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Because management of type 2 diabetes mellitus usually involves combinedAbstract
pharmacological therapy to obtain adequate glucose control and treatment of
concurrent pathologies (especially dyslipidaemia and arterial hypertension), drug-
drug interactions must be carefully considered with antihyperglycaemic drugs.
Additive glucose-lowering effects have been extensively reported when combin-
ing sulphonylureas (or the new insulin secretagogues, meglitinide derivatives, i.e.
nateglinide and repaglinide) with metformin, sulphonylureas (or meglitinide
derivatives) with  thiazolidinediones  (also  called glitazones) and  the  bigua-
nide compound  metformin with thiazolidinediones.  Interest  in combining
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α-glucosidase inhibitors with either sulphonylureas (or meglitinide derivatives),
metformin or thiazolidinediones has also been demonstrated. These combinations
result in lower glycosylated haemoglobin (HbA1c), fasting glucose and postpran-
dial glucose levels than with either monotherapy. Even if modest pharmacokinetic
interferences have been reported with some combinations, they do not appear to
have important clinical consequences. No significant adverse effects, except a
higher risk of hypoglycaemic episodes that may be attributed to better glycaemic
control, occur with any combination. Challenging the classical dual therapy with
sulphonylurea plus metformin, there is a recent trend to use alternative dual
combinations (sulphonylurea plus thiazolidinedione or metformin plus thiazo-
lidinedione). In addition, triple therapy with the addition of a thiazolidinedione to
the metformin-sulphonylurea combination has been recently evaluated and allows
glucose targets to be reached before insulin therapy is considered. This triple
therapy appears to be safe, with no deleterious drug-drug interactions being
reported so far.

Potential interferences may also occur between glucose-lowering agents and
other drugs, and such drug-drug interactions may have important clinical implica-
tions. Relevant pharmacological agents are those that are widely coadministered
in diabetic patients (e.g. lipid-lowering agents, antihypertensive agents); those
that have a narrow efficacy/toxicity ratio (e.g. digoxin, warfarin); or those that are
known to induce (rifampicin [rifampin]) or inhibit (fluconazole) the cytochrome
P450 (CYP) system. Metformin is currently a key compound in the pharmacologi-
cal management of type 2 diabetes, used either alone or in combination with other
antihyperglycaemics. There are no clinically relevant metabolic interactions with
metformin, because this compound is not metabolised and does not inhibit the
metabolism of other drugs. In contrast, sulphonylureas, meglitinide derivatives
and thiazolidinediones are extensively metabolised in the liver via the CYP
system and thus, may be subject to drug-drug metabolic interactions. Many HMG-
CoA reductase inhibitors (statins) are also metabolised via the CYP system. Even
if modest pharmacokinetic interactions may occur, it is not clear whether drug-
drug interactions between oral antihyperglycaemic agents and statins may have
clinical consequences regarding both efficacy and safety. In contrast, a marked
pharmacokinetic interference has been reported between gemfibrozil and repagli-
nide and, to a lesser extent, between gemfibrozil and rosiglitazone. This leads to a
drastic increase in plasma concentrations of each antihyperglycaemic agent when
they are coadministered with the fibric acid derivative, and an increased risk of
adverse effects.

Some antihypertensive agents may favour hypoglycaemic episodes when co-
prescribed with sulphonylureas or meglitinide derivatives, especially ACE inhibi-
tors, but this effect seems to result from a pharmacodynamic drug-drug interaction
rather than from a pharmacokinetic drug-drug interaction. No, or only modest,
interferences have been described with glucose-lowering agents and other phar-
macological compounds such as digoxin or warfarin. The effects of inducers or
inhibitors of CYP isoenzymes on the metabolism and pharmacokinetics of the
glucose-lowering agents of each pharmacological class has been tested. Signifi-
cantly increased (with CYP inhibitors) or decreased (with CYP inducers) plasma
levels of sulphonylureas, meglitinide derivatives and thiazolidinediones have
been reported in healthy volunteers, and these pharmacokinetic changes may lead
to enhanced or reduced glucose-lowering action, and thus hypoglycaemia or
worsening of metabolic control, respectively. In addition, some case reports have
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evidenced potential drug-drug interactions with various antihyperglycaemic
agents that are usually associated with a higher risk of hypoglycaemia.

Hyperglycaemia in type 2 diabetes mellitus re- Clearly there has been an impressive trend in the
sults from a dynamic interaction between defects in complexity of diabetes care, including polypharma-
insulin secretion and insulin action.[1] Type 2 diabe- cy, in the last decade.[14] Because management of
tes is characterised by a progressive deterioration of diabetes usually involves combined pharmacologi-
the metabolic status over time, that essentially re- cal therapy and treatment of concurrent pathologies,
sults from a progressive decline of insulin secretion, drug-drug interactions with antihyperglycaemic
which becomes insufficient to compensate for insu- agents must be carefully considered. Since a review
lin resistance.[2] Therefore, the management of the on drug interactions of clinical importance with
disease usually requires a stepwise adjustment of antihyperglycaemic agents published almost 10
oral pharmacological therapies in combination with years ago,[15] several new oral antidiabetic agents
lifestyle modifications, and ultimately may lead to have been launched, especially new insulin secreta-
insulin requirement.[3-5] Such a strategy includes a gogues (compounds of the meglitinide family, i.e.
progressive increase in the daily doses of each agent nateglinide and repaglinide) and new insulin sen-
used and/or appropriate combinations of various sitisers (thiazolidinediones, which are also called
glucose-lowering agents with complementary glitazones, i.e. pioglitazone and rosiglitazone).[16]

modes of action.[3,6,7] It may be speculated that ini- Consequently, the number of potential drug combi-
tial combination therapy may be useful in order to nations for treating patients with type 2 diabetes has
target the various metabolic defects present in this markedly increased during recent years.[3,6] In addi-
complex disease (defective insulin secretion, in- tion, new compounds are now available among well
creased hepatic glucose production, decreased mus- known antidiabetic classes, including the sulphony-
cular glucose utilisation) and thus avoid, or at least lureas (glimepiride) and α-glucosidase inhibitors
delay, the progressive and apparently inevitable de- (miglitol, voglibose). Furthermore, new fixed-dose
terioration of metabolic control seen over time in the combined formulations (metformin/glibenclamide
majority of patients with type 2 diabetes. [glyburide], metformin/glipizide, metformin/rosig-

litazone) have been commercialised recently, atBesides hyperglycaemia, other abnormalities are
least in some countries. Finally, further reports offrequently present in patients with type 2 diabetes
drug-drug interactions with classical compoundsand are most probably related to visceral adiposi-
such as second-generation sulphonylureas (gliben-ty,[8] especially the atherogenic dyslipidaemia, arte-
clamide, glipizide, gliclazide) and acarbose, the firstrial hypertension and prothrombotic state. All of
available α-glucosidase inhibitor, have been pub-these abnormalities are at least partially related to
lished during the last decade, as well as drug-druginsulin resistance and to well documented cardio-
interactions between new oral agents (glimepiride,vascular risk factors.[9] The management of the so-
repaglinide, nateglinide, pioglitazone, rosiglitazone,called metabolic syndrome is crucial, especially in
miglitol, voglibose) and other pharmacologicalpatients with type 2 diabetes.[10,11] Consequently,
compounds.therapeutic guidelines for the management of type 2

diabetes should not only focus on the correction of This review provides an update on clinically im-
hyperglycaemia, but rather should encourage the portant drug-drug interactions with antihypergly-
clinician to consider patients globally and to treat all caemic agents. It is based upon published data only,
risk factors present in each individual.[12] The use of after an exhaustive survey of the international litera-
a polypill to target several cardiovascular risk fac- ture. To identify relevant studies, we searched
tors simultaneously has been suggested and may be MEDLINE, EMBASE, Science citation index (Web
appealing in patients with type 2 diabetes, although of Science and ISI Proceedings) from January 1995
such a strategy remains hypothetical and controver- to December 2004 (period following our last review
sial.[13] on the same topic[15]). The following keywords were
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Fig. 1. Combination therapy with oral antihyperglycaemic agents acting on various metabolic/hormonal abnormalities in order to improve
blood glucose control in patients with type 2 diabetes mellitus.

used: ‘oral antidiabetic agents’, ‘drug interactions’ (CYP) system (e.g. rifampicin [rifampin], cime-
tidine, fluconazole, etc.).and ‘diabetes’. In addition, each name of a an-

tihyperglycaemic compound was introduced, to-
gether with the item ‘drug interaction’, i.e. gliben- 1. Pharmacokinetic and
clamide or glyburide, gliclazide, glimepiride, gli- Pharmacodynamic Drug-Drug

Interactions Betweenquidone, repaglinide, nateglinide, metformin,
Antihyperglycaemic Agentstroglitazone, rosiglitazone, pioglitazone, acarbose,

miglitol, voglibose. We also systematically checked
In view of the growing complexity of choice inthe reference lists of identified studies using this

the treatment of type 2 diabetes, it is important toinitial search method in order to identify any addi-
consider drug-drug interactions between various an-tional trials that assessed the potential drug interac-
tihyperglycaemic agents. As the four classes of an-tions with antidiabetic agents.
tidiabetic drugs that are currently available

Information from any unpublished work or un- (sulphonylureas or meglitinide derivatives, bigua-
published case reports was not taken into account. In nides, α-glucosidase inhibitors and thiazolidine-
the first section, pharmacokinetic and pharmacody- diones) have different modes and sites of action,
namic interactions between different antidiabetic they may be combined to further improve glycaemic
agents will be considered, as such combinations are control in most patients[3-6] (figure 1). Each class of
increasingly used for the treatment of patients with antihyperglycaemic agents has its own efficacy and
type 2 diabetes. In the second section, potential safety profile[17] and combination therapy should
interferences  that  may  occur between  glucose- ideally improve the efficacy in controlling fasting
lowering agents and other drugs will be described. and post-prandial blood glucose levels without
These other drugs considered are widely coadminis- worsening the tolerability profile of the pharmaco-
tered in diabetic patients (e.g. lipid-lowering agents, logical intervention. The additive nature of the re-
antihypertensive agents), have a narrow efficacy/ sponse offers the potential to combine drugs in an
toxicity ratio (e.g. digoxin, warfarin) and/or are attempt to reach glycaemic goals that become more
known to induce or inhibit the cytochrome P450 strict over time.[6]
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The classical sulphonylurea and metformin com- ride.[28-30] In a large randomised, parallel-group,
bination that was very popular for many decades is multicentre study in patients with type 2 diabetes,
now challenged by other combinations that include combination therapy with glimepiride plus
thiazolidinediones (usually combined with either a metformin was significantly more effective than
sulphonylurea or metformin) or α-glucosidase in- monotherapy with either agent in terms of glycosy-
hibitors (again generally combined with a sulphony- lated haemoglobin (HbA1c) level reduction.[31] In
lurea or metformin). Because of the greater number the recent head-to-head, large-scale comparative
of pharmacological classes available to treat diabe- European GUIDE (Glucose Control in Type 2 Dia-
tes (thiazolidinediones, meglitinide derivatives), the betes: Diamicron Versus Glimepiride) study, glicla-
variety of drug combinations in diabetic patients is zide modified release 30–120mg daily and glimepi-
currently increasing in an impressive manner. This ride 1–6mg daily were shown to be effective, either
article will first focus on the most prescribed dual alone or in combination with metformin (57% of the
combinations that have been tested in randomised population), with a 1.0–1.2% similar decrease of
clinical trials and/or in pharmacokinetics interaction HbA1c levels in patients receiving glimepiride and
studies. The use of a triple combination, including those receiving gliclazide. Approximately 50% few-
metformin, a sulphonylurea and a thiazolidinedione, er confirmed mild hypoglycaemic episodes were
is attractive.[18,19] Therefore, this first section will observed with gliclazide modified release than with
end by briefly describing both the efficacy and safe- glimepiride, whereas the frequency of severe hypo-
ty of this triple pharmacological combination in the glycaemic episodes was low and comparable be-
management of type 2 diabetes. tween treatments.[32]

In some countries, metformin has recently be-1.1 Sulphonylurea-Metformin Combination
come available in single-tablet combination prod-

The sulphonylureas were the first oral drugs for ucts also containing a sulphonylurea (glibenclamide
type 2 diabetes treatment.[20] They act at the pancre- or glipizide).[24] In a randomised, crossover study in
atic B-cell membrane to cause closure of adenosine 28 healthy subjects, a combination metformin/
triphosphate (ATP)-sensitive potassium channels, glibenclamide tablet demonstrated similar pharma-
which leads to an enhanced insulin secretion. They cokinetics to the reference metformin and gliben-
are commonly prescribed alone or in combination in clamide components, with no interference due to
order to reach glucose control targets.[21] Metformin concomitant food intake.[33] Three large ran-
is a biguanide compound that exerts a complex domised, parallel-group, controlled trials recently
metabolic effect, essentially a reduction of hepatic compared the efficacy and tolerability of fixed-dose
glucose production, that results in increased action metformin/glibenclamide combinations with met-
of insulin and antihyperglycaemic activity.[22,23] formin monotherapy and glibenclamide monothera-
Currently, metformin is considered to be the first- py.[34-36] All of these 16–20 week duration studies
choice drug in obese patients with type 2 diabetes demonstrated that metformin/glibenclamide combi-
and is the first adjunctive drug to be added to nation tablets provide significant improvements in
sulphonylurea therapy in the case of monotherapy HbA1c levels compared with metformin or gliben-
failure.[24] Numerous studies have demonstrated that clamide monotherapy. As expected, the incidence of
therapy with metformin and sulphonylurea exerts an hypoglycaemia was greater in the groups receiving
antihyperglycaemic effect that is at least additive, glibenclamide (alone or in combination), while the
and combined administration does not increase the incidence of gastrointestinal adverse effects was
risk of adverse effects associated with either agent higher in the groups receiving metformin (alone or
given alone.[21,25] Most of the published studies have in combination). Both the efficacy and safety of the
investigated the combination of metformin with the fixed combination were confirmed in a 52-week
leading sulphonylurea in the market, glibenclamide. open-label extension study.[37] Similarly, a ran-
However, more recent studies have also confirmed domised, double-blind, parallel-group, multicentre
the efficacy of combining metformin with the more trial compared monotherapy with metformin or
recent sulphonylureas, gliclazide[26,27] and glimepi- glipizide, and the combination metformin/glipizide
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tablet for second-line treatment in patients with type 1.2 Sulphonylurea-Thiazolidinedione
Combination2 diabetes that was inadequately controlled by

sulphonylurea therapy.[38] The efficacy of a com-
bined metformin/glipizide tablet was superior to that Thiazolidinediones are now widely used as part
of monotherapy with either agent and such treatment of antidiabetic treatments.[44-46] These agents act by

targeting insulin resistance instead of stimulatingappeared to be well tolerated.
insulin secretion. They interact with the gamma typeEven if metformin and sulphonylureas are the
of the peroxisome proliferator-activated receptormost often used combination in the treatment of type
(PPAR)-γ. PPAR-γ, a member of the nuclear recep-

2 diabetes, some concern has been raised about the tor subfamily, stimulates gene expression of the
safety of this common combination therapy. The proteins involved in glucose metabolism.[47] This
UKPDS (UK Prospective Diabetes Study) showed results in an increase in insulin sensitivity in skeletal
significantly increased mortality among patients re- muscle and adipose and liver tissues. Since the
ceiving a combination of a sulphonylurea and withdrawal of the first thiazolidinedione compound,
metformin when compared with those treated with troglitazone, because of hepatotoxicity,[48] two fur-
sulphonylurea only.[39] Such astonishing findings ther thiazolidinediones have now been commercial-

ised and are widely prescribed, i.e. pioglitazone[49,50]caused much controversy; some diabetologists
and rosiglitazone.[51,52] Unlike the sulphonylureasthought that the difference was only due to statistical
and metformin, thiazolidinediones are not usedproblems resulting from between-group imbalance
commonly as first-line therapy.[45,46] However, therebecause of a rather low number of subjects receiving
is considerable evidence for the incorporation ofthe combined therapy, whereas others considered
thiazolidinediones into combination regimens, par-that the combination may indeed be associated with
ticularly in patients who do not achieve glycaemica higher mortality risk for still unknown reasons.[40]

goals with conventional regimens.
Since these initial observations in the UKPDS, at

When pioglitazone was added to sulphonylurea
least three epidemiological studies have confirmed therapy in type 2 diabetic patients inadequately con-
these results, with the increased mortality risk per- trolled by monotherapy, HbA1c levels were reduced
sisting even after adjustment for most important by 0.65–1.7% from baseline, with the largest decline
potential confounders.[41-43] Therefore, all-cause and being reached at a dosage of 45mg daily.[51] In all
cause-specific mortality rates in diabetic patients studies employing pioglitazone 30mg daily added to
treated with combinations of sulphonylureas and sulphonylurea therapy, a significant mean decrease
metformin deserve to be further investigated in larg- in HbA1c level of 1.2% was observed.[53-55] In pa-

tients with type 2 diabetes inadequately controlleder samples of patients. The mechanisms involved in
by near maximal doses of a sulphonylurea alone,this possible increase in mortality also require care-
adding rosiglitazone 4mg daily leads to enhancedful study. Interaction of sulphonylureas with ATP-
and sustained glycaemic control, with a mean reduc-dependent K channels (KATP) in the myocardium
tion in HbA1c level of 1% at 6 months comparedhas been suggested as playing a role, as this could
with the control group.[56] Similarly, in a randomis-lead to an impairment of physiological responses to
ed, open-label, 26-week international study, the ad-ischaemia (see section 2.1.3). However, the reason
dition of rosiglitazone 2mg twice daily to existing

why this effect might be potentiated by metformin
sulphonylurea therapy in patients with type 2 diabe-

remains obscure. This hypothetical harmful adverse tes resulted in a significant reduction in HbA1c
effect, together with the well known progressive (–1.13%, p < 0.001), while the mean HbA1c level
metabolic deterioration leading to insulin require- remained essentially unchanged in the control
ment observed with this combination (also shown in group.[57] A 12-month randomised, controlled trial
the UKPDS),[39] have stimulated the search for new demonstrated that the combination of either piog-
antihyperglycaemic combinations that may have litazone 15mg daily or rosiglitazone 4mg daily with
better efficacy and safety. glimepiride 2mg twice daily significantly improved
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glycaemic control, with a reduction in HbA1c level in patients with type 2 diabetes inadequately con-
of 1.3% after 12 months.[58] In all these studies, the trolled by metformin 2.5g daily.[61] Clinically mean-
improvement in glycaemic control was achieved ingful improvements in glycaemia were observed,
without exacerbation of the severe hypoglycaemia with mean reductions in HbA1c levels of 1.0% and
that is associated with sulphonylurea monotherapy, 1.2% after addition of rosiglitazone 4 and 8 mg/day,
although the incidence of mild hypoglycaemic epi- respectively. Interestingly, such an improvement
sodes was generally higher with combination ther- was observed despite the fact that metformin was
apy. used at near-maximal doses. This improvement was

more pronounced in the obese population. TheseThe administration of pioglitazone 30mg daily
observations suggest that rosiglitazone has a com-for 7 days had no significant effect (relative to
plementary mechanism of action to metformin. Inbaseline) on the pharmacokinetic characteristics of
addition, the improvement was achieved withoutglibenclamide 5–10mg daily or gliclazide 160mg
exacerbation of the gastrointestinal disturbances as-daily in a Japanese study in nine patients with type 2
sociated with metformin monotherapy.diabetes.[49] The extent of protein binding of the two

sulphonylureas was not affected by the presence of A 26-week, randomised, placebo-controlled,
pioglitazone. multicentre trial conducted in Mexico compared the

efficacy of metformin 2.5 g/day plus rosiglitazone 4
mg/day, metformin 2.5 g/day plus rosiglitazone 81.3 Combination
mg/day and metformin 2.5 g/day plus placebo, takenof Metformin-Thiazolidinedione
twice daily in divided doses.[62] At the end of the
study, HbA1c values had decreased by 0.7% in theMetformin, which primarily acts on the liver, and
group receiving low-dose rosiglitazone and by 1.2%a thiazolidinedione, which primarily acts on the
in the group receiving high-dose rosiglitazone, com-peripheral tissues (adipose tissue and skeletal mus-
pared with an increase of 0.3% in the group receiv-cles) may exert additive effects as remarkably
ing metformin plus placebo.demonstrated with the initial thiazolidinedione,

troglitazone.[59] Since this pilot trial, the clinical A few studies have compared the efficacy of the
efficacy and safety of combining metformin with metformin-thiazolidinedione combination with that
either pioglitazone[60] or rosiglitazone[61,62] have of the sulphonylurea-thiazolidinedione combination
been evaluated in several large randomised, clinical in patients with type 2 diabetes.[63,64] The Quartet
trials performed in patients with type 2 diabetes. study group assessed the 1-year efficacy and safety

In a 16-week randomised, double-blind, parallel- of the addition of pioglitazone (15–45mg daily) or
group trial, patients with poorly controlled type 2 metformin (850–2550mg daily) to existing sulpho-
diabetes received either metformin plus pioglitazone nylurea therapy in patients with inadequately con-
30 mg/day or metformin plus placebo.[60] The group trolled type 2 diabetes.[64] HbA1c levels were re-
that received metformin plus piogitazone had a duced by 1.20% in the sulphonylurea plus piog-
mean decrease in HbA1c level of 0.83% relative to litazone group and by 1.36% in the sulphonylurea
placebo group. In a 72-week, open-label, extension plus metformin group (there was no significant dif-
phase, in which pioglitazone could be titrated to 45 ference between the two therapeutic modalities).
mg/day, the group receiving metformin plus piog- Despite clinically equivalent improvements in gly-
litazone had a mean 1.36% decrease in HbA1c level caemic control, the addition of thiazolidinedione
from the original baseline value. The combination rather than metformin to suphonylurea therapy re-
also provided positive effects on triglyceride and sulted  in  a reduction  in  the urinary  albumin-
high-density lipoprotein (HDL) cholesterol levels. creatinine ratio and significantly greater improve-
Rates of adverse events were similar between ments in triglyceride and HDL cholesterol levels;
groups, and most events were mild or moderate. however, this was associated with a small but signif-

In a large 6-month, randomised, double-blind, icant rise in intermediate low-density lipoprotein
placebo-controlled study, rosiglitazone was added at (LDL) cholesterol levels. The authors concluded
dosages of 4mg or 8mg daily to metformin therapy that sulphonylurea plus pioglitazone is an effective
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and well tolerated combination regimen that may in overweight sulphonylurea-treated type 2 diabetic
provide additional beneficial effects for patients patients with poor metabolic control, the administra-
with type 2 diabetes. tion of acarbose alone produced equivalent reduc-

tions in HbA1c levels as the combination acarboseOne study evaluated the effects of coadministra-
plus metformin.[75]tion of metformin and rosiglitazone on the pharma-

cokinetics of either agent in healthy volunteers.[65] Several studies have investigated the concomi-
Subjects received metformin (500mg every 12 tant use of miglitol with other oral antidiabetic
hours), rosigitazone (2mg every 12 hours), or a agents in patients with type 2 diabetes in whom
combination of both, for 4 days. Coadministration glycaemic control was suboptimal despite dietary
had no significant effects on the steady-state and pharmacological intervention.[69] Most of these
pharmacokinetics of metformin or rosiglitazone, studies evaluated the adjuvant use of miglitol in
which suggests that both compounds can be safely combination with sulphonylureas.[76,77] With con-
co-prescribed in order to reach glucose targets. In comitant miglitol 50mg and 100mg three times daily
some countries, metformin has recently become compared with placebo, there was a significant re-
available in single-tablet products containing rosig- duction from baseline in HbA1c, fasting plasma
litazone. glucose and postprandial plasma glucose levels.

Concomitant therapy with miglitol and sulphony-
1.4 Sulphonylurea-α-Glucosidase lurea agents reduced fasting serum triglyceride
Inhibitor Combination levels significantly compared with placebo and

sulphonylurea agents. Although the overall inci-α-Glucosidase inhibitors are pharmacological
dence of adverse events increased when miglitolagents that competitively and reversibly inhibit the
was combined with sulphonylurea agents comparedα-glucosidase enzymes in the brush border of the
with miglitol as monotherapy, the incidence of ad-small intestine mucosa. Thereby, they prevent the
verse events (essentially gastrointestinal effects) at-hydrolysis of complex carbohydrates, retard the ab-
tributable to miglitol as part of a combination regi-sorption of glucose and limit postprandial hypergly-
men was similar to that observed with miglitolcaemia. Acarbose is the most extensively investigat-
alone.[69] A Japanese study showed that combinationed and widely prescribed α-glucosidase inhibi-
therapy with voglibose and a sulphonylurea agenttor,[66-68] while miglitol[69] and voglibose[70] are two
prolongs the duration of good glycaemic controlother compounds belonging to this pharmacological
compared with a sulphonylurea alone in patientsclass that are available only in a limited number of
with type 2 diabetes.[78]countries (voglibose is only available in Japan).

Although acarbose is an effective monotherapy Potential drug-drug pharmacokinetic interactions
for type 2 diabetes,[71] its distinct and complementa- have been investigated between glibenclamide and
ry mechanism of action induces a further improve- the three available α-glucosidase inhibitors: acar-
ment in glycaemic control when it is used in combi- bose, miglitol and voglibose. Gérard et al.[79] did not
nation with other antidiabetic agents.[72] The effects observe any significant alteration of glibenclamide
of adding acarbose (maximum dosage of 100mg pharmacokinetics in acarbose-treated type 2 diabetic
three times daily) versus placebo to an existing patients. In this study, a single dose of gliben-
treatment regimen were investigated in a subset of clamide 5mg was administered to 6 patients imme-
patients enrolled in the UKPDS.[73] In patients who diately before a standardised breakfast, following 1
remained on their allocated therapy for 3 years, the week of treatment with either placebo or acarbose
median HbA1c value was 0.5% lower in the acar- 100mg three times daily, received in a randomised,
bose group than in the placebo group (p < 0.0001). crossover sequence. Acarbose had no effect on
Importantly, acarbose therapy improved glycaemia, glibenclamide pharmacokinetics, but induced a sig-
regardless of the previous treatment regimen. In nificant improvement in the blood glucose profile
another open-label, clinical trial, glycaemic control together with a significant reduction in post-meal
was improved when acarbose was added to a failing plasma insulin levels. In contrast, slight modifica-
sulphonylurea regimen.[74] Finally, in a small study tions of the pharmacokinetic parameters of gliben-
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clamide were observed after ingestion of miglitol in ful in the management of patients with type 2 diabe-
six healthy volunteers.[80] In a double-blind, cross- tes.
over trial, each subject was randomly allocated to Acarbose therapy effectively improved gly-
take either miglitol (50mg three times daily during caemia in overweight patients with type 2 diabetes
the first 3 days and 100mg three times daily during inadequately controlled by metformin. The clinical
the last 4 days) or placebo during two consecutive 7- efficacy and safety of the combination of acarbose
day periods.[81] At day 7 and day 14 of the study, the with metformin has been evaluated in several
participants, who had fasted overnight, ingested randomised, clinical trials.[75,84-86] In a 30-week US
glibenclamide 5mg together with either miglitol study, mean HbA1c level was reduced by 0.57%
100mg or placebo with the first bite of a standardis- from baseline in the metformin plus acarbose group
ed breakfast. The time to maximum concentration and increased by 0.08% in the metformin plus place-
(tmax) and maximum concentration (Cmax) of serum bo group.[84] The differences in metabolic control
glibenclamide levels were similar after miglitol and were even greater in a 6-month French study (–0.7%
placebo. However, the glibenclamide area under the in the metformin plus acarbose group vs +0.2% in
concentration-time curve (AUC) was 33% (p < the metformin plus placebo group; p = 0.0001)[85]

0.05) lower after miglitol was administered than and in a 24-week study performed in Australia and
after placebo. Finally, a study was performed to New Zealand (difference in HbA1c level between
investigate whether or not voglibose modifies the acarbose and placebo: 1.02%, p = 0.0001).[86] Inter-
pharmacokinetics of glibenclamide (single dose of estingly, the incidence of hypoglycaemia was not
1.75mg) and the glibenclamide-induced decrease in higher with the combination therapy, despite the
fasting serum glucose levels. The concentration- better metabolic control. As expected, in all of these
time course of glibenclamide with concomitant vog- trials a greater proportion of the metformin plus
libose administration (5mg three times daily for 8 acarbose group experienced gastrointestinal adverse
days) was similar to that with placebo. The gliben- effects compared with the metformin plus placebo
clamide-induced decrease in fasting serum glucose group.
level was similarly independent of placebo or vog- The combination of metformin and miglitol was
libose coadministration. As voglibose did not inter- studied in a 36-week randomised, double-blind,
act with glibenclamide on a pharmacokinetic level, placebo-controlled trial.[87] The treatment arms were
concomitant treatment was well tolerated and has metformin 500mg three times daily; miglitol titrated
been proven to be safe for further clinical use. to 100mg three times daily; metformin plus miglitol

at the aforementioned doses; and placebo. Mean
changes from baseline in HbA1c values were1.5 Metformin-α-Glucosidase
–0.85%, +0.02%, –1.39% and +0.38% forInhibitor Combination
metformin, miglitol, metformin plus miglitol and
placebo, respectively. The mean change in HbA1cThe absorption of metformin occurs mainly from
level was significantly greater in the group receivingthe small intestine and it has been shown that high
metformin plus miglitol compared with the groupsconcentrations (10–100 times plasma levels) accu-
receiving either monotherapy. Thus, miglitol can bemulate in the walls of the gastrointestinal tract.[82]

combined effectively with metformin therapy toTherefore, possible pharmacokinetic interferences
give significantly greater reductions in HbA1c andwith drugs acting on the intestinal wall, such as α-
postprandial plasma glucose levels than metforminglucosidase inhibitors, are not excluded. It has been
alone, with a good safety profile.demonstrated in six healthy individuals that acar-

bose (100mg) induced moderate but significant re- 1.6 Thiazolidinedione-α-Glucosidase
ductions (–35%, p < 0.05) in the Cmax and AUC of Inhibitor Combination
metformin that had been ingested as two 500mg
tablets with a standardised breakfast.[83] However, Studies  that  have  investigated the effects of
this pharmacokinetic interaction does not exclude the combination of  a thiazolidinedione  with an
the possibility that such a combination may be use- α-glucosidase inhibitor are sparse, despite the fact
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that an early clinical trial reported the efficacy and with a specific action on early-phase insulin release,
safety of combining troglitazone and acarbose.[88] thus targeting postprandial hyperglycaemia, and a

shorter elimination half-life and duration of action,The effect of acarbose (100mg per day for 7
thus reducing the risk of late hypoglycaemia. Thedays) on the pharmacokinetics of rosiglitazone (a
meglitinide derivatives do not further stimulate in-single 8mg dose) has been studied in healthy volun-
sulin release in patients who have already beenteers.[89] Rosiglitazone absorption, as assessed using
treated with maximal doses of sulphonylurea drugs.the Cmax and tmax, was unaffected by acarbose.
Thus, the meglitinides offer an alternative toHowever, the AUC∞ was on average 12% lower
sulphonylurea management.[20,92] These drugs areduring rosiglitazone plus acarbose coadministration
ideally suited for use in combination with metforminand was accompanied by an approximate 1-hour
or the thiazolidinediones.[98]reduction in terminal elimination half-life. This

small decrease in AUC appears to be due to an Repaglinide is licensed for use as monotherapy
alteration in the systemic clearance of rosiglitazone and in combination with metformin or a thiazo-
and not changes in absorption. These observed lidinedione.[93,94,98] Clinical studies have shown
changes are not likely to be clinically relevant and repaglinide plus metformin to be an effective combi-
coadministration of rosiglitazone and acarbose was nation.[99] Patients with type 2 diabetes that was
well tolerated. inadequately controlled with metformin alone were

An open-label study evaluated the efficacy, safe- treated with a continuation of metformin alone,
ty and clinical profile of pioglitazone (30mg once repaglinide alone or the combination of metformin
daily) taken orally for 16 weeks in patients whose and repaglinide for 3 months. HbA1c levels de-
type 2 diabetes  was  poorly  controlled with an α- creased by 1.4% in the combination therapy group,
glucosidase inhibitor alone or taken in combination while glycaemic control did not improve in either
with sulphonylurea.[90] The α-glucosidase inhibitors monotherapy arm.
in use were acarbose 300mg daily in nine patients Nateglinide, a d-phenylalanine derivative, has
and voglibose 0.6mg daily in ten patients. There been launched for use in combination therapy in
were significant reductions in HbA1c, fasting plas- patients with type 2 diabetes that was inadequately
ma glucose and postprandial plasma glucose levels controlled by metformin alone.[95-97] In targeting the
at the end of the study compared with baseline. defect in early-phase insulin release, nateglinide
Adverse signs and symptoms associated included works well when given in combination with agents
two episodes  of oedema  and  two  episodes  of of a complementary mechanism of action. When
hypoglycaemia-like reaction. Another Japanese nateglinide (120mg, three times daily before meals)
study evaluated the efficacy of adding pioglitazone was coadministered for 1 day in patients with type 2
30mg daily to the therapy of patients with type 2 diabetes mellitus who had been receiving metformin
diabetes whose glycaemic control was poor on ther- 500mg three times daily for 3 weeks, no significant
apy of an α-glucosidase inhibitor alone or in combi- alterations in the pharmacokinetics of either agent
nation with a sulphonylurea.[91] Again, the addition were seen.[100] In order to investigate the clinical
of pioglitazone resulted in a significant decrease in effectiveness of nateglinide in combination with
HbA1c  and  the treatment was  generally well metformin, a total of 701 patients with type 2 diabe-
tolerated. tes were randomly assigned to one of four treatment

groups: placebo, nateglinide monotherapy, met-1.7 Meglitinide Derivatives Combined
formin monotherapy and nateglinide plus metforminwith Metformin
combination therapy.[101] At the end of the 24-week

Meglitinide derivatives are non-sulphonylurea study period, combination therapy resulted in signif-
agents that are insulin secretagogues and have a icantly lower fasting and post-meal plasma glucose
similar mechanism of action to the sulphonylureas, levels and lower HbA1c values. The metformin and
but with different pharmacokinetic and pharmaco- nateglinide combination had additive effects, reduc-
dynamic properties.[92] Repaglinide[93,94] and nateg- ing HbA1c levels by 1.4% from baseline compared
linide[95-97] belong to this new class of oral agents with 0.8% for monotherapy with metformin and
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0.5% for nateglinide monotherapy. The highest re- respond to oral antidiabetic monotherapy.[107] The
ported incidence of hypoglycaemia occurred in the combination therapy showed better efficacy than
group receiving combination therapy (26%), with monotherapy, with greater reductions in HbA1c
little difference between the metformin and nategli- levels (–1.76% vs –0.18% for repaglinide and
nide monotherapy groups (10 and 13%, respective- +0.32%  for  pioglitazone) and acceptable tolera-
ly). However, there were no serious hypoglycaemic bility.
events and the numbers of patients who experienced No alterations in the pharmacokinetics of either
any episode of hypoglycaemia that was confirmed agent were observed when nateglinide 120mg was
by plasma glucose measurement were low. These administered before meals for 1 day in combination
observations of an additive effect on blood glucose with glibenclamide 10mg that had been given once
control of the metformin-nateglinide combination daily for 3 weeks (a combination that is not recom-
were confirmed in a European multicentre study.[102] mended in clinical practice) or when it was adminis-
HbA1c levels were significantly reduced with nateg- tered in a similar manner to patients who had been
linide 60mg and 120mg plus metformin compared receiving troglitazone (a CYP3A4 inducer) 600mg
with metformin alone (–0.36% and –0.59%, respec- once daily for 3 weeks.[97]

tively), with low rates of hypoglycaemia. A theoreti-
1.9 Triple Therapycal model predicted that combination therapy with
Metformin-Sulphonylurea-Thiazolidinedionenateglinide and metformin, compared with met-

formin alone, would reduce the frequency of com- Clinical trials with triple oral therapy are scarce
plications and thus, reduce treatment costs.[103]

and have essentially combined metformin, a
Only one randomised, open-label, parallel-group, sulphonylurea and a thiazolidinedione.[18,19] Initial

multicentre trial has been conducted to compare the studies used troglitazone and reported promising
efficacy and safety of repaglinide versus nategli- results.[108,109] These observations were confirmed
nide, when used in a combination regimen with with either pioglitazone[110] or rosiglitazone[111] in
metformin (1g twice daily) for the treatment of type combination with a sulphonylurea and metformin.
2 diabetes.[104] The addition of repaglinide (median Such triple therapy appears to be efficacious and
final dosage of 5.0mg daily) to metformin therapy safe, even in the long-term,[112] and feasible.[113]

resulted in reductions in HbA1c levels (–1.28 vs However, more data are required from larger popu-
–0.67%, p < 0.001) and fasting plasma glucose lations followed on a long-term basis.[18] The use of
values that were significantly greater than the reduc- fixed combination of metformin plus glibenclamide
tions observed for addition of nateglinide (median or metformin plus thiazolidinedione will facilitate
final dosage of 360mg daily). Safety assessments the use of such triple therapy in the near future.[114]

were comparable for the two regimens. The positive results reported with the triple therapy
provide an alternative to switching to insulin treat-1.8 Meglitinide Derivatives Combined
ment when two oral agents fail to control type 2with Thiazolidinediones
diabetes.[19] Two recent head-to-head studies com-

As an alternative to a combination with met- pared the safety and efficacy of adding insulin or a
formin, meglitinide derivatives could also prove ef- thiazolidinedione to therapy in the case of failure
fective when used in combination with a thiazo- with the dual classical therapy, sulphonylurea plus
lidinedione. Initially, repaglinide[105] and nategli- metformin.[110,111] The glycaemic benefits were
nide[106] combined with troglitazone showed an equivalent with the two therapeutic strategies,
additive effect that was highly effective in reducing whatever the mode of insulin administration, i.e.
HbA1c levels. A randomised, open-label, parallel- bedtime insulin suspension isophane (neutral prota-
group, multicentre study compared the efficacy and mine Hagedorn [NPH] insulin)[110] or twice daily 70/
safety of combination therapy with repaglinide plus 30 insulin.[115] Thus, available data suggest that ad-
pioglitazone (30mg daily) to repaglinide or piog- ding either a thiazolidinedione or insulin to
litazone alone over 24 weeks of treatment in patients sulphonylurea/metformin therapy is appropriate.
with type 2 diabetes who had previously failed to Well designed studies, such as those that have been
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reported recently, may be slowly moving treatment 2.1 Oral Antihyperglycaemic Agents and
from judgments based on opinion to treatment based Other Drugs for Cardiovascular
on medical facts.[19] Disease Prevention

2. Drug-Drug Interactions Between 2.1.1 Lipid-Lowering Agents and Safety Profile
Antihyperglycaemic Agents and Other Recent evidence indicates that effective treat-
Pharmacological Compounds ment of dyslipidaemia in patients with diabetes

reduces adverse macrovascular outcomes. LargeDrug-drug interactions between antihypergly-
studies of lipid-modifying drugs have shown thatcaemic agents and other pharmacological com-
diabetic patients clearly benefit from HMG-CoApounds may be two-sided: on the one hand, antihy-
reductase inhibitor (statin) therapy.[125,126] A recentperglycaemic agents may influence the plasma con-
clinical guideline from the American College ofcentrations of other coadministered drugs, a
Physicians recommends lipid-lowering therapy withpharmacokinetic interaction that is mainly of
a statin in almost all patients with type 2 diabe-clinical relevance when it concerns drugs with a low
tes.[127] Fibric acid derivatives (fibrates) are alsotoxicity/efficacy ratio such as digoxin or warfarin;
widely prescribed in diabetic patients because theseon the other hand, other coadministered pharmaco-
drugs have a positive impact on diabetic dys-logical compounds may influence the plasma con-
lipidaemia, i.e. high triglyceride levels associatedcentrations of antihyperglycaemic agents.[15,116] In
with low HDL cholesterol levels, commonly foundthe case of simultaneous administration of an inhibi-
in overweight patients with type 2 diabetes.[128]

tor of the CYP system, the main concern is the risk
However, little is known about the frequency ofof potentiating hypoglycaemia, a clinical issue that
drug-drug interactions between cholesterol-lower-is most frequently observed with insulin secreta-
ing drugs and the various classes of antidiabeticgogues such as sulphonylureas, whereas it is rather
agents.exceptional with insulin sensitisers (metformin,

HMG-CoA Reductase Inhibitorsthiazolidinediones)  and  almost  nonexistent with
α-glucosidase inhibitors.[117,118] The risk of hypogly- The statins are well tolerated apart from two
caemia due to drug-drug interaction is even more uncommon but potentially serious adverse effects;
important in case of renal failure, a condition that is asymptomatic elevation of liver enzyme levels and
frequently present in diabetic patients and that may skeletal muscle abnormalities, which range from
lead to an accumulation of the native compound or benign myalgias to life-threatening rhabdomyolysis.
active metabolite.[119] In the case of simultaneous Adverse effects with statins are frequently associat-
administration of a CYP inducer, the potential risk is ed with drug interactions because of their use in
deterioration of glycaemic control that will require patients who are likely to be exposed to polyphar-
dose adjustment of the antihyperglycaemic agent or macy. This may be the case in type 2 diabetic
addition of another glucose-lowering drug. patients. Drug interactions involving statins may

have either a pharmacodynamic or pharmacokineticSeveral pharmacological classes are of particular
basis, or both. The CYP enzyme system plays aninterest to study in patients with type 2 diabetes.
important part in the metabolism of most statinsThis is the case for drugs that are prescribed to treat
(except pravastatin), leading to clinically relevantcomorbidities frequently associated with type 2 dia-
interactions with other agents.[120,129,130]betes, such as lipid-lowering drugs,[120] antihyper-

tensive agents[121] or, in general, compounds used An early study showed that lovastatin does not
for the prevention and treatment of coronary heart affect serum chlorpropamide concentrations and di-
disease. Alternatively, it may also be the case for abetes control in patients with type 2 diabetes.[131]

drugs that could induce metabolic disturbances that However, single and multiple coadministration of
require the prescription of oral antidiabetic drugs, fluvastatin 40mg or simvastatin 20mg increased the
e.g. antiretroviral drugs[122] or antipsychotic agents, mean Cmax and AUC of glibenclamide by approxi-
especially those of the second-generation that are mately 20%.[132] The pharmacokinetics of tolbuta-
also called atypical antipsychotics.[123,124] mide were influenced to only a minor extent. Con-
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versely, fluvastatin concentration-time profiles were event while taking atorvastatin were approximately
unaffected by tolbutamide or glibenclamide coad- 4-fold more likely to also be taking a thiazolidine-
ministration. The pharmacokinetic interactions be- dione (troglitazone in 95% of patients at the time of
tween fluvastatin or simvastatin and tolbutamide the survey) than patients reporting an adverse event
and glibenclamide were not associated with clinical- while taking simvastatin, despite equivalent propor-
ly relevant changes in blood glucose and insulin tions of both patient groups concomitantly taking
levels and are not, therefore, considered to be rele- other antidiabetic medications. These adverse events
vant in therapeutic practice. Concomitant treatment occurred in patients taking relatively small doses of
with repaglinide and simvastatin, a CYP3A4 sub- each medication, and after several months of con-
strate, only minimally altered the mean repaglinide comitant therapy. According to the authors, these
AUC (+2%) and Cmax (+27%).[133] However, the findings raise serious and previously unrecognised
incidence of adverse effects increased with concerns for potential adverse drug-drug interac-
coadministration of the two drugs compared with tions in patients taking these two widely used clas-
repaglinide treatment alone. ses of medications. However, as the most common

adverse event reported to the FDA in patients takingStatins can be used concomitantly with thiazo-
this combination was hepatotoxicity, an adverse ef-lidinediones to improve the dyslipidaemic profile
fect specific to troglitazone,[48] this concern may notassociated with insulin resistance and to improve the
be found with the new thiazolidinediones, piog-poor cardiovascular prognosis of patients with type
litazone and rosiglitazone. The same authors recent-2 diabetes. As both statins[130] and thiazolidinedion-
ly reported data with rosiglitazone and pioglitazonees[134] are metabolised via the CYP system, pharma-
using the same methodology.[140] Again, it was ob-cokinetic drug-drug interactions may occur. Conse-
served that atorvastatin-associated adverse event re-quently, the interaction potential between the two
ports were 3.1 times more likely to list rosiglitazonepharmacological classes needs to be known, espe-
or pioglitazone as a concomitant medication com-cially as cerivastatin and troglitazone were recently
pared with simvastatin-associated adverse event re-withdrawn from the market for safety problems part-
ports. In this more recent survey, muscle toxicityly linked to interferences with drug metabolism.[135]

was the most common adverse event noted. TheTroglitazone was a CYP3A4 isoenzyme inducer
exact mechanism for this statin-thiazolidinedioneknown to decrease the plasma concentrations of
interaction is not well known, although a potentialdrugs metabolised by CYP3A4.[134,136] Atorvastatin
drug-drug interaction via CYP3A4 is suspected.[140]

is a known substrate of the CYP3A4 pathway. A
Caution is recommended when combining a sta-study retrospectively reviewed a small number of

tin whose metabolism is dependent on CYP3A4medical records of patients who received concomi-
(such as simvastatin or atorvastatin) with a drug thattant troglitazone and atorvastatin therapy.[137] The
inhibits CYP3A4.[130] Rosiglitazone is metabolisedincrease in LDL-cholesterol (+23%) and triglycer-
via N-demethylation and hydroxylation and has noide (+21%) levels on atorvastatin and troglitazone
effect on drugs metabolised by liver cytochromecombination therapy compared with atorvastatin
enzymes,[141] whereas pioglitazone is metabolisedmonotherapy may be suggestive of a drug interac-
via the CYP2C8 and CYP3A4 pathways.[44,142] Con-tion. One study investigated the potential pharma-
sequently, pioglitazone may alter the metabolism ofcokinetic interaction between troglitazone and
statins that are metabolised by the CYP3A4 path-simvastatin in healthy subjects.[138] Troglitazone di-
way.minished the Cmax of simvastatin by 30% and the

AUC of simvastatin by 40%, whereas simvastatin The effect of rosiglitazone in combination with
caused a small but clinically insignificant increase atorvastatin was evaluated in patients with type 2
(approximately 25%) in the Cmax for troglitazone. A diabetes.[143] After 8 weeks of treatment with rosig-
study examined the US FDA database to determine litazone 4mg twice daily, patients were randomised
the frequency of adverse events in patients taking to receive rosiglitazone with atorvastatin 10 or 20
both an statin and an antidiabetic medication.[139] mg/day or placebo for 16 weeks. In the atorvastatin
This study found that patients who had an adverse 10 and 20 mg/day treatment groups, LDL cholester-
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ol decreased by 33% and 40%, respectively. The reported with the meglitinide derivative, repaginide.
authors concluded that the combination of a A randomised, crossover study was designed to
thiazolidinedione and a statin effectively reduced investigate possible interactions of gemfibrozil,
LDL cholesterol in diabetic patients and was well itraconazole and their combination with repaglinide
tolerated. in healthy volunteers.[148] The AUC of repaglinide

showed a 8-fold increase with gemfibrozil alone, aIf pioglitazone can induce CYP3A4, there is the-
1.4-fold increase with itraconazole alone and a 19.4-oretically potential for an interaction with simvasta-
fold increase with the gemfibrozil-itraconazoletin. However, a pharmacokinetic study found that
combination. Thus, gemfibrozil considerably en-pioglitazone had no significant effect on the extent
hanced and prolonged the blood glucose-loweringof the HMG-CoA reductase inhibitory activity of
effect of repaglinide. Clinicians should be aware ofsimvastatin.[138] According to some other observa-
this potentially hazardous interaction betweentions, no evidence exists that pioglitazone induces
gemfibrozil and repaglinide. Concomitant use ofthe hepatic CYP isoform CYP3A4.[144] A clinical
gemfibrozil and repaglinide is best avoided. If thetrial assessed the efficacy and tolerability of simvas-
combination is considered necessary, the repagli-tatin 40mg compared with placebo in patients with
nide dose should be greatly reduced to avoid hypo-type 2 diabetes who were receiving a stable dose of
glycaemia and blood glucose levels should be care-pioglitazone or rosiglitazone and had a baseline
fully monitored.[148] In contrast to these observationsLDL cholesterol level of >100 mg/dL.[145] Simvasta-
with gemfibrozil, a three-phase, randomised, cross-tin was an effective and generally well tolerated
over, placebo-controlled study in healthy volunteerstreatment for hyperlipidaemia when used in combi-
demonstrated that neither bezafibrate nor fe-nation with thiazolidinedione therapy in patients
nofibrate affects the pharmacokinetic variableswith type 2 diabetes. No differences in safety profile
(AUC, Cmax, elimination half-life) of repagli-were observed between simvastatin and placebo.
nide.[149] Consequently, the blood-glucose loweringSimvastatin had no additional impact on the adverse
effect of repaglinide was not affected by bezafibrateeffects common to thiazolidinedione therapy and
or fenofibrate. These findings have important thera-glycaemic control was unaffected, as evidenced by a
peutic consequences as many diabetic patients usinglack of effect on HbA1c levels and on glucose and
oral antihyperglycaemic agents have hypertriglycer-insulin levels. Thus, simvastatin did not appear to
idaemia and low HDL cholesterol levels and may behave any detrimental effects on the insulin-sensitis-
prescribed fibric acid derivatives.ing activity of thiazolidinediones. Also, simvastatin

recipients did not appear to have an increased inci- Rosiglitazone  treatment does  not  impair the
dence of liver or muscle toxicity. Finally, no clini- triglyceride-lowering activity of fibric acid deriva-
cally meaningful differences in adverse effects were tives in patients with type 2 diabetes.[150] However,
observed between statin-treated patients taking pi- as rosiglitazone is primarily metabolised by
oglitazone and those taking rosiglitazone. CYP2C8, its metabolism may also be impaired by

gemfibrozil. A randomised, crossover study in
Fibric Acid Derivatives healthy volunteers demonstrated that gemfibrozil
Among fibric acid derivatives, gemfibrozil has (600mg twice daily for 4 days) shows a marked

been shown to be associated with potentially delete- interaction with rosiglitazone (one single dose of
rious drug-drug interactions. For instance, it greatly 4mg). Indeed, gemfibrozil raised the mean plasma
increases plasma concentrations of cerivastatin by rosiglitazone AUC 2.3-fold and increased the elimi-
inhibiting CYP2C8 metabolism, a mechanism that nation half-life of rosiglitazone from 3.6 hours to 7.6
may explain the higher incidence of rhabdomyolysis hours.[151] Analysis of N-desmethyl metabolite con-
described with such a combination.[146] Gemfibrozil centrations suggested that gemfibrozil probably
has a minor impact on the pharmacokinetics of the raises the plasma concentrations of rosiglitazone by
sulphonyurea compound glimepiride as it raises the inhibiting the CYP2C8-mediated biotransformation
mean AUC of glimepiride 1.2-fold.[147] This is of rosiglitazone. Thus, coadministration of gemfi-
markedly different from what has been recently brozil or another potent inhibitor of CYP2C8 and
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rosiglitazone could increase the efficacy of rosig- for severe hypoglycaemia (in contrast to β-blockers
litazone but could also increase the risk of concen- or calcium antagonists) in diabetic patients.[161] In
tration-dependent adverse effects. analyses that adjusted for potentially confounding

variables, the association remained, with an odds
2.1.2 Antihypertensive Agents and the Risk ratio of 4.3. Separate analysis showed that the asso-of Hypoglycaemia

ciation between ACE inhibitor treatment and theThere  is  evidence  that patients with type 2
risk of admission for hypoglycaemia was higher indiabetes also benefit from the vascular protective
patients receiving oral antihyperglycaemic drugseffects of antihypertensive agents, including diuret-
than those receiving insulin. However, the risk ofics, β-adrenoceptor antagonists (β-blockers), calci-
severe hypoglycaemia in diabetic patients treatedum channel antagonists, ACE inhibitors and an-
with ACE inhibitors or angiotensin-receptor antago-giotensin-receptor antagonists.[152] Antihypertensive
nists appears to be very low and can be consideredagents may exert negative, neutral or even positive
as negligible compared with the renal and cardiovas-metabolic effects that may diversely affect the risk
cular benefits of this class in the diabetic population.of developing type 2 diabetes.[153] High doses of
Such a hypoglycaemic effect may result from im-thiazide-like diuretics or nonselective β-blockers
proved insulin sensitivity and/or insulin secretion,may increase blood glucose levels and thus possibly
which are changes that may involve many of theworsen diabetes control by increasing insulin resis-
various biochemical and physiological mechanismstance and/or reducing insulin secretion. In contrast,
that are associated with the inhibition of the renin-β-blockers (by masking hypoglycaemic symptoms
angiotensin system.[162]

and blunting counter-regulation)[154] and ACE inhib-
Both ACE inhibitors (or angiotensin-receptor an-itors (by improving insulin sensitivity)[155] have

tagonists) and thiazolidinediones exert beneficialbeen associated with severe hypoglycaemia in sev-
vascular effects. It is likely that the concomitant useeral case reports. Calcium channel antagonists of the
of a thiazolidinedione with an antihypertensivedihydropyridine family are considered to be meta-
agent will potentiate the vascular benefits in patientsbolically neutral.[152] However, in a large survey of
with type 2 diabetes, although additional studies are13 559 elderly Medicaid enrolees with diabetes who
needed to substantiate this. The DREAM (Diabeteswere treated with insulin or sulphonylureas, there
REduction Approaches with ramipril and rosig-was no statistically significant increase or decrease
litazone Medication) trial, using the ACE inhibitorin the risk of serious hypoglycaemia among patients
ramipril and the thiazolidinedione rosiglitazone, isreceiving any class of antihypertensive agents com-
designed to answer this important question.[163]

pared with patients not taking antihypertensive
drugs, after controlling for demographic characteris- 2.1.3 Sulphonylureas and
tics and markers of comorbidity.[121] It was conclud- Cardiovascular Interactions
ed that specific antihypertensive drug therapy has Sulphonylureas and related KATP channel block-
little impact on the risk of hypoglycaemia in older ers stimulate insulin secretion from pancreatic B
diabetic patients. Therapy should thus be chosen on cells by binding to the sulphonylurea receptor
the basis of other aspects of safety and effective- (SUR) subunit of the KATP channels.[164] Related
ness.[156] channels in cardiac and vascular smooth muscle are

ACE inhibitors have raised both interest, because the targets for therapeutic KATP channel opening
of their potential of cardiovascular and renal protec- drugs, such as the antianginal agent nicorandil, but
tion[157] and concern, because of their potential for are blocked by a subgroup of the sulphonylureas and
inducing hypoglycaemia.[155] ACE inhibitors can in- other related agents.[165] Sulphonylureas and megli-
tensify the glucose-lowering effect of insulin and tinide derivatives may exhibit differences in tissue
sulphonylureas. This observation has been observed specificity, as the drugs interact to varying degrees
in a few clinical cases[158] and studied systematically with different types of SUR. However, a recent
in regional pharmacovigilance centres.[155,159,160] A study showed that there is no evidence that a
nested case-control study confirmed that ACE in- SUR1-specific sulphonylurea, such as glimepiride,
hibitor therapy is associated with hospital admission and a SUR1-nonspecific sulphonylurea, such as
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gliclazide, have differential effects on arterial dis- the metabolism of the majority of drugs in general
tensibility, endothelial function or vasodilator (including meglitinide derivatives), although other
mechanisms in metformin-treated patients with type CYP isoenzymes may also play a role, especially
2 diabetes.[166] Although KATP channels in cardiac CYP2C9 for sulphonylureas and CYP2C8 for
and smooth muscle are largely closed under physio- thiazolidinediones. The clinical importance of any
logical conditions (but open during ischaemia), they drug interaction depends on factors that are drug-,
are activated by antianginal agents such as patient- and administration-related.[169] Generally, a
nicorandil. Under these conditions, they may be doubling (or greater increase) in plasma drug con-
inhibited by sulphonylureas that block SUR2-type centration has the potential for an enhanced adverse
KATP channels such as glibenclamide.[164] Although (or beneficial) drug response. Less pronounced
glibenclamide given as a single intravenous dose pharmacokinetic interactions may still be clinically
appears to antagonise the myocardial protective ef- important  for  drugs with a  steep concentration-
fect of nicorandil during acute ischaemia,[167] such response relationship or narrow therapeutic index,
antagonism has not been found during chronic oral such as warfarin or digoxin (table III). Antihyper-
treatment in diabetic patients.[168] Therefore, the real glycaemic agents acting through the release of insu-
importance of KATP-channel specificity to avoid lin (sulphonylureas, meglitinide derivatives) are
drug interferences remains a matter of debate in considered to have a narrow therapeutic index be-
clinical practice. cause they have a higher risk of hypoglycaemia.

2.2.1 Sulphonylureas
2.2 Pharmacokinetic Drug-Drug Interactions Most of the sulphonylureas are highly bound to

plasma proteins and some of them have low clear-
Drug interactions of clinical importance occur

ance rates. Drug-drug interactions were initially and
when the efficacy or toxicity of a medication is

commonly assumed to be due to the displacement of
changed by administration of another substance.

the sulphonylurea from plasma proteins by the
Pharmacokinetic interferences often occur as a re-

coadministered drug.[15,116] However, based on phar-
sult of a change in drug metabolism.[116] The CYP

macokinetic models of tolbutamide interactions,
system oxidises a broad spectrum of drugs by a

displacement from plasma proteins should have a
number of metabolic processes that can be enhanced

small and only transient effect, if any, on insulin
or reduced by various compounds known as induc-

release from the pancreas. With further analysis and
ers (e.g. rifampicin) [table I] or inhibitors (e.g. an-

clinical studies, many of the drug interactions origi-
timycotic azole derivatives or macrolide antibacteri-

nally ascribed to changes in plasma protein binding
als) [table II], respectively. CYP3A4 is involved in

are considered to result from inhibition of the en-
zymes responsible for metabolic clearance of the
sulphonylurea compound. Indeed, most sulphony-
lurea drugs are extensively metabolised, increasing
the potential for metabolism-based, drug-drug inter-
actions. For instance, the classical first-generation
sulphonylurea tolbutamide can be used to estimate
the activity of the polymorphic CYP isoenzyme
CYP2C9 and has been proposed for use in CYP2C9
phenotyping.[198] The effects of the CYP2C9 amino
acid polymorphisms may be important for drug
treatment with tolbutamide.[199] In a study per-
formed in healthy volunteers, tolbutamide was con-
firmed as a substrate of the genetically polymorphic
enzyme CYP2C9.[200] However, the pronounced dif-
ferences in pharmacokinetics due to the amino acid
variants did not significantly affect plasma insulin

Table I. Drug-drug interactions in healthy volunteers: effects of
rifampicin (rifampin), a cytochrome P450 inducer, on the AUC of
oral antihyperglycaemic agents metabolised in the liver. Results are
expressed as the percentage increase in AUC with combination
therapy compared with placebo

Drug Rifampicin (%) p-Value Reference
Glibenclamide –39 (p < 0.001) 170
(glyburide)

Glipizide –22 (p < 0.05) 170

Gliclazide –70 (p < 0.001) 171

Glimepiride –34 (p < 0.001) 172

Repaglinide –57 (p < 0.001) 173

Nateglinide –24 (p < 0.001) 174

Pioglitazone NA

Rosiglitazone –65 (p < 0.001) 175
–54 (p < 0.001) 176

AUC = area under the concentration-time curve; NA = no published
data available.
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Table II. Drug-drug interactions in healthy volunteers: effects of cytochrome P450 inhibitors on the AUC of new oral antihyperglycaemic
agents metabolised by the liver. Results are expressed as percentage increase in AUC with combination therapy compared with placebo

Drug Histamine H2 receptor Antifungals Fibric acid derivatives Other agents
antagonists

Glimepiride NA +138%[177] (fluconazole) +20%[147] (gemfibrozil) +33%[177] (fluvoxamine)

Repaglinide NS [178] (cimetidine) +15%[133] (ketoconazole) +700%[148] (gemfibrozil) +61%[179] (trimethoprim)
+40%[148] (itraconazole) +40%[180] (clarithromycin)

Nateglinide NA +48%[181] (fluconazole) NA  28%[182] (sulfinpyrazone)

Pioglitazone NA NA NA NA

Rosiglitazone NS[183] (ranitidine) NA +130%[150] (gemfibrozil) +37%[176] (trimethoprim)
AUC = area under the curve; NA = no published data available; NS = no significant change.

and glucose levels in this population. Other rifampicin and glibenclamide in patients with type 2
sulphonylurea drugs (glibenclamide, glimepiride) diabetes. The mechanism underlying the interaction
also mainly utilise CYP2C9 for metabolism[201,202] between rifampicin and glibenclamide is probably
and this isoenzyme is known to be of major impor- the induction of either CYP2C9[204,205] or P-glyco-
tance in human drug metabolism.[203] CYP2C9 may protein,[207,208] or both.
be induced by HIV protease inhibitors, such as Severe hypoglycaemia has been attributed to
ritonavir and nelfinavir, with a resulting decrease in drug-drug interaction between glibenclamide and
the antihyperglycaemic efficacy of the sulphony- other drugs, especially antibacterials such as doxy-
lurea.[122] Antiulcer H2 histamine receptor antago- cycline,[209] or quinolones, including ciproflox-
nists (cimetidine, ranitidine) and antibacterial and acin[210] and gatifloxacin.[211] Clinicians should con-
antifungal azole-derivatives (ketoconazole, flucona- sider these potential interactions in diabetic patients
zole) have been reported to precipitate hypogly- taking glibenclamide who require antibacterial ther-
caemia when taken in combination with various apy. Similarly, hypoglycaemia was also reported in
sulphonylureas (i.e. glibenclamide, glipizide and diabetic patients treated with glibenclamide who
gliclazide), the suggested mechanism being an inhi- were receiving an H2 receptor antagonist such as
bition of hepatic microsomal enzymes and thus

cimetidine or ranitidine.[212,213] These adverse events
sulphonylurea metabolism.[15]

may result from the inhibition of CYP2C9 and the
concomitant reduction in sulphonylurea metabolismGlibenclamide
by the liver.Rifampicin, a rifamycin antibacterial, is a potent

inducer of CYP enzymes and can greatly reduce the The possible occurrence of a kinetic interaction
plasma concentrations and effects of numerous between ciclosporin A and glibenclamide was as-
drugs.[204,205] Reports of the effects of rifampicin on sessed by reviewing data of six post-transplant dia-
the pharmacokinetics of second generation sulpho- betic patients who received the two drugs concur-
nylureas are sparse. The blood glucose lowering
effect of glibenclamide was significantly reduced by
rifampicin, but unfortunately no pharmacokinetic
data were obtained, in a study performed in In-
dia.[206] In healthy volunteers, rifampicin decreased
the AUC of glibenclamide by 39% (p < 0.001) and
the  peak plasma  concentration  by 22% (p =
0.01).[170] The blood glucose decremental AUC and
the maximum decrease in the blood glucose level
were decreased by 44% (p = 0.05) and 36% (p <
0.001), respectively, when rifampin was coadminis-
tered with glibenclamide. Thus, it is probable that
the blood glucose-lowering effect of glibenclamide
is reduced during concomitant administration of

Table III. Drug-drug interactions: effects of new oral antihypergly-
caemic agents on the pharmacokinetics of digoxin and warfarin

Drug Digoxin Warfarin
Acarbose Case reports[184-186] Case report[188]

NS[187]

Miglitol + 28%[69] a NS[189]

Voglibose NS[190,191] NS[192]

Pioglitazone NS[193] NS [193]

Rosiglitazone NS[194] NA

Repaglinide NS[178] NS[195]

Nateglinide NS[196] NS[197] b

a Miglitol 100mg, three times daily

b Acenocoumarol instead of warfarin.

NA = no published data available; NS = no significant change.
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rently.[214] Coadministration of these two drugs re- between the phases of glipizide administration with
sulted in a mean 57% increase in steady-state and without rifampicin. Induction of CYP2C9 by
plasma ciclosporin concentrations despite normal rifampicin would explain the increased systemic
hepatic and renal functions. This elevation in elimination of glipizide.
ciclosporin concentration is possibly due to inhibi- A published case report has indicated a possible
tion of CYP3A4-mediated metabolism of ci- pharmacokinetic interaction of glipizide with
closporin by glibenclamide. This observation calls ciclosporin A in two diabetic patients who had un-
for a closer monitoring of ciclosporin plasma con- dergone renal transplants.[221] However, an open
centrations during concomitant administration of prospective study showed that glipizide treatment
these drugs. does not interfere with ciclosporin pharmacokinetics

No significant drug-drug interactions were ob- in 11 diabetic renal allograft recipients.[222]

served when glibenclamide was used in combina-
tion with the calcium channel antagonist, nimodip-

Gliclazide
ine,[215] the non-opioid analgesic drug bromfenac[216]

Gliclazide is extensively metabolised, mainly byor thioctic acid (α-lipoic acid), a pharmacological
hydroxylation in the liver, and has no circulatingagent used for the treatment of diabetic polyneurop-
active metabolite.[26] Gliclazide modified releaseathy.[217] In a pharmacokinetic interaction study, the
employs a hydrophilic matrix that allows once-dailyplasma levels of both bosentan, a dual endothelin
administration with 24-hour efficacy through thereceptor antagonist, and glibenclamide were re-
progressive delivery of short-acting gliclazide.[27]

duced after concomitant administration in healthy
Furthermore, the modified release preparation dem-volunteers, a finding that is consistent with the
onstrates very high bioavailability, which allowsCYP3A4-inducing potential of both drugs.[218] Fi-
reduction in the clinically effective gliclazide dose.nally, a two-period, randomised, double-blind,
Pharmacokinetics parameters are virtually unaffect-crossover, placebo-controlled study showed that
ed by gastric pH, which reduces the risk of drugeprosartan, an angiotensin II receptor antagonist,
interactions with antacids or antisecretory agents.does not affect the pharmacodynamics of gliben-

clamide in patients with type 2 diabetes.[219] An interaction between rifampicin and gliclazide
has been reported as resulting in toxic hypergly-
caemia in a patient with type 2 diabetes.[223] It wasGlipizide
speculated that the induction of CYP2C9 byIn a randomised, placebo-controlled study, two
rifampicin might cause a decrease in the plasmagroups of patients with type 2 diabetes who were
concentrations of gliclazide. In a randomised, two-stabilised on glipizide were given cimetidine
way crossover, placebo-controlled study in healthy(400mg) or ranitidine (150mg) 3 hours before a
Korean individuals, rifampicin decreased the meanstandardised meal.[220] In comparison with placebo,
AUC  of  glicazide  plasma concentrations  by  70%both cimetidine and ranitidine significantly reduced
(p < 0.001) and the mean elimination half-life fromthe postprandial blood glucose level by a mean of
9.5 hours to 3.3 hours (p < 0.05).[171] The apparent40% and 25%, respectively (p < 0.05), producing
oral clearance of gliclazide increased about 4-foldglucose levels of <3 mmol/L in four patients. Both
after rifampicin treatment (p < 0.001). A significantdrugs also significantly increased the plasma glipi-

zide AUC by approximately 20% (p < 0.05). It was difference in the blood glucose response to glicla-
concluded that caution should be exercised when zide was observed between the placebo and
treatment is initiated with H2 receptor antagonists in rifampicin phases. Thus, the effects of rifampicin on
type 2 diabetic patients receiving sulphonylureas. the pharmacokinetics and pharmacodynamics of

gliclazide suggest that rifampicin affects the dispo-In healthy volunteers, rifampicin decreased the
sition of gliclazide, possibly by the induction ofAUC of glipizide by 22% (p < 0.05).[170] However,
CYP2C9. Concomitant use of rifampicin within contrast to what was observed in the same study
gliclazide can reduce the glucose-lowering effect ofwith glibenclamide, no statistically significant dif-
gliclazide in patients with type 2 diabetes.ferences in the blood glucose levels were found
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Possible interaction between gliclazide, flucona- Severe and persistent hypoglycaemia due to ga-
tifloxacin interaction with glimepiride has been re-zole and sulfamethoxazole resulting in severe hy-
ported in one case report, an adverse effect that waspoglycaemia has been reported in a HIV-infected
also described with glibenclamide.[211]patient.[224] It has been suggested that both

fluconazole and sulfamethoxazole could inhibit In a recent German survey comparing the clinical
characteristics and time course of severe hypogly-CYP2C9 and lead to inhibition of gliclazide metabo-
caemia whilst receiving glimepiride and the refer-lism. Physicians should consider this potential inter-
ence drug glibenclamide, no essential differencesaction in the management of HIV-infected patients,
were observed between the two sulphonylurea com-in whom highly active antiretroviral therapy fre-
pounds.[225] With regard to concomitant drugs thatquently triggers diabetes.[122]

may potentially increase the risk of sulphonylurea-
induced hypoglycaemia, 43% (40 of 93) of the dia-Glimepiride
betic patients were taking ACE inhibitors, 23% wereGlimepiride is a substrate of CYP2C9, and the
taking β-blockers, 17% were taking sedatives orimportance of this metabolic pathway has been con-
morphine and 6% were taking NSAIDs. Impaired

firmed in vivo by comparing glimepiride pharma-
renal function was present in 11 of the 13 patients

cokinetics in subjects with different CYP2C9 ge- with prolonged hypoglycaemia.
notypes.[201] Because rifampicin can induce
CYP2C9-mediated drug metabolism, a study inves-

2.2.2 Metformintigated the effect of rifampicin on the pharmacoki-
The biguanides used for treatment of type 2 dia-netics and pharmacodynamics of glimepiride in

betes were introduced in the 1950s. Three drugshealthy volunteers.[172] Rifampicin decreased the
(metformin, phenformin and buformin) were initial-mean AUC of glimepiride by 34% and the mean
ly marketed, but only metformin is still availableelimination half-life by 25%. Because the interac-
since the withdrawal of phenformin and buformintion was modest and did not significantly alter the
because of an exaggerated risk of lactic acidosis,glucose-lowering effect of glimepiride in healthy
especially in diabetic patients with renal impair-volunteers, it is probably of limited importance.
ment. Several comprehensive reviews have beenHowever, in some diabetic patients the antihyper-
published on metformin, especially since this drug

glycaemic effect of glimepiride may be reduced
was introduced on the US market.[22-24,82,226]

during concomitant treatment with rifampicin.
Metformin is not metabolised in humans after

Fluconazole, an azole antimycotic known to be a oral or intravenous administration. No oxidative or
potent inhibitor of CYP2C9, and some other CYP conjugated metabolites of metformin have been ob-
isoenzymes, considerably increased the AUC of served in the plasma, urine or faeces. The drug is
plasma concentrations of glimepiride (+138%, p < eliminated by renal excretion by way of active tubu-
0.001) and prolonged its elimination half-life in lar secretion. Although many medications have been
healthy volunteers.[177] This was probably caused by reported to interact with metformin, there are rela-
inhibition of the CYP2C9-mediated transformation tively few clinically important interactions.[24] This
of glimepiride by fluconazole. Concomitant use of is largely because metformin is not protein bound
fluconazole with glimepiride in patients with type 2 and is not metabolised in the liver, making drug
diabetes may increase the risk of hypoglycaemia as interactions through pharmacokinetic mechanisms
much as would a 2- to 3-fold increase in the dose of rare.
glimepiride. In contrast, fluvoxamine, a selective In theory, because metformin is excreted pre-
serotonin reuptake inhibitor antidepressant that is a dominantly through renal tubular secretion, medica-
potent inhibitor of CYP1A2 and an inhibitor of tions that compete for this pathway or that have the
several other CYP enzymes (including CYP2C9), ability to compromise renal function should not be
only moderately increased the peak plasma concen- coadministered with metformin, or dose reduction
trations of glimepiride and slightly prolonged the of metformin may need to be considered. Cationic
elimination half-life.[177] drugs such as cimetidine, ranitidine, amiloride,
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triamterene, quinine, quinidine, procainamide, recognised that this interaction should be further
digoxin, morphine, trimethoprim and vancomycin studied with higher doses of acarbose and at steady-
are all eliminated by the renal tubular route.[226] state conditions. If such an interaction exists, the
However, potential interactions with these cationic precise mechanism of acarbose-induced reduction
drugs eliminated by tubular secretion have not been of digoxin levels remains unknown as voglibose,
observed in clinical practice.[227] Of these medica- another α-glucosidase inhibitor, does not appear to
tions, the combination of metformin and cimetidine share such an effect.
has been assessed in a well documented trial.[228] A probable interaction between acarbose and
Cimetidine competes with metformin for a common warfarin has been reported.[188] Since acarbose is not
transport system in the renal tubules reducing the absorbed, this suspected interaction with warfarin is
rate of urinary excretion of metformin. The addition probably related to an increased absorption of war-
of cimetidine 400mg twice daily to metformin farin. Further studies are needed to evaluate this
250mg once daily in healthy volunteers produced a potential interaction and determine its mechanism.
50% increase in the plasma AUC of metformin and a

Miglitol27% decrease in the 24-hour renal excretion of
In healthy volunteers, concomitant use of mig-metformin. Thus, when it is not possible to avoid

litol 50mg or 100mg three times daily with digoxincoadministration of drugs that may compete for
reduced the average plasma concentrations ofrenal tubular secretion or impair renal function, the
digoxin by 19% and 28%, respectively. However, inpatient should be monitored closely for signs and
patients with type 2 diabetes, there were no effectssymptoms of toxicity and the dose of metformin
on plasma digoxin concentrations with concomitantshould be modified accordingly.
miglitol 300mg daily following 2-weeks’ treat-In conclusion, there are almost no clinically rele-
ment.[69]

vant metabolic interactions with metformin, because
There were no significant effects of concomitantit is not metabolised and does not inhibit the metabo-

miglitol 100mg on the pharmacokinetics or pharma-lism of other drugs.
codynamics of either (R)- or (S)-warfarin.[189] Simi-

2.2.3 α-Glucosidase Inhibitors larly, miglitol did not alter the pharmacokinetics of
phenytoin, an anticonvulsant whose bioavailabilityα-Glucosidase inhibitors competitively inhibit
may be affected by changes in gastrointestinal func-sucrase-isomaltase complexes.[66-70] As the inhibi-
tioning.[229] These investigations have involvedtion of intestinal disaccharidases results in carbohy-
short-term studies in healthy volunteers, so furtherdrates staying longer in the bowel, thus exerting
studies in patients with type 2 diabetes may beosmotic activity and possibly altering the intestinal
required.bacterial spectrum, it is possible that the absorption

of other orally administered drugs might be affected. Concomitant administration of miglitol with
Potential interferences between α-glucosidase in- propranolol or ranitidine reduced the absorption of
hibitors and other glucose-lowering oral agents have these drugs, and thus the dose of these agents may
already been discussed in sections 1.4, 1.5 and 1.6. require adjustment during concomitant use with
Other potential drug-drug interactions have only miglitol.[69]

been investigated between these agents and com-
Voglibosepounds with rather poor oral bioavailability and low
Voglibose (AO-128) is poorly absorbed from thetherapeutic indices, such as digoxin and warfarin.

gastrointestinal tract and hardly metabolised.
Acarbose Clinical trials revealed no detectable concentrations
Acarbose was initially shown to decrease the of the compound in either blood or urine samples. In

absorption of coadministered digoxin.[184-186] How- contrast to acarbose, voglibose has been demonstrat-
ever, more recent studies failed to show a significant ed to have no effect on the intestinal absorption of
interaction between digoxin and acarbose at current coadministered digoxin.[190,191] In a clinical trial per-
therapeutic doses (50mg three times daily) in formed in 12 healthy men, voglibose (5mg three
healthy volunteers.[187] Nevertheless, the authors times daily) modified neither the pharmacodynam-
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ics nor the pharmacokinetics of warfarin under (troglitazone, pioglitazone and rosiglitazone) have
steady-state conditions.[192] the potential to induce CYP3A4.[133] The in vitro

inhibition data indicate that, in general, troglitazone
is the most potent CYP inhibitor of the three com-2.2.4 Thiazolidinediones
pounds. As already mentioned, there are no reportsThe first drug in this class to be approved in the
on the clinical induction of CYP enzymes by rosig-US was troglitazone in 1997. However, it was asso-
litazone or pioglitazone  to date. The  apparentciated with an elevation of serum alanine amino-
absence  of  clinical  effects  of CYP  enzyme  inhi-transferase (ALT) levels in approximately 1–2% of
bition may  be  due  to  either  a  lack of clinicalpatients and, in rare cases, hepatic failure and
data (CYP2C8), overwhelming CYP inductiondeath.[48] It was, therefore, withdrawn from the mar-
(CYP3A4) or reasons we do not yet understandket in 2000. Subsequent to the launch and withdraw-
(CYP2C9). It is the last of these scenarios thatal of troglitazone, two other thiazolidinediones en-
requires additional research in order to better use intered the market, pioglitazone and rosiglitazone.
vitro inhibition data to predict potential drug-drugThe major question about the use of new PPAR-γ
interactions of these and future thiazolidine-agonists in general, and the thiazolidinediones in
diones.[133]

particular, is whether the liver toxicity observed
with troglitazone is unique to troglitazone or repre- Pioglitazone
sents a class effect. Pioglitazone and rosiglitazone Pioglitazone undergoes extensive hepatic metab-
appear to be safe, although limited, poorly docu- olism, predominantly via the CYP2C8 system. Sec-
mented, cases of liver toxicity have also been report- ondary pathways include CYP3A4, CYP2C9 and
ed.[48,230] It is noteworthy that abnormal liver func- CYP1A1/2.[49] Although pioglitazone is partially
tion tests are common in the overweight/obese pop- metabolised via CYP3A4,[49] no evidence exists in
ulation, especially in patients with type 2 vivo that pioglitazone induces hepatic CYP3A4 ac-
diabetes.[231] However, the prevalence of elevated tivity.[238]

ALT levels is not higher with second-generation Pioglitazone seems to have only a small potential
thiazolidinediones than with other oral antidiabetic for drug interactions in patients with type 2 diabetes.
agents.[232] In contrast, both pioglitazone[233] and It has been reported to slightly reduce the plasma
rosiglitazone[234] have been shown to reduce elevat- concentrations of midazolam or nifedipine (by
ed ALT levels compared with placebo or other oral 10–30%). Single and repeated dosages of piog-
antihyperglycaemic compounds in phase III trials. litazone 45mg daily were coadministered with war-
Another concern about the use of thiazolidinediones farin, phenprocoumon, glipizide, metformin or
is oedema and heart failure, especially in diabetic digoxin in healthy volunteers.[193] The data suggest
patients treated with insulin.[235] Although the pre- pioglitazone does not affect the pharmacokinetics
cise mechanism of such adverse effects remains and pharmacodynamics of any of these drugs and
poorly understood, one possible explanation is that does not appear to induce or inhibit the CYP
thiazolidinediones may potentiate the effects of in- isoenzyme system.[49]

sulin on renal sodium and water retention.
Lack of induction or inhibition of hepatic enzyme

Troglitazone has been associated with significant systems was also indicated by data that showed no
clinical drug interactions due to liver enzyme induc- statistically or clinically significant effect of piog-
tion, particularly when used with compounds that litazone 45mg daily on the pharmacokinetics of
are substrates for CYP3A4.[236] For instance, a po- ethinylestradiol/norethindrone or ethinylestradiol/
tential interaction exists between troglitazone and estrone as used in oral contraceptive or hormone
ciclosporin A, as seven transplant recipients who replacement therapy regimens.[239]

had been started on troglitazone therapy exper-
Rosiglitazoneienced a statistically and clinically significant de-

crease in ciclosporin A trough levels immediately CYP2C8  is  primarily  responsible for the hy-
after the institution of troglitazone therapy.[237] An in droxylation and N-demethylation of rosiglitazone in
vitro study showed that all three thiazolidinediones human liver, with minor contributions from
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CYP2C9.[240] Therefore, rosiglitazone pharmacoki- after oral (4mg) and intravenous (2mg) single doses
netics may be affected by CYP2C9 inducers, such as of rosiglitazone were unaltered by concurrent treat-
rifampicin, or by CYP2C9 inhibitors, such as ment with ranitidine.[183] This absence of rosig-
gemfibrozil or trimethoprim. litazone interference with H2 receptor antagonists

contrasts with previous reports that showed a poten-In a randomised, open-label, two-way crossover
tial interference of cimetidine and ranitidine withstudy in Korean men, rifampicin significantly de-
sulphonylurea compounds such as glibenclamidecreased the mean AUC of rosiglitazone concentra-
and glipizide.[212,213,220]tions by 65% and the mean elimination half-life

Rosiglitazone does not markedly alter CYP3A4-from 3.9 hours to 1.5 hours.[175] The apparent oral
mediated drug metabolism.[242] Rosiglitazone is pri-clearance of rosiglitazone increased about 3-fold
marily metabolised by CYP2C8 and has shown noafter rifampicin treatment (p < 0.001). These obser-
clinically significant interactions with CYP3A4-vations were confirmed in a Finnish randomised,
metabolised substrates such as nifedipine[243] andcrossover trial in healthy volunteers.[176] Rifampicin
oral contraceptives.[244]reduced the AUC and Cmax of rosiglitazone by 54%

The interaction of rosiglitazone with oral digoxinand 28%, respectively; the elimination half-life of
was investigated in healthy volunteers.[194] Coad-rosiglitazone was shortened from 3.8 hours to 1.9
ministration of digoxin 0.375mg with rosiglitazonehours. Rifampicin increased the formation of N-
8mg had no significant effect on the safety ordesmethylrosiglitazone by about 40% (p < 0.0001).
steady-state pharmacokinetics of digoxin.Thus, rifampicin affected the disposition of rosig-

litazone in humans, probably by the induction of
2.2.5 Meglitinide DerivativesCYP2C8 and, to a lesser extent, CYP2C9. There-
The potential of drug-drug interaction with thefore, caution should be exercised during coadminis-

new insulin secretagogues repaglinide and nategli-tration of rifampicin and rosiglitazone in clinical
nide has been extensively studied during recentpractice.
years, as these two drugs are metabolised through

In healthy volunteers, trimethoprim, a relatively the CYP system and have been presented as being
selective inhibitor of CYP2C8, raised the AUC of safer for use in clinical practice than sulphonylureas.
plasma rosiglitazone concentrations by 37% and the
Cmax by 14%.[176] The elimination half-life of rosig- Repaglinide
litazone was prolonged from 3.8 hours to 4.8 hours Repaglinide is rapidly absorbed and has a plasma
(p = 0.0003). Trimethoprim reduced the formation half-life of approximately 1 hour.[245] It is highly
of N-desmethylrosiglitazone by 36%. As previously bound (98%) to plasma proteins. However, in vitro
emphasised, gemfibrozil, another CYP2C8 inhibi- experimental data indicate a low potential for prote-
tor, almost doubled both the mean plasma AUC and in binding drug interactions associated with repagli-
the elimination half-life of rosiglitazone in healthy nide.[246] Repaglinide is extensively metabolised by
volunteers.[151] Therefore, coadministration of gem- direct glucuronidation and oxidation. The metabo-
fibrozil and rosiglitazone should be considered with lites are not pharmacologically active. An important
caution in diabetic patients and the dose of rosig- role for both CYP3A4 and CYP2C8 in the transfor-
litazone adjusted accordingly to reduce the risk of mation of repaglinide has been reported in studies of
adverse effects. human liver microsomes.[247] The contribution of

The effect of sucralfate (an antiulcer agent) pre- CYP2C8 to the metabolism of repaglinide was fur-
treatment on the single-dose pharmacokinetics of ther demonstrated in vivo by showing that polymor-
oral rosiglitazone 8mg was investigated in healthy phism in CYP2C8 was associated with reduced plas-
volunteers.[241] No statistically significant differ- ma concentrations of repaglinide.[248] This dual CYP
ences were observed for any of the calculated rosig- biotransformation may have consequences for the
litazone pharmacokinetic parameters in participants clinical pharmacokinetics and drug-drug interac-
who did or did not receive pretreatment with tions of repaglinide if one CYP pathway has suffi-
sucralfate. Similarly, in another study in 12 healthy cient capacity to compensate if the other is inhibited.
male volunteers, the pharmacokinetic parameters Indeed, metabolism by both these enzymes may
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explain why selective inhibition and possibly induc- comitant use of clarithromycin or trimethoprim and
tion of CYP3A4 in humans has a less than expected repaglinide in patients with diabetes. Finally, as
effect on the pharmacokinetics and hypoglycaemic already pointed out, the AUC of repaglinide showed
action of repaglinide.[133,247] a 8-fold increase when coadministered with

gemfibrozil alone (a CYP2C8 inhibitor), a 1.4-foldAs one of the principal CYP isoforms involved in
increase in combination with itraconazole alone (arepaglinide metabolism in human liver microsomes
CYP3A4 inhibitor) and a 20-fold increase whenis CYP3A4, inhibitors of CYP3A4 activity (e.g.
administered with the gemfibrozil-itraconazoleantifungal agents such as ketoconazole) or inducers
combination.[148] Thus, gemfibrozil considerably en-of CYP3A4 activity (e.g. rifampicin) may thus influ-
hanced and prolonged the blood glucose-loweringence the pharmacokinetics of repaglinide.[133] In two
effect of repaglinide, i.e. repaglinide became a long-randomised, two-period, open-label, crossover stud-
acting and stronger antidiabetic agent. Unlikeies healthy individuals received repaglinide alone,
gemfibrozil, bezafibrate and fenofibrate have norepaglinide on day 7 of rifampicin treatment or
significant effects on the pharmacokinetics andrepaglinide on day 5 of ketoconazole treatment.[133]

pharmacodynamics of repaglinide, and thus, can beConcomitant rifampicin decreased the mean AUC
safely used in combination with repaglinide in dia-for repaglinide by 31% and the mean Cmax by 26%.
betic patients who should be prescribed fibric acidCompared with the administration of repaglinide
derivatives for the treatment of dyslipidaemia.[149]alone, concomitant ketoconazole increased the mean
Consequently, careful monitoring of blood glucoseAUC for repaglinide by 15% and the mean Cmax by
levels in repaglinide-treated diabetic patients receiv-7%. Thus, the pharmacokinetic profile of repagli-
ing strong inducers or inhibitors of CYP3A4 ornide was altered by the administration of potent
CYP2C8 is recommended and a change in repagli-CYP3A4 inducers or inhibitors such as rifampicin or
nide dose may be necessary in such circumstances.ketoconazole, but to a lesser degree than expected.

Profiles of blood glucose levels following repagli- Despite its effect on the gastric pH and inhibition
nide administration were altered by <8% by both of the hepatic CYP system, cimetidine 400mg twice
rifampicin and ketoconazole. The safety profile of daily had no effect on the mean serum profile of
repaglinide was not altered by pre-treatment with repaglinide or on any of the mean pharmacokinetic
rifampicin or ketoconazole. In another study, parameters of a single 2mg dose of repaglinide,
rifampicin 600mg once daily for 5 days decreased administered following multiple doses of cime-
plasma concentrations of repaglinide after a single tidine.[178] Similarly, coadministration of cimetidine
0.5mg dosage on day 6 (AUC –57%, p < 0.001) and (800mg daily for 5 days) with repaglinide (2mg
correspondingly reduced the blood glucose lowering three times daily for 4 days) did not change repagli-
effect of repaglinide.[173] In contrast, the CYP3A4 nide pharmacokinetics from control values, or result
inhibitor clarithromycin increased the plasma con- in hypoglycaemia.[249] Based on these results, no
centrations of repaglinide (Cmax +67%; AUC dose adjustments appear to be necessary for repagli-
+40%).[180] Consequently, plasma insulin levels nide or cimetidine during coadministration of these
were significantly increased when repaglinide was drugs.
combined with clarithromycin compared with place-

In three randomised, three-period, open-labelbo. However, no statistically significant differences
crossover studies in healthy individuals, no clinical-were found in blood glucose concentrations between
ly relevant pharmacokinetic interactions occurredthe two experimental phases. Similarly, the
between repaglinide and the CYP3A4 substratesCYP2C8 inhibitor trimethoprim increased the plas-
ethinylestradiol/levonorgestrel, simvastatin andma concentrations (Cmax +41%; AUC +61%) of
nifedipine.[132] However, the incidence of adverserepaglinide in healthy individuals.[179] Although the
events increased with coadministration of simvasta-interaction did not significantly enhance the effect
tin or nifedipine and repaglinide compared withof repaglinide on blood glucose level at the drug
either repaglinide, simvastatin or nifedipine treat-doses used, the possibility of an increased risk of

hypoglycaemia should be considered during con- ment alone.
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Drug interaction studies for repaglinide and In a two-phase, randomised, crossover study, 10
healthy  volunteers  took  600mg  rifampicin  or pla-digoxin, theophylline and warfarin,[178,195,250] three
cebo orally once daily for 5 days, and ingested acommonly prescribed medications that may give
single 60mg dose of nateglinide on day 6 of bothrise to adverse effects because of a narrow therapeu-
phases.[174] Rifampicin decreased the mean AUC oftic margin, have been performed in healthy individ-
nateglinide by 24%, but had no significant effect onuals. The studies demonstrated no risk of significant
the blood glucose-lowering effect of nateglinide.interactions. The pharmacokinetics of digoxin, ad-
Thus rifampicin, a potent inducer of several drug-ministered as a loading dosage of 0.5mg followed by
metabolising enzymes (including CYP2C9 and0.25 mg/day for 9 days, was unaffected by coadmin-
CYP3A4) and of some drug transporters, only mod-istration of repaglinide 2mg three times daily.[178]

estly decreased the plasma concentrations of nateg-Mean theophylline AUC values were equivalent
linide, probably by inducing its oxidative biotrans-during monotherapy (300mg taken orally, twice dai-
formation. However, in some patients, rifampicinly) and coadministration with repaglinide (2mg
may reduce the blood-glucose lowering effect ofthree times daily).[178] Repaglinide 2mg taken three
nateglinide.times daily had no clinically relevant effects on the

Fluconazole (400mg on day 1 and 200mg on dayspharmacokinetics of warfarin (individually dose-
2–4), an inhibitor of CYP2C9, CYP2C19 andtitrated, with both drugs at steady state) and no
CYP3A4, increased the AUC of nateglinide by 48%effect on prothrombin measurements.[195]

(p < 0.00001) and impaired the formation of the M7Thus, in clinical practice, a dose increase may be
metabolite of nateglinide (a dehydro derivative).[181]

indicated to obtain optimal glucose control when
Despite the fact that no significant differences were

repaglinide is coadministered with potent inducers
seen in the blood glucose response to nateglinide

of CYP3A4, such as rifampicin or carbamazepine, between fluconazole and placebo phases in this
whereas a dose decrease may be indicated when study performed in healthy volunteers, one cannot
repaglinide is coadministered with potent inhibitors exclude the possibility that concomitant use of
of CYP3A4, such as ketoconazole or clarithro- fluconazole and nateglinide may prolong the blood
mycin, in order to avoid hypoglycaemia.[251]

glucose-lowering effect of nateglinide in patients
with type 2 diabetes.

Nateglinide The effect of a potent and selective CYP2C9
According to in vitro data obtained using human inhibitor, sulfinpyrazone, on the pharmacokinetics

liver microsomes, CYP enzymes CYP2C9, of nateglinide was evaluated in healthy individu-
CYP2D6 and CYP3A4 appear to mediate nategli- als.[182] Sulfinpyrazone increased the mean exposure
nide biotransformation reactions and CYP2C9 ap- to nateglinide by 28% (p < 0.01) when these drugs
pears to be the predominant enzyme (responsible for were administered in combination, with no differ-
about 70% of nateglinide intrinsic clearance).[97,251] ences in the Cmax, tmax and elimination half-life of
A prospective clinical study in healthy volunteers nateglinide.
chosen for their CYP2C9 and CYP2D6 genotypes In vitro, nateglinide has been found to inhibit the
was conducted, with individuals carrying wild-type metabolism of tolbutamide (a CYP2C9 substrate),
genotypes as the reference group.[252] Significantly but no inhibition of CYP3A4 metabolic reactions
reduced oral nateglinide clearance was found in has been detected. Drug-drug interaction studies in
carriers of CYP2C9*3 alleles, without statistically healthy individuals have shown no interaction be-
significant differences in plasma glucose, insulin tween nateglinide and a single dose of diclofenac
and glucagon levels. Nevertheless, it was concluded 75mg (a substrate of CYP2C9)[253] or a single dose
that the effect of CYP2C9 polymorphisms on nateg- of warfarin 30mg (a substrate for CYP3A4 and
linide kinetics may cause a slightly increased risk of CYP2C9),[254] when nateglinide was administered at
hypoglycaemia in diabetic patients. Consequently, a dose of 120mg before meals. Similarly, coadmin-
drug interactions with substrates of CYP3A4 and istration of nateglinide did not influence either the
CYP2C9 might be anticipated for nateglinide.[97] pharmacokinetics or the anticoagulant activity of
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(R)- and (S)-acenocoumarol in healthy individu- the variability of blood glucose. The increasing
als.[197] This absence of drug-drug interaction is complexity of diabetes care may expose the diabetic
observed despite the fact that the two drugs are patient to a higher risk of drug interactions. Howev-
primarily metabolised via CYP2C9. This suggests er, no deleterious drug-drug interactions have been
that no dose adjustments will be required when described when oral antihyperglycaemic agents are
nateglinide and acenocoumarol are coadministered coadministered. The only problem may consist of a
in clinical practice. Based on the results obtained higher rate of hypoglycaemic episodes, which may
with these substrates, the potential for nateglinide to require appropriate dose adjustment of glucose-
inhibit the metabolism of other drugs is small. Simi- lowering agents, especially insulin secretagogues
larly, the potential for other drugs to increase nateg- (sulphonylureas and meglitinide derivatives). As
linide concentrations is limited, although clinical prevention of cardiovascular complications is be-
studies with a CYP2C9 inhibitor would be required coming a major objective in patients with type 2
to fully explore the primary metabolic pathway of diabetes, coadministration of lipid-lowering drugs
nateglinide.[97] or antihypertensive agents is common. Drug-drug

interactions between oral antidiabetic agents andNo drug interaction was reported between nateg-
statins or fibric acid derivatives are usually of minorlinide and a single dose of digoxin 1mg in a study in
clinical importance. However, a major pharmacoki-which nateglinide 120mg was given three times
netic interaction of gemfibrozil with repaglinide,daily before meals to healthy subjects for 2 days.[196]

and to a lesser extent, with rosiglitazone, has beenIn this partially randomised, nonblind, crossover
described and coprescription of these drugs shouldstudy, the concurrent administration of nateglinide
be avoided or deserves caution.and digoxin did not affect the pharmacokinetics of

either drug, nor was there evidence of pharmacody-
namic interactions, assessed on the basis of cardiac Acknowledgements
and haemodynamic assessments.

No sources of funding were used to assist in the prepara-Finally, as nateglinide is highly bound to plasma
tion of this review. The author has no conflicts of interest that

proteins, this may be a potential site of drug-drug are directly relevant to the content of this review.
interactions. However, in vitro displacement studies
have shown no influence of highly protein-bound
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