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1. ABSTRACT 
 

This review focuses on current evidence for 
pharmacogenetics for the 3 commonly used drug classes in 
treating diabetes: metformin, sulphonylureas and 
thiazolidinediones.  Currently, metformin 
pharmacogenetics is focussing on drug transport with the 
recent finding that variation in OCT transporters might 
affect metformin response.  An aetiological approach has 
identified monogenic patients with diabetes due to TCF1 
mutations who are particularly sensitive to the 
hypoglycaemic effects of sulphonylureas, and KCNJ11 or 
ABCC8 mutations in which sulphonylureas can be used in 
place of insulin treatment.  In Type 2 diabetes 
sulphonylurea response has been shown to be associated 
with variants TCF7L2 associated with type 2 diabetes risk.  
For thiazolidinediones, focus has been on PPARgamma 
variants although with no consistent result.  Genome wide 
association studies offer great potential to unravel what 
genetic factors influence response and side effects of 
diabetes therapies.  Large numbers of well phenotyped 
patients for response and side effect as well as similarly 
sized similarly phenotyped replication cohorts are required.  
Establishing such cohorts is a priority in diabetes 
pharmacogenetics research. 

 
2. INTRODUCTION 
 

The last five years have seen a significant 
breakthrough in the understanding of the genetic aetiology 
of both common type 2 diabetes and rare mendelian forms 
of diabetes.  The impact of these genetic discoveries on 
clinical care to date remains largely limited to these rarer 
types of diabetes; but our increasing understanding of the 
molecular mechanisms of diabetes offers hope that we 
might be able to better target existing therapy and design 
new therapies.  However, except for a few examples the 
clinical impact of pharmacogenetics is minimal, and no 
more so than in the management of diabetes.  This review 
will highlight key areas where progress has been made – in 
Maturity Onset Diabetes of the Young and Neonatal 
Diabetes – and will outline some recent studies that are 
starting to unravel genetic determinants of drug response in 
type 2 diabetes.  
 

The response to a drug is determined by the 
concentration of active drug available at its site(s) of action 
(pharmacokinetics), and then the ability of the drug to elicit 
an effect at its site of action (pharmacodynamics).   In 
simple terms, the pharmacokinetics of a drug are 
determined by: its absorption, which may be passive or 
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active; metabolism to an active form if required; 
distribution to the drugs site of action, which again can be 
passive or active e.g. into the liver or across the blood brain 
barrier; the rate of drug clearance which might include 
metabolism to an inactive form, and excretion into the bile 
or urine.  The pharmacodynamics of a drug can be broadly 
divided into direct and indirect factors.  The direct drug 
effects will be influenced by its ability to bind to a receptor, 
the function of that receptor and function of the 
downstream pathways.  The indirect factors are those that 
are distinct from the effector pathway e.g. response to a 
drug that increases insulin secretion may well be more 
effective in a patient that is more insulin sensitive although 
the drug effect has no effect on insulin action.   For a 
disease like Type 2 diabetes that is highly heterogeneous 
and where the drugs used target the disease causing defects, 
both direct and indirect pharmacodynamics of a drug will 
be influenced by disease aetiology i.e. someone may 
respond well to sulphonylureas because their diabetes is 
aetiologically distinct from someone who responds poorly. 

 
Pharmacogenetic studies investigate the role of 

genetic variation in pharmacokinetics or 
pharmacodynamics on drug response, where drug response 
can be positive (therapeutic) or negative (side effect).  Until 
recently pharmacogenetic studies have focussed primarily 
on genetic variation in drug metabolism enzymes following 
early discoveries that this trait was inherited.  The most 
extensively studied of these systems is the cytochrome 
p450 family.  Other than metformin, the oral agents used to 
treat type 2 diabetes are metabolised via these enzymes and 
examples of this will be discussed.  More recently, genetic 
studies have investigated other aspects of 
pharmacokinetics, including the role of drug transporters 
and this can be seen in recent advances in metformin 
pharmacogenetics.  Although quite rare, monogenic 
diabetes has provided two dramatic examples of 
aetiological pharmacogenetics - how disease aetiology can 
impact on treatment response (1, 2).  However, the 
increasing data available from genome wide association 
studies of type 2 diabetes offer the exciting potential to be 
able to tease out polygenic variants that impact on response 
to commonly used therapies. 

 
This review will present an overview of 

established and potential genetic variants that influence 
response to the three commonly used classes of oral agents 
in diabetes – sulphonylureas, biguanides and 
thiazolidinediones.  There is no pharmacogenetic data 
available for the newer agents such as the GLP-1 analogues 
and DPP-IV inhibitors.  For each therapy, the mechanism 
of action will be discussed and data on genetic variation of 
pharmacokinetics and both monogenic and polygenic 
aetiological pharmacogenetics will be presented. 

 
3.  SULPHONYLUREAS 
 
3.1. Mechanism 

Sulphonylureas primarily promote pancreatic 
insulin secretion.  They bind to the SUR1 moiety of the 
pancreatic beta-cell KATP channel causing the channel to 
close.  The KATP channel is the key regulator of insulin 

secretion in the beta-cell, and channel closure causes 
membrane depolarisation which triggers calcium influx and 
release of intracellular calcium stores, which in turn 
stimulates translocation of insulin containing vesicles to the 
cell membrane, exocytosis and subsequent insulin release.  
There are a number of different sulphonylureas that vary in 
their duration of action and pancreatic specificity and these 
are reviewed in (3).  Commonly used sulphonylureas 
include gliclazide, glibenclamide, glimepiride and 
glipizide. 

 
3.2 Efficacy and variation in response.  

There is no difference in efficacy of the different 
sulphonylureas (4-7) with a mean reduction in HbA1c of 
between 1.5 and 2%, depending on the baseline HbA1c (8).  
10 to 20% of patients will have a poor response to 
sulphonylureas with a decrease in fasting glucose < 
1.1mmol/L and these are considered to have primary failure 
(6).  Looking retrospectively within Tayside, Scotland, for 
patients with a pre-treatment HbA1c between 7 and 9%, the 
mean HbA1c reduction on Sulphonylurea initiation is 1%; 
however, 15% of patients have a reduction greater than 2% 
and 15% have primary failure with deterioration in HbA1c 
despite treatment (Pearson, unpublished data). 

 
3.3. Pharmacokinetics 

In 1979, a ninefold variation in the rate of 
tolbutamide disappearance from plasma was described with 
a trimodal distribution suggestive of monogenic inheritance 
(9).  This variation in hydroxylation of tolbutamide was 
subsequently shown to be due to variation in CYP2C9 (10, 
11).  CYP2C9 has also been shown to be a rate-limiting 
enzyme in the metabolism of other sulphonylureas 
including glibenclamide (12), gliclazide (13), glipizide (14) 
and glimepiride (15-17).  Two variants in CYP2C9 affect 
the catalytic function of the enzyme:  Arg144Cys (2C9*2; 
allele frequency 11%) and Ile359Leu (2C9*3; allele 
frequency 7%) (18-20). For glibenclamide the clearance for 
the *2/*2 individuals was reduced by 25% and for the 
*3/*3 individuals by 57% compared to wild type (12).  
Similar figures for tolbutamide are 25% and 84% (21). 

 
3.4. Genetic variation in pharmacokinetics 

There have been only a few studies looking at the 
impact of CYP2C9 variation on sulphonylurea response in 
patients with type 2 diabetes.  In a study of just 20 diabetic 
patients admitted to the emergency room with severe 
hypoglycaemia during sulphonylurea treatment compared 
with 337 patients with type 2 diabetes and no history of 
severe hypoglycaemia, the *3/*3 and *2/*3 were over-
represented in the hypoglycaemia group (10% vs 2.1%).  
However, this result is based on just 2 patients in the 
hypoglycaemia group and as such could easily be a false 
positive.  In a recent observational population study of 172 
patients prescribed tolbutamide, those individuals carrying 
the *3 allele (n=20) had a significantly lower dose 
escalation of tolbutamide compared to wild type, consistent 
with a greater therapeutic response to the low initiation 
doses in this group.  Numbers carrying the *3 allele were 
low and a similar result was not seen with glibenclamide 
(n=34) and glimepiride (n=42) use. However, this is the 
first study to suggest a sulphonylurea dose effect of
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Figure 1.  Change in fasting plasma glucose in response to 
6 weeks of gliclazide or metformin in patients with HNF1A 
mutations or Type 2 diabetes.   Bars represent mean, and 
error bars the 95% confidence limits.  Type 2 diabetes 
represented by diagonal striped shading, HNF1A by grey 
shading.  Reproduced with permission from (1). 

 
CYP2C9.  Only minimal data were available on glycaemic 
response and no data were available on hypoglycaemia.  
There is clearly a requirement for a large-scale study on 
CYP2C9 variation on glycaemic response and 
hypoglycaemia in sulphonylurea users, however, despite 
the considerable effects of CYP2C9 variants on 
pharmacokinetics of sulphonylureas, currently genotyping 
is not considered to be of value prior to sulphonylurea 
administration. 

 
3.5. Aetiological pharmacogenetics – Monogenic 
Diabetes 

In the last 5 years there have been two examples 
where diabetes aetiology determines treatment response in 
diabetes.  These are sulphonylurea sensitivity seen in 
monogenic diabetes (Maturity onset diabetes of the young 
or MODY) due to heterozygous mutations in TCF1 
(encoding HNF-1alpha) (1), and the finding that two novel 
types of neonatal diabetes due to mutations in KCNJ11 
(encoding Kir6.2) and ABCC8 (encoding SUR1) can be 
treated with sulphonylureas rather than lifelong insulin (2, 
22).   Although these types of diabetes are rare, they are 
often mistaken for other forms of diabetes and they present 
a good paradigm for aetiological pharmacogenetics that 
should be translatable to polygenic disease.   

 
3.5.1. Maturity Onset Diabetes of the Young due to 
HNF-1alpha mutations 

Maturity onset diabetes of the young (MODY) is 
defined by the presence of a pedigree with at least a 2 
generation family history of non-insulin requiring diabetes 
that presents before the age of 25 in one family member.  It 
is heterogeneous with mutations in  at least 6 genes 
identified to date (reviewed in (23)).  In the UK, and 
probably internationally, the most common form of MODY 
is due to heterozygous mutations in the transcription factor 
HNF-1alpha, encoded by TCF1.  These account for 1% of 
all diabetes (24).  HNF-1alpha MODY usually presents in 
teenage or early adult years, and after initial management 
with diet, requires oral treatment before progressing to 

insulin.  It is associated with microvascular complications 
of diabetes, and increased macrovascular disease.  Other 
features of diabetes due to HNF-1alpha are a decreased 
renal threshold for glucose, and a marked sensitivity to 
sulphonylurea medication.  

 
In a randomised trial of sulphonylureas and 

metformin in patients with diabetes due to HNF1A 
mutations and Type 2 diabetes, the fall in fasting plasma 
glucose to gliclazide was 3.9-fold greater in patients with 
HNF1A mutations than their response to metformin 
(p=0.002); as expected, no difference in response to 
gliclazide or metformin was apparent in those with type 2 
diabetes (1) (Figure 1).  The mechanism probably results 
from the fact that the major β-cell defects due to reduced 
HNF-1alpha function are in glucose metabolism, and are 
therefore bypassed by sulphonylureas which act on the 
KATP channel to stimulate insulin release (1).  This study 
highlighted, for the first time, the importance of genetic 
aetiology in determining response to treatment in diabetes 
and has led to change in clinical management of patients 
with HNF1A mutations.  Sulphonylureas are now 
recommended as the first line anti-diabetic therapy for 
these patients.  Excitingly patients who have been assumed 
to have type 1 diabetes and treated with insulin, who are 
subsequently found to have an HNF1A mutation have been 
able to transfer off insulin onto sulphonylurea therapy (25). 

 
3.5.2. Infancy Onset Diabetes 

Diabetes diagnosed before the age of 6 months is 
only rarely due to autoimmune type 1 diabetes (26, 27) yet 
until recently only a few isolated causes had been identified 
(reviewed in (28)).  In 2004, a third of cases of diabetes 
diagnosed before 6 months of age were found to be due to 
activating mutations in the KCNJ11 gene encoding the 
Kir6.2 subunit of the beta-cell KATP channel (29).  
Subsequently in 2006, mutations in the ABCC8 gene 
encoding the other subunit of the KATP channel, SUR1 were 
also found to cause neonatal diabetes, although less 
commonly (22, 30). 

 
In normal insulin secretion, the pancreatic KATP 

channel is a key regulator, converting glucose metabolism 
within the cell into changes in membrane potential.  As 
intracellular ATP rises following glucose metabolism, the 
KATP channels close causing membrane depolarisation and 
subsequently insulin secretion.  In neonatal diabetes due to 
Kir6.2 or SUR1 mutations, the KATP channel is insensitive 
to changes in intracellular ATP, so whatever the prevailing 
glucose the beta-cell will not produce insulin (29). 

 
It was hypothesised that because these mutations 

were in the KATP channels where sulphonylureas bind, oral 
sulphonylureas might work to produce insulin secretion in 
these patients who have been ‘insulin dependent’ from soon 
after birth.  Following promising physiological studies (29), 
sulphonylureas were used successfully in enabling patients 
to transfer off insulin (31).  In a large series, over 90% of 
patients were able to transfer off insulin, with an age 
ranging from 3 months to 36 years (2).  A large number of 
these patients had normoglycaemia with sulphonylurea 
treatment without significant hypoglycaemia suggesting 
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that the sulphonylureas were enabling meal regulated 
insulin secretion.  This is because the predominant effect of 
the sulphonylureas in these patients is not to directly 
stimulate insulin secretion but to promote action of non-
glucose secretagogues such as the incretins (2).  There can 
be no doubt that for these rare patients, finding a genetic 
cause for their diabetes has had a huge impact on their 
quality of life and long term health outcomes. 

 
3.6. Aetiological Pharmacogenetics – Type 2 diabetes 

Given that sulphonylureas bind to the beta-cell 
KATP channel, candidate aetiological variants that might 
influence response to sulphonylureas will encode the KATP 
channel itself (KCNJ11 and ABCC8), upstream pathways 
including genes encoding enzymes of glycolysis and 
mitochondrial metabolism and transcription factors 
involved in these pathways (e.g. TCF1 and HNF4A), and 
downstream pathways including the voltage gated calcium 
channel, the insulin gene and the molecular machinery 
involved in insulin exocytosis.  Indirect aetiological 
variants will be those that otherwise affect beta-cell 
function, possibly by decreasing beta-cell mass, or alter 
insulin sensitivity.  Recently a number of established 
variants have been identified as associated with type 2 
diabetes risk that impact primarily on beta cell insulin 
secretion, and these include variants in TCF7L2 (32), 
KCNJ11, CDKAL1,CDKN2A-2B, WFS1, HHEX-IDE, 
SLC30A8 (reviewed in (33)).  To date the only aetiological 
candidate genes published investigating association with 
sulphonylurea response are in KCNJ11, ABCC8 and 
TCF7L2.  These studies are generally small, and none have 
been independently replicated and the results should not be 
over interpreted. 

 
The E23K variant of KCNJ11 was robustly 

associated with type 2 diabetes in a large meta-analysis 
(34).  The insulin secretion has been reported to be reduced 
(35), or normal (36) in carriers of the K allele.  In a study of 
human donor islets, glibenclamide induced insulin 
secretion was impaired in the KK islets (37).  The 
association of response to sulphonylureas and the E23K 
variant was studied in the UKPDS cohort, where in a study 
of 360 type 2 diabetic patients there was no effect of the 
genotype on the change in fasting plasma glucose in the 
first year of treatment (38).  In a subsequent study of 525 
patients with type 2 diabetes, sulphonylurea failure was 
confusingly defined as failure of combination 
sulphonylurea and metformin therapy rather than 
sulphonylurea alone.  In this study carriers of the K allele 
had a relative risk for failure of this combination of 1.45 
(95%CI 1.01 – 2.09, p=0.04).  However, it is unclear 
whether this reflects sulphonylurea failure, metformin 
failure or simple differential rates in diabetes progression 
by genotype.  Using this same approach, the authors have 
also described an association between the G972R IRS-1 
variant and ‘sulphonylurea’ failure (OR 2.1) (39). 

 
Although variants in ABCC8 (encoding SUR1) 

have not been robustly associated with type 2 diabetes, the 
A1369S (40) and the silent AGG1273AGA (41) variants 
have been associated with progression to diabetes from 
impaired glucose tolerance.  No studies have looked at 

ABCC8 variants on glycaemic response to sulphonylureas, 
however, one study has demonstrated decreased 
tolbutamide-stimulated insulin secretion in 10 subjects 
carrying a combined genotype associated with diabetes 
risk. 

 
In 2006 the DeCODE group published an 

association between TCF7L2 variants and type 2 diabetes 
risk, such that the 10% of the population homozygous for 
the risk variant were twice as likely to develop diabetes as 
the wild type population (32).  This has been widely 
replicated and remains the strongest genetic association for 
type 2 diabetes described to date.  The mechanism for how 
TCF7L2 variants cause diabetes remains unclear, although 
a number of studies point to this being due to decreased 
beta cell function (42, 43), possibly mediated by an 
impaired incretin response (43).  Given the potential role of 
TCF7L2 in insulin secretion, and its large effect (by type 2 
diabetes standards) it is a good candidate gene for assessing 
impact on sulphonylurea response.  In a large study from 
Tayside, Scotland, of 901 incident users of sulphonylureas, 
patients with type 2 diabetes who were homozygous for the 
diabetes risk allele (G) at SNP rs12255372 were twice as 
likely not to be treated to below a target HbA1c of 7% in 
the first 3 -12 months of treatment compared to patients 
homozygous for the T allele (OR 1.95, p=0.005) (44).  
Importantly there was no effect of this variant on 
metformin response (n=945) (44) showing that the 
association is with sulphonylurea response rather than 
diabetes severity or progression.  Figure 2 shows the 
Kaplan Meier plot for time to failure for both 
sulphonylurea and metformin use by TCF7L2 genotype 
(44).   

 
4. METFORMIN  
 
4.1. Mechanism 

Despite metformin’s first description over 50 years 
ago, its mechanism of action, both at a physiological and a 
molecular level, remains hotly debated.  Metformin, the 
only licensed biguanide, is widely accepted to be an 
‘insulin sensitizer’.  In a systematic review(45), 
metformin’s primary effect was to reduce hepatic glucose 
output by increasing insulin suppression of 
gluconeogenesis.  Despite some studies showing an effect 
of increasing insulin mediated glucose disposal into 
muscle, this review did not conclude this to be an important 
effect.  Interestingly a recent very carefully controlled 
clamp study comparing metformin and pioglitazone 
treatment showed no effect of metformin on insulin action 
at the liver (46). An important and often overlooked 
mechanism of metformin is a reduction in non-insulin 
mediated glucose clearance (45), which explains as much 
of the effect of metformin on glucose lowering as its role 
on hepatic glucose production, and a reduction in glucose 
absorption from the gut. 

 
At the molecular level, the effects of metformin are 

mediated via AMP activated protein kinase (AMPK)(47), 
an effect that requires phosphorylation of AMPK by LKB1 
(48), but metformin does not directly activate AMPK or 
LKB1 and the mechanism where by metformin activates 
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Figure 2.  Sulphonylurea response in patients with Type 2 diabetes according to TCF7L2 genotype.   Kaplan-Meier Plots 
showing the proportion of patients, by genotype at rs1225372, who achieve a target HbA1c <7%  after being initiated on 
treatment with a sulfonylurea (panel A) or metformin (panel B).  Reproduced with permission from (44). 
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AMPK remains to be determined (49).  One possible 
mechanism could be that metformin acts to inhibit the 
mitochondrial respiratory chain (50) and thus indirectly 
activates AMPK by altering cellular ATP and AMP. 

 
4.2. Efficacy and variation in response 

Metformin is recommended as first line oral agent 
in overweight individuals in the joint ADA/EASD 
guidelines(51).  With sulphonylureas, it is one of two oral 
hypoglycaemic agents proven to decrease microvascular 
complications of diabetes (52).  Furthermore in the 
UKPDS, metformin was the only treatment to reduce all-
cause mortality (52).  Metformin is equivalent in efficacy to 
sulphonylureas (53, 54), and depending on the baseline 
HbA1c will decrease HbA1c by approximately 1.5% (55).  
Up to 25% of patients develop intestinal side effects with 
metformin which are intolerable in between 5-10% of 
patients.  The mechanism for this GI intolerance and what 
factors determine who is affected remain uncertain.  In 
Tayside, Scotland, we show a similar degree of variability 
in glycaemic response to metformin as seen with 
Sulphonylureas i.e. about 15 % do not respond, and 15% 
have a striking response (Pearson, unpublished). 

 
4.3. Pharmacokinetics.   

The oral bioavailability of metformin ranges 
between 40% and 60%.  It is not metabolised and is 
primarily excreted unchanged in the urine (56, 57).  
Approximately 20-30% of the dose is recovered in the 
faeces unchanged (56, 58).  There is decreased 
bioavailability at higher doses suggesting active saturable 
intestinal absorption (56, 57).  As the rate of absorption of 
metformin is slower than its elimination, intestinal 
absorption is the rate limiting step of metformin 
disposition.  A recent study using intestinal caca cells 
showed that metformin is actively transported at the apical 
and paracellular surface, and this paracellular transport 
accounts for 90% of metformin absorption (59).  In vitro 
studies have suggested the role of a recently described 
cation transporter PMAT (plasma membrane monoamine 
transporter) (SLC29A4) in gut absorption (60).  This has a 
high affinity for metformin, is expressed on the tips of the 
small intestinal mucosal epithelial layer and its uptake is 
increased by the more acidic environment of the upper 
small intestine.  Clearly a further understanding of the 
active and passive processes involved in metformin uptake 
is required to understand variability in efficacy and 
gastrointestinal side effects of the drug. 

 
Metformin primarily exists in a protonated cation 

form at physiological pH.  Therefore in addition to PMAT, 
there has been a lot of interest in other organic cation 
transporters (OCT) that may have a role in absorption, 
distribution and clearance of metformin.  Metformin is a 
good substrate for human OCT1 (SLC22A1) and OCT2 
(SLC22A2) (61, 62).  hOCT1 is primarily expressed in the 
liver, whereas hOCT2 is expressed in the kidneys.  
Therefore variants in hOCT1 might be expected to alter 
metformin availability at the liver, one of its key sites of 
action, whereas variants in hOCT2 might alter serum 
metformin levels and metformin efficacy.    A further 

organic cation transporter, hMATE1 (human multidrug and 
toxin extrusion 1) has been shown to mediate the final 
excretion step for organic cations both into the bile 
canaliculi in the liver, or the renal tubules (63).  Metformin 
is a substrate for hMATE1 and hMATE2 (64).   

 
4.4. Genetic variation in Pharmacokinetics 

A number of groups have identified functional 
polymorphisms in SLC22A1 (encoding OCT1) in 
Caucasians(65-67) which are distinct from polymorphisms 
in Japanese populations (68, 69) consistent with ethnic 
differences in metformin pharmacokinetics.  In Caucasians, 
for the Arg61Cys polymorphism (Minor allele frequency 
11%), transport of MPP+ was reduced by 70% (65); and for 
Gly401Ser  (MAF 3.3%) transport of MPP+ was reduced by 
more than 98% (65); .  A common polymorphism, 420del, 
present with a MAF of 16% in Caucasians did not show 
reduced MPP+ transport (65) but did show reduced 
transport of metformin (67). 

 
There has been some recent exciting work on the 

role of SLC22A1 variation on metformin response.  In a 
transgenic mouse model, knockout of liver Slc22a1 
virtually abolished hepatic lactate production supporting a 
key role of Oct1 in transporting metformin into the 
hepatocytes (70).  An elegant study by Shu et al. took this 
concept further and showed that OCT1 plays an important 
role in determining metformin response in humans (67).  
They showed that deletion of Slc22a1 in mouse liver 
reduced metformin effects on AMPK phosphorylation and 
gluconeogenesis and as a consequence the glucose 
lowering effect of metformin was abolished.  In addition, 
they described four loss of function polymorphisms in 
SLC22A1 that, in a study of 20 normal glucose tolerant 
individuals, reduced the effect of metformin on response to 
oral glucose(67).   Interestingly in a subsequent paper they 
demonstrate higher serum metformin concentrations in 
those carrying the reduced function OCT1  polymorphisms 
suggesting that this is due to reduced hepatic uptake of the 
drug (71).  In contrast to the findings by Shu et al., a study 
of 24 ‘responders’ and 9 ‘non-responders’ to metformin 
showed no difference in the prevalence of OCT1 or OCT2 
variants between these two groups.  A large study of 
SLC22A1 variation on glycaemic response and side effects 
to metformin is required to determine the clinical impact of 
variation in this drug transporter in the diabetic population.   

 
Similar to SLC22A1, a number of reduced function 

polymorphisms in SLC22A2 (encoding OCT2) have been 
described (72-74).  In a comprehensive study across 5 
ethnic groups, Leabman et al. described 28 polymorphisms 
of which 4 were common (MAF >1%), but only one 
(Ala270Ser; MAF 16% Caucasians) was found in all ethnic 
groups and this had no effect on metformin or  MPP+ 
transport (72).  However, in a recent study in a Korean 
population, 3 non-synonymous SNPs were identified in 
SLC22A2, including the G808T (Ala270Ser) mutation 
common to other populations (75) and in this study MPP+ 
transport by the Ala270ser mutant was reduced.  In a 
subsequent study, plasma metformin concentration after 
500mg oral metformin was increased with reduced renal 
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clearance in humans heterozygous or homozygous for the 
mutant allele 808T(76) with a gene dose effect seen.  At 
present there is no data on the clinical impact of this 
polymorphism on metformin response in normoglycemic 
controls or patients with type 2 diabetes. 
 
4.5. Aetiological Pharmacogenetics 

Unlike sulphonylureas, the mechanism of 
metformin remains unclear.  Also, the majority of 
type 2 diabetes genes discovered to date affect beta-
cell insulin secretion and are thus good candidates for 
affecting sulphonylurea action.  It is difficult to know 
what similar candidates would be for metformin 
action.  Given its action, in the broad sense, as an 
insulin sensitizer then one might hypothesise gene 
variants involved in insulin sensitivity would affect 
metformin response.  At present these are limited to 
PPARgamma and FTO, although we have shown that 
BMI does not strongly correlate with metformin 
response (77).  No studies have looked at these 
variants.  Interestingly, in the Diabetes Prevention 
Program the E23K KCNJ11 variant interacted with 
metformin treatment on diabetes progression, such 
that those carrying the K allele had less protective 
effect of metformin than the wild type EE (40).  This 
unexpected result has not been replicated. 

 
A few studies have investigated the 

association between variants in genes involved in the 
metformin pathway and type 2 diabetes.  A Japanese 
study of 192 cases and 272 controls identified a 
haplotype across PRKAA2 (encoding the AMPK-
alpha2 subunit) that was associated with type 2 
diabetes, was replicated in two independent cohorts, 
and associated with insulin resistance assessed by 
HOMA (78).  However a haplotype analysis in 4206 
Scandinavian and Canadian individuals showed no 
association between PRKAA2, PRKAB1 (encoding the 
AMPK beta1-subunit) and PRKAB2 (endoding beta2 
subunit) and type 2 diabetes risk or insulin 
sensitivity.   Furthermore, a study of 1787 unrelated 
Japanese subjects found no association between 
PRKAA2, STK11 (LKB1), CRTC2 (TORC2) variants 
and type 2 diabetes that withstood correction for 
multiple testing.  So there is no convincing evidence 
for an association between the pathways of metformin 
action and diabetes risk, however this does not 
preclude an effect on metformin response and the 
haplotypes identified would be good candidates to 
assess metformin response.  No studies have looked 
at this to date. 

 
5.  THIAZOLIDINEDIONES 
 
5.1. Mechanism 

Thiazolidinediones are PPARgamma ligands that 
induce binding of PPARgamma with one or more 
coactivator proteins to a DNA PPAR response element, 
promoting transactivation of a large number of target 
genes.  PPARgamma is primarily expressed in adipose 
tissue, but is also present in pancreatic beta-cells, vascular 
endothelium and macrophages.  PPARgamma 

promotes adipocyte differentiation and increases fatty 
acid uptake and storage in adipocytes.  Additional 
effects include increased glut4 expression in skeletal 
muscle, increased adiponectin concentrations and 
increased intravascular lipolysis by lipoprotein 
lipase.  Physiologically, thiazolidinediones increase 
insulin stimulated glucose uptake into muscle, insulin 
suppression of hepatic glucose output and insulin 
stimulated lipolysis (79).  One possible mechanism is 
termed the ‘fatty acid steal’ hypothesis – that 
PPARgamma increases the number of small 
adipocytes in the subcutaneous tissue and increases 
fatty acid uptake, thus promoting sequestration of 
fatty acids away from sites of potential harm (liver 
and beta-cell).  Additionally, or alternatively, the 
insulin sensitising effects of thiazolidinediones may 
be mediated by their effect on adipocyte related 
cytokines as they have been shown to markedly 
increase the insulin sensitizing adipokine 
Adiponectin, and to alter expression of the insulin 
resistance associated adipokines TNF-alpha, resistin 
and 11-betahydroxysteroid 1 (79).  Interestingly, 
recent studies have suggested a non-PPAR� effect of 
the thiazolidinediones being mediated via AMPK in 
rat muscle (80) and in aortic endothelial cells (81). 
 
5.2. Efficacy and variation in response 

The thiazolidinediones are of similar efficacy to 
sulphonylureas producing, on average, a 1.5% reduction 
with a baseline HbA1c of approximately 9% (82, 83).  The 
glycaemic benefit of thiazolidinediones seems to be 
sustained.  In a recent trial of monotherapy, there was only 
a 15% failure of monotherapy in patients using 
rosiglitazone, compared with 21% of metformin users and 
34% of those on glibenclamide (84).  Anecdotally there is 
considerable variation in response to thiazolidinediones, 
and this is best highlighted by the TRIPOD study, where 
insulin sensitivity was assessed before and after 
troglitazone therapy.  One third of the subjects had no 
improvement in insulin sensitivity (or indeed a 
deterioration in insulin sensitivity) (85). 

 
5.3. Pharmacokinetics 

The oral bioavailability of rosiglitazone is 99% 
with a time to peak concentration of 0.5 to 1 and an 
elimination half life of 3-7 hours.  However, its major 
metabolites persist for longer with an elimination half life 
of 5 days (86).  After being metabolised the metabolites are 
primarily excreted in the urine (approx 65% of the dose).  
The major pathway for Rosiglitazone metabolism is via 
CYP 2C8, with a minor role for CYP2C9 (87). 

 
Pioglitazone also has high oral bioavailability 

(>80%) with a time to peak concentration of 1.5 
hours and an elimination half life of approximately 9 
hours, although the major active metabolites have a 
much longer half life of approximately 26-28 hours 
(88).  Pioglitazone is extensively metabolized in the 
liver, with the majority excreted as inactive 
metabolites in the faeces (88).  Like Rosiglitazone, 
Pioglitazone is primarily metabolised by CYP 2C8, 
although CYP3A4 plays a lesser role (89). 
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5.4. Genetic variation in pharmacokinetics 

Although CYP2C8 is polymorphic the impact of 
CYP2C8 variation on thiazolidinedione pharmacokinetics 
is minor and inconclusive.  In response to rosiglitazone, 
carriers of the 2C8*3 polymorphism (Arg139Lys & 
Lys399Arg substitutions) had lower elimination half lives 
than wildtype but showed no difference in glucose lowering 
(90).  For pioglitazone, 2C9*3 polymorphisms reduced the 
area under the plasma concentration-time curve (91) but no 
studies have looked at the effect of this genotype on 
pharmacodynamic response. 

 
5.5. Aetiological Pharmacogenetics 

Variation at PPARgamma was one of the first 
loci to be robustly associated with type 2 diabetes, 
with the finding that carriers of the Ala variant at 
codon 12 were protected against diabetes with a per-
allele RR of 1.25 compared to the Pro/Pro individuals 
(92).  As the Pro12Ala variant influences 
transcriptional activity of PPARgamma and is located 
in the ligand binding domain, this variant is a good 
candidate to affect thiazolidinedione response (93).  
A number of groups have studied this and found 
variable results probably reflecting the small sample 
sizes in each group.  The first study, 131 patients 
were treated with pioglitazone for ≥ 26 weeks.  In a 
multivariate analysis the Pro12Ala genotype had no 
significant effect on glycaemic or lipid response (94).  
In the TRIPOD study improvement in insulin 
sensitivity was used as an outcome measure.  In this 
study, 93 hispanic women with previous gestational 
diabetes had an assessment of insulin sensitivity by 
intravenous glucose tolerance test carried out before 
and after 3 months of treatment with troglitazone.  
One third of patients had no beneficial effect of 
troglitazone on insulin sensitivity, yet the Pro12Ala 
genotype was no different between the different 
response groups (85).  However, in a haplotype 
analysis of this same TRIPOD cohort a weak 
association with response was found with certain 
haplotypes although the small numbers here makes 
this haplotype analysis underpowered (95).  Finally, 
in a study of 198 korean patients with type 2 diabetes 
given 4mg rosiglitazone for 3 months those carrying 
the Ala allele had a greater response to rosiglitazone 
than the pro/pro homozygotes however the allele 
frequency in the ala group was very low (3%) and 
this result is only based on 11 pro/ala and no ala/ala 
individuals (96). 

 
In keeping with some of the pharmacological 

effects of the thiazolidinediones, glycaemic response 
to other genes has been studied in downstream 
candidate pathways, but again here the studies are 
small and underpowered.  Two studies on ADIPOQ 
(encoding adiponectin) showed differing effects:  In 
one study of 166 Korean patients the T45G 
polymorphism reduced the effect of rosiglitazone on 
adiponectin whereas a G276T polymorphism 
increased the effect on blood glucose response (97); 
in a study of 42 patients no effect was seen on 
glucose reduction with rosiglitazone by the T45G 

variant, but a -11377C/G SNP did affect adiponectin 
response (98).  One interesting candidate gene arose 
from mouse work where beta-cell knockout of Abca1 
(the rate limiting step in HDL biogenesis) led to 
impairment in beta-cell insulin secretion due to 
cholesterol toxicity.  Abca1 is activated by 
rosiglitazone which decreases this lipotoxicity and 
improves beta-cell insulin secretion.  In mice lacking 
beta-cell Abca1, rosiglitazone had no effect on 
glucose tolerance and beta-cell insulin secretion (99).  
Subsequently, response to rosiglitazone was assessed 
in 88 diabetic subjects at 3 SNPs in ABCA1.  One of 
these SNPS, R219K, showed nominal association 
with response, however there were only 17 KK 
patients, and no adjustment for multiple testing was 
made (100).  The biological rationale and previous 
mouse data makes this an interesting candidate 
worthy of further large-scale pharmacogenetic 
studies. 

 
Thiazolidinediones are associated with 

significant morbidity due to peripheral oedema and a 
2-fold increased risk of heart failure (101) due to 
fluid retention.   This has been attributed to 
PPARgamma regulation of a renal collecting duct 
sodium transporter (ENAC) (102, 103), and 
polymorphisms in the gene encoding the ENAC beta-
subunit have been associated significantly with 
oedema in a study of 207 patients receiving 
Farglitazar in phase 3 clinical trials (104).  In a study 
of another glitazar (dual acting PPARgamma/alpha 
agonists), ragaglitazar, oedema was less in those 
carrying the protective ala allele at Pro12Ala 
PPARgamma than the wildtype patients, and was not 
influenced by the Leu162Val SNP in PPARalpha    �   

 
6.  FUTURE THERAPEUTIC AND 
PHARMACOGENOMIC STRATEGIES 
 

This review has focussed on genetic determinants 
of response to commonly used established therapies in type 
2 diabetes.  Despite, in some cases, strong evidence for 
variation in pharmacokinetics of a drug or in the drug 
pathway there has been only a few examples where 
genotype convincingly associates with response.  This in 
part reflects the multiple studies of small sample size, 
but may reflect our poor understanding of disease 
aetiology and drug mechanism (for example, of 
metformin).  The recent advances in genome wide 
technology that now allow relatively cheap genome 
wide association studies (GWAS) offers a new approach 
to study pharmacogenomics (33).  In the first instance, 
the increasing number of genes associated with diabetes 
in GWAS of Type 2 diabetes case/control studies will 
reveal new aetiological pathways for diabetes, and 
hence new potential mechanisms for aetiological 
pharmacogenetics of existing therapies, and the 
development of new therapies.  However, what is 
potentially more exciting is the use of GWAS where 
drug response is the main outcome.  GWAS is 
hypothesis generating and does not rely on prior 
knowledge (or lack of knowledge) about drug 
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mechanism or disease aetiology.  So, for instance, if this 
approach is applied to a large study of metformin 
response it could help unravel new mechanisms in 
metformin action or could provide an alternative 
approach to reveal new aetiological variants.  The 
challenge is to collect suitable cohorts of suitable size 
(at least >1000) where metformin response can be 
defined, and similar sized or larger cohorts where any 
hits from the GWAS can be independently replicated. 
 
7. CONCLUSIONS. 
 

There have been recent advances in 
pharmacogenetics of diabetes therapies.  In particular there 
has been an exponential increase understanding of the role 
of variation in drug transporters, which has led to the 
finding that SLC22A1 variants might affect metformin 
response.  There has also been an increase in our 
understanding of how certain types of monogenic 
diabetes can be treated differently and this has had 
dramatic clinical benefit for the small percentage of 
patients with this type of diabetes.  There has been a 
little progress in what genetic factors determine 
response in polygenic type 2 diabetes, although here it 
should be emphasised the clinical impact is currently 
small (or absent).  For example, despite the odds ratio of 
2 in the study on sulphonylurea response by TCF7L2 
genotype, the absolute difference in treatment HbA1c 
between the homozygous groups was only 0.3%.  This 
highlights the relatively small effects that are likely to 
be found with pharmacogenetics of common disease and 
hence studies of large cohorts will be required.  Given 
these small effects is there likely to be any clinical 
impact of these polygenic variants on drug response?  
Hope can be drawn from studies in diabetes risk 
genetics, where the small effects of each gene variant 
are log additive, such that those with a number of risk 
alleles are at greatly increased risk compared with those 
who only have low risk alleles (106).  However, before 
risk alleles can be combined robust associations with 
response need to be identified. Hopefully this first step 
is something that can be achieved within the next few 
years. 

 
8. ACKNOWLEDGEMENTS 
 

EP holds an NHS education for Scotland/ Chief 
Scientists Office Clinician Scientist Fellowship and his 
work is supported by the Wellcome Trust and Diabetes UK. 
 
9. REFERENCES 
 
1. Pearson, E. R., B. J. Starkey, R. J. Powell, F. M. 
Gribble, P. M. Clark & A. T. Hattersley: Genetic 
cause of hyperglycaemia and response to treatment in 
diabetes. Lancet, 362, 1275-81 (2003) 
 
2. Pearson, E. R., I. Flechtner, P. R. Njolstad, M. T. 
Malecki, S. E. Flanagan, B. Larkin, F. M. Ashcroft, I. 
Klimes, E. Codner, V. Iotova, A. S. Slingerland, J. 
Shield, J. J. Robert, J. J. Holst, P. M. Clark, S. Ellard, 
O. Sovik, M. Polak & A. T. Hattersley: Switching 

from insulin to oral sulfonylureas in patients with 
diabetes due to Kir6.2 mutations. N Engl J Med, 355, 
467-77 (2006) 
 
3. Gribble, F. M. & F. Reimann: Sulphonylurea 
action revisited: the post-cloning era. Diabetologia, 
46, 875-91 (2003) 
 
4. Simonson, D. C., I. A. Kourides, M. Feinglos, H. 
Shamoon & C. T. Fischette: Efficacy, safety, and 
dose-response characteristics of glipizide 
gastrointestinal therapeutic system on glycemic 
control and insulin secretion in NIDDM. Results of 
two multicenter, randomized, placebo-controlled 
clinical trials. The Glipizide Gastrointestinal 
Therapeutic System Study Group. Diabetes Care, 20, 
597-606 (1997) 
 
5. Rosenstock, J., E. Samols, D. B. Muchmore & J. 
Schneider: Glimepiride, a new once-daily 
sulfonylurea. A double-blind placebo-controlled 
study of NIDDM patients. Glimepiride Study Group. 
Diabetes Care, 19, 1194-9 (1996) 
 
6. Groop, L. C.: Sulfonylureas in NIDDM. Diabetes 
Care, 15, 737-54 (1992) 
 
7. Groop, L., E. Wahlin-Boll, P. H. Groop, K. J. 
Totterman, A. Melander, E. M. Tolppanen & F. 
Fyhrqvist: Pharmacokinetics and metabolic effects of 
glibenclamide and glipizide in type 2 diabetics. Eur J 
Clin Pharmacol, 28, 697-704 (1985) 
 
8. DeFronzo, R. A.: Pharmacologic therapy for type 2 
diabetes mellitus. Ann Intern Med, 131, 281-303 
(1999) 
 
9. Scott, J. & P. L. Poffenbarger: Pharmacogenetics 
of tolbutamide metabolism in humans. Diabetes, 28, 
41-51 (1979) 
 
10. Relling, M. V., T. Aoyama, F. J. Gonzalez & U. 
A. Meyer: Tolbutamide and mephenytoin 
hydroxylation by human cytochrome P450s in the 
CYP2C subfamily. J Pharmacol Exp Ther, 252, 442-7 
(1990) 
 
11. Veronese, M. E., P. I. Mackenzie, C. J. Doecke, 
M. E. McManus, J. O. Miners & D. J. Birkett: 
Tolbutamide and phenytoin hydroxylations by cDNA-
expressed human liver cytochrome P4502C9. 
Biochem Biophys Res Commun, 175, 1112-8 (1991) 
 
12. Kirchheiner, J., J. Brockmoller, I. Meineke, S. 
Bauer, W. Rohde, C. Meisel & I. Roots: Impact of 
CYP2C9 amino acid polymorphisms on glyburide 
kinetics and on the insulin and glucose response in 
healthy volunteers. Clin Pharmacol Ther, 71, 286-96 
(2002) 
 
13. Elliot, D. J., Suharjono, B. C. Lewis, E. M. 
Gillam, D. J. Birkett, A. S. Gross & J. O. Miners: 



Pharmacogenetics of diabetes therapies 

4357 

Identification of the human cytochromes P450 
catalysing the rate-limiting pathways of gliclazide 
elimination. Br J Clin Pharmacol, 64, 450-7 (2007) 
 
14. Kidd, R. S., T. B. Curry, S. Gallagher, T. Edeki, 
J. Blaisdell & J. A. Goldstein: Identification of a null 
allele of CYP2C9 in an African-American exhibiting 
toxicity to phenytoin. Pharmacogenetics, 11, 803-8 
(2001) 
 
15. Rosenkranz, B.: Pharmacokinetic basis for the 
safety of glimepiride in risk groups of NIDDM 
patients. Horm Metab Res, 28, 434-9 (1996) 
 
16. Wang, R., K. Chen, S. Y. Wen, J. Li & S. Q. 
Wang: Pharmacokinetics of glimepiride and 
cytochrome P450 2C9 genetic polymorphisms. Clin 
Pharmacol Ther, 78, 90-2 (2005) 
 
17. Suzuki, K., T. Yanagawa, T. Shibasaki, N. 
Kaniwa, R. Hasegawa & M. Tohkin: Effect of 
CYP2C9 genetic polymorphisms on the efficacy and 
pharmacokinetics of glimepiride in subjects with type 
2 diabetes. Diabetes Res Clin Pract, 72, 148-54 
(2006) 
 
18. Sullivan-Klose, T. H., B. I. Ghanayem, D. A. 
Bell, Z. Y. Zhang, L. S. Kaminsky, G. M. Shenfield, 
J. O. Miners, D. J. Birkett & J. A. Goldstein: The role 
of the CYP2C9-Leu359 allelic variant in the 
tolbutamide polymorphism. Pharmacogenetics, 6, 
341-9 (1996) 
 
19. Ieiri, I., H. Tainaka, T. Morita, A. Hadama, K. 
Mamiya, M. Hayashibara, H. Ninomiya, S. Ohmori, 
M. Kitada, N. Tashiro, S. Higuchi & K. Otsubo: 
Catalytic activity of three variants (Ile, Leu, and Thr) 
at amino acid residue 359 in human CYP2C9 gene 
and simultaneous detection using single-strand 
conformation polymorphism analysis. Ther Drug 
Monit, 22, 237-44 (2000) 
 
20. Stubbins, M. J., L. W. Harries, G. Smith, M. H. 
Tarbit & C. R. Wolf: Genetic analysis of the human 
cytochrome P450 CYP2C9 locus. Pharmacogenetics, 
6, 429-39 (1996) 
 
21. Kirchheiner, J., S. Bauer, I. Meineke, W. Rohde, 
V. Prang, C. Meisel, I. Roots & J. Brockmoller: 
Impact of CYP2C9 and CYP2C19 polymorphisms on 
tolbutamide kinetics and the insulin and glucose 
response in healthy volunteers. Pharmacogenetics, 
12, 101-9 (2002) 
 
22. Babenko, A. P., M. Polak, H. Cave, K. Busiah, P. 
Czernichow, R. Scharfmann, J. Bryan, L. Aguilar-
Bryan, M. Vaxillaire & P. Froguel: Activating 
mutations in the ABCC8 gene in neonatal diabetes 
mellitus. N Engl J Med, 355, 456-66 (2006) 
 
23. Ellard, S., C. Bellanne-Chantelot & A. T. 
Hattersley: Best practice guidelines for the molecular 

genetic diagnosis of maturity-onset diabetes of the 
young. Diabetologia, 51, 546-53 (2008) 
 
24. Frayling, T. M., M. P. Bulamn, S. Ellard, M. 
Appleton, M. J. Dronsfield, A. D. Mackie, J. D. 
Baird, P. J. Kaisaki, K. Yamagata, G. I. Bell, S. C. 
Bain & A. T. Hattersley: Mutations in the hepatocyte 
nuclear factor-1alpha gene are a common cause of 
maturity-onset diabetes of the young in the U.K. 
Diabetes, 46, 720-5 (1997) 
 
25. Shepherd, M., E. R. Pearson, J. Houghton, G. 
Salt, S. Ellard & A. T. Hattersley: No deterioration in 
glycemic control in HNF-1alpha maturity-onset 
diabetes of the young following transfer from long-
term insulin to sulphonylureas. Diabetes Care, 26, 
3191-2 (2003) 
 
26. Iafusco, D., M. A. Stazi, R. Cotichini, M. 
Cotellessa, M. E. Martinucci, M. Mazzella, V. 
Cherubini, F. Barbetti, M. Martinetti, F. Cerutti & F. 
Prisco: Permanent diabetes mellitus in the first year 
of life. Diabetologia, 45, 798-804 (2002) 
 
27. Edghill, E. L., R. J. Dix, S. E. Flanagan, P. J. 
Bingley, A. T. Hattersley, S. Ellard & K. M. 
Gillespie: HLA genotyping supports a 
nonautoimmune etiology in patients diagnosed with 
diabetes under the age of 6 months. Diabetes, 55, 
1895-8 (2006) 
 
28. Shield, J. P.: Neonatal diabetes: how research 
unravelling the genetic puzzle has both widened our 
understanding of pancreatic development whilst 
improving children's quality of life. Horm Res, 67, 
77-83 (2007) 
 
29. Gloyn, A. L., E. R. Pearson, J. F. Antcliff, P. 
Proks, G. J. Bruining, A. S. Slingerland, N. Howard, 
S. Srinivasan, J. M. Silva, J. Molnes, E. L. Edghill, 
T. M. Frayling, I. K. Temple, D. Mackay, J. P. 
Shield, Z. Sumnik, A. van Rhijn, J. K. Wales, P. 
Clark, S. Gorman, J. Aisenberg, S. Ellard, P. R. 
Njolstad, F. M. Ashcroft & A. T. Hattersley: 
Activating mutations in the gene encoding the ATP-
sensitive potassium-channel subunit Kir6.2 and 
permanent neonatal diabetes. N Engl J Med, 350, 
1838-49 (2004) 
 
30. Proks, P., A. L. Arnold, J. Bruining, C. Girard, S. 
E. Flanagan, B. Larkin, K. Colclough, A. T. 
Hattersley, F. M. Ashcroft & S. Ellard: A 
heterozygous activating mutation in the 
sulphonylurea receptor SUR1 (ABCC8) causes 
neonatal diabetes. Hum Mol Genet, 15, 1793-800 
(2006) 
 
31. Sagen, J. V., H. Raeder, E. Hathout, N. Shehadeh, 
K. Gudmundsson, H. Baevre, D. Abuelo, C. 
Phornphutkul, J. Molnes, G. I. Bell, A. L. Gloyn, A. 
T. Hattersley, A. Molven, O. Sovik & P. R. Njolstad: 
Permanent neonatal diabetes due to mutations in 



Pharmacogenetics of diabetes therapies 

4358 

KCNJ11 encoding Kir6.2: patient characteristics and 
initial response to sulfonylurea therapy. Diabetes, 53, 
2713-8 (2004) 
 
32. Grant, S. F., G. Thorleifsson, I. Reynisdottir, R. 
Benediktsson, A. Manolescu, J. Sainz, A. Helgason, 
H. Stefansson, V. Emilsson, A. Helgadottir, U. 
Styrkarsdottir, K. P. Magnusson, G. B. Walters, E. 
Palsdottir, T. Jonsdottir, T. Gudmundsdottir, A. 
Gylfason, J. Saemundsdottir, R. L. Wilensky, M. P. 
Reilly, D. J. Rader, Y. Bagger, C. Christiansen, V. 
Gudnason, G. Sigurdsson, U. Thorsteinsdottir, J. R. 
Gulcher, A. Kong & K. Stefansson: Variant of 
transcription factor 7-like 2 (TCF7L2) gene confers 
risk of type 2 diabetes. Nat Genet, 38, 320-3 (2006) 
 
33. Frayling, T. M.: Genome-wide association studies 
provide new insights into type 2 diabetes aetiology. 
Nat Rev Genet, 8, 657-62 (2007) 
 
34. Gloyn, A. L., M. N. Weedon, K. R. Owen, M. J. 
Turner, B. A. Knight, G. Hitman, M. Walker, J. C. 
Levy, M. Sampson, S. Halford, M. I. McCarthy, A. T. 
Hattersley & T. M. Frayling: Large-scale association 
studies of variants in genes encoding the pancreatic 
beta-cell KATP channel subunits Kir6.2 (KCNJ11) 
and SUR1 (ABCC8) confirm that the KCNJ11 E23K 
variant is associated with type 2 diabetes. Diabetes, 
52, 568-72 (2003) 
 
35. Florez, J. C., N. Burtt, P. I. de Bakker, P. 
Almgren, T. Tuomi, J. Holmkvist, D. Gaudet, T. J. 
Hudson, S. F. Schaffner, M. J. Daly, J. N. 
Hirschhorn, L. Groop & D. Altshuler: Haplotype 
structure and genotype-phenotype correlations of the 
sulfonylurea receptor and the islet ATP-sensitive 
potassium channel gene region. Diabetes, 53, 1360-8 
(2004) 
 
36. t Hart, L. M., T. W. van Haeften, J. M. Dekker, 
M. Bot, R. J. Heine & J. A. Maassen: Variations in 
insulin secretion in carriers of the E23K variant in 
the KIR6.2 subunit of the ATP-sensitive K (+) 
channel in the beta-cell. Diabetes, 51, 3135-8 (2002) 

 
37. Sesti, G., E. Laratta, M. Cardellini, F. Andreozzi, 
S. Del Guerra, C. Irace, A. Gnasso, M. Grupillo, R. 
Lauro, M. L. Hribal, F. Perticone & P. Marchetti: The 
E23K variant of KCNJ11 encoding the pancreatic 
beta-cell adenosine 5'-triphosphate-sensitive 
potassium channel subunit Kir6.2 is associated with 
an increased risk of secondary failure to sulfonylurea 
in patients with type 2 diabetes. J Clin Endocrinol 
Metab, 91, 2334-9 (2006) 

 
38. Gloyn, A. L., Y. Hashim, S. J. Ashcroft, R. 
Ashfield, S. Wiltshire & R. C. Turner: Association 
studies of variants in promoter and coding regions of 
beta-cell ATP-sensitive K-channel genes SUR1 and 
Kir6.2 with Type 2 diabetes mellitus (UKPDS 53) 
Diabet Med, 18, 206-12 (2001) 

39. Sesti, G., M. A. Marini, M. Cardellini, A. 
Sciacqua, S. Frontoni, F. Andreozzi, C. Irace, D. 
Lauro, A. Gnasso, M. Federici, F. Perticone & R. 
Lauro: The Arg972 variant in insulin receptor 
substrate-1 is associated with an increased risk of 
secondary failure to sulfonylurea in patients with 
type 2 diabetes. Diabetes Care, 27, 1394-8 (2004) 
 
40. Florez, J. C., K. A. Jablonski, S. E. Kahn, P. W. 
Franks, D. Dabelea, R. F. Hamman, W. C. Knowler, 
D. M. Nathan & D. Altshuler: Type 2 diabetes-
associated missense polymorphisms KCNJ11 E23K 
and ABCC8 A1369S influence progression to 
diabetes and response to interventions in the Diabetes 
Prevention Program. Diabetes, 56, 531-6 (2007) 
 
41. Laukkanen, O., J. Pihlajamaki, J. Lindstrom, J. 
Eriksson, T. T. Valle, H. Hamalainen, P. Ilanne-
Parikka, S. Keinanen-Kiukaanniemi, J. Tuomilehto, 
M. Uusitupa & M. Laakso: Polymorphisms of the 
SUR1 (ABCC8) and Kir6.2 (KCNJ11) genes predict 
the conversion from impaired glucose tolerance to 
type 2 diabetes. The Finnish Diabetes Prevention 
Study. J Clin Endocrinol Metab, 89, 6286-90 (2004) 
 
42. Saxena, R., L. Gianniny, N. P. Burtt, V. 
Lyssenko, C. Giuducci, M. Sjogren, J. C. Florez, P. 
Almgren, B. Isomaa, M. Orho-Melander, U. 
Lindblad, M. J. Daly, T. Tuomi, J. N. Hirschhorn, K. 
G. Ardlie, L. C. Groop & D. Altshuler: Common 
single nucleotide polymorphisms in TCF7L2 are 
reproducibly associated with type 2 diabetes and 
reduce the insulin response to glucose in nondiabetic 
individuals. Diabetes, 55, 2890-5 (2006) 
 
43. Lyssenko, V., R. Lupi, P. Marchetti, S. Del 
Guerra, M. Orho-Melander, P. Almgren, M. Sjogren, 
C. Ling, K. F. Eriksson, A. L. Lethagen, R. 
Mancarella, G. Berglund, T. Tuomi, P. Nilsson, S. 
Del Prato & L. Groop: Mechanisms by which 
common variants in the TCF7L2 gene increase risk of 
type 2 diabetes. J Clin Invest, 117, 2155-63 (2007) 
 
44. Pearson, E. R., L. A. Donnelly, C. Kimber, A. 
Whitley, A. S. Doney, M. I. McCarthy, A. T. 
Hattersley, A. D. Morris & C. N. Palmer: Variation in 
TCF7L2 influences therapeutic response to 
sulfonylureas: A GoDARTs study. Diabetes, 56, 
2178-2182 (2007) 
 
45. Natali, A. & E. Ferrannini: Effects of metformin 
and thiazolidinediones on suppression of hepatic 
glucose production and stimulation of glucose uptake 
in type 2 diabetes: a systematic review. Diabetologia, 
49, 434-41 (2006) 
 
46. Basu, R., P. Shah, A. Basu, B. Norby, B. Dicke, 
V. Chandramouli, O. Cohen, B. R. Landau & R. A. 
Rizza: Comparison of the effects of pioglitazone and 
metformin on hepatic and extra-hepatic insulin action 
in people with type 2 diabetes. Diabetes, 57, 24-31 
(2008) 



Pharmacogenetics of diabetes therapies 

4359 

47. Zhou, G., R. Myers, Y. Li, Y. Chen, X. Shen, J. 
Fenyk-Melody, M. Wu, J. Ventre, T. Doebber, N. 
Fujii, N. Musi, M. F. Hirshman, L. J. Goodyear & D. 
E. Moller: Role of AMP-activated protein kinase in 
mechanism of metformin action. J Clin Invest, 108, 
1167-74 (2001) 
 
48. Shaw, R. J., K. A. Lamia, D. Vasquez, S. H. Koo, 
N. Bardeesy, R. A. Depinho, M. Montminy & L. C. 
Cantley: The kinase LKB1 mediates glucose 
homeostasis in liver and therapeutic effects of 
metformin. Science, 310, 1642-6 (2005) 
49. Hardie, D. G.: Neither LKB1 nor AMPK are the 
direct targets of metformin. Gastroenterology, 131, 
973; author reply 974-5 (2006) 
 
50. Owen, M. R., E. Doran & A. P. Halestrap: 
Evidence that metformin exerts its anti-diabetic 
effects through inhibition of complex 1 of the 
mitochondrial respiratory chain. Biochem J, 348 Pt 3, 
607-14 (2000) 
 
51. Nathan, D. M., J. B. Buse, M. B. Davidson, R. J. 
Heine, R. R. Holman, R. Sherwin & B. Zinman: 
Management of hyperglycemia in type 2 diabetes: A 
consensus algorithm for the initiation and adjustment 
of therapy: a consensus statement from the American 
Diabetes Association and the European Association 
for the Study of Diabetes. Diabetes Care, 29, 1963-
72 (2006) 
 
52. Effect of intensive blood-glucose control with 
metformin on complications in overweight patients 
with type 2 diabetes (UKPDS 34) UK Prospective 
Diabetes Study (UKPDS) Group. Lancet, 352, 854-65 
(1998) 
 
53. Hermann, L. S., B. Schersten, P. O. Bitzen, T. 
Kjellstrom, F. Lindgarde & A. Melander: Therapeutic 
comparison of metformin and sulfonylurea, alone and 
in various combinations. A double-blind controlled 
study. Diabetes Care, 17, 1100-9 (1994) 
 
54. Johansen, K.: Efficacy of metformin in the 
treatment of NIDDM. Meta-analysis. Diabetes Care, 
22, 33-7 (1999) 
 
55. Klip, A. & L. A. Leiter: Cellular mechanism of 
action of metformin. Diabetes Care, 13, 696-704 
(1990) 
 
56. Tucker, G. T., C. Casey, P. J. Phillips, H. Connor, 
J. D. Ward & H. F. Woods: Metformin kinetics in 
healthy subjects and in patients with diabetes 
mellitus. Br J Clin Pharmacol, 12, 235-46 (1981) 
 
57. Scheen, A. J.: Clinical pharmacokinetics of 
metformin. Clin Pharmacokinet, 30, 359-71 (1996) 
 
58. Vidon, N., S. Chaussade, M. Noel, C. 
Franchisseur, B. Huchet & J. J. Bernier: Metformin in 

the digestive tract. Diabetes Res Clin Pract, 4, 223-9 
(1988) 
 
59. Proctor, W. R., D. L. Bourdet & D. R. Thakker: 
Mechanisms Underlying Saturable Intestinal 
Absorption of Metformin. Drug Metab Dispos (2008) 
 
60. Zhou, M., L. Xia & J. Wang: Metformin transport 
by a newly cloned proton-stimulated organic cation 
transporter (plasma membrane monoamine 
transporter) expressed in human intestine. Drug 
Metab Dispos, 35, 1956-62 (2007) 
 
61. Wang, D. S., J. W. Jonker, Y. Kato, H. Kusuhara, 
A. H. Schinkel & Y. Sugiyama: Involvement of 
organic cation transporter 1 in hepatic and intestinal 
distribution of metformin. J Pharmacol Exp Ther, 
302, 510-5 (2002) 
 
62. Kimura, N., S. Masuda, Y. Tanihara, H. Ueo, M. 
Okuda, T. Katsura & K. Inui: Metformin is a superior 
substrate for renal organic cation transporter OCT2 
rather than hepatic OCT1. Drug Metab 
Pharmacokinet, 20, 379-86 (2005) 
 
63. Otsuka, M., T. Matsumoto, R. Morimoto, S. 
Arioka, H. Omote & Y. Moriyama: A human 
transporter protein that mediates the final excretion 
step for toxic organic cations. Proc Natl Acad Sci U S 
A, 102, 17923-8 (2005) 
 
64. Tanihara, Y., S. Masuda, T. Sato, T. Katsura, O. 
Ogawa & K. Inui: Substrate specificity of MATE1 
and MATE2-K, human multidrug and toxin 
extrusions/H (+)-organic cation antiporters. Biochem 
Pharmacol, 74, 359-71 (2007) 
 
65. Kerb, R., U. Brinkmann, N. Chatskaia, D. 
Gorbunov, V. Gorboulev, E. Mornhinweg, A. Keil, 
M. Eichelbaum & H. Koepsell: Identification of 
genetic variations of the human organic cation 
transporter hOCT1 and their functional consequences. 
Pharmacogenetics, 12, 591-5 (2002) 
 
66. Shu, Y., M. K. Leabman, B. Feng, L. M. 
Mangravite, C. C. Huang, D. Stryke, M. Kawamoto, 
S. J. Johns, J. DeYoung, E. Carlson, T. E. Ferrin, I. 
Herskowitz & K. M. Giacomini: Evolutionary 
conservation predicts function of variants of the 
human organic cation transporter, OCT1. Proc Natl 
Acad Sci U S A, 100, 5902-7 (2003) 
 
67. Shu, Y., S. A. Sheardown, C. Brown, R. P. Owen, 
S. Zhang, R. A. Castro, A. G. Ianculescu, L. Yue, J. 
C. Lo, E. G. Burchard, C. M. Brett & K. M. 
Giacomini: Effect of genetic variation in the organic 
cation transporter 1 (OCT1) on metformin action. J 
Clin Invest, 117, 1422-31 (2007) 
 
68. Itoda, M., Y. Saito, K. Maekawa, H. Hichiya, K. 
Komamura, S. Kamakura, M. Kitakaze, H. Tomoike, 
K. Ueno, S. Ozawa & J. Sawada: Seven novel single 



Pharmacogenetics of diabetes therapies 

4360 

nucleotide polymorphisms in the human SLC22A1 
gene encoding organic cation transporter 1 (OCT1) 
Drug Metab Pharmacokinet, 19, 308-12 (2004) 
 
69. Sakata, T., N. Anzai, H. J. Shin, R. Noshiro, T. 
Hirata, H. Yokoyama, Y. Kanai & H. Endou: Novel 
single nucleotide polymorphisms of organic cation 
transporter 1 (SLC22A1) affecting transport 
functions. Biochem Biophys Res Commun, 313, 789-
93 (2004) 
 
70. Wang, D. S., H. Kusuhara, Y. Kato, J. W. Jonker, 
A. H. Schinkel & Y. Sugiyama: Involvement of 
organic cation transporter 1 in the lactic acidosis 
caused by metformin. Mol Pharmacol, 63, 844-8 
(2003) 
 
71. Shu, Y., C. Brown, R. A. Castro, R. J. Shi, E. T. 
Lin, R. P. Owen, S. A. Sheardown, L. Yue, E. G. 
Burchard, C. M. Brett & K. M. Giacomini: Effect of 
genetic variation in the organic cation transporter 1, 
OCT1, on metformin pharmacokinetics. Clin 
Pharmacol Ther, 83, 273-80 (2008) 
 
72. Leabman, M. K., C. C. Huang, M. Kawamoto, S. 
J. Johns, D. Stryke, T. E. Ferrin, J. DeYoung, T. 
Taylor, A. G. Clark, I. Herskowitz & K. M. 
Giacomini: Polymorphisms in a human kidney 
xenobiotic transporter, OCT2, exhibit altered 
function. Pharmacogenetics, 12, 395-405 (2002) 
 
73. Saito, S., A. Iida, A. Sekine, C. Ogawa, S. 
Kawauchi, S. Higuchi & Y. Nakamura: Catalog of 
238 variations among six human genes encoding 
solute carriers ( hSLCs) in the Japanese population. J 
Hum Genet, 47, 576-84 (2002) 
 
74. Fukushima-Uesaka, H., K. Maekawa, S. Ozawa, 
K. Komamura, K. Ueno, M. Shibakawa, S. Kamakura, 
M. Kitakaze, H. Tomoike, Y. Saito & J. Sawada: 
Fourteen novel single nucleotide polymorphisms in 
the SLC22A2 gene encoding human organic cation 
transporter (OCT2) Drug Metab Pharmacokinet, 19, 
239-44 (2004) 
 
75. Kang, H. J., I. S. Song, H. J. Shin, W. Y. Kim, C. 
H. Lee, J. C. Shim, H. H. Zhou, S. S. Lee & J. G. 
Shin: Identification and functional characterization of 
genetic variants of human organic cation transporters 
in a Korean population. Drug Metab Dispos, 35, 667-
75 (2007) 
 
76. Song, I., H. Shin, E. Shim, I. Jung, W. Kim, J. 
Shon & J. Shin: Genetic Variants of the Organic 
Cation Transporter 2 Influence the Disposition of 
Metformin. Clin Pharmacol Ther (2008) 
 
77. Donnelly, L. A., A. S. Doney, A. T. Hattersley, 
A. D. Morris & E. R. Pearson: The effect of obesity 
on glycaemic response to metformin or 
sulphonylureas in Type 2 diabetes. Diabet Med, 23, 
128-33 (2006) 

78. Horikoshi, M., K. Hara, J. Ohashi, K. Miyake, K. 
Tokunaga, C. Ito, M. Kasuga, R. Nagai & T. 
Kadowaki: A polymorphism in the AMPKalpha2 
subunit gene is associated with insulin resistance and 
type 2 diabetes in the Japanese population. Diabetes, 
55, 919-23 (2006) 
 
79. Yki-Jarvinen, H.: Thiazolidinediones. N Engl J 
Med, 351, 1106-18 (2004) 
 
80. LeBrasseur, N. K., M. Kelly, T. S. Tsao, S. R. 
Farmer, A. K. Saha, N. B. Ruderman & E. Tomas: 
Thiazolidinediones can rapidly activate AMP-
activated protein kinase in mammalian tissues. Am J 
Physiol Endocrinol Metab, 291, E175-81 (2006) 
 
81. Boyle, J. G., P. J. Logan, M. A. Ewart, J. A. 
Reihill, S. A. Ritchie, J. M. Connell, S. J. Cleland & 
I. P. Salt: Rosiglitazone stimulates nitric oxide 
synthesis in human aortic endothelial cells via AMP-
activated protein kinase. J Biol Chem, 283, 11210-7 
(2008) 
 
82. Rosenstock, J., D. Sugimoto, P. Strange, J. A. 
Stewart, E. Soltes-Rak & G. Dailey: Triple therapy in 
type 2 diabetes: insulin glargine or rosiglitazone 
added to combination therapy of sulfonylurea plus 
metformin in insulin-naive patients. Diabetes Care, 
29, 554-9 (2006) 
 
83. Rosenstock, J., B. J. Goldstein, A. I. Vinik, C. 
O'Neill M, L. E. Porter, M. A. Heise, B. Kravitz, R. 
G. Dirani & M. I. Freed: Effect of early addition of 
rosiglitazone to sulphonylurea therapy in older type 2 
diabetes patients (>60 years): the Rosiglitazone Early 
vs. SULphonylurea Titration (RESULT) study. 
Diabetes Obes Metab, 8, 49-57 (2006) 

 
84. Kahn, S. E., S. M. Haffner, M. A. Heise, W. H. 
Herman, R. R. Holman, N. P. Jones, B. G. Kravitz, J. 
M. Lachin, M. C. O'Neill, B. Zinman & G. Viberti: 
Glycemic durability of rosiglitazone, metformin, or 
glyburide monotherapy. N Engl J Med, 355, 2427-43 
(2006) 

 
85. Snitker, S., R. M. Watanabe, I. Ani, A. H. Xiang, 
A. Marroquin, C. Ochoa, J. Goico, A. R. Shuldiner & 
T. A. Buchanan: Changes in insulin sensitivity in 
response to troglitazone do not differ between 
subjects with and without the common, functional 
Pro12Ala peroxisome proliferator-activated receptor-
gamma2 gene variant: results from the Troglitazone 
in Prevention of Diabetes (TRIPOD) study. Diabetes 
Care, 27, 1365-8 (2004) 

 
86. Cox, P. J., D. A. Ryan, F. J. Hollis, A. M. Harris, 
A. K. Miller, M. Vousden & H. Cowley: Absorption, 
disposition, and metabolism of rosiglitazone, a potent 
thiazolidinedione insulin sensitizer, in humans. Drug 
Metab Dispos, 28, 772-80 (2000) 



Pharmacogenetics of diabetes therapies 

4361 

87. Baldwin, S. J., S. E. Clarke & R. J. Chenery: 
Characterization of the cytochrome P450 enzymes 
involved in the in vitro metabolism of rosiglitazone. 
Br J Clin Pharmacol, 48, 424-32 (1999) 
 
88. Budde, K., H. H. Neumayer, L. Fritsche, W. 
Sulowicz, T. Stompor & D. Eckland: The 
pharmacokinetics of pioglitazone in patients with 
impaired renal function. Br J Clin Pharmacol, 55, 
368-74 (2003) 
 
89. Jaakkola, T., J. T. Backman, M. Neuvonen, J. 
Laitila & P. J. Neuvonen: Effect of rifampicin on the 
pharmacokinetics of pioglitazone. Br J Clin 
Pharmacol, 61, 70-8 (2006) 
 
90. Kirchheiner, J., S. Thomas, S. Bauer, D. Tomalik-
Scharte, U. Hering, O. Doroshyenko, A. Jetter, S. 
Stehle, M. Tsahuridu, I. Meineke, J. Brockmoller & 
U. Fuhr: Pharmacokinetics and pharmacodynamics of 
rosiglitazone in relation to CYP2C8 genotype. Clin 
Pharmacol Ther, 80, 657-67 (2006) 
 
91. Tornio, A., M. Niemi, P. J. Neuvonen & J. T. 
Backman: Trimethoprim and the CYP2C8*3 allele 
have opposite effects on the pharmacokinetics of 
pioglitazone. Drug Metab Dispos, 36, 73-80 (2008) 
 
92. Altshuler, D., J. N. Hirschhorn, M. Klannemark, 
C. M. Lindgren, M. C. Vohl, J. Nemesh, C. R. Lane, 
S. F. Schaffner, S. Bolk, C. Brewer, T. Tuomi, D. 
Gaudet, T. J. Hudson, M. Daly, L. Groop & E. S. 
Lander: The common PPARgamma Pro12Ala 
polymorphism is associated with decreased risk of 
type 2 diabetes. Nat Genet, 26, 76-80 (2000) 
 
93. Muller, Y. L., C. Bogardus, B. A. Beamer, A. R. 
Shuldiner & L. J. Baier: A functional variant in the 
peroxisome proliferator-activated receptor gamma2 
promoter is associated with predictors of obesity and 
type 2 diabetes in Pima Indians. Diabetes, 52, 1864-
71 (2003) 
 
94. Bluher, M., G. Lubben & R. Paschke: Analysis of 
the relationship between the Pro12Ala variant in the 
PPAR-gamma2 gene and the response rate to therapy 
with pioglitazone in patients with type 2 diabetes. 
Diabetes Care, 26, 825-31 (2003) 
 
95. Wolford, J. K., K. A. Yeatts, S. K. Dhanjal, M. H. 
Black, A. H. Xiang, T. A. Buchanan & R. M. 
Watanabe: Sequence variation in PPARG may 
underlie differential response to troglitazone. 
Diabetes, 54, 3319-25 (2005) 
 
96. Kang, E. S., S. Y. Park, H. J. Kim, C. S. Kim, C. 
W. Ahn, B. S. Cha, S. K. Lim, C. M. Nam & H. C. 
Lee: Effects of Pro12Ala polymorphism of 
peroxisome proliferator-activated receptor gamma2 
gene on rosiglitazone response in type 2 diabetes. 
Clin Pharmacol Ther, 78, 202-8 (2005) 
 

97. Kang, E. S., S. Y. Park, H. J. Kim, C. W. Ahn, M. 
Nam, B. S. Cha, S. K. Lim, K. R. Kim & H. C. Lee: 
The influence of adiponectin gene polymorphism on 
the rosiglitazone response in patients with type 2 
diabetes. Diabetes Care, 28, 1139-44 (2005) 
 
98. Sun, H., Z. C. Gong, J. Y. Yin, H. L. Liu, Y. Z. 
Liu, Z. W. Guo, H. H. Zhou, J. Wu & Z. Q. Liu: The 
association of adiponectin allele 45T/G and -
11377C/G polymorphisms with Type 2 diabetes and 
rosiglitazone response in Chinese patients. Br J Clin 
Pharmacol, 65, 917-26 (2008) 
 
99. Brunham, L. R., J. K. Kruit, T. D. Pape, J. M. 
Timmins, A. Q. Reuwer, Z. Vasanji, B. J. Marsh, B. 
Rodrigues, J. D. Johnson, J. S. Parks, C. B. Verchere 
& M. R. Hayden: Beta-cell ABCA1 influences insulin 
secretion, glucose homeostasis and response to 
thiazolidinedione treatment. Nat Med, 13, 340-7 
(2007) 
 
100. Wang, J., Y. Q. Bao, C. Hu, R. Zhang, C. R. 
Wang, J. X. Lu, W. P. Jia & K. S. Xiang: Effects of 
ABCA1 variants on rosiglitazone monotherapy in 
newly diagnosed type 2 diabetes patients. Acta 
Pharmacol Sin, 29, 252-8 (2008) 
 
101. Singh, S., Y. K. Loke & C. D. Furberg: 
Thiazolidinediones and heart failure: a teleo-analysis. 
Diabetes Care, 30, 2148-53 (2007) 
 
102. Guan, Y., C. Hao, D. R. Cha, R. Rao, W. Lu, D. 
E. Kohan, M. A. Magnuson, R. Redha, Y. Zhang & 
M. D. Breyer: Thiazolidinediones expand body fluid 
volume through PPARgamma stimulation of ENaC-
mediated renal salt absorption. Nat Med, 11, 861-6 
(2005) 
 
103. Zhang, H., A. Zhang, D. E. Kohan, R. D. 
Nelson, F. J. Gonzalez & T. Yang: Collecting duct-
specific deletion of peroxisome proliferator-activated 
receptor gamma blocks thiazolidinedione-induced 
fluid retention. Proc Natl Acad Sci U S A, 102, 9406-
11 (2005) 
 
104. Spraggs, C., A. McCarthy, L. McCarthy, G. 
Hong, A. Hughes, X. Lin, G. Sathe, D. Smart, C. 
Traini, S. Van Horn, L. Warren & M. Mosteller: 
Genetic variants in the epithelial sodium channel 
associate with oedema in type 2 diabetic patients 
receiving the peroxisome proliferator-activated 
receptor gamma agonist farglitazar. Pharmacogenet 
Genomics, 17, 1065-76 (2007) 
 
105. Hansen, L., C. T. Ekstrom, Y. P. R. Tabanera, 
M. Anant, K. Wassermann & R. R. Reinhardt: The 
Pro12Ala variant of the PPARG gene is a risk factor 
for peroxisome proliferator-activated receptor-
gamma/alpha agonist-induced edema in type 2 
diabetic patients. J Clin Endocrinol Metab, 91, 3446-
50 (2006) 
 



Pharmacogenetics of diabetes therapies 

4362 

106. Weedon, M. N., M. I. McCarthy, G. Hitman, M. 
Walker, C. J. Groves, E. Zeggini, N. W. Rayner, B. 
Shields, K. R. Owen, A. T. Hattersley & T. M. 
Frayling: Combining information from common type 
2 diabetes risk polymorphisms improves disease 
prediction. PLoS Med, 3, e374 (2006) 
 
Key Words: Metformin, Sulphonylureas, Thiazolidinediones, 
Pharmacogenetics, Pharmacogenomics, Drug response, 
Review 
 
Send correspondence to: Ewan R Pearson, Biomedical 
Research Institute, Ninewells Hospital & Medical School, 
Dundee, DD1 9SY, Scotland, Tel: 44-1382-740081, Fax: 
44-1382-632333, E-mail: e.pearson@chs.dundee.ac.uk 
 
http://www.bioscience.org/current/vol14.htm 
 
 
 
 


