 allele (Yasar et al
1999).
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Taxol (paclitaxel) is the prototypic substrate for CYP2C8 (Rettie et al 2000), and
CYP2C8 plays an important role in the metabolism of cerivastatin, pioglitazone,
and rosiglitazone (Mück 1998, Mudaliar & Henry 2001). CYP2C8 is also
capable of metabolizing benzphetamine, retinoic acid, tolbutamide,
benzo(a)pyrene, carbamazepine, and R-ibuprofen, although it is probably not the
main enzyme responsible for the in vivo metabolism of these compounds (Rettie
et al 2000). Many drug substrates for CYP2C9 have narrow therapeutic indexes
(Miners & Birkett 1998), including S-warfarin, phenytoin, and the first-
generation sulfonylurea tolbutamide (Table I). It seems that most of the
sulfonylurea antidiabetic drugs are metabolized primarily by CYP2C9 (Relling
et al 1990, Brian 2000, Kidd et al 1999, Langtry & Balfour 1998, Shon et al
2001). Other substrates for CYP2C9 include many nonsteroidal anti-
inflammatory drugs (NSAIDs): ibuprofen, diclofenac, naproxen, piroxicam, and
tenoxicam, as well as losartan (Miners & Birkett 1998). There seems to be no
convincing evidence that CYP2C18 contributes to the in vivo metabolism of any
drugs, although in vitro data show that it may contribute to the metabolism of
diazepam, omeprazole and lansoprazole (Rettie et al 2000). S-mephenytoin is
the prototypic substrate of CYP2C19 (Rettie et al 2000). Omeprazole and
diazepam are also metabolized by CYP2C19, and the active cycloguanil
metabolite of proguanil seems to be produced by CYP2C19 (Table I; Rettie et al
2000).

Currently no known specific inhibitors of CYP2C8 or CYP2C18 exist (Rettie et
al 2000). Ketoconazole and diethyldithiocarbamate inhibited CYP2C8 at
concentrations often thought specifically to inhibit CYP3A4 or CYP2E1, and
some CYP3A substrates such as midazolam, quinine, terfenadine, and triazolam
can also inhibit CYP2C8 in vitro (Ong et al 2000). Sulfaphenazole is a prototype
inhibitor of CYP2C9 (Rettie et al 2000). The antiarrhythmic drug amiodarone
and the azole antifungals fluconazole and miconazole are potent CYP2C9
inhibitors both in vitro and in vivo (Miners & Birkett 1998). Fluvastatin, a 3-
hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitor, can
also inhibit CYP2C9 in vitro and in vivo (Miners & Birkett 1998), but only
slightly affects the pharmacokinetics of the CYP2C9 substrates glibenclamide
and tolbutamide in patients with NIDDM (Appel et al 1995). S-mephenytoin can
competitively inhibit CYP2C19 in vitro only at high concentrations (Rettie et al
2000). The CYP2C19 substrate omeprazole seems capable of inhibiting
CYP2C19 in vivo (Funck-Brentano et al 1997), and fluvoxamine inhibits
CYP2C19, among other CYP enzymes (Rasmussen et al 1998).
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CYP2D6 is the only functionally active isozyme of the CYP2D subfamily in
humans, but its expression constitutes only about 2% to 5% of the total hepatic
CYP content (Shimada et al 1994). It is, however, polymorphically expressed,
and its expression varies more than 100-fold between the poor metabolizers and
the most active extensive metabolizers – the ultrarapid CYP2D6 metabolizers
(Zanger & Eichelbaum 2000). Approximately 7% of Caucasians are poor
metabolizers of CYP2D6. In contrast to all other CYP enzymes involved in
human drug metabolism, CYP2D6 seems not to be inducible (Zanger &
Eichelbaum 2000).

Several widely used drugs are metabolized by CYP2D6 (Table I). These include
antiarrhythmics, β-adrenergic receptor antagonists, tricyclic antidepressants,
selective serotonin reuptake inhibitors (SSRIs), neuroleptics, opiates, anticancer
agents, and amphetamines (Zanger & Eichelbaum 2000). Quinidine, the SSRI
fluoxetine, the antiarrhythmic flecainide, and the antimycotic terbinafine are
known inhibitors of CYP2D6 (Zanger & Eichelbaum 2000, Abdel-Rahman et al
1999).

CYP3A is the most important drug-metabolizing CYP subfamily in man. It has
been estimated that CYP3A enzymes are involved in the metabolism of more
than 50% of all clinically used drugs (Wrighton & Thummel 2000). The most
prominently expressed CYP enzyme in the human liver may be CYP3A4. In one
study, CYP3A4 accounted for almost 30% of the total CYP in the liver
(Shimada et al 1994), and is the dominant CYP enzyme in the small intestinal
mucosa (Kivistö et al 1996, Zhang et al 1999), with its greatest activity in the
proximal small intestine (Zhang et al 1999). Hepatic and intestinal CYP3A4 can
be induced by several widely used drugs, such as rifampicin, dexamethasone,
carbamazepine, phenytoin, and St John’s wort (Hypericum Perforatum)
(Wrighton & Thummel 2000, Backman et al 1996a, Backman et al 1996b, Dürr
et al 2000). CYP3A4 catalyzes the metabolism of a wide variety of commonly
prescribed drugs, such as the psychotropic drugs buspirone, alprazolam,
midazolam, and triazolam, the HMG-CoA reductase inhibitors atorvastatin,
lovastatin, and simvastatin, the calcium-channel blockers felodipine, nifedipine,
and verapamil, and the gastroprokinetic cisapride (Dresser et al 2000; Table I).
The CYP3A4 enzyme has two substrate binding sites and is allosterically
regulated (Ueng et al 1997, Korzekwa et al 1998, Shou et al 1999). The drug
interactions caused by inhibition of CYP3A4 exhibit substrate dependency
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(Wang et al 2000), and one should be careful in extrapolating drug-drug
interactions studied for one CYP3A4 substrate to another substrate.

CYP3A5 is the second functionally active member of the CYP3A subfamily. It
has an amino acid identity of 88% with CYP3A4 (Schuetz et al 1989). CYP3A5
is present at readily detectable levels in only about 30% of human livers
(Wrighton & Thummel 2000), but it is the most abundant CYP3A isozyme in
the human kidney, where it may be important in the hydroxylation of
endogenous molecules. It also exists in other extrahepatic tissues, such as the
gastrointestinal tract, lung, and pancreas (Wrighton & Thummel 2000). CYP3A5
is inducible in hepatocyte cultures by rifampicin and phenobarbital (Wrighton &
Thummel 2000) and in one human lung adenocarcinoma cell line by
glucocorticoids and phenobarbital (Hukkanen et al 2000). The substrate
specificity of CYP3A5 seems to be in general similar to that of CYP3A4
(Wrighton & Thummel 2000). CYP3A7 is found mainly in fetal tissues and
comprises about 50% of the total CYP expressed in the human fetal liver. It is
not present in significant quantities in adult liver, but can be found in
appreciable quantities in the endometrium and placenta (Wrighton & Thummel
2000). CYP3A7 has an amino acid identity of 88% with CYP3A4, and the
metabolic capabilities of CYP3A7 and CYP3A4 seem to be similar (Wrighton &
Thummel 2000).

Apart from being involved in the metabolism of a great number of drugs,
CYP3A enzymes can also be inhibited by a considerable number of drugs.
Known inhibitors of CYP3A include the macrolide antibiotics erythromycin and
clarithromycin, the calcium-channel blockers diltiazem, mibefradil, and
verapamil, the azole antimycotics ketoconazole and itraconazole, the HIV
protease inhibitors ritonavir, indinavir, and saquinavir, the novel antidepressant
nefazodone, and grapefruit juice (Dresser et al 2000, Wrighton & Thummel
2000).
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1.3. P-glycoprotein

The impact of drug transporters on pharmacokinetics has been widely
recognized in the past few years. Several transporters with different functions
have been characterized in various organs. P-glycoprotein, a product of the
multiple drug resistance 1 (MDR1) gene, is one of the most studied drug
transporters and belongs to the superfamily of adenosine triphosphate (ATP)-
binding cassette (ABC) proteins (Sharom 1997). It was originally recognized as
a cause of the multidrug resistance in cancer chemotherapy. Like the CYP
enzymes, P-glycoprotein is also able to interact with a large number of
structurally distinct drugs and xenobiotics (Silverman 2000).

P-glycoprotein is a transmembrane efflux protein that actively transports drugs,
other xenobiotics, and cellular metabolites out of the cells. P-glycoprotein is
expressed in the epithelial cells on the luminal surfaces of many organs with an
excretory or barrier function: the liver, kidneys, and small intestine, and the
endothelial cells of the blood-brain and blood-testes barriers. Therefore, P-
glycoprotein can affect drug disposition, for instance by inhibiting drug
absorption from the gastrointestinal tract and by facilitating drug excretion into
the bile and urine (Silverman 2000).

The known drug substrates for P-glycoprotein include a number of anticancer
agents and other drugs, such as digoxin (Silverman 2000; Table I). Of the
antidiabetic drugs studied, glibenclamide is a substrate for the P-glycoprotein
(Goldstein et al 1999), and verapamil, an inhibitor of P-glycoprotein, elevates
the plasma concentrations of glibenclamide (Semple et al 1986). It is not yet
known whether glipizide, glimepiride, or repaglinide is a substrate for the P-
glycoprotein.

1.4. Induction and inhibition

1.4.1. Mechanisms of induction of CYP enzymes

The induction of CYP enzymes can be caused by at least 5 different
mechanisms. Ethanol selectively induces CYP2E1 primarily by stabilizing the
enzyme protein (Fuhr 2000). Other types of induction of CYP enzymes seem to
be mediated by intracellular receptors, namely the Ah receptor, the constitutive
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androstane receptor (CAR), the PXR, and the peroxisome proliferator-activated
receptor (PPAR) (Fuhr 2000). The Ah receptor is a transcription factor that
belongs to the basic-helix-loop-helix-PAS (bHLH-PAS) family, whereas CAR,
PXR, and PPAR are orphan nuclear receptors (Waxman 1999).

Polycyclic aromatic hydrocarbons, found for instance in tobacco smoke and
charcoal grilled meat, bind to the Ah receptor. The inducer-Ah receptor
complex, together with the Ah receptor nuclear translocator (Arnt), binds to a
deoxyribonucleic acid (DNA) response element and increases protein synthesis.
The most important enzyme induced through this mechanism is CYP1A2. Other
enzymes induced by this mechanism include CYP1A1 and some phase II
enzymes such as glutathione S-transferases (GSTs) and UDP-
glucuronosyltransferases (UGTs) (Fuhr 2000). A clear dose dependency is
evident between smoking and caffeine clearance (an indicator of CYP1A2
activity) with a 1.22-fold increase in caffeine clearance in subjects who smoke 1
to 5 cigarettes per day and a 1.72-fold increase in subjects who smoke more than
20 per day (Tantcheva-Poór et al 1999). Smoking also raises the systemic
elimination of other CYP1A2 substrates, such as theophylline, tacrine, and
clozapine (Fuhr 2000).

The mechanism of the induction of protein synthesis by the nuclear receptors
CAR, PXR, and PPAR is essentially similar. An inducer binds to CAR, PXR, or
PPAR, and the inducer-receptor complex forms a heterodimer with the retinoid
X receptor (RXR). This heterodimer binds to a DNA response element and
enhances DNA transcription and eventually protein synthesis (Waxman 1999).

Phenobarbital binds to CAR and affects the expression of approximately 50
genes. Of the CYP enzymes, phenobarbital seems to have the greatest effect on
CYP2B6, but clearly also induces CYP1A2, CYP2C8, CYP2C9, and CYP3A4
and also some UGTs (Fuhr 2000). Phenobarbital also induces CYP2C19,
although to a smaller extent than CYP2C8 or CYP2C9 (Gerbal-Chaloin et al
2001).

PXR is activated by a number of compounds that are known to induce CYP3A4,
such as rifampicin, phenobarbital, dexamethasone, and St John’s wort (Lehmann
et al 1998, Moore et al 2000). Recent studies suggest that PXR is also involved
in the induction of CYP2C8 and CYP2C9 (Gerbal-Chaloin et al 2001).
Interestingly, apart from activating the PXR receptor, dexamethasone can induce
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CAR, PXR, and RXR protein synthesis through its effects on the glucocorticoid
receptor and thus can potentiate the inducing effects of CAR and PXR activators
(Pascussi et al 2000a, Pascussi et al 2000b).

A new group of antidiabetic drugs, the thiazolidinediones or glitazones, are
known to bind to the PPARγ, whereas the fibrate drugs bind to the PPARα.
PPARα activates the transcription of genes that encode for proteins involved in
lipoprotein and fatty acid metabolism, and PPARγ controls adipocyte
differentiation and adipogenesis (Fuhr 2000). PPARα is involved in the
induction of CYP4A enzymes (Waxman 1999).

1.4.2. Mechanisms of inhibition of CYP enzymes

The mechanisms of CYP inhibition can be roughly divided into 2 groups:
reversible inhibition and irreversible inhibition, with the former being probably
the more common mechanism (Lin & Lu 1998).

Reversible inhibition can be divided, on a kinetic basis, into competitive,
noncompetitive, and uncompetitive inhibition. In competitive inhibition, the
inhibitor competes with the substrate for the same binding site within a CYP
enzyme. In noncompetitive inhibition, the inhibitor binds to the same enzyme as
does the substrate, but the binding site differs. In uncompetitive inhibition, the
inhibitor binds only to an enzyme that forms a complex with the substrate (Ito et
al 1998). Potent reversible inhibitors of CYP enzymes include, for example,
itraconazole (CYP3A4), fluoxetine (CYP2D6), miconazole (CYP2C9), and
ciprofloxacin (CYP1A2) (von Moltke et al 1996, Stevens & Wrighton 1993,
O’Reilly et al 1992, Fuhr et al 1992).

Irreversible inhibition also includes what can be considered quasi-irreversible
inhibition. In quasi-irreversible inhibition, the inhibitor undergoes metabolic
activation by the CYP enzymes to form inhibitory intermediate metabolites.
These metabolites form stable inactive complexes with the prosthetic heme of
CYP. In vitro, the metabolic activity of the inactive CYP can be reversed during
incubation with highly lipophilic compounds that displace the metabolic
intermediate from the active site, or by irradiation, or by oxidation to the ferric
state by the addition of potassium ferricyanide. In vivo, these complexes are,
however, so stable that the CYP enzymes involved are unavailable for drug
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metabolism, and synthesis of new enzymes is required to overcome the
inhibition; hence the name quasi-irreversible inhibition (Lin & Lu 1998). In
irreversible inhibition, certain drugs with functional groups are oxidized by the
CYP enzymes to form reactive intermediate metabolites that covalently bind and
irreversibly inactivate CYP. Because metabolic activation is needed, the
inhibitors are often called mechanism-based inactivators or suicide substrates
(Lin & Lu 1998). The metabolic intermediates of the macrolide antibiotics
erythromycin and clarithromycin form complexes with the iron of the heme of
CYP3A4 and thus inactivate it. Erythromycin and clarithromycin are potent
inhibitors of CYP3A4 (Lindstrom et al 1993, Gascon & Dayer 1991, Ohmori et
al 1993). In addition, furafylline (CYP1A2), gestodene (CYP3A4), and
grapefruit juice (CYP3A4) are known irreversible inhibitors of CYP enzymes
(Kunze & Trager 1993, Guengerich 1990, Lown et al 1997).

1.4.3. Induction and inhibition of P-glycoprotein

Several studies provide convincing evidence that P-glycoprotein is inducible by
some of the same drugs that are known to induce drug-metabolizing enzymes
(Schuetz et al 1996, Greiner et al 1999, Westphal et al 2000, Dürr et al 2000,
Hamman et al 2001). Recently, P-glycoprotein induction by rifampicin was
shown to be mediated by the orphan nuclear receptor PXR (Geick et al 2001),
which is involved in CYP3A4 induction. A number of PXR activators induce
either CYP3A4 or P-glycoprotein or both (Lehmann et al 1998, Moore et al
2000, Geick et al 2001). PXR messenger ribonucleic acid (mRNA) is present in
marked quantities in the liver and the small intestine but to a much lesser extent,
if at all, in the kidneys (Kliewer et al 1998). Consequently, rifampicin seems to
induce P-glycoprotein mainly in the small intestine and the liver (Greiner et al
1999, Westphal et al 2000, Hamman et al 2001).

Several widely used drugs inhibit the P-glycoprotein (Table I) and may therefore
cause drug interactions with P-glycoprotein substrates (Silverman 2000).
Inhibition of the intestinal P-glycoprotein may increase the systemic availability
of P-glycoprotein substrates, whereas inhibition of the P-glycoprotein in the
kidneys may reduce the renal excretion of P-glycoprotein substrates. For
example, itraconazole raises plasma digoxin concentrations by reducing its renal
clearance (Jalava et al 1997). On the other hand, inhibition of the P-glycoprotein
at the blood-brain barrier may lead to an increase in the permeation of drugs
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through the blood-brain barrier and to an increase in their effects on the central
nervous system, as is seen with the antidiarrheal opioid loperamide after
quinidine administration (Sadeque et al 2000). Apart from its role as a substrate
for the P-glycoprotein, glibenclamide is also an inhibitor of the P-glycoprotein
(Goldstein et al 1999). Furthermore, recent studies suggest that glibenclamide
may be a general inhibitor of the ABC transporters (Payen et al 2001).
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2. Oral antidiabetic drugs

2.1. General aspects

The first attempts to treat human diabetes by orally active drugs were made
between 1925 and 1930 with synthalines and their derivatives. However,
because of their toxicity, these compounds were never used in clinical practice.
The hypoglycemic activity of some of the antibacterial sulfonamides was
discovered in the 1940’s, with carbutamide and tolbutamide the first
sulfonamide derivative antidiabetic drugs in clinical use. The second-generation
sulfonylurea, glibenclamide, has been in clinical use since 1969 and is per
milligram 500 times as active as tolbutamide (Loubatières 1969). The oral
antidiabetic drugs form the basis of the modern pharmacological treatment of
NIDDM.

There are currently 5 groups of oral antidiabetic drugs in clinical use: the
sulfonylureas, meglitinide analogues, biguanides, thiazolidinediones, and α-
glucosidase inhibitors. In addition, also the dietary fiber guar gum can be used to
treat hyperglycemia in patients with diabetes (Nuttall 1993). On the basis of their
primary mechanism of action, the oral antidiabetic drugs can be divided into
those that act by enhancing insulin secretion from the pancreas and those that act
through extrapancreatic effects. The former include the sulfonylureas; the
meglitinide analogues repaglinide and nateglinide are new short-acting insulin
secretagogues (Landgraf 2000). Nateglinide differs from repaglinide in that it is
even shorter-acting (Kalbag et al 2001) and is eliminated by metabolism by both
CYP2C9 and CYP3A4 (Dunn & Faulds 2000). The effects of inducers or
inhibitors of CYP enzymes on the pharmacokinetics and pharmacodynamics of
nateglinide have not yet been studied.

Biguanides are an effective treatment in hyperglycemia, acting mainly by
promoting glucose utilization and reducing hepatic glucose production (Dunn &
Peters 1995). The only biguanide drug currently in clinical use in Finland is
metformin. It is not metabolized to a significant extent and is excreted primarily
unaltered in the urine (Dunn & Peters 1995). The thiazolidinediones
rosiglitazone and pioglitazone enhance the effects of insulin on cellular glucose
and lipid metabolism. Rosiglitazone and pioglitazone are both eliminated by
extensive metabolism in the liver, mainly by the CYP2C8 enzyme (Mudaliar &
Henry 2001). CYP2C9 catalyzes a minor pathway in the metabolism of
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rosiglitazone, and secondary metabolic enzymes for pioglitazone include
CYP3A4, CYP2C9, and CYP1A1/2 (Mudaliar & Henry 2001, Gillies & Dunn
2000). The effects of inducers or inhibitors of CYP enzymes on the
pharmacokinetics and pharmacodynamics of rosiglitazone and pioglitazone have
not been studied (Balfour & Plosker 1999, Gillies & Dunn 2000). The α-
glucosidase inhibitors slow down carbohydrate absorption from the gut (Balfour
& McTavish 1993). The first of the α-glucosidase inhibitors in clinical use was
acarbose. It is eliminated through cleavage by the intestinal digestive enzymes
and through biotransformation by the intestinal bacteria. Only trace amounts of
unaltered acarbose are absorbed from the gastrointestinal tract into the systemic
circulation (Balfour & McTavish 1993). Miglitol is a newer α-glucosidase
inhibitor, and in contrast to acarbose, it is almost completely absorbed from the
gastrointestinal tract after low doses, but its absorption is saturable (Scott &
Spencer 2000). Miglitol is not metabolized and is excreted very rapidly
unaltered (Scott & Spencer 2000).

2.2. Antidiabetic drugs studied

2.2.1. Pharmacodynamics

The oral antidiabetic drugs glimepiride, glibenclamide, glipizide, and repaglinide
all act primarily by stimulating glucose-induced insulin release from pancreatic
β-cells (Creutzfeldt 1969, Wensing 1989, Langtry & Balfour 1998, Guay 1998).
The sulfonylureas and repaglinide block ATP-sensitive potassium channels in
the β-cells (Sturgess et al 1985), which leads to membrane depolarization, influx
of calcium into the cells, and eventually, to release of insulin. The ATP-sensitive
potassium channel is a heteromultimeric protein comprising 2 subunits: the
sulfonylurea receptor (SUR) and the inwardly rectifying potassium channel
(KIR6.x) subunits, in 4:4 stoichiometry (Aguilar-Bryan et al 1998). The KIR6.x
has 2 and the SUR has 3 subtypes (KIR6.1, KIR6.2, SUR1, SUR2A, SUR2B).
The combination of KIR6.2 and SUR1 forms the pancreatic ATP-sensitive
potassium channel, whereas the combination of KIR6.2 and either of the 2 SUR2
subtypes forms the ATP-sensitive potassium channels expressed in the heart
(SUR2A) and smooth muscle (SUR2B) (Aguilar-Bryan et al 1998). The first-
generation sulfonylurea tolbutamide has been proposed to bind relatively
selectively to SUR1 (Gribble et al 1998), whereas glibenclamide, glimepiride,
and repaglinide seem to bind both SUR1 and SUR2A with approximately
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similar affinities (Gribble et al 1998, Song & Ashcroft 2001, Dabrowski et al
2001). However, glimepiride and repaglinide bind to different sites on SUR than
does glibenclamide (Kramer et al 1994, Fuhlendorff et al 1998), and recent
evidence suggests that glimepiride has fewer effects on the cardiovascular ATP-
sensitive potassium channel and thereby possibly fewer cardiovascular adverse
effects than glibenclamide has (Mocanu et al 2001).

The sulfonylureas and repaglinide may, in part, act also via extrapancreatic
effects, and some evidence suggests that they may enhance glycogen synthesis
and inhibit glycogenolysis and gluconeogenesis in the liver; they may also
improve peripheral glucose uptake by the muscles (Wensing 1989, Langtry &
Balfour 1998, Guay 1998).

2.2.2. Glimepiride

Glimepiride is the newest of the sulfonylurea drugs for the treatment of NIDDM.
The daily dose of glimepiride is usually between 1 mg and 4 mg once daily. The
maximum recommended dose is 6 mg daily.

Figure 1. Chemical structure of glimepiride.

Pharmacokinetics. The pharmacokinetic characteristics of glimepiride have
been summarized by Langtry and Balfour (1998). After oral administration,
glimepiride is completely absorbed and has an oral bioavailability of nearly
100%. The peak plasma concentrations of about 100 ng/ml after a 1 mg dose of
glimepiride are reached within 1 to 3 hours. Glimepiride is highly (more than
99%) bound to plasma proteins, and its volume of distribution is about 9 liters.
Glimepiride is metabolized in the liver, mainly by CYP2C9, to an active
hydroxy (M1) metabolite (Badian et al 1996), which is further dehydrogenated
by the cytosolic alcohol and aldehyde dehydrogenase enzymes to an inactive
carboxy (M2) metabolite. Approximately 50% of the total glimepiride dose is
excreted in the urine as M1 and M2 metabolites; its t½ is about 2 hours. The
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pharmacokinetics of glimepiride are not significantly affected by age. In renal
failure, its clearance may be slightly increased (Rosenkranz et al 1996).

Adverse effects. As with all sulfonylureas, the most common adverse effect of
glimepiride is hypoglycemia (Langtry & Balfour 1998). However, the risk of
hypoglycemia seems to be somewhat smaller with glimepiride than with either
glibenclamide or glipizide (Langtry & Balfour 1998). Other common adverse
effects include dizziness, headache, or asthenia, or gastrointestinal reactions such
as nausea (Langtry & Balfour 1998). Allergic reactions and hepatic, renal, and
hematological adverse effects are rare.

Pharmacokinetic interactions. Little is known about the pharmacokinetic
interactions of glimepiride. It has no significant effect on the pharmacokinetics
of warfarin (Langtry & Balfour 1998). Acetylsalicylic acid slightly reduced the
Cmax of glimepiride and reduced its AUC by 34% (Amaryl prescribing
information 2000). The concomitant administration of propranolol with
glimepiride has raised plasma glimepiride concentrations by approximately 20%
and prolonged its t½ by about 15% (Langtry & Balfour 1998). Cimetidine and
ranitidine seem to have no major effects on glimepiride pharmacokinetics
(Langtry & Balfour 1998).

2.2.3. Glibenclamide

Glibenclamide is one of the most widely used second-generation sulfonylureas
and has been used in Europe since 1969. Its dosage is between 1.75 mg once
daily and three 3.5 mg tablets daily (maximum recommended single dose 7 mg).
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Figure 2. Chemical structure of glibenclamide.

Pharmacokinetics. Glibenclamide is well absorbed after oral administration; as
a micronized formulation, it has an oral bioavailability that approaches 100%
(Rydberg et al 1995). The peak plasma glibenclamide concentrations of about
100 ng/ml (after oral administration of 1.75 mg) are reached in 1 to 2 hours
(Peart et al 1989). Glibenclamide is approximately 99% bound to plasma protein
and has a low volume of distribution (9 to 10 liters) (Pearson 1985). It is
extensively metabolized in the liver and has two hydroxylated metabolites: 4-
trans-hydroxy-glibenclamide and 3-cis-hydroxy-glibenclamide (Pearson 1985).
According to in vitro studies, these metabolites are produced primarily by
CYP2C9 (Brian 2000). The hydroxylated metabolites of glibenclamide show
hypoglycemic activity (Rydberg et al 1994, Rydberg et al 1997). However, this
does not significantly contribute to its overall hypoglycemic activity, because the
metabolites are rapidly excreted in urine and bile (Pearson et al 1986). The t½ of
glibenclamide is between 2 and 3 hours (Peart et al 1989, Coppack et al 1990).
The free fraction of glibenclamide is increased, and its t½ is prolonged in the
elderly (Schwinghammer et al 1991).

Adverse effects. The most common serious adverse effect of glibenclamide is
hypoglycemia (Asplund et al 1983). Usually it is mild but may, in some cases,
be severe, prolonged, and potentially life-threatening. Glibenclamide may,
though rarely, also cause hematological adverse effects such as leukopenia,
thrombocytopenia, pancytopenia, agranulocytosis, aplastic anemia, or hemolytic
anemia. Other adverse effects associated with glibenclamide therapy are
gastrointestinal adverse effects such as nausea, abdominal discomfort, or
anorexia, and allergic skin reactions such as pruritus, erythema, urticaria,
morbilliform or maculopapular rash, or photosensitivity (Diabeta prescribing
information 2000).
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Pharmacokinetic interactions. Glibenclamide is metabolized primarily by
CYP2C9. However, few controlled studies have investigated the effects on the
pharmacokinetics of glibenclamide of known inducers or inhibitors of CYP2C9.
In one study, fluconazole, a known inhibitor of CYP2C9, at 100 mg daily for 7
days boosted the AUC of glibenclamide by 44% and the maximum serum levels
by 19% (Stockley 1999a). In that study, the blood glucose levels were not
affected statistically significantly, but more subjects experienced symptomatic
hypoglycemia associated with fluconazole. At least one death caused by
hypoglycemia has been reported during concomitant use of fluconazole and
glibenclamide (Diflucan prescribing information 1998). Miconazole is another
potent inhibitor of CYP2C9. It is most often used topically, but case reports have
described patients treated with unnamed sulfonylureas who developed severe
hypoglycemia after taking systemic miconazole (Girardin et al 1992). A single
oral dose of 120 mg verapamil increased the AUC of glibenclamide by about
26% (Semple et al 1986). It is possible that this was caused by inhibition of the
P-glycoprotein, because verapamil is an inhibitor and glibenclamide is a
substrate of the P-glycoprotein (Goldstein et al 1999).

One case report suggests that rifampicin may reduce the effects of glibenclamide
(Self et al 1989). Surekha and coworkers studied the effects of rifampicin (450
or 600 mg daily) on blood glucose concentrations in 29 NIDDM patients treated
with glibenclamide, and found that both fasting and post-prandial blood glucose
levels were significantly worsened by rifampicin (Surekha et al 1997).
Modifications of glibenclamide doses were needed in 15 patients.

A recent case report described an interaction between the quinolone antibiotic
ciprofloxacin 250 mg twice daily and glibenclamide 5 mg daily in an elderly
woman with NIDDM; this resulted in profound hypoglycemia (Roberge et al
2000). A study in patients with NIDDM showed that treatment with 1 g
ciprofloxacin daily for one week caused a statistically non-significant increase of
25 to 36% in the AUC of glibenclamide (Stockley 1999b). One patient treated
with glibenclamide developed severe hypoglycemia after starting treatment with
gemfibrozil 1200 mg daily (Ahmad 1991), but the effects of gemfibrozil on the
pharmacokinetics of glibenclamide have not undergone study. Ibuprofen
increases the free fraction of glibenclamide, but has no effect on its
pharmacokinetic parameters (Kubacka et al 1996). One patient treated with
glibenclamide 2.5 mg daily lost consciousness because of hypoglycemia after a
150 mg dose of ibuprofen (Hirohito et al 2001). In a retrospective study on
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glibenclamide-associated hypoglycemia, the concomitant use of trimethoprim-
sulfamethoxazole was associated with increased risk of hypoglycemia (Asplund
et al 1983). However, trimethoprim-sulfamethoxazole does not seem to affect
the pharmacokinetics of glibenclamide (Sjöberg et al 1987). One patient had
severe hypoglycemia associated with concomitant use of ranitidine and
glibenclamide (Lee et al 1987). However, in one study, ranitidine had no effect
on the pharmacokinetics of glibenclamide, whereas cimetidine boosted its AUC
by about 37% (Kubacka et al 1987). Erythromycin seems to elevate slightly the
rate of absorption of glibenclamide and enhance slightly its blood glucose-
lowering effect (Fleishaker & Phillips 1991). Magnesium hydroxide may greatly
enhance the absorption and hypoglycemic activity of non-micronized
glibenclamide, whereas it has only a slight effect on the currently used
micronized glibenclamide (Neuvonen & Kivistö 1991).

2.2.4. Glipizide

Glipizide is another second-generation sulfonylurea indicated for the treatment
of NIDDM. The dosage of glipizide is between 2.5 mg and 15 mg once daily. It
is recommended that if the daily dose exceeds 15 mg (maximum 20 mg) it
should be given in 2 or 3 doses.

Figure 3. Chemical structure of glipizide.

Pharmacokinetics. Glipizide is completely absorbed from the gastrointestinal
tract and has an oral bioavailability of nearly 100% (Wåhlin-Boll et al 1982,
Pentikäinen et al 1983). Its peak plasma concentration is nearly 200 ng/ml after
the oral administration of 2.5 mg glipizide, and is generally reached within 1 to 2
hours (Huupponen et al 1982, Wåhlin-Boll et al 1982). Like glibenclamide,
glipizide is also highly bound to plasma protein (92% to 99%) (Pentikäinen et al
1983, Wensing 1989) and has a low volume of distribution (about 10 liters)
(Wåhlin-Boll et al 1982, Pentikäinen et al 1983). Glipizide is extensively
metabolized in the liver, and its main metabolites are 4-trans-hydroxyglipizide,
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3-cis-hydroxyglipizide, and N-(2-acetyl-amino-ethyl-phenyl-sulfonyl) N-cyclo-
hexylurea (DCAA) (Wensing 1989). CYP2C9 is probably the main CYP
enzyme involved in the oxidative metabolism of glipizide, because in an
individual homozygous for the defective CYP2C9*3 allele, the oral clearance of
glipizide was drastically lower than in other subjects (Kidd et al 1999). The
metabolites of glipizide are pharmacologically inactive and are excreted
primarily in the urine (Pentikäinen et al 1983, Wensing 1989); its t½ is between 2
and 4 hours (Wåhlin-Boll et al 1982, Pentikäinen et al 1983). Glipizide
pharmacokinetics are unaffected by aging (Kradjan et al 1989).

Adverse effects. The main adverse effect of glipizide is hypoglycemia (Wensing
1989), which is potentially dangerous (Seltzer 1972). Other common adverse
effects include gastrointestinal reactions such as nausea, vomiting, or epigastric
pain, and skin reactions such as pruritus, erythema, urticaria, or morbilliform or
maculopapular rash (Wensing 1989). Hepatic, renal, and hematological adverse
effects are rare (Wensing 1989).

Pharmacokinetic interactions. Glipizide is very similar to glibenclamide with
respect to its chemical structure, pharmacokinetic profile, and metabolism. One
would therefore expect to see similar metabolic drug-drug interactions.
However, relatively few have been reported. The CYP2C9 inhibitor fluconazole,
100 mg daily for 7 days, raised the AUC of glipizide by 49% (Stockley 1999a).
As could be expected on the basis of current knowledge of the metabolism of
glipizide, a single 20-mg oral dose of the CYP3A4 inhibitor nifedipine failed to
affect significantly the pharmacokinetics of glipizide (Connacher et al 1987). In
a study in patients with NIDDM, cimetidine (400 mg) and ranitidine (150 mg),
taken together with a normal morning dose of glipizide, raised the AUC of
glipizide by 23% and 34%, respectively (Feely et al 1993). In that study, the
hypoglycemic activity of glipizide was also significantly increased. The
cyclooxygenase inhibitor indobufen (200 mg twice daily for 5 days) elevated the
AUC of glipizide by 25% (Elvander-Ståhl et al 1984). Magnesium hydroxide
(850 mg) taken together with glipizide accelerated the absorption of glipizide
and enhanced the early insulin and glucose responses (Kivistö & Neuvonen
1991a). Sodium bicarbonate, but not aluminum hydroxide, may also accelerate
glipizide absorption (Kivistö & Neuvonen 1991b). The dietary fiber guar gum
used for NIDDM patients to treat hyperglycemia does not affect the absorption
of glipizide (Huupponen et al 1985).
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2.2.5. Repaglinide

Repaglinide, a benzoic acid derivative, is a structural analogue of meglitinide,
the nonsulfonylurea moiety of glibenclamide (Landgraf 2000). It is the first of
the meglitinide analogues that has reached clinical use and is indicated for the
treatment of NIDDM. Repaglinide is shorter-acting than any of the sulfonylureas
and may prove useful in lowering postprandial glucose excursions (Landgraf et
al 1999), which are relatively poorly controlled by the sulfonylureas.
Repaglinide is administered preprandially in a single dose ranging between 0.5
mg and 4 mg. The maximum recommended daily dose is 16 mg.

Figure 4. Chemical structure of repaglinide.

Pharmacokinetics. Repaglinide has an oral bioavailability of about 60%,
mainly because of first-pass metabolism (Hatorp et al 1998). The peak plasma
concentrations of about 10 ng/ml after the administration of a single 0.5 mg dose
are reached in approximately 1 hour (Prandin prescribing information 1998).
Repaglinide is highly (more than 98%) bound to serum proteins, and its volume
of distribution is about 31 liters (Guay 1998). Repaglinide is metabolized in the
liver to three major inactive metabolites, an aromatic amine (M1), a dicarboxylic
acid (M2), and an acyl glucuronide (M7) (Guay 1998). M2 is the major
metabolite in humans, and in vitro studies indicate that CYP3A4 is involved in
the formation of M1 and M2 metabolites (Prandin prescribing information
1998). The metabolites are excreted primarily in the feces, with only about 8%
of the total repaglinide dose found in the urine (van Heiningen et al 1999).
Consequently, repaglinide was well tolerated in subjects with renal impairment
(Marbury et al 2000). On the other hand, the clearance of repaglinide is
significantly reduced in patients with hepatic impairment (Hatorp et al 2000).
The t½ of repaglinide is about 1 hour (Hatorp et al 1999). The pharmacokinetics
of repaglinide are similar in healthy subjects both young and old (Hatorp et al
1999).
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Adverse effects. The most common adverse effect of repaglinide is
hypoglycemia (Guay 1998), but the risk of hypoglycemia seems to be slightly
smaller with repaglinide than with glibenclamide or glipizide (Guay 1998).
Other common adverse effects include gastrointestinal reactions such as nausea
and vomiting, diarrhea, constipation and dyspepsia, and headache (Guay 1998).
Allergic reactions are rare (Guay 1998).

Pharmacokinetic interactions. In one study, cimetidine (400 mg twice daily)
did not significantly affect the pharmacokinetics of repaglinide (Hatorp &
Thomsen 2000). Repaglinide slightly, but significantly, reduced the Cmax of
theophylline but had no effect on its other pharmacokinetic variables (Hatorp &
Thomsen 2000). Repaglinide did not affect digoxin pharmacokinetics (Hatorp &
Thomsen 2000).

2.2.6. Pharmacodynamic interactions with sulfonylureas and
repaglinide

Several drugs can affect glucose metabolism and are therefore often considered
potentially harmful for patients with NIDDM (Chan et al 1996). In many cases
these drugs are, however, tolerated well enough, and for instance β-adrenergic
receptor antagonists are used more often by patients with NIDDM than by other
individuals of their age, healthy or ill (Reunanen et al 2000), probably because
of the severity and greater incidence of coronary heart disease in patients with
NIDDM. Some of the drugs reported to cause pharmacodynamic interactions
with sulfonylureas or repaglinide resulting in hypoglycemia or hyperglycemia
are summarized in Table II. Most of the hypoglycemic deaths are explained by
the combined use of hypoglycemic drugs (e.g., insulin or sulfonylureas) and
ethanol (Chan et al 1996). Ethanol inhibits gluconeogenesis, an inhibition
particularly dangerous in patients with insufficient glycogen reserves, i.e., in
fasted or malnourished subjects or those having just undertaken exhausting
sports (Chan et al 1996).
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Table II. Examples of drugs associated with hypoglycemic or hyperglycemic
pharmacodynamic interactions with sulfonylureas or repaglinide.
Drug class Hypoglycemic Hyperglycemic
Antihyperglycemic drugs Metformin

Thiazolidinediones
NSAIDs Acetylsalicylic acid
Cardiovascular drugs ACE-inhibitors β-adrenoceptor

antagonists
β-adrenoceptor
antagonists

Diazoxide

Disopyramide Diuretics
Sympathomimetic drugs β-adrenoceptor agonists

(salbutamol; overdose)
β-adrenoceptor agonists
(salbutamol)
Theophylline

Hormones IGF-I Corticosteroids
Insulin Growth hormone
Octreotide Oral contraceptive

steroids (progestogens)
Psychotropic drugs Lithium Caffeine (overdose)

Monoamine oxidase
inhibitors

Chlordiazepoxide

Tricyclic antidepressants Clozapine
Cocaine
Lithium
Mianserin
Phenothiazines

Immunosuppressives and
immunomodulators

Ciclosporin
Interleukin-6
Tacrolimus

Antimalarial drugs Chloroquine
Mefloquine
Quinidine
Quinine

Other Ethanol
Trimethoprim-
Sulfamethoxazole

Adapted from Chan et al 1996.
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2.2.7. Role of sulfonylureas and repaglinide in the management
of type 2 diabetes mellitus

The UK Prospective Diabetes Study (UKPDS; began 1977) investigated whether
intensive blood-glucose control reduced the risk of macrovascular or
microvascular complications in patients with NIDDM. This study included
patients treated with metformin, insulin, the first-generation sulfonylurea
chlorpropamide, or either of the second-generation sulfonylureas glibenclamide
or glipizide, or a combination of a sulfonylurea with metformin or insulin. The
UKPDS demonstrated that intensive blood-glucose control by the use of
sulfonylureas or insulin markedly reduces the risk of microvascular
complications, but seems not to reduce the risk of macrovascular disease (UK
Prospective Diabetes Study Group 1998). Treatment of hyperglycemia can
therefore be considered one of the cornerstones of the management of NIDDM.

Hyperglycemia in patients with NIDDM is primarily treated with diet, because
many patients are overweight. However, the blood glucose levels are often not
sufficiently lowered by diet alone. The second-line treatment is the use of oral
antidiabetic drugs. When the disease proceeds, blood glucose levels may not be
sufficiently controlled by the oral antidiabetic drugs, so that insulin therapy
becomes necessary.

Because macrovascular disease seems not to be effectively prevented by the
lowering of high blood glucose levels, recent research has investigated the
possible means of its prevention. Intervention trials have suggested that in
NIDDM patients, effective treatment of hypertension and of
hypercholesterolemia, and small doses of acetylsalicylic acid may prevent
macrovascular disease (Yki-Järvinen 2000). The most common form of
dyslipidemia in these patients is a combination of high serum triglyceride and
low high-density lipoprotein cholesterol levels. Several studies are currently
investigating whether treatment of dyslipidemias with either the HMG-CoA
reductase inhibitors or fibrates or their combination is effective in the primary or
secondary prevention of macrovascular disease in such patients (Yki-Järvinen
2000). Because of the severity of the disease and its associated comorbidities,
patients with NIDDM need to use almost all drugs more often than do other
individuals of their age (Reunanen et al 2000) and are thus more likely to
experience harmful drug interactions.
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3. Rifampicin

Rifampicin was developed in the 1960s and was the first synthetic derivative of
the antibiotic rifamycin B to be active when given orally. It inhibits bacterial
RNA polymerase by forming a stable drug-enzyme complex (Wehrli 1983).
Rifampicin is used primarily in the treatment of tuberculosis (Douglas &
McLeod 1999), in which case it is always administered in combination with
other drugs such as isoniazid, ethambutol, or pyrazinamide to prevent
development of resistance. The dosage of rifampicin in adults in treatment of
tuberculosis is usually between 450 and 600 mg once daily (Douglas & McLeod
1999). Rifampicin is a useful orally active alternative also in the treatment of
both methicillin-sensitive and methicillin-resistant staphylococcal infections
(Turnidge & Grayson 1993).

Figure 5. Chemical structure of rifampicin.

Pharmacokinetics. Rifampicin is well absorbed after oral administration and
reaches its peak plasma concentrations of about 4 to 32 µg/ml in 2 to 4 hours
after administration of 600 mg (Acocella 1978, Holdiness 1984). Its oral
bioavailability is about 68% during continuous treatment (Loos et al 1987).
Rifampicin is approximately 80% protein bound in the plasma (Acocella 1978),
and its volume of distribution is about 50 to 60 liters (Holdiness 1984). Its main
metabolites in man are desacetylrifampicin, which is formed by desacetylation,
and formylrifampicin, which is formed by hydrolysis (Acocella 1978, Holdiness
1984). Formylrifampicin is found only in the urine, but desacetylrifampicin and
parent rifampicin, both pharmacologically active, are excreted primarily in the
bile (Acocella 1978). The t½ of rifampicin after an initial dose is about 2 to 5
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hours (Holdiness 1984) and decreases during continuous treatment because of
autoinduction (Loos et al 1987).

Adverse effects. Significant adverse drug reactions to rifampicin at therapeutic
dosages are rare. However, rifampicin may cause hepatotoxicity, especially in
patients with chronic liver disease, alcoholism, or poor nutrition, or in the
elderly (Douglas & McLeod 1999). Intermittent high-dose rifampicin therapy or
the reinstitution of rifampicin therapy has been associated with an immune-
mediated reaction with flu-like symptoms, which may lead to acute renal failure
(Douglas & McLeod 1999).

Interactions. Rifampicin is a potent inducer of several of the human drug-
metabolizing enzymes. It strongly induces CYP3A4 both in the liver and in the
intestine (Combalbert et al 1989, Kolars et al 1992) and therefore reduces the
plasma concentrations and effects of numerous CYP3A4 substrates (Venkatesan
1992, Backman et al 1996a, Villikka et al 1997, Lamberg et al 1998a, Kyrklund
et al 2000, Branch et al 2000). In cell cultures, rifampicin has also been shown to
induce CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, and
CYP3A5, but not CYP2C18 (Sumida et al 2000, Dalet-Beluche et al 1992,
Chang et al 1997, Morel et al 1990, Gerbal-Chaloin et al 2001, Wrighton &
Thummel 2000). Drug interaction studies show that rifampicin induces CYP2C
enzymes also in vivo (Syvälahti et al 1976, Feng et al 1998, Branch et al 2000)
and suggest that rifampicin may also induce CYP1A2 in vivo (Bachmann &
Jauregui 1993, Branch et al 2000). In cell cultures, rifampicin also induces some
phase II enzymes such as UGT and sulfotransferase (Doostdar et al 1993, Kern
et al 1997), and increases in vivo the glucuronidation of propafenone (Dilger et
al 2000) but not that of morphine (Fromm et al 1997). It therefore seems that, as
with the CYP-enzymes, rifampicin has isoenzyme-specific inducing effects on
phase II enzymes. Apart from the CYP enzymes, rifampicin is also a potent
inducer of the P-glycoprotein and may reduce the plasma concentrations of P-
glycoprotein substrates (Schuetz et al 1996). In addition, a recent study showed
that rifampicin also induces intestinal MRP2 (multidrug resistance protein 2),
which is known to be involved in the efflux of drug conjugates (Fromm et al
2000).
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4. CYP inhibitors studied

4.1. Fluconazole

Fluconazole was synthesized in 1982 and belongs to the triazole group of the
azole antimycotics. Fluconazole, by binding to the fungal CYP enzyme
lanosterol 14α-demethylase, inhibits fungal synthesis of ergosterol (Grant &
Clissold 1990), an essential compound of the fungal cell membrane. Inhibition
of ergosterol synthesis leads to abnormalities in membrane permeability, in the
activity of membrane-bound enzymes, and in coordination of chitin synthesis
(Grant & Clissold 1990). Fluconazole, in oral and intravenous formulations, is
used in the treatment of superficial and deep candidiasis, dermatophytosis, and
also cryptococcal meningitis; dosage is between 50 mg and 400 mg once daily,
depending on severity of infection (Grant & Clissold 1990, Debruyne 1997).

Figure 6. Chemical structure of fluconazole.

Pharmacokinetics. Fluconazole is well absorbed after oral administration and,
after a single dose, the peak plasma concentrations of about 2 µg/ml (after 100
mg orally) to 7 µg/ml (after 400 mg orally) are reached within 1 to 2 hours
(Grant & Clissold 1990). Its oral bioavailability exceeds 90% (Grant & Clissold
1990). It is only slightly bound to plasma proteins (about 11%) and has a
relatively large volume of distribution of some 50 to 60 liters. Fluconazole is
excreted primarily unaltered in the urine (up to 80% of the total dose), and its t½

ranges between 27 and 37 hours (Grant & Clissold 1990). Because fluconazole
is eliminated by renal excretion, its elimination may be prolonged in patients
with impaired renal function. In patients whose glomerular filtration rate is < 20
ml/min, its t½ may be prolonged, up to 100 hours (Grant & Clissold 1990).
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Adverse effects. Fluconazole is generally well tolerated. The most common
adverse effects include various gastrointestinal symptoms: nausea, abdominal
pain, vomiting, and diarrhea. Headache and skin rash have also been associated
with its use. Abnormalities in hematological, renal, or liver function parameters
have been observed in rare cases in patients with an underlying severe disease
such as AIDS (Grant & Clissold 1990). There have also been rare reports of
anaphylaxia.

Interactions. Fluconazole is a relatively potent inhibitor of CYP2C9 both in
vitro and in vivo (Backman et al 2000a). Accordingly, 400 mg fluconazole daily
for 6 days inhibited the hydroxylation of S-warfarin, a CYP2C9-catalyzed
reaction, by 70% (Black et al 1996), and 200 mg daily fluconazole for 14 days
boosted the AUC of intravenous phenytoin, a substrate of CYP2C9, by 75%
(Blum et al 1991). In addition, fluconazole (400 mg on day 1 and 200 mg on
days 2-4) boosted the AUC(0-∞) of fluvastatin, an HMG-CoA reductase
inhibitor that is primarily metabolized by CYP2C9, by 84% (Kantola et al 2000)
and reduced the AUC(0-∞) of the active E-3174 metabolite of losartan by 53%
(Kaukonen et al 1998). Fluconazole also inhibits CYP3A4 (Backman et al
2000a): fluconazole (400 mg on day 1 and 200 mg on days 2-6) boosted the
AUC(0-∞) of oral midazolam, a CYP3A4 probe drug, to 3.6-fold that of the
control (Olkkola et al 1996). In comparison, the known potent CYP3A4
inhibitor itraconazole (200 mg daily for 4 days) raised the AUC(0-∞) of oral
midazolam 10- to 15-fold (Olkkola et al 1994). In vitro studies have shown that
fluconazole can also inhibit CYP2C19 (Backman et al 2000a).

4.2. Fluvoxamine

Fluvoxamine is an antidepressant drug that specifically inhibits neuronal uptake
of serotonin (5-hydroxytryptamine) (Perucca et al 1994). It is used mainly in the
treatment of major depression, with doses in adults ranging between 50 and 300
mg daily (Perucca et al 1994). Other therapeutic indications include obsessive-
compulsive disorder, anxiety, and eating disorders (Perucca et al 1994, Figgitt &
McClellan 2000). Fluvoxamine is as effective in the treatment of depression as
are the tricyclic antidepressant drugs (Perucca et al 1994). Compared with the
tricyclic antidepressants, fluvoxamine has a low incidence of anticholinergic
adverse effects and decreased cardiotoxicity.
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Figure 7. Chemical structure of fluvoxamine.

Pharmacokinetics. Fluvoxamine is almost completely but relatively slowly
absorbed from the gastrointestinal tract (Figgitt & McClellan 2000). The peak
plasma concentration of about 70 ng/ml (after repeated administration of 100 mg
daily) is reached within 2 to 8 hours after its administration (Figgitt & McClellan
2000). It is only 77% bound to plasma protein (Perucca et al 1994). Because it
has not been given to humans intravenously, its oral bioavailability and volume
of distribution are unknown. Fluvoxamine is eliminated mainly by oxidative
metabolism, with only less than 4% excreted unchanged in the urine (Perucca et
al 1994). The t½ of fluvoxamine is about 15 to 20 hours (Perucca et al 1994).

Adverse effects. Fluvoxamine is generally well tolerated; nausea is the most
common adverse effect. Other, less common, adverse effects include
somnolence, asthenia, headache, dry mouth and insomnia (Figgitt & McClellan
2000). Some patients may experience excitation, agitation, or increased anxiety
at the initiation of fluvoxamine therapy (Figgitt & McClellan 2000). Because
fluvoxamine inhibits serotonin reuptake, it may, although rarely, cause serotonin
syndrome (Figgitt & McClellan 2000).

Interactions. Fluvoxamine is a potent inhibitor of CYP1A2 (Brøsen 1995,
Rasmussen et al 1995) and has also been shown to inhibit CYP2C19, CYP2D6,
and CYP3A4 (Rasmussen et al 1998, Kashuba et al 1998, Lamberg et al 1998b),
and may therefore interact with substrates of these enzymes. In vitro studies
show that fluvoxamine can also inhibit CYP2C9 (Schmider et al 1997,
Hemeryck et al 1999, Olesen & Linnet 2000). This was confirmed recently by an
in vivo study demonstrating that fluvoxamine inhibits the CYP2C9-mediated
biotransformation of tolbutamide (Madsen et al 2001).
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4.3. Gemfibrozil

Gemfibrozil is a fibric acid derivative used in the treatment of dyslipidemias. It
effectively lowers plasma triglyceride concentrations and raises high density
lipoprotein (HDL) cholesterol levels (Todd & Ward 1988). It enhances
lipoprotein lipase activity, reduces hepatic triglyceride production, and enhances
the clearance of triglycerides from plasma (Todd & Ward 1988). This, at least in
part, may be caused by activation of the PPARα receptor by gemfibrozil (Fuhr
2000).

Figure 8. Chemical structure of gemfibrozil.

Pharmacokinetics. Gemfibrozil is well absorbed after oral administration and
has an oral bioavailability of nearly 100% (Miller & Spence 1998). The peak
plasma concentrations are approximately 15 µg/ml to 25 µg/ml at a dosage of
600 mg of immediate-release gemfibrozil twice daily (Todd & Ward 1988).
Gemfibrozil is highly bound to plasma proteins (about 98%) (Todd & Ward
1988). It is metabolized in man to several compounds, its principal metabolite
being a benzoic acid derivative; all the metabolites except one and the parent
gemfibrozil form glucuronide conjugates and are then excreted mainly in the
urine (Todd & Ward 1988). The t½ of gemfibrozil is about 1.5 hours (Miller &
Spence 1998).

Adverse effects. Gemfibrozil is well tolerated in most patients. The most
common adverse effects are gastrointestinal, including abdominal pain, diarrhea,
nausea, vomiting, and flatulence, and also rash. Gemfibrozil may also lead to an
increased incidence of gallstone formation and occasionally increased
transaminase levels (Todd & Ward 1988). In rare cases, gemfibrozil use has
been associated with myositis or potentially life-threatening rhabdomyolysis,
most often when it is used in combination with an HMG-CoA reductase
inhibitor (Miller & Spence 1998). Cerivastatin seems to be one of the most
susceptible HMG-CoA reductase inhibitors of this interaction, and the
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concomitant use of gemfibrozil with cerivastatin has recently become
contraindicated (Anonymous 2001).

Interactions. Case reports have suggested that gemfibrozil and some other
fibrates may increase the effects of sulfonylureas and warfarin (Ahmad 1991,
Girardin et al 1992, Ahmad 1990, Rindone & Keng 1998). In recent studies,
gemfibrozil has been shown to raise plasma concentrations of the active HMG-
CoA reductase inhibitors simvastatin acid and lovastatin acid (Backman et al
2000b, Kyrklund et al 2001), but not those of the parent simvastatin and
lovastatin, both of which are substrates of CYP3A4 (Prueksaritanont et al 1997,
Wang et al 1991). The interactions of gemfibrozil with some HMG-CoA
reductase inhibitors therefore seem to be at least partially pharmacokinetic.
Gemfibrozil does not inhibit CYP3A4 in vitro (Backman et al 2000b), nor does
it seem to inhibit the P-glycoprotein (Fehrman-Ekholm et al 1996, Pisanti et al
1998). On the other hand, recent results from in vitro studies indicate that
gemfibrozil is a potent inhibitor of CYP2C9 (Wang et al 2001a, Wen et al
2001).

4.4. Clarithromycin

Clarithromycin is a semisynthetic macrolide antibiotic. Like the macrolide
erythromycin, it has a 14-membered ring, but differs from erythromycin by the
methylation of a hydroxyl group (Rodvold 1999). This modification increases
the acid stability of clarithromycin and also reduces gastrointestinal adverse
effects compared with the actions of erythromycin (Rodvold 1999).
Clarithromycin binds to bacterial 23S ribosomal RNA and inhibits bacterial
protein synthesis (Zhanel et al 2001). It is used mainly in the treatment of upper
and lower respiratory tract infections (Zhanel et al 2001), and skin and soft
tissue infections. Clarithromycin may also be used in the treatment of leprosy,
and opportunistic mycobacterial infections and in the eradication of Helicobacter
pylori.
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Figure 9. Chemical structure of clarithromycin.

Pharmacokinetics. Clarithromycin, in tablet form, is usually rapidly absorbed
with the Cmax (0.46 to 0.65 µg/ml after a single 250-mg oral dose) occurring
between 1.8 and 2.8 hours (Rodvold 1999). It has an oral bioavailability of only
about 55% (Chu et al 1992a) because of first-pass metabolism, a bioavailability
which may be slightly increased when the tablets are taken with food (Chu et al
1992b). Clarithromycin is between 42 and 72% bound to plasma proteins and
has an apparent volume of distribution of between 200 and 400 liters (Rodvold
1999). Clarithromycin is extensively metabolized in the liver, with CYP3A4
playing an important role in its metabolism (Rodrigues et al 1997). The
elimination kinetics of clarithromycin depend on the dose: the t½ is between 2
and 4 hours with a dosage of 250 mg twice daily and about 5 hours at higher
doses (Rodvold 1999). The t½ of the active 14-hydroxy metabolite of
clarithromycin is about 5 hours (Rodvold 1999).

Adverse effects. Clarithromycin is generally well-tolerated, and significant
adverse drug reactions are rare. Gastrointestinal intolerance is the most common
adverse effect associated with the use of such macrolide antibiotics and is dose-
related (Zhanel et al 2001): the macrolide erythromycin is associated with a high
frequency of gastrointestinal intolerance (20% to 50% of patients), whereas the
newer derivatives such as clarithromycin seem to cause gastrointestinal adverse
effects less frequently (Chien et al 1993). Clarithromycin may cause
hepatotoxicity, although the risk is low (Zhanel et al 2001).
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Interactions. Drugs that modulate CYP3A4 activity can affect clarithromycin
plasma concentrations, because clarithromycin is metabolized by CYP3A4
(Rodrigues et al 1997). The mean serum levels of clarithromycin were reported
to be 13% of the control value during 600 mg rifampicin daily (Wallace et al
1995). Fluconazole (400 mg on day 1 and 200 mg on days 2 to 4) elevated the
Cmax and AUC(0-12) of clarithromycin by 12% and 18%, respectively
(Gustavson et al 1996). Apart from being a substrate of CYP3A4, clarithromycin
is also a potent inhibitor of CYP3A4, as has been shown in vitro (Gascon &
Dayer 1991, Mayhew et al 2000) and in vivo (Westphal 2000). Clarithromycin
forms an inactive iron-metabolite complex with the enzyme and thus inhibits its
catalytic activity. It increases the plasma concentrations of several CYP3A4
substrates, for example those of midazolam, triazolam, and cisapride (Westphal
2000). The effect of clarithromycin on CYP3A4 activity in vivo is dose-
dependent: clarithromycin 250 mg twice daily boosted the AUC of the CYP3A4
probe drug midazolam 3.6-fold (Yeates et al 1996), whereas 500 mg
clarithromycin twice daily boosted it approximately 7-fold (Gorski et al 1998).
Clarithromycin does not seem to inhibit CYP1A2, CYP2C9, or CYP2D6
activities in vivo (Bruce et al 2001) but can raise plasma concentrations of
digoxin, probably by inhibiting the P-glycoprotein-mediated renal and biliary
excretion of digoxin (Wakasugi et al 1998).

Table III. Inhibitory potencies of fluconazole, fluvoxamine, gemfibrozil, and
clarithromycin on selected CYP enzymes (expressed as Ki in µmol/l), based on
in vitro studies with human hepatic microsomes.
Drug CYP1A2 CYP2C9 CYP2C19 CYP2D6 CYP3A4
Fluconazole1 > 800 7-17 2 - 1.27- > 80
Fluvoxamine2,3 0.041-0.24 2.2-6.0 0.087 3.9-16.6 10.0-40
Gemfibrozil4 82 5.8 24 * *

Clarithromycin5 - - - - KI = 5.49,
kinact =
0.072 †

Ki, inhibition constant; KI (µmol/l), concentration of mechanism-based inhibitor
required for half-maximal inactivation; kinact (min-1), maximal rate of
mechanism-based inactivation at saturation
* lack of significant effect in the concentration range 5-250 µmol/l
† mechanism-based inhibition
Sources: 1Backman et al 2000a, 2Olesen & Linnet 2000,  3Shad & Preskorn
2000, 4Wen et al 2001, 5Mayhew et al 2000
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AIMS OF THE STUDY

The sulfonylureas glibenclamide, glimepiride, and glipizide are metabolized by
the CYP2C9 enzyme. In addition, glibenclamide is a well-established substrate
of the P-glycoprotein drug transporter. Repaglinide, on the other hand, is a
substrate of CYP3A4. Although there is some information on the effects of
modulators of CYP enzymes and P-glycoprotein on these drugs, no controlled
studies exist on the effects of inducers of CYP enzymes or of P-glycoprotein, on
the pharmacokinetics and pharmacodynamics of these drugs. Nor are there any
published studies on the effects of potent CYP inhibitors on glimepiride and
repaglinide. Induction and inhibition of CYP enzymes can have clinically
significant effects on the plasma concentrations and effects of such antidiabetic
drugs. To test this hypothesis, these studies were conducted to examine the
effects of induction and inhibition of CYP enzymes on the pharmacokinetics and
pharmacodynamics of these oral antidiabetic drugs.

The specific aims of the studies were:

1. Investigation of the effects of induction of CYP enzymes, with
rifampicin serving as the model inducer, on the pharmacokinetics
and pharmacodynamics of glibenclamide, glimepiride, glipizide, and
repaglinide (Studies I-III)

2. Investigation of the effects of the CYP2C9 inhibitors fluconazole,
fluvoxamine, and gemfibrozil on the pharmacokinetics and
pharmacodynamics of glimepiride (Studies IV and V)

3. Investigation of the effects of the CYP3A4 inhibitor clarithromycin
on the pharmacokinetics and pharmacodynamics of repaglinide
(Study VI)
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MATERIALS AND METHODS

1. Subjects

A total of 43 (29 female and 14 male) healthy volunteers participated in the
studies. They were ascertained to be healthy by a medical history, a physical
examination, and routine laboratory tests, including fasting serum glucose,
before they were entered in the studies. None of the subjects was using
continuous medication, except for several female subjects on oral contraceptive
steroids. When the pretreatment was rifampicin, these women were advised to
use other methods of contraception starting one week before the first pre-
medication day and continuing until the end of the first full menstrual cycle after
the study. This was because the use of rifampicin or other CYP-inducing drugs
increases the metabolism of steroid hormones and thus reduces the effects of
oral contraceptives. Use of other drugs and grapefruit or grapefruit juice was
prohibited starting 2 weeks before each study day. Participation in any other trial
and blood donation within one month before and after the study were also
prohibited. The subjects are described in Table IV.

Table IV. Characteristics of the subjects.
Study No. Subjects

(male/female)
Age

(years)
Weight

(kg)
Smoker
(yes/no)

Users of oral
contraceptives

I 5/5 23 ± 2 63 ± 8 3/7 5
II a)
II b)

4/6
2/8

24 ± 5
23 ± 2

68 ± 11
67 ± 8

1/9
1/9

6
4

III 4/5 23 ± 2 66 ± 11 2/7 2
IV 6/6 24 ± 2 63 ± 10 3/9 4
V 2/8 23 ± 2 65 ± 10 1/9 8
VI 5/4 24 ± 2 67 ± 10 3/6 3

23 ± 3 66 ± 10
Age and weight data are mean ± SD.

2. Study designs

All the six were randomized, placebo-controlled crossover studies and were
carried out in the Department of Clinical Pharmacology, University of Helsinki.
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Details of the designs are given in Table V. Studies I, III, V, and VI consisted of
two phases and Study IV of three phases. Study II comprised two substudies
with two phases each and an identical design. The washout period was 4 weeks
in all studies except Study V, in which it was 2 weeks.

The pretreatment medications and matched placebos were supplied, packed, and
labeled according to a randomization list for each subject by the Pharmacy of the
Helsinki University Central Hospital. The study drugs (sulfonylureas and
repaglinide) were also supplied by the Pharmacy of the Helsinki University
Central Hospital. In Studies IV, V, and VI, glimepiride and repaglinide tablets
were halved by the investigators. Glimepiride 1 mg tablets have double bisects
to facilitate the division of the tablet into equal halves. Repaglinide 0.5 mg
tablets do not contain bisects, and the tablets were weighed before and after
halving. The mean weight of the original tablets was 98.1 mg (n=30; coefficient
of variation, CV, 1.2%) and of the halved tablets 49.1 mg (n=30; CV 0.7%). The
greatest percentage deviation from the mean weight of the halved tablets was
less than 2%. The study drugs were given after an overnight fast at 8:30 in the
morning in Studies I, II, and III and at 9:00 in Studies IV, V, and VI. The
volunteers ingested the study drugs with 150 ml water while seated, and spent
the next 3 hours seated. Each received a standardized breakfast precisely 15
minutes after administration of the study drug, a standardized warm meal after 3
hours and a standardized light meal after 7 hours. The breakfast was eaten within
10 minutes and contained about 370 kcal energy, 70 g carbohydrates, 8 g
protein, and 6 g fat. Food intake was identical in all study phases. In Study VI,
the subjects received in addition two standard snacks precisely 1 and 2 hours
after the administration of the study drug. The snacks were identical, eaten
within 5 minutes and containing about 200 kcal energy, 45 g carbohydrates, 2 g
protein, and 1 g fat.
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Table V. Structure of the studies.
Study
No.

Pretreatment medication
and dose

Duration of
pretreatment

Washout
period
(weeks)

Study drug
and dose

Administration
of study drug

I 4 Glimepiride
1 mg

II a) 4 Glibenclamide
1.75 mg

   b) 4 Glipizide
2.5 mg

III

Each with
rifampicin
600 mg or
placebo
once daily

5 days
(at 20:00)

4 Repaglinide
0.5 mg

Each
given on
day 6
at 8:30-
9:00

IV Fluconazole (400 mg on
day 1 and 200 mg on days
2-4), fluvoxamine 100 mg
or placebo once daily

4 days
(at 8:00)

4 Glimepiride
0.5 mg

On day 4
at 9:00-9:30

V Gemfibrozil 600 mg or
placebo twice daily

3 days
(at 8:00 and

20:00)

2 Glimepiride
0.5 mg

On day 3
at 9:00-9:30

VI Clarithromycin 250 mg or
placebo twice daily

5 days
(at 8:00 and

20:00)

4 Repaglinide
0.25 mg

On day 5
at 9:00-9:30

3. Blood sampling

On the days of administration of the study drug, a plastic cannula was inserted
into a forearm vein of each subject and kept patent with an obturator. Timed
blood samples were drawn just before administration of the study drug and ½, 1,
1½, 2, 2½, 3, 4, 5, 7, 9, and 12 hours later in Studies I, II, IV, and V. In Study
III, the blood samples were collected before the administration of repaglinide
and 15, 30, and 45 minutes and 1, 1½, 2, 2½, 3, 4, 5, and 7 hours later. In Study
VI, the blood samples were taken before the administration of repaglinide and
20, 40, 60, 80, and 100 minutes and 2, 2½, 3, 4, 5, and 7 hours later. The blood
samples (10 ml each) were taken into tubes that contained 0.1 ml
ethylenediaminetetraacetic acid (0.47 mol/l; EDTA) in all studies. In Studies V
and VI, additional 5 ml blood samples were taken at all time-points into tubes
with an inert gel barrier and a clot activator disc for serum samples. The serum
tubes in Studies V and VI were placed on ice, and serum was separated by
centrifugation with a relative centrifugal force of 1900g immediately after blood
sampling. The plasma samples were separated by centrifugation with a relative
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centrifugal force of 1900g within 30 minutes after blood sampling. The samples
were stored at -40°C (Studies I and III-VI) or at -80°C (Study II) until analysis.

4. Determination of plasma drug concentrations

4.1. Sulfonylureas

In Studies I, II, IV, and V, the plasma concentrations of three sulfonylureas:
glimepiride, glibenclamide, and glipizide, were determined by liquid
chromatography-tandem mass spectrometry. The system was equipped with a
Perkin Elmer Series 200 injector and binary pumps (Perkin Elmer, Concord,
Ontario, Canada), a Hypersil BDS-C18 column (4.0 mm x 100 mm, particle size
3 µm; Hewlett-Packard, Waldbronn, Germany), and a Perkin Elmer SCIEX API
3000 LC/MS/MS System (Sciex Division of MDS Inc, Toronto, Ontario,
Canada). Glibenclamide served as internal standard in Studies I, IV, and V and
glimepiride in Study II. Internal standard was added to tubes that contained 1.0
ml plasma and 1.0 ml extraction solution (0.1 mol/l hydrochloric acid and
potassium chloride, i.e., 8.28 ml 37% hydrochloric acid plus 7.45 g potassium
chloride per liter). After the mixture was vortexed, 5.0 ml diethyl ether was
added, and the tubes underwent shaking for 20 minutes. After centrifugation, the
diethyl ether phase was evaporated to dryness under a stream of nitrogen at 30
°C. The evaporation residues were reconstituted with 0.1 ml of the mobile phase,
which consisted of acetonitrile (57%) and 10 mmol/l ammonium formate (pH
3.5; 43%). A 5- to 10-µl aliquot of the final preparation was injected into the
column. A flow rate of 0.5 ml/min was used in chromatography.

The samples were analyzed by use of liquid chromatography, followed by
atmospheric pressure chemical ionization at 375 °C for glibenclamide and
glipizide or 330 °C for glimepiride and tandem mass spectrometry. Nitrogen
flow rate in the nebulizer was approximately 0.7 l/min, and the flow rate of the
curtain gas nitrogen was approximately 2.0 l/min. The collision energies for
glibenclamide, glimepiride, and glipizide were 20.0 eV, and nitrogen served as
the collision gas. The ion transitions monitored were m/z 494 → 369 for
glibenclamide, m/z 491 → 352 for glimepiride, and m/z 446 → 321 for glipizide.
These transitions represent the formation of the (M+H)+ ions. The standard
curve was determined and the samples quantified by the Perkin Elmer SCIEX
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Macquan program (Perkin Elmer SCIEX Instruments, Concord, Ontario,
Canada). The concentrations were computed on the basis of the area of the peak
in the chromatogram of the (M+H)+ ions (Study II) or on the basis of the height
of the peak (Studies I, IV, and V). The standard curves were determined by
linear regression analysis; the standard curves for glibenclamide, glimepiride,
and glipizide were linear in the concentration-range of 0 to 100 ng/ml (r > 0.999,
weighting 1/x). The limits of quantification of the methods were 0.1 ng/ml
(Study I), 0.04 ng/ml (Study IV), and 0.05 ng/ml (Study V) for glimepiride, and
0.05 ng/ml for glibenclamide and 0.1 ng/ml for glipizide in Study II. Results
from quality control assays in Studies I, II, IV, and V for the methods are
presented in Table VI. The extraction recoveries of glibenclamide, glimepiride,
and glipizide exceeded 75%. The hormones or their metabolites used in oral
contraceptive preparations or the plasma matrix did not interfere with the
determination of glibenclamide, glimepiride, or glipizide plasma concentrations.

4.2. Repaglinide

The plasma concentrations of repaglinide (Studies III and VI) were determined
by liquid chromatography-tandem mass spectrometry. The system was equipped
with a Perkin Elmer Series 200 injector and binary pumps, a Waters C8 Guard
column (10 mm x 2.1 mm, particle size 3.5 µm; Waters Corp, Milford, MA,
USA; Study VI), a Purospher STAR RP-18 column (55 mm x 2 mm, particle
size 3 µm; Merck KGaA, Darmstadt, Germany; Studies III and VI), and a
Perkin-Elmer SCIEX API 3000 LC/MS/MS System. The internal standard
indomethacin was added to tubes that contained 1.0 ml plasma and 1.0 ml
extraction buffer (0.1 mol/l potassium phosphate; pH 5.9). After the mixture was
vortexed, 6.0 ml diethyl ether (containing 1.5% isoamylalcohol) was added, and
the tubes were shaken for 30 minutes.

After centrifugation, the diethyl ether phase was transferred into new tubes and
evaporated to dryness under a stream of nitrogen at 30 °C. The evaporation
residues were reconstituted with 0.15 ml of the mobile phase, which consisted in
Study III of 50% of acetonitrile and 50% of 10 mmol/l ammonium formate (pH
3.5) and in Study VI of 80% of acetonitrile and 20% of 10 mmol/l ammonium
formate (pH 3.5). A 10-µl aliquot of the final preparation was injected into the
column. A flow rate of 0.375 ml/min was used in chromatography in both
studies. The eluting compounds of interest were analyzed by liquid
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chromatography, followed by atmospheric pressure chemical ionization at 420
°C and tandem mass spectrometry. Nitrogen flow rate in the nebulizer was
approximately 0.7 l/min and the flow rate of the curtain gas nitrogen
approximately 2.0 l/min. The collision energy for repaglinide was 40.0 eV, with
nitrogen serving as the collision gas. The ion transitions monitored were m/z 453
→ 230 for repaglinide and m/z 358 → 139 for indomethacin. The standard curve
was determined and the samples quantified with the Perkin Elmer SCIEX
Macquan program. Concentrations were computed on the basis of the area of the
peak in the chromatogram of the (M+H)+ ion. The standard curve was
determined by linear regression analysis, and the standard curve for repaglinide
was linear in the concentration-range of 0 to 10 ng/ml (r > 0.999, weighting 1/x).
The quantification limit was 0.05 ng/ml. Results from quality control assays in
Studies III and VI for the method are shown in Table VI. The extraction
recovery of repaglinide exceeded 90%. The hormones or their metabolites used
in oral contraceptive preparations or the plasma matrix did not interfere with the
determination of repaglinide plasma concentrations.

4.3. CYP inhibitors

The plasma concentrations of fluconazole (Study IV) were determined with
high-performance liquid chromatography (HPLC) and ultraviolet detection by a
modification of a previously described method (Inagaki et al 1992). The system
was equipped with a HP 1100 Series Liquid Chromatography System (Hewlett-
Packard) and a Novapak C18 column (3.9 mm x 150 mm, particle size 4 µm;
Waters Corp). The internal standard UK 54373 was added to tubes that
contained 0.5 ml plasma and 1.0 ml extraction buffer (0.1 mol/l sodium
phosphate; pH 6.0). After vortexing, the analyte and internal standard were
extracted from plasma into methanol by use of Varian Bond Elut C18 solid-phase
extraction columns (Varian, Harbour City, CA, USA). After evaporation to
dryness under nitrogen at 40 °C, the residue was reconstituted with 0.2 ml of
mobile phase, which consisted of methanol (35%) and 0.025 mol/l sodium
phosphate buffer (pH 7.0; 65%). A 5-µl aliquot of the final preparation was
injected into the column. A flow rate of 0.5 ml/min was used in chromatography.
The extraction recovery of fluconazole by the original method was 97% (Inagaki
et al 1992). The limit of quantification of fluconazole was 0.20 µg/ml; the results
from quality control assays for the method are shown in Table VI.
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The plasma concentrations of fluvoxamine (Study IV) were determined with
HPLC and ultraviolet detection by a modification of a previously described
method (van der Meersch-Mougeot & Diquet 1991). The system was equipped
with a HP 1050 Autosampler (Hewlett-Packard), a Pharmacia LKB-HPLC Pump
2248 (Pharmacia LKB Biotechnology AB, Uppsala, Sweden), a Zorbax SIL
column (4.6 mm x 250 mm, particle size 5 µm; Rockland Technologies/Dupont
Company, Chaddsford, PA, USA), and a Perkin Elmer Model 785A ultraviolet
detector (Perkin Elmer, Norwalk, CT, USA). The internal standard haloperidol
was pipeted into tubes and the solvent evaporated. Thereafter 1.0 ml plasma,
0.125 ml sodium hydroxide (2 mol/l), and 5.0 ml hexane were added. The
mixture was shaken for 15 minutes. After centrifugation, hexane extraction was
repeated with a new amount of 5.0 ml hexane. The combined hexane solutions
were evaporated to dryness under nitrogen in a dry-bath set at 30 °C. The
residue was reconstituted with 0.2 ml of mobile phase, which consisted of
methanol (985 ml), acetonitrile (10 ml), tetrahydroflurane (2 ml),  water (2 ml),
and diethylamine (0.1 ml). A 50-µl aliquot of the final preparation was injected
into the column. A flow rate of 0.8 ml/min was used in chromatography. The
extraction recovery of fluvoxamine by the original method was 88% (Inagaki et
al 1992). The limit of quantification of fluvoxamine was 10.0 ng/ml; the results
from quality control assays for the method are shown in Table VI.

Plasma gemfibrozil concentrations (Study V) were determined with HPLC and
ultraviolet detection by a modification of a previously described method (Hengy
& Kölle 1985). The system was equipped with a HP 1050 Autosampler, a
Pharmacia LKB-HPLC Pump 2248, a Novapak C18 column, and a Perkin Elmer
Model 785A ultraviolet detector. A volume of 0.5 ml plasma was placed in tubes
and mixed with the internal standard ibuprofen. The mixture was acidified with
0.1 ml hydrochloric acid (1 mol/l). After the mixture was vortexed, 5.0 ml
cyclohexane was added, and the tubes were shaken for 20 minutes. After
centrifugation, the cyclohexane phase was evaporated to dryness under nitrogen
at 40 °C. The evaporation residue was reconstituted with 0.1 ml of mobile phase,
which consisted of acetonitrile (500 ml), water (500 ml), and 85% phosphoric
acid (1.38 ml). A 2- to 10-µl aliquot of the final preparation was injected into the
column. A flow rate of 0.7 ml/min was used in chromatography. The extraction
recovery of gemfibrozil was 90%. The limit of quantification was 0.1 µg/ml, and
the results from quality control assays for the method are shown in Table VI.
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The plasma clarithromycin concentrations (Study VI) were determined with
HPLC and electrochemical detection by a modification of previously described
methods (Laakso et al 1990, Grgurinovich & Matthews 1988). The system was
equipped with a HP 1050 Autosampler, a Pharmacia LKB-HPLC Pump 2248, a
Novapak C18 column, and a ESA Model 5100 A Coulochem electrochemical
detector (ESA Inc, Chelmsford, MA, USA). Internal standard roxithromycin was
added to tubes that contained 0.5 ml plasma and 50 µl acetonitrile. After
vortexing, 50 µl saturated sodium carbonate and 2.5 ml methyl-tert-buthylether
were added. The mixture was shaken for 15 minutes. After centrifugation, 2 ml
of the upper phase was transferred into new tubes and evaporated to dryness
under a stream of nitrogen (35 °C). The residue was reconstituted with 0.15 ml
of mobile phase, which consisted of 0.1 mol/l acetic acid buffer (pH 5.0; 58%),
acetonitrile (32%), and methanol (10%). A 20-µl aliquot of the final preparation
was injected into the column. A flow rate of 0.7 ml/min was used in
chromatography. The extraction recovery of clarithromycin was 97%. The
quantification limit was 0.2 µg/ml; the results from quality control assays for the
method are presented in Table VI.

No studies were performed on the stability of any of the analytes. However, the
plasma samples were stored at -40 °C (Studies I and III-VI) or -80 °C (Study II)
and were analyzed at a maximum 5 months after completion of the studies.
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Table VI. Results from quality control assays for determinations of plasma drug
concentrations.

Inter-assay coefficient of variation (CV) at
Drug (study) n Low

concentration
Medium

concentration
High

concentration
Clarithromycin (VI) 8 10.2% (0.9 µg/ml) 6.4% (4.4 µg/ml) 3.9% (8.6 µg/ml)
Fluconazole (IV) 11 2.3% (0.39 µg/ml) 1.2% (4.4 µg/ml) 2.0% (14.3 µg/ml)
Fluvoxamine (IV) 7 9.2% (16.9 ng/ml) 4.5% (85.7 ng/ml) 5.4% (324 ng/ml)
Gemfibrozil (V) 6 9.7% (2.1 µg/ml) 6.8% (14.6 µg/ml) 2.6% (29.6 µg/ml)
Glibenclamide (II) 5 5.9% (0.1 ng/ml) 3.8% (5 ng/ml) 1.8% (150 ng/ml)
Glimepiride (I) 4 6.8% (0.1 ng/ml) 5.7% (6.4 ng/ml) 2.0% (98.7 ng/ml)
Glimepiride (IV) 5 7.2% (0.5 ng/ml) 5.9% (5.3 ng/ml) 1.5% (52.9 ng/ml)
Glimepiride (V) 5 6.9% (0.1 ng/ml) 2.7% (5.0 ng/ml) 4.6% (50 ng/ml)
Glipizide (II) 5 3.5% (0.1 ng/ml) 3.6% (5.0 ng/ml) 6.5% (150 ng/ml)
Repaglinide (III) 5 6.2% (0.05 ng/ml) 6.0% (1.0 ng/ml) 3.9% (10.0 ng/ml)
Repaglinide (VI) 5 5.5% (0.1 ng/ml) 6.6% (1.0 ng/ml) 4.4% (10.4 ng/ml)

5. Pharmacokinetic calculations

The pharmacokinetics of the study drugs were characterized by peak
concentration in plasma (Cmax), time to Cmax (tmax), elimination half-life (t½), and
areas under the plasma concentration-time curve from time 0 to t (AUC(0-t)
where t refers to the time-point of the last blood sample taken) or 0 to infinity
(AUC(0-∞)). The terminal log-linear part of the plasma drug concentration-time
curve was visually identified for each individual drug concentration curve. The
elimination-rate constant (kel) was determined by linear regression analysis of
the log-linear part of the plasma concentration-time curve. The t½ was calculated
by the equation t½ = ln2/kel. The AUC values were calculated by the linear
trapezoidal rule in Study I and by the linear trapezoidal rule for the rising phase
of the plasma drug concentration-time curve and by the log-linear trapezoidal
rule for the descending phase in Studies II to VI. When appropriate, the
extrapolation to infinity was accomplished by dividing the last determined
concentration by kel.

The pharmacokinetics of the CYP inhibitors fluconazole, fluvoxamine,
gemfibrozil, and clarithromycin (Studies IV-VI) were characterized by Cmax and
AUC(1 - t+1), that is the AUC from 1 hour after the last dose of the inhibitor up
to the time-point of the last blood sample taken. All pharmacokinetic
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calculations were performed with the program MK-model, version 5.0 (Biosoft,
Cambridge, UK).

6. Pharmacodynamic measurements

The pharmacodynamic effects of the sulfonylureas and repaglinide were
characterized by the blood glucose (all studies) and serum insulin (Studies V and
VI) responses.

6.1. Blood glucose

In all studies, blood glucose concentrations of the EDTA-treated blood samples
were measured immediately after each sampling by the glucose oxidase method
using the Precision G Blood Glucose Testing System (Medisense, Bedford, MA,
USA), with its electrochemical detection technique. The results from blood
glucose control solution testing are shown in Table VII.

To adjust for variation in baseline blood glucose values, the blood glucose
response was characterized by determining the decremental area (net area below
baseline) under the concentration-time curve of blood glucose from time 0 to 3
hours (decremental AUC(0-3); Studies I and III-VI), from 0 to 5 hours
(decremental AUC(0-5); Study III), or from 0 to 7 hours (decremental AUC(0-
7); Studies I, II and IV-VI) after the administration of the study drug. The
decremental AUC values were calculated by the linear trapezoidal rule. The
maximum increase and the maximum decrease in blood glucose concentrations
from baseline blood glucose values were also calculated in all studies for the
time-period 0 to 3 hours after administration of the study drug.

Table VII. Results from blood glucose control solution testing.
Between-day coefficient of variation (CV) at concentrations

Study No. n Low (mmol/l) Medium (mmol/l) High (mmol/l)
Study I 4 9.8% (2.7) 6.5% (4.9) 5.9% (15.2)
Study II 8 10.1% (2.5) 4.8% (4.6) 5.3% (14.5)
Study III 4 10.0% (2.6) 12.7% (4.7) 7.9% (15.7)
Study IV 6 11.0% (2.7) 9.6% (4.6) 4.3% (15.2)
Study V 4 3.8% (3.0) 8.4% (5.4) 2.5% (16.8)
Study VI 4 5.1% (2.6) 3.7% (4.7) 4.8% (14.8)
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6.2. Serum insulin

In Studies V and VI, serum insulin concentrations were also measured in the
serum samples for the time period 0 to 7 hours after administration of the study
drug. Serum insulin concentrations were quantified by a fluoroimmunoassay
method with a commercially available kit, AutoDELFIA Insulin (Wallac Oy,
Turku, Finland). The inter-assay CV for this method with a full standard curve
was 2.3% at 5.7 mU/l, 3.0% at 13.7 mU/l, and 3.5% at 30.2 mU/l
(AutoDELFIA Insulin kit package insert, 1998).

The insulin response was characterized by determining the incremental area (net
area above baseline) under the concentration-time curve of serum insulin for the
time periods 0 to 3 hours (incremental AUC(0-3)) and 0 to 7 hours (incremental
AUC(0-7)) after administration of the study drug. The incremental AUC values
were calculated by the linear trapezoidal rule. The maximum increase in serum
insulin concentration from the baseline value was also calculated.

7. Statistical analysis

Results of the studies are expressed as mean values ± SEM (Studies I-III), mean
± SD (Study IV), or as mean ± SD in Results and tables and as mean ± SEM in
figures (Studies V and VI). Tmax data are expressed as median with range. The
chosen level of statistical significance in all studies was P < .05.
Pharmacokinetic variables were log-transformed before the statistical analysis,
when appropriate. In Study I, 95% confidence intervals (CI) were calculated for
the mean differences of all variables (except tmax) between placebo and
rifampicin phases. The pharmacokinetic variables, except tmax, and the blood
glucose variables after the pretreatments were compared with the Student t-test
for paired values in Studies I and III. The Wilcoxon signed-rank test was used in
Studies I to III and V to VI for analysis of the tmax values. In Study IV (3 phases),
the tmax data was analyzed by Friedman’s two-way analysis of variance
(ANOVA) followed by the Wilcoxon signed-rank test with the Bonferroni
correction. ANOVA followed by a posteriori testing with the paired t-test with
the Bonferroni correction was used for analysis of the other variables in Study
IV. In Studies II, V, and VI, the pharmacokinetic and pharmacodynamic
variables between pretreatments were compared with ANOVA. In Study II, the
difference in the ratio of the glibenclamide or glipizide AUC(0-∞) during the
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rifampicin phase between the glibenclamide and glipizide studies was compared
by the two-sample t-test. Pearson’s correlation coefficient was used in Studies
IV to VI to investigate the possible relationship between the pharmacokinetic
variables of the CYP inhibitors and the study drugs. All the data were analyzed
with the statistical program Systat for Windows, version 6.0.1 (SPSS Inc, IL,
USA).

8. Ethical considerations

All the study protocols were approved by the appropriate ethics committees
according to current regulations. The study protocols of Studies I, III, and IV
were approved by the Ethics Committee of the Department of Clinical
Pharmacology, University of Helsinki. The protocols of Studies II, V, and VI
were approved by the Ethics Committee for Studies in Healthy Volunteers of the
Hospital District of Helsinki and Uusimaa. In addition, all the study protocols
were approved by the Finnish National Agency for Medicines. All the subjects
received both oral and written information and gave their written informed
consent before they were entered in the studies.
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RESULTS

1. Effects of rifampicin on oral antidiabetic drugs

1.1. Glimepiride (Study I)

A 5-day treatment with 600 mg of rifampicin once daily moderately decreased
plasma glimepiride concentrations (Fig 10). The mean AUC(0-∞) of glimepiride
was decreased by 34% (P < .001) by rifampicin and a reduction in the AUC(0-
∞) (range, 14% to 41%) appeared in every subject. The mean Cmax of
glimepiride was reduced by 14% (P = .06) by rifampicin, and the mean t½ was
shortened from 2.6 to 2.0 hours  (P < .05).

No statistically significant differences were evident in the blood glucose
variables between the placebo and rifampicin phases (Fig 11), but two subjects
experienced mild symptomatic hypoglycemia during the placebo phase and none
during the rifampicin phase.

1.2. Glibenclamide (Study II)

A 5-day pretreatment with 600 mg of rifampicin once daily significantly reduced
plasma concentrations of glibenclamide (Fig 10). Rifampicin reduced the mean
AUC(0-�) of glibenclamide by 39% (P < .001) and the Cmax by 22% (P = .01)
compared to placebo. The mean t½ of glibenclamide was shortened from 2.0 to
1.7 hours (P < .05) by rifampicin. A reduction in the AUC(0-�) was seen in
every subject.

Here, the significant reduction in plasma glibenclamide concentrations resulted
also in significantly higher blood glucose concentrations in the rifampicin phase
than in the placebo phase (Fig 11). The blood glucose decremental AUC(0-7)

was reduced from 5.9 to 3.3 mmol . h/l (P = .05) and the maximum decrease in
blood glucose concentration from 2.2 to 1.4 mmol/l (P < .001) by rifampin. A
reduction in the maximum decrease in blood glucose was seen in every subject,
and 4 subjects received additional carbohydrates orally during the placebo phase
to correct significant hypoglycemia (that is, a blood glucose concentration < 2.0
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mmol/l). Only 1 subject received additional carbohydrates during the rifampicin
phase. None of the subjects experienced severe hypoglycemic symptoms.

1.3. Glipizide (Study II)

The 5-day treatment with 600 mg of rifampicin once daily significantly affected
the pharmacokinetics of glipizide (Fig 10). Rifampicin reduced the mean
AUC(0-�) of glipizide by 22% (P < .05), but elevated the Cmax by 18% (P <
.05). The mean t½ of glipizide was shortened from 3.0 to 1.9 hours (P = .01) by
rifampicin. A reduction in the t½, but not in the AUC(0-�), was seen in every
subject. The relative decrease in the AUC(0-�) of glibenclamide was
significantly greater than that in the AUC(0-�) of glipizide (P < .05).

Statistically non-significant decreases in the decremental AUC(0-7) and
maximum decrease in blood glucose were obvious during the rifampicin phase
compared to those of the placebo phase (Fig 11). On the other hand, 4 subjects
received additional oral carbohydrates during the placebo phase to correct
significant hypoglycemia, but only 1 subject  received additional carbohydrates
during the rifampicin phase. None of the subjects experienced severe
hypoglycemic symptoms.

1.4. Repaglinide (Study III)

In this study, 600 mg of rifampicin once daily for 5 days considerably reduced
plasma repaglinide concentrations (Fig 10). Rifampicin reduced the mean
AUC(0-�) of repaglinide by 57% (P < .001) and the Cmax by 41% (P = .001)
compared with placebo. The mean t½ of repaglinide was shortened from 1.5 to
1.1 hours (P < .01) by rifampicin. Reductions in the AUC(0-�) (range, 30% to
78%), Cmax (range, 15% to 73%) and t½ (range, 1% to 37%) values were seen in
every subject.

In agreement with the effects of rifampicin on the pharmacokinetics of
repaglinide, the blood glucose response to repaglinide was also significantly
attenuated by rifampicin (Fig 11). Rifampicin reduced the mean decremental

AUC(0-3) of blood glucose from 0.94 to -0.23 mmol . h/l (P < .05) and the
mean maximum decrease in blood glucose concentration by 35% (P < .05)
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compared with placebo. The decremental AUC(0-5) of blood glucose and the
maximum increase in blood glucose concentration after breakfast were not
significantly changed. The lowest measured blood glucose concentration was 1.6
mmol/l, which was observed in one subject during the placebo phase. She had
only mild symptoms of hypoglycemia, but received carbohydrate
supplementation.
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Figure 10. Pharmacokinetic
changes in glipizide (GLIP),
glimepiride (GLIM),
glibenclamide (GLIB), and
repaglinide (REPA). Ratios of
mean values during rifampicin
to those during placebo
(control) and range of ratios of
variables in individual subjects.

* P < .05 versus control.
** P < .01 versus control.
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Figure 11. Mean (± SEM) change in blood glucose concentrations after
administration of 2.5 mg glipizide, 1 mg glimepiride, 1.75 mg glibenclamide, or
0.5 mg repaglinide after a pretreatment with 600 mg rifampicin or placebo once
daily for 5 days.
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2. Effects of inhibitors of CYP enzymes on glimepiride and
repaglinide

2.1. Fluconazole effects on glimepiride (Study IV)

A 4-day treatment with fluconazole once daily (400 mg on day 1 and 200 mg on
days 2-4) significantly raised plasma glimepiride concentrations (Fig 12).
Fluconazole raised the mean AUC(0-�) and the Cmax of glimepiride by 138%
and 51% (P < .0001), respectively, compared with the placebo phase. The mean
t½ of glimepiride was prolonged from 2.0 to 3.3 hours (P < .0001) by
fluconazole.

There were no statistically significant differences in blood glucose variables
between the fluconazole and placebo phases (Fig 13). None of the subjects
experienced symptomatic hypoglycemia.

2.2. Fluvoxamine effects on glimepiride (Study IV)

A 4-day treatment with 100 mg fluvoxamine once daily significantly elevated
plasma glimepiride concentrations (Fig 12). Fluvoxamine raised the mean Cmax

of glimepiride by 43% (P < .05) compared with placebo and prolonged the t½

from 2.0 to 2.3 hours (P < .01). However, only a non-significant increase in the
mean AUC(0-�) of glimepiride (33%) occurred after fluvoxamine. Fluconazole
had a significantly (P < .0005) greater effect on both the t½ and AUC(0-�) of
glimepiride than did fluvoxamine.

There were no statistically significant differences in blood glucose
concentrations between the fluvoxamine and placebo phases (Fig 13). None of
the subjects experienced symptomatic hypoglycemia.

2.3. Gemfibrozil effects on glimepiride (Study V)

The 5-dose pretreatment with 600 mg gemfibrozil administered twice daily
modestly elevated plasma glimepiride concentrations (Fig 12). The mean
AUC(0-∞) of glimepiride was raised by 23% (P < .005), and the mean t½ was



RESULTS

65

prolonged from 2.1 to 2.3 hours (P < .05) by gemfibrozil. An increase in the
AUC(0-∞) (range, 6% to 56%) was evident in every subject. A statistically non-
significant increase (14%) in the Cmax of glimepiride occurred after gemfibrozil
compared to that after placebo. There was a tendency towards a positive
correlation between the AUC(1-13) of gemfibrozil and the increase in the
AUC(0-12) of glimepiride after gemfibrozil compared with that after placebo (r
= .58, P =.08).

No statistically significant differences in serum insulin or blood glucose
variables occurred between placebo and gemfibrozil phases (Fig 13). None of
the subjects experienced symptomatic hypoglycemia.

2.4. Clarithromycin effects on repaglinide (Study VI)

The 9-dose pretreatment with 250 mg clarithromycin administered twice daily
significantly raised plasma concentrations of repaglinide (Fig 12).
Clarithromycin raised the mean AUC(0-∞) of repaglinide by 40% (P < .0001)
and the Cmax by 67% (P < .005) compared with placebo. The mean t½ of
repaglinide was prolonged from 1.4 to 1.7 hours (P < .05) by clarithromycin.
Increases in the Cmax and AUC values were seen in every subject. There was a
significant negative correlation between clarithromycin Cmax and the ratio of the
AUC(0-7) of repaglinide after clarithromycin to that after placebo (r = -.66, P =
.05).

The higher plasma repaglinide concentrations caused  by clarithromycin resulted
in a significantly increased serum insulin response. Clarithromycin raised the
incremental AUC(0-3) of serum insulin and the maximum increase in the serum
insulin concentration by 51% (P < .05) and 61% (P < .01), respectively.
Statistically non-significant increases in the incremental AUC(0-7) of serum
insulin and decremental AUC values of blood glucose occurred after
clarithromycin compared to after placebo (Fig 13). None of the subjects
experienced symptomatic hypoglycemia.
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Figure 12. Pharmacokinetic
changes in glimepiride and
repaglinide (REPA). Ratios of
mean values of glimepiride
during gemfibrozil (GEMFI),
fluvoxamine (FLUVO), or
fluconazole (FLUCO) or of
repaglinide during
clarithromycin (CLARI) to
those during placebo (control)
and range of ratios of variables
in individual subjects.

* P < .05 versus control.
** P < .01 versus control.
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Figure 13. Mean (± SEM) change in blood glucose concentrations after
administration of 0.5 mg glimepiride after a pretreatment with gemfibrozil (600
mg twice daily for 2.5 days), fluvoxamine (100 mg daily for 4 days), or
fluconazole (400 mg on day 1 and 200 mg on days 2 to 4) or placebo, and mean
(± SEM) change in blood glucose concentrations after administration of 0.25 mg
repaglinide after 9 doses of 250 mg clarithromycin or placebo administered
twice daily.
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3. Summary of results

Rifampicin (600 mg once daily for 5 days) reduced plasma concentrations of the
sulfonylureas glibenclamide, glimepiride, and glipizide (Fig 10). Rifampicin had
a significantly greater effect on the AUC(0-12) of both glibenclamide (P < .05,
two-sample t-test) and glimepiride (P < .05, two-sample t-test) than on that of
glipizide. Rifampicin also significantly reduced the blood glucose-lowering
effect of glibenclamide (Fig 11).

The plasma concentrations of repaglinide were reduced considerably by
rifampicin (Fig 10). Rifampicin also reduced its blood glucose-lowering effect
(Fig 11). The effect of rifampicin on the AUC(0-∞) of repaglinide was
significantly greater than its effects on the AUC(0-∞) of glibenclamide (P < .05,
two-sample t-test), glimepiride (P < .05, two-sample t-test), or glipizide (P <
.01, two-sample t-test).

Fluconazole (400 mg on day 1 and 200 mg on days 2 to 4), fluvoxamine (100
mg daily for 4 days), and gemfibrozil (600 mg twice daily for 2.5 days) all
enhanced the plasma concentrations of glimepiride (Fig 12). The AUC(0-∞) of
glimepiride was enhanced to the greatest extent by fluconazole, whereas both
fluvoxamine and gemfibrozil only moderately raised the AUC(0-∞) of
glimepiride. Fluconazole had a significantly greater effect on the AUC(0-∞) of
glimepiride than did either fluvoxamine (P < .0005, ANOVA followed by paired
t-test with the Bonferroni correction) or gemfibrozil (P < .0001, two-sample t-
test). Neither fluconazole, fluvoxamine, nor gemfibrozil significantly affected
the blood glucose-lowering effect of glimepiride (Fig 13).

Clarithromycin (250 mg twice daily for 4.5 days) raised the plasma
concentrations of repaglinide (Fig 12). The insulin response was also
significantly enhanced by clarithromycin pretreatment. In this study, the blood
glucose-lowering effect of repaglinide remained unaffected (Fig 13).
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DISCUSSION

1. Methodological considerations

This series of studies investigated the effects of induction and inhibition of CYP
enzymes on the pharmacokinetics and pharmacodynamics of oral antidiabetic
drugs. The antidiabetic drugs of these studies act by enhancing insulin secretion
in the pancreas and thereby reducing blood glucose concentrations.

All 6 studies were carried out with healthy volunteers. Each received a short-
term pretreatment with either rifampicin or one of the inhibitors of CYP
enzymes or placebo, and thereafter a single oral dose of the antidiabetic drug.
Highly specific and sensitive LC/MS/MS assay methods were developed for the
antidiabetic drugs to allow the use of low, well-tolerated doses of the drugs. In
addition, the volunteers received standardized meals during the days of
administration of the antidiabetic drugs and were under direct medical
supervision. Their blood glucose concentrations were frequently measured
during the study days. Medication for the treatment of possible severe
hypoglycemia was available at the study site but was not needed. In addition,
snacks rich in carbohydrates were available, and the volunteers received
carbohydrate supplementation when considered necessary.

All were placebo-controlled, randomized crossover studies with a washout
period of 2 to 4 weeks. With the crossover design, the subjects served as their
own controls, which helped to minimize variation and reduced the number of
subjects needed to show a significant interaction according to statistical criteria.
Balanced randomization and adequate washout periods minimized the risk of
any possible carry-over effect.

Because of the low doses of antidiabetic drugs, glimepiride and repaglinide
tablets had to be halved in Studies IV to VI. Dividing tablets may, however,
increase interindividual variation in dosage and thus increase variation in drug
plasma concentrations. Glimepiride 1 mg tablets have double bisects to facilitate
the division of the tablet accurately. Repaglinide 0.5 mg tablets, lacking bisects,
were halved, then weighed, and these halved tablets met the criteria of the
European Pharmacopoeia for tablets of that size (European Pharmacopoeia
Third Edition 1997).
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The number of subjects in each study was relatively small (9-12). However,
based on variations in pharmacokinetic variables of these drugs in previous
studies and on information from previous drug interaction studies, this number
of subjects seemed sufficient to reveal any clinically significant pharmacokinetic
interaction (about a 30% change in AUC) at a statistical significance level of P <
.05.

The volunteers participating in the studies were healthy and relatively young.
Because the prevalence of most diseases increases with age, these findings may
thus not be directly extrapolated to older subjects with NIDDM. The
pharmacokinetics of glimepiride, glipizide, and repaglinide are not, however,
significantly affected by age, and aging has only minor effects on the
pharmacokinetics of glibenclamide. Furthermore, aging does not impair the
enzyme induction caused by rifampicin (Dilger et al 2000). On the other hand,
patients with NIDDM probably exhibit characteristics that increase variation in
the extent of drug interaction.

Disturbances in insulin secretion and in the blood glucose-lowering effect of
insulin play a central role in the pathogenesis of NIDDM. Thus, extrapolation of
pharmacodynamic responses from healthy volunteers to patients with NIDDM
should be made with caution. In any case, the main focus of these studies was to
detect possibly clinically significant pharmacokinetic drug interactions.

The pretreatment period in the studies with inhibitors of CYP enzymes was
between 2 and 5 days (significant inhibition of CYP enzymes occurs even after a
single dose of an inhibitor, according to Neuvonen et al 1996). The steady state
concentrations of clarithromycin and gemfibrozil were probably reached within
this period. In the fluconazole study, a loading dose of fluconazole was given on
day 1 (twice the dose administered on days 2 to 4). With this dosing regimen,
90% of the steady state concentration was achieved by the second treatment day.
Thus it is unlikely that the effect of fluconazole on glimepiride would have been
much greater after a pretreatment period longer than 4 days. Considering the t½

of fluvoxamine (about 15 to 20 hours), it is also unlikely that the effects of
fluvoxamine on glimepiride would have been much greater after a longer
pretreatment period. In addition, the same pretreatments have been used in some
previous interaction studies; sharing the same design facilitates comparison of
results across different studies.
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Enzyme inhibition takes place when the inhibitor is present, whereas enzyme
induction by rifampicin requires the synthesis of new enzyme protein and thus
requires a longer time. Rifampicin was given for a relatively short period (5
days). Results of one study suggest that only about half of the maximum
inducing effect of rifampicin is reached during this period (Lee et al 1993), but
in another study the inducing effect of rifampicin reached a plateau after 6 days,
and the extent of induction after 5 days was close to the plateau level (Tran et al
1999). A 5-day pretreatment with rifampicin was chosen because such
pretreatment has often been shown to reveal potentially clinically significant
interactions and to prevent unnecessary exposure of healthy volunteers to
rifampicin.

The studies were not balanced with respect to subjects’ gender. No balance was
considered necessary, because the volunteers served as their own controls. In
addition, the physiological changes during the menstrual cycle seem to have only
minor effects on pharmacokinetics (Kashuba & Nafziger 1998). Furthermore,
the washout period in all studies except V was 4 weeks, which equals the
average menstrual cycle. Several of the female volunteers were using oral
contraceptives, and the steroids in these preparations are potent inhibitors of
CYP3A4 in vitro (Back et al 1991, Guengerich 1988, Guengerich 1990).
However, they seem to have only minor effects on the pharmacokinetics of
CYP3A4 substrates (Palovaara et al 2000). Although several of the drugs
studied in this work were CYP2C9 substrates, and the effects of oral
contraceptive steroids on the pharmacokinetics of such substrates have not been
specifically studied, the risk of significant inhibition of CYP2C9 by these
steroids was considered to be very low. Consequently, the use of oral
contraceptive steroids was not considered an exclusion criteria. Oral
contraceptive steroids did not seem in our studies to have significant effects on
the pharmacokinetics of the CYP2C9 substrates.

The volunteers fasted overnight before administration of each antidiabetic drug
to reduce possible variation in drug absorption (meals during the study days
were standardized and identical) and also to reduce variation in baseline blood
glucose and serum insulin concentrations.
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2. Effects of induction of CYP enzymes on oral antidiabetic
drugs

2.1. Effects of induction on the CYP2C9 substrates glimepiride,
glibenclamide, and glipizide

These studies (I-II) demonstrated that induction of CYP2C9 by rifampicin
reduces the plasma concentrations of the sulfonylureas glibenclamide,
glimepiride, and glipizide. The blood glucose-lowering effect of glibenclamide
was also significantly reduced by rifampicin, whereas in healthy volunteers,
rifampicin had no statistically significant effects on the blood glucose responses
to glimepiride and glipizide. Rifampicin dropped the total AUC of
glibenclamide, glimepiride, and glipizide by 39%, 34%, and 22%, respectively.
Conversely, rifampicin had its greatest effect on the t½ of glipizide (35%
reduction) and its smallest effect on that of glibenclamide (17% reduction). The
Cmax value of glibenclamide was significantly reduced by rifampicin, and a
statistically non-significant reduction in the Cmax of glimepiride occurred after
rifampicin. On the other hand, rifampicin significantly elevated the Cmax of
glipizide, suggesting that it increased the systemic availability of glipizide.

Because of significant hypoglycemia, several subjects received carbohydrate
supplementation during the placebo phase in the rifampicin-glibenclamide and
rifampicin-glipizide studies, whereas only one subject needed additional
carbohydrates in those studies during the rifampicin phase. The extra
carbohydrates obviously reduced the difference in blood glucose variables
between the placebo and rifampicin phases in those studies, and may partly
explain the lack of statistical significance in the blood glucose variables in the
glipizide study. Because additional carbohydrates were mostly needed in the
placebo phases, results of Study II are more likely to underestimate than
overestimate the true pharmacodynamic interactions of rifampicin with
glibenclamide and glipizide. Additional carbohydrates were not needed in the
rifampicin-glimepiride study, and it is not clear why the rifampicin-caused
reduction in plasma glimepiride concentrations did not significantly alter the
blood glucose-lowering effect of glimepiride in healthy volunteers.

The sulfonylureas glibenclamide, glimepiride, and glipizide are eliminated
primarily by CYP2C9-mediated metabolism (Brian 2000, Langtry & Balfour
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1998, Kidd et al 1999). P-glycoprotein seems to be an important determinant of
the disposition of glibenclamide, as glibenclamide is a substrate of the P-
glycoprotein (Goldstein et al 1999), and a single 120 mg dose of verapamil, a
known inhibitor of P-glycoprotein, elevated the Cmax and AUC(0.5-6) of
glibenclamide by 28% and 26%, respectively (Semple et al 1986). Because
rifampicin potently induces CYP2C9, among other CYP enzymes (Gerbal-
Chaloin et al 2001, Sumida et al 2000), the most likely explanation for these
interactions seems to be induction of the CYP2C9-mediated metabolism of these
sulfonylureas by rifampicin. However, rifampicin may also have reduced the
oral bioavailability of glibenclamide by inducing the intestinal and hepatic P-
glycoprotein (Greiner et al 1999, Westphal et al 2000). It is not yet known
whether glimepiride or glipizide is a substrate of the P-glycoprotein.

Of interest is the finding that rifampicin raised the mean Cmax of glipizide,
despite a considerable decrease in the t½. Furthermore, a great interindividual
variation occurred in the effect of rifampicin on the Cmax of glipizide (an effect
ranging from a 24% reduction to an 87% increase) and an increased blood
glucose-lowering effect of glipizide occurred in the subject with the greatest
increase. Moreover, the tmax of glipizide was significantly shorter in the
rifampicin phase. The increase in Cmax suggests that rifampicin enhanced either
the rate of absorption of glipizide or its systemic availability. The explanation
may be increased activity of an uptake transporter in the small intestine, such as
an organic anion-transporting polypeptide (OATP). If the uptake transporter
were induced also in hepatocytes, this would explain the fact that rifampicin
reduced the t½ of glipizide to the greatest extent of all these antidiabetic drugs,
because hepatic clearance of drugs depends not only on the rate of hepatic
metabolism but also on the rate of uptake of drugs into the liver. Unfortunately,
it is not yet known whether glipizide is a substrate of any uptake transporter, and
further studies are needed to clarify the mechanism of the apparent increased
systemic availability of glipizide after rifampicin treatment.

Some drugs other than rifampicin are also potent inducers of CYP enzymes.
These include the widely used antiepileptic drugs carbamazepine and phenytoin
(Brodie 1992, Anderson 1998) and the herbal antidepressant St John’s wort
(Ernst 1999, Piscitelli et al 2000, Roby et al 2000). Carbamazepine and
phenytoin seem capable of inducing CYP2C9 (Anderson 1998) and may
therefore reduce the plasma concentrations of glibenclamide, glimepiride, and
glipizide. St John’s wort is a relatively potent inducer of CYP3A4 and P-
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glycoprotein (Piscitelli et al 2000, Roby et al 2000, Dürr et al 2000). Although
some case reports suggest that St John’s wort may also induce CYP2C9 (Qun-
Ying et al 2000), preliminary results of a recent study indicate that in fact it does
not (Wang et al 2001b). It is, however, possible that St John’s wort reduces the
plasma concentrations of the P-glycoprotein substrate glibenclamide.

The interactions of CYP2C9-inducing drugs with glibenclamide are clinically
significant, as has been demonstrated for the rifampicin-glibenclamide
interaction in patients with NIDDM (Surekha et al 1997). Glimepiride and
especially glipizide seem to be less susceptible to interaction with inducing
agents. However, because of the variation in the effects of rifampicin on
glimepiride and on glipizide and because elderly patients with NIDDM may
exhibit additional characteristics affecting the interaction, the blood glucose-
lowering effects of glimepiride and glipizide may, in some patients, also be
reduced by rifampicin. Blood glucose concentrations should therefore be closely
monitored if rifampicin or another potent inducer of CYP2C9 is added to the
therapy of a patient with NIDDM who is treated with sulfonylureas or if the
inducing agent is discontinued. The dosage of the sulfonylurea should be
adjusted accordingly.

2.2. Effects of induction on the CYP3A4 substrate repaglinide

Rifampicin reduced the total AUC of repaglinide by 57% and also significantly
reduced its Cmax and t½ values. Despite the fact that one subject received
additional carbohydrates during the placebo phase and no subjects during the
rifampicin, a statistically significant reduction in the blood glucose-lowering
effect of repaglinide was seen after rifampicin.

The oral bioavailability of repaglinide is only about 60% because of first-pass
metabolism (Hatorp et al 1998). Repaglinide is metabolized to three major
inactive metabolites, M1, M2, and M7 (Guay 1998), and M2 is the major human
metabolite (van Heiningen et al 1999). According to in vitro studies conducted
by the manufacturer, CYP3A4 is involved in the formation of M1 and M2
metabolites (Prandin prescribing information 1998). Because CYP3A4 is present
in significant quantities in the small intestinal mucosa (Kivistö et al 1996), it is
probable that the intestinal CYP3A4 is important for the first-pass metabolism of
repaglinide. Intestinal CYP3A4 is inducible by rifampicin (Kolars et al 1992),
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and it plays an important role in the interactions of rifampicin with several
drugs, e.g., ciclosporin, verapamil, and nifedipine (Hebert et al 1992, Fromm et
al 1996, Holtbecker et al 1996). Because rifampicin reduced both the t½ and Cmax

of repaglinide, it seems that it induced the CYP3A4-mediated metabolism of
repaglinide during both first-pass and elimination phases. It is not yet known
whether repaglinide is a substrate of the P-glycoprotein, and the possibility that
induction of P-glycoprotein by rifampicin contributed to the interaction observed
cannot be ruled out.

Of the antidiabetic drugs studied, induction of CYP enzymes by rifampicin had
the greatest effect on the CYP3A4 substrate repaglinide. The effects of
rifampicin on the pharmacokinetics of many other CYP3A4 substrates are also
greater than those on the pharmacokinetics of CYP2C9 substrates. In
comparison with the effects of rifampicin on glibenclamide, glimepiride, and
glipizide, the same treatment with rifampicin lowered the AUC of midazolam,
triazolam, buspirone, and simvastatin (all substrates of CYP3A4) to 4%, 5%,
10%, and 13% of control values, respectively (Backman et al 1996a, Villikka et
al 1997, Lamberg et al 1998a, Kyrklund et al 2000). This may be explained in
part by the large effect of rifampicin on the first-pass metabolism of these drugs,
reflecting the small intestine’s greater amount of CYP3A4 than of CYP2C9
(Zhang et al 1999), and the greater inducibility in cell cultures of CYP3A4 than
of CYP2C9 (Sumida et al 2000).

Carbamazepine and phenytoin are as potent inducers of CYP3A4 as is
rifampicin (Backman et al 1996b) and are therefore likely to cause similar
effects on repaglinide, as was demonstrated in Study III with rifampicin. St
John’s wort is a relatively potent inducer of CYP3A4 (Piscitelli et al 2000, Roby
et al 2000, Dürr et al 2000) and therefore probably also reduces the plasma
concentrations of repaglinide.

The interactions of inducers of CYP3A4 with repaglinide are likely to be
clinically significant, and blood glucose concentrations should be closely
monitored if rifampicin or another potent inducer of CYP3A4 is added to the
therapy of a patient treated with repaglinide, or if the inducing agent is
discontinued. The dose of repaglinide should be adjusted according to blood
glucose measurements. In some patients, repaglinide may be virtually ineffective
during their treatment with potent inducers of CYP3A4, and thus it may be wise
to change the oral antidiabetic therapy to another compound.
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3. Effects of inhibition of CYP enzymes on oral antidiabetic
drugs

3.1. Effects of inhibition of CYP2C9 on glimepiride

These studies (IV and V) showed that CYP2C9 inhibitors can elevate the plasma
concentrations of the sulfonylurea glimepiride. Fluconazole raised the total AUC
of glimepiride to almost 2.4-fold the control value, whereas fluvoxamine caused
a statistically non-significant increase of 33% in the total AUC. Gemfibrozil
raised the total AUC of glimepiride by 23%. Fluconazole raised the Cmax of
glimepiride by 51%, fluvoxamine by 43%, and gemfibrozil by 14% (n.s.). The t½

of glimepiride was prolonged to the greatest extent by fluconazole, but
fluvoxamine and gemfibrozil also significantly, although slightly, prolonged the
t½. Marked variation occurred in the extent of all these interactions, but variation
seemed to be the greatest with fluvoxamine. For example, the ratio of the
glimepiride AUC(0-�) during the fluvoxamine phase to that during the placebo
phase ranged from 0.89 to 2.90. No significant differences in blood glucose
variables were found in either study, which may in part be explained by the food
intake which probably increased variation in blood glucose variables, thereby
interfering with the analysis of the pharmacodynamic response.

Glimepiride is completely absorbed after oral administration and, as a low
clearance drug, has a high oral bioavailability that approaches 100% (Langtry &
Balfour 1998). It is metabolized in the liver by CYP2C9 to a hydroxy
metabolite, with further dehydrogenation by the cytosolic alcohol and aldehyde
dehydrogenase enzymes to a carboxy metabolite (Langtry & Balfour 1998). It is
not yet known whether glimepiride is a substrate of the P-glycoprotein.

Fluconazole has been shown to be a potent inhibitor of CYP2C9 both in vitro
(Back et al 1988, Kunze et al 1996, Hargreaves et al 1994) and in vivo (Kazierad
et al 1997, Blum et al 1991, Black et al 1996, Kaukonen et al 1998, Kantola et al
2000), and the mechanism of the fluconazole-glimepiride interaction is probably
inhibition of the CYP2C9-mediated biotransformation of glimepiride. Although
fluconazole also significantly inhibits CYP3A4 (Hargreaves et al 1994, Varhe et
al 1996, Olkkola et al 1996, Jurima-Romet et al 1994), this enzyme probably
plays no role in the biotransformation of glimepiride (Langtry & Balfour 1998).
It is also unlikely that P-glycoprotein is involved, because, unlike ketoconazole
and itraconazole, fluconazole does not seem to inhibit the P-glycoprotein
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(Woodland et al 1998). The increase in plasma glimepiride concentrations
caused by fluconazole did not cause significant effects on the glucose variables
in healthy volunteers; however, because the effect of glimepiride is dose-
dependent, concomitant use of fluconazole with glimepiride is likely to increase
the risk of hypoglycemia.

In comparison with the effects of fluconazole on the pharmacokinetics of
glimepiride, a 7-day treatment with 100 mg fluconazole daily raised the AUC of
glipizide and glibenclamide by 49% and 44% (Stockley 1999a). These increases
in AUC would probably have been greater at a higher fluconazole dosage. The
interaction of fluconazole with sulfonylureas is potentially dangerous; at least
one death in association with hypoglycemia was reported to be a result of the
concomitant use of fluconazole and glibenclamide (Diflucan prescribing
information 1998), and one case report described a patient with NIDDM who
developed hypoglycemic coma during concomitant use of 200 mg fluconazole
daily and 2.5 mg glipizide 3 times daily (Fournier et al 1992).

Fluvoxamine is a potent inhibitor of CYP1A2 (Brøsen 1995, Rasmussen et al
1995) and has been shown also to inhibit CYP2C19, CYP2D6, and CYP3A4
(Rasmussen et al 1998, Kashuba et al 1998, Lamberg et al 1998b). In addition,
fluvoxamine was recently shown to inhibit CYP2C9 both in vitro and in vivo
(Schmider et al 1997, Hemeryck et al 1999, Olesen & Linnet 2000, Madsen et al
2001). Because the AUC(0-�) of glimepiride was not significantly elevated and
the t½ was only slightly prolonged by fluvoxamine in the present study, the
moderate increase (43%) in the Cmax of glimepiride may be explained by
increased rate of absorption of glimepiride. A possible mechanism may be
accelerated gastric emptying caused by fluvoxamine, as the activation of the
gastric serotonin receptor (5-HT4) accelerates emptying (Hedge et al 1995).

However, inhibition of the metabolism of glimepiride by fluvoxamine probably
also contributed to the increase in the Cmax. Although there was considerable
interindividual variation in the extent of the fluvoxamine-glimepiride interaction
at both the pharmacokinetic and the pharmacodynamic level, in most cases, this
interaction is possibly of limited clinical significance. Fluvoxamine was recently
shown to induce hyperglycemia in mice (Yamada et al 1999). This effect is
probably mediated by serotonin and caused by inhibition of insulin secretion. In
line with this, in the fluvoxamine-glimepiride study the blood glucose
concentrations tended to be higher after fluvoxamine than after placebo,
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although in the fluvoxamine phase the plasma glimepiride concentrations were
higher.

Recent in vitro studies indicate that gemfibrozil, as well, is an inhibitor of
CYP2C9 (Wang et al 2001a, Wen et al 2001). Inhibition of the CYP2C9-
mediated biotransformation of glimepiride by gemfibrozil seems to be the most
likely explanation for the interaction observed between gemfibrozil and
glimepiride. Although it is not yet known whether glimepiride is a substrate of
the P-glycoprotein, inhibition of the P-glycoprotein cannot explain the present
interaction, because gemfibrozil does not seem to inhibit the P-glycoprotein
(Fehrman-Ekholm et al 1996, Pisanti et al 1998).

The interaction of gemfibrozil with glimepiride is probably of limited clinical
significance in most patients. However, because gemfibrozil can improve insulin
sensitivity in hypertriglyceridemic patients (Avogaro et al 1995, Mussoni et al
2000) and because of variation in the extent of the interaction, in some patients
the blood glucose-lowering effect of glimepiride may be greater during
concomitant treatment with gemfibrozil.

Acetylsalicylic acid (1 g daily) reduced the AUC and Cmax of glimepiride by
34% and 4% (Amaryl prescribing information 2000). This was probably the
result of acetylsalicylic acid’s displacing glimepiride from plasma proteins.
Glimepiride is a low clearance drug but is highly bound to plasma proteins and
has a very low volume of distribution. Therefore, displacement of glimepiride
from plasma proteins can lead to an increased free fraction, leading to an
increased clearance of the drug. Because gemfibrozil is also highly bound to
plasma proteins, this same effect may have lessened the extent of the
gemfibrozil-glimepiride interaction. Thus, the relatively low degree of
pharmacokinetic interaction between gemfibrozil and glimepiride should not
cause one to conclude that gemfibrozil only modestly inhibits CYP2C9 in vivo.

In conclusion, fluconazole considerably elevated the plasma concentrations of
glimepiride and prolonged its t½. This was probably the result of inhibition of the
CYP2C9-mediated biotransformation of glimepiride by fluconazole.
Concomitant use of glimepiride with fluconazole or other potent inhibitors of
CYP2C9 such as amiodarone (Heimark et al 1992) or miconazole (O’Reilly et al
1992) may increase the risk of hypoglycemia. Fluvoxamine and gemfibrozil
moderately elevate the plasma concentrations and slightly prolong the t½ of
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glimepiride and may, in some patients, enhance the blood glucose-lowering
effect of glimepiride.

3.2. Effects of inhibition of CYP3A4 on repaglinide

Study VI demonstrated that inhibition of CYP3A4 can raise the plasma
concentrations and the effects of repaglinide. In this study, 250 mg
clarithromycin twice daily boosted the Cmax and AUC(0-∞) of repaglinide by
67% and 40%, respectively. In line with this, the insulin response was
significantly enhanced by clarithromycin. There was marked interindividual
variation in the extent of the effect of clarithromycin on the Cmax of repaglinide
(the relative increase in the Cmax of repaglinide ranged from 10 to 270%). No
significant differences appeared in the blood glucose variables between the
clarithromycin and placebo phases. This may be explained by the relatively low
degree of pharmacokinetic interaction and by the repeated food intake during the
study days (for safety reasons) which probably amplified variation in blood
glucose values.

The oral bioavailability of repaglinide is only about 60%, because of first-pass
metabolism (Hatorp et al 1998). According to in vitro studies, CYP3A4 is the
principal CYP enzyme involved in the metabolism of repaglinide to its main
metabolites (Prandin prescribing information 1998). The metabolites are
excreted almost exclusively in the feces (van Heiningen et al 1999). Because
CYP3A4 is expressed in marked quantities in the small intestinal mucosa
(Kivistö et al 1996, Zhang et al 1999), it is likely that the intestinal CYP3A4 is
involved in repaglinide first-pass metabolism. A previous study failed to show
any significant effect of cimetidine (400 mg twice daily) – a relatively weak
inhibitor of CYP3A4 and of some other CYP enzymes (Martínez et al 1999) –
on repaglinide pharmacokinetics (Hatorp & Thomsen 2000).

Clarithromycin forms inactive iron-metabolite complexes with CYP3A4 and
strongly inhibits its catalytic activity (Gascon & Dayer 1991, Spicer et al 1997).
Clarithromycin considerably increases the plasma concentrations and effects of
several CYP3A4 substrates (Westphal 2000), for example those of the CYP3A4
probe drug midazolam (Yeates et al 1996, Gorski et al 1998). The mechanism of
the interaction between clarithromycin and repaglinide is probably inhibition of
the CYP3A4-mediated metabolism of repaglinide. Because clarithromycin raised
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considerably the Cmax of repaglinide but only slightly prolonged the t½, it seems
that clarithromycin inhibited the CYP3A4-mediated metabolism of repaglinide
mainly during the first pass. Intestinal CYP3A4 has been shown to play a major
role in drug interactions with CYP3A4 inhibitors, for instance in the interaction
between clarithromycin and midazolam (Gorski et al 1998), and it is probable
that intestinal CYP3A4 plays an important role also in the interaction of
clarithromycin with repaglinide. Apart from CYP3A4, clarithromycin seems to
inhibit the P-glycoprotein, as well (Wakasugi et al 1998). Because it is not yet
known whether repaglinide is a substrate of the P-glycoprotein, the possibility
cannot be ruled out that inhibition of the P-glycoprotein by clarithromycin
contributed to this interaction.

The effect of clarithromycin on CYP3A4 activity in vivo is clearly dose-
dependent (Yeates et al 1996, Gorski et al 1998). It is therefore probable that a
higher dosage of clarithromycin would have had a greater effect on the plasma
concentrations and effects of repaglinide than was seen in this study with 250
mg clarithromycin twice daily.

The Cmax of clarithromycin correlated inversely with the relative increase in the
AUC(0-7) of repaglinide (i.e., subjects with the greatest increases in repaglinide
AUC(0-7) had the lowest clarithromycin Cmax values). Because clarithromycin is
itself a substrate of CYP3A4 (Rodrigues et al 1997), clarithromycin Cmax values
are probably inversely related to CYP3A4 activity during the first pass of
clarithromycin. Thus it seems evident that the potential for an increase in plasma
repaglinide concentrations after inhibition of CYP3A4 is greater in subjects with
higher CYP3A4 activity. Therefore, some patients who initially need higher
doses of repaglinide because of their higher CYP3A4 activity may be more
susceptible to the interaction between CYP3A4 inhibitors and repaglinide than
are patients whose blood glucose levels are sufficiently controlled with lower
doses of repaglinide.

The interactions of oral antidiabetic drugs, ones acting by increasing insulin
secretion, with inhibitors of their metabolism are potentially dangerous. In
addition to clarithromycin, a number of other drugs such as diltiazem,
erythromycin, itraconazole, nefazodone, and verapamil, as well as grapefruit
juice are potent inhibitors of CYP3A4 (Dresser et al 2000) and may therefore
elevate the plasma concentrations and enhance the effects of repaglinide. The
effects of erythromycin on the hypoglycemic activity of repaglinide may be



DISCUSSION

81

particularly pronounced, since erythromycin enhances insulin secretion and
lowers blood glucose levels, probably through its effects on the motilin receptor
(Ueno et al 2000). In any case, because the effects of CYP3A4 inhibitors are
substrate-dependent (Wang et al 2000), one must be cautious in extrapolating
results obtained with other CYP3A4 substrates to repaglinide.

In conclusion, clarithromycin elevates the plasma concentrations and enhances
the effects of repaglinide, probably by inhibiting the CYP3A4-mediated
biotransformation of repaglinide mainly during the first-pass phase. The
concomitant use of clarithromycin or other potent inhibitors of CYP3A4 with
repaglinide may enhance its blood glucose-lowering effect and increase the risk
of hypoglycemia.
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CONCLUSIONS

From these six studies the following conclusions can be drawn:

1. Rifampicin, and probably also other potent inducers of CYP2C9, reduce the
plasma concentrations of the sulfonylureas glibenclamide, glimepiride, and
glipizide. Glibenclamide is the most susceptible sulfonylurea to induction, and
glipizide least affected; induction of the P-glycoprotein may also contribute to
this interaction between rifampicin and glibenclamide. The concomitant use of
rifampicin with a sulfonylurea may thus worsen blood glucose control.

2. Rifampicin, and probably also other potent inducers of CYP3A4, reduce the
plasma concentrations and the blood glucose-lowering effect of repaglinide.
Rifampicin has greater effects on the CYP3A4 substrate repaglinide than on any
of the sulfonylureas.

3. Inhibition of CYP2C9 elevates plasma concentrations of glimepiride. The
concomitant use of fluconazole or other potent inhibitors of CYP2C9 with
glimepiride may markedly increase the risk of hypoglycemia. Glimepiride is also
significantly, but less affected by fluvoxamine, gemfibrozil, and other less potent
inhibitors of CYP2C9.

4. Inhibition of CYP3A4 enhances the plasma concentrations of and insulin
response to repaglinide. The concomitant use of potent inhibitors of CYP3A4
with repaglinide may enhance its blood glucose-lowering effect and increase the
risk of hypoglycemia.
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