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B Abstract

Many clinical treatment studies have reported remarkable
interindividual variability in the response to pharmaceutical
drugs, and uncovered the existence of inadequate treatment
response, non-response, and even adverse drug reactions.
Pharmacogenetics addresses the impact of genetic variants
on treatment outcome including side-effects. In recent years,
it has also entered the field of clinical diabetes research. In
modern type 2 diabetes therapy, metformin is established as
first-line drug. The latest pharmaceutical developments, in-
cluding incretin mimetics, dipeptidyl peptidase 4 inhibitors
(gliptins), and sodium/glucose cotransporter 2 inhibitors
(gliflozins), are currently experiencing a marked increase in
clinical use, while the prescriptions of «-glucosidase inhibi-
tors, sulfonylureas, meglitinides (glinides), and thiazolidin-
ediones (glitazones) are declining, predominantly because of
reported side-effects. This review summarizes the current

knowledge about gene-drug interactions observed in therapy
studies with the above drugs. We report drug interactions
with candidate genes involved in the pharmacokinetics (e.g.,
drug transporters) and pharmacodynamics (drug targets
and downstream signaling steps) of the drugs, with known
type 2 diabetes risk genes and previously unknown genes
derived from hypothesis-free approaches such as genome-
wide association studies. Moreover, some new and promis-
ing candidate genes for future pharmacogenetic assessment
are highlighted. Finally, we critically appraise the current
state of type 2 diabetes pharmacogenetics in the light of its
impact on therapeutic decisions, and we refer to major prob-
lems, and make suggestions for future efforts in this field to
help improve the clinical relevance of the results, and to es-
tablish genetically determined treatment failure.

Keywords: type 2 diabetes - SNP - GWAS - heritability -
drug absorption - drug target - trough steady-state

1. Genetics of type 2 diabetes

s jth a global prevalence of 9% among adult
e ~persons, diabetes is the 7th leading non-com-

1% unicable disease world-wide, causing more
than 1,500,000 deaths per year (WHO fact sheet
N°312, http://www.who.int/mediacentre/factsheets/
fs312/en). Type 2 diabetes accounts for 90% of all
diabetes cases. Hallmarks of the disease are a pro-
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nounced insulin resistance of peripheral tissues,
including skeletal muscle, liver, and adipose tis-
sue, and a failure of pancreatic -cells to compen-
sate for this metabolic derangement by enhanced
insulin secretion. It is mainly caused by lifestyle
(sedentary behavior) and environmental (high-
caloric nutrition) factors favoring overweight and
obesity, but has also a clear genetic component, as
has been shown by family and twin studies [1].
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Over the last 20 years, innovative biotechno-
logical methods have fostered the development of
high-density oligonucleotide microarrays, depict-
ing on small glass chips up to five million single
nucleotide polymorphisms (SNPs) with minor al-
lele frequencies that provide near-complete cover-
age of the common genetic variation present in the
human genome. The recent affordability of these
chips revolutionized the characterization of the
genetic architectures of common non-communi-
cable diseases, such as type 2 diabetes. Huge case-
control and prospective study cohorts, including
tens of thousands to hundreds of thousands of sub-
jects collected via world-wide consortia, have been
genotyped by this methodology, and analyzed for
genotype-phenotype associations. This approach,
termed genome-wide association study (GWAS),
has revealed more than 70 SNPs to be associated
with type 2 diabetes on a statistical significance
level corrected for multiple testing (genome-wide
p-value <5*10°) [2]. For a closer look at these hits
and their nearby genes, see [2] and accompanying
articles in this Special Edition of The Review of
Diabetic Studies.

Even though we learned from GWAS and other
studies assessing the association of diabetes SNPs
with metabolic traits that these variants predomi-
nantly affect g-cell function and not insulin sensi-
tivity, their functionality and biology is far from
being understood [3]. Moreover, their value for risk
prediction appears negligible, and all SNPs to-
gether explain only about 10% of diabetes herita-
bility [4]. There may be many reasons for this so-
called ‘missing heritability’, including limited
value of common heritability estimates (e.g., due to
bias by shared environment) or a hitherto under-
estimated role of low-frequency and rare variants
or epigenetic mechanisms in diabetes inheritance.
However, the concept of missing heritability also
opens the intriguing possibility of gene-gene, gene-
lifestyle, gene-environment, and gene-drug inter-
actions that are of major relevance for disease in-
heritance, prediction, and progression, as well as
for the individual responsiveness to preventive and
therapeutic measures. In this context, it is note-
worthy that lifestyle intervention studies for pre-
vention of type 2 diabetes revealed SNPs in genes
very different from those found in GWAS; these
genes predicted the magnitude of the individual’s
response to lifestyle factors such as diet and exer-
cise [5]. Thus, different and possibly non-
overlapping sets of genes may be relevant for gene-
gene, gene-lifestyle, gene-environment, and gene-
drug interactions.

Rev Diabet Stud (2015) 12:363-376

Abbreviations:

AMPK AMP-activated protein kinase
AP activator protein

ATM ataxia telangiectasia mutated
DPP4 dipeptidyl peptidase 4
ENT4 equilibrative nucleoside transporter 4

GIP gastric inhibitory peptide

GLP1 glucagon-like peptide 1

GWAS genome-wide association study

HbAlc hemoglobin Alc

HNF hepatocyte nuclear factor

LKB1 liver kinase B1

MATE multidrug and toxin extrusion transporters
MEF myocyte-specific enhancer factor

MZF1 myeloid zinc finger 1

Norl neuron-derived orphan receptor 1

OCT organic cation transporter

OGTT oral glucose tolerance test

PMAT plasma membrane monoamine transporter
PPAR«x peroxisome proliferator-activated receptor «
SGLT2 sodium/glucose cotransporter 2

SLC solute carrier

SNP single nucleotide polymorphism

STK11 serine/threonine kinase 11

TCF7L2  T-cell-specific transcription factor 7-like 2

Gene-drug interactions are the central subject
of the new and very promising clinical research
discipline termed pharmacogenetics. Despite some
success at the research level, the translation of
pharmacogenetic results into clinical practice is
currently limited, and faces challenges in regula-
tion, infrastructures (e.g., lack of electronical
medical recording), and health economics. Apart
from the genetic information, the complexity of
drug response requires a better understanding of
additional information from epigenomics, tran-
scriptomics, proteomics, metabolomics, and micro-
biomics [6]. Moreover, the patient's phenotype
needs to be comprehensively assessed using novel
approaches such as high-throughput, 1T-based
methods to collect clinical data directly from the
patient (e.g., computer-based, direct interview) [7].
In this context, the intelligent, valid, and time-
and cost-saving integration of ‘big data’ needs to be
addressed. Thus, the implementation of the con-
cept of precision medicine in clinical practice, with
the ultimate goal of establishing treatment algo-
rithms and pharmacogenetic information based on
multiscale systems pharmacology approaches [8],
may be more challenging than expected.

2. Modern diabetes therapy

The options for drug therapy of type 2 diabetes
currently encompass the following 13 drug classes:

Copyright © by Lab & Life Press/SBDR
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a-glucosidase inhibitors

Biguanides

Sulfonylureas

Meglitinides (aka glinides)
Thiazolidinediones (aka glitazones)
Dipeptidyl peptidase 4 (DPP4) inhibitors
(aka gliptins)

Incretin mimetics

Sodium/glucose cotransporter 2 (SGLT2) in-
hibitors (aka gliflozins)

Amylin mimetics

Bile acid sequestrants

Dopamine agonists

Human insulin

Insulin analogues

The drug classes, individual drugs, and their
main metabolic effects are listed in Table 1.

It is normal practice that any country has its
own specific guidelines for diabetes therapy devel-
oped by their national expert associations. How-
ever, there is world-wide consent that, when life-
style intervention fails to achieve the individual
target hemoglobin Alc (HbAlc), the biguanide
metformin is the first-line drug of choice
(http://www.idf.org/sites/default/files/IDF-
Guideline-for-Type-2-Diabetes.pdf, [9]). If met-
formin is not well tolerated or contraindicated, an
alternative drug from the other drug classes can be
prescribed. If metformin is insufficient to reach the
individual target HbAlc, it is usually combined
with one or more drugs from the other drug
classes. Human insulin and insulin analogues are
used for intensified and combination therapy when
pancreatic B-cell function markedly declines. In
fact, the spectrum of drugs predominantly pre-
scribed in modern type 2 diabetes therapies is
more limited since «-glucosidase inhibitors are fre-
guently accompanied by adverse gastrointestinal
side-effects such as flatulence and diarrhea [10],
and thiazolidinediones are no longer marketed in
some countries because of reports of the following
increased risks: myocardial infarction (rosiglita-
zone), distal fractures of long bones and bladder
cancer (pioglitazone), and heart failure (both glita-
zones) [11].

Sulfonylureas and meglitinides are 3-cell stress-
ors that are suspected to accelerate the exhaustion
of endogenous insulin secretion [12]. Also, both
classes of insulin secretagogues promote weight
gain, and are associated with an increased risk of
hypoglycemia [13]. Finally, amylin mimetics, bile
acid sequestrants, dopamine agonists, insulin, and
insulin analogues have not yet been subjected to
pharmacogenetic investigation. Therefore, this re-
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view primarily focuses on available reported in-
formation about the pharmacogenetic interactions
potentially relevant for treatment regimens based
on metformin, drugs enhancing the incretin axis,
and SGLT2 inhibitors.

3. Pharmacogenetics and drug tar-
gets

Many clinical studies reported high biological
variance in the response to anti-diabetic drugs. For
instance, the Treatment Options for Type 2 Diabe-
tes in Adolescents and Youth (TODAY) study de-
tected ethnic differences in response to metformin
treatment, which seems to be more effective in
Hispanics and non-Hispanic Whites than in Afro-
Americans [14]. This argues for a role of genetics
in drug responses. Among the gene sets that con-
ceivably interact with drugs are:

- Genes whose products affect pharmacokinet-
ics, including drug absorption, distribution,
metabolism, and elimination (termed ADME
genes).

- Genes whose products affect pharmacody-
namics, including defined drug targets and
their upstream and downstream interaction
partners.

- Known diabetes risk genes.

Finally, GWAS have the potential to identify
new drug-interacting genes in a hypothesis-free
manner.

3.1 Gene variants affecting the response to
metformin

Metformin is the first-line anti-diabetic drug in
modern type 2 diabetes therapy, and currently the
only available biguanide (Figure 1). Former drugs
in this class, i.e., phenformin and buformin, were
withdrawn from the market because of an in-
creased risk of lactic acidosis related to these
drugs. An increased risk for lactic acidosis caused
by metformin is seen in patients with renal insuf-
ficiency only [15]. Therefore, metformin is contra-
indicated in parts of this subgroup of diabetic pa-
tients. Metformin displays considerable interindi-
vidual variation in efficacy: in the U.K. Diabetes
Audit and Research in Tayside Scotland (DARTS)
study, some patients experienced extreme drops in
HbAlc levels down to 4%, while other patients’
HbAlc did not change or even increased under
metformin therapy [16]. Christensen et al. re-
ported an 80-fold variability in trough steady-state
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Table 1. Anti-diabetic drugs and their major metabolic effects

Drug class

Individual drugs approved in many countries

Metabolic drug effects

a-glucosidase inhibitors  Acarbose, miglitol, voglibose

Inhibition of glucose liberation from carbohydrates

Biguanides Metformin

Insulin sensitization

Sulfonylureas
buride, etc.

Glimepiride, glibenclamide, gliclazide, glipizide, gly-

Glucose-independent stimulation of insulin secretion

Meglitinides Repaglinide, nateglinide, mitiglinide

Glucose-independent stimulation of insulin secretion

Thiazolidinediones Pioglitazone, rosiglitazone

Insulin sensitization

DPP4 inhibitors

Sitagliptin, vildagliptin, saxagliptin, linagliptin, alogliptin Glucose-independent stimulation of insulin secretion,

inhibition of glucagon secretion

Incretin mimetics

Exenatide, liraglutide, lixisenatide, albiglutide, dulaglu-

Glucose-independent stimulation of insulin secretion,

tide inhibition of glucagon secretion
SGLT2 inhibitors Dapagliflozin, canagliflozin, empagliflozin Renal glucose excretion
Amylin mimetics Pramlintide Slowing of gastric emptying, inhibition of glucagon se-
cretion
Bile acid sequestrants Colesevelam Glucose-lowering effect still under investigation

Dopamine agonists Bromocriptine

Glucose-lowering effect still under investigation

Human insulin Regular insulin, NPH insulin

Replacement of endogenous insulin

Insulin analogues

Short acting: insulin lispro, -aspart, -glulisine

Replacement of endogenous insulin

Long acting: insulin glargine, -detemir, -degludec

Legend: DPP4 — dipeptidyl peptidase 4; NPH — neutral protamine Hagedorn; SGLT2 — sodium/glucose cotransporter 2.

(i.e. the lowest permanent drug concentration in a
patient when intake and elimination of the drug is
in dynamic equilibrium) metformin plasma con-
centration in a randomized, placebo-controlled
multicenter study (the South Danish Diabetes
Study, SDDS) which included 159 patients on met-
formin therapy for 24 months [17]. Furthermore,
even though considered as safe in general, met-
formin provokes gastrointestinal side-effects (nau-
sea, vomiting, and diarrhea) in about 25% of pa-
tients; these effects are usually transient, but they
persist and lead to discontinuation of therapy in
about 5% of patients [18]. All these aspects, and in
particular the identification of non-responders and
even adverse responders, initiated a series of
pharmacogenetic investigations with respect to
metformin therapy [19].

The orally administered anti-diabetic drug met-
formin acts as an insulin sensitizer, enhancing the
sensitivity of insulin-responsive tissues, including
liver, skeletal muscle, and adipose tissue, to en-
dogenous and pharmacologically administered in-
sulin [20]. Even though metformin has been in
clinical use since 1959, its molecular targets are
still insufficiently described. A very compelling
hypothesis for its mode of action is that metformin
reduces mitochondrial ATP synthesis, thereby in-
creasing intracellular AMP concentrations and ac-
tivating AMP-activated protein kinase (AMPK)
(Figure 2) [21]. AMPK is a central switch between
anabolic and catabolic states, favoring catabolic

Rev Diabet Stud (2015) 12:363-376

ATP-generating reactions, and concomitantly in-
hibiting anabolic ATP-consuming pathways such
as gluconeogenesis. In fact, inhibition of hepatic
glucose production appears to be the primary
mechanism of metformin’s anti-hyperglycemic ac-
tion [22]. Metformin also has the following proper-
ties:

- It increases muscular glucose uptake by
augmenting glucose transporter 4 transloca-
tion to the plasma membrane [20].

- It exerts anti-steatotic actions by inhibiting
lipogenesis and stimulating g-oxidation [23].

- It reduces circulating inflammatory cyto-
kines [23, 24].

- It may enhance intestinal glucose uptake
and utilization [25].

How AMPK activation increases insulin sensi-
tivity molecularly is still a matter of debate. Re-
cently, selective inhibition of the mitochondrial iso-
form of glycerophosphate dehydrogenase, which
catalyzes the conversion of glycerophosphate to di-
hydroxyacetone phosphate without changing cellu-
lar energy charge or gluconeogenic gene expression
in liver, has been reported as a novel mechanistic
action of metformin (Figure 2) [26].

Metformin’s pharmacokinetics is simplified by
the fact that it does not undergo biotransformation
in the liver [27]. Therefore, genetic variants of me-
tabolizing enzymes probably do not affect met-

Copyright © by Lab & Life Press/SBDR
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formin’s anti-diabetic :
action. As a positively
charged hydrophilic

molecule, metformin

has to use transport
proteins to cross bio-
membranes, and these
include the organic
cation transporter

Gut

Metformin

Metformin Enterocyte

(OCT) family members
OCT1-3 (aka solute
carrier (SLC) family
members 22A1-3), the
equilibrative  nucleo-
side  transporter 4
(ENT4, aka SLC29A4),
and the multidrug and
toxin extrusion trans-
porters 1 and 2-K
(MATE1 and MATEZ2-
K, aka SLC47A1 and
SLC47A2) [19]. As de-
picted in Figure 1,
metformin is absorbed
by enterocytes via

Distribution

Metformin

OCT1

Metformin

Hepatocyte

Figure 1. Transport pathways contributing to the disposition of metformin. Metformin is

ENT4 and OCT3, and
released into the blood-
stream via OCT1, fol-
lowed by distribution

not metabolized. It is absorbed, distributed, and eliminated via different members of the
solute carrier superfamily. Abbreviations: ENT4 — equilibrative nucleoside transporter 4;
OCT1-3 - organic cation transporter 1-3; MATE1/2-K — multidrug and toxin extrusion
transporters 1/2-K.

throughout the body.

Hepatocytes take wup

metformin via OCT1 and OCTS3, and excrete it into
the bile via MATEL. However, this is not the only
way of metformin elimination. Renal tubular cells
take up metformin from the circulation via OCT?2,
and excrete it into the urine via MATE1, MATE2-
K, and OCT1. Genetic variants in all these trans-
port proteins are therefore suggested to impact on
metformin absorption, distribution, and elimina-
tion, thereby altering its half-life in the circulation
and its spectrum of activity.

The human OCT1 gene is highly polymorphic,
and 23 naturally occurring coding variants of
OCT1 have been described [28-30], with seven of
them displaying 40-100% reduced metformin
transport function in vitro [29]. Among these,
Arg61Cys was found to affect OCT1 protein ex-
pression in liver specimens from 150 Caucasian
donors, with Cys-allele carriers displaying signifi-
cantly reduced expression [28]. This may result in
attenuated metformin uptake in hepatocytes and
reduced metformin clearance via the bile. Twenty
healthy volunteers carrying at least one of the four
variant alleles Arg61Cys, Gly401Ser, Met420del,
and Gly465Arg revealed elevated plasma glucose
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levels during an oral glucose tolerance test (OGTT)
after short-term metformin application, pointing to
a reduced response to metformin in vivo [29, 31].
In the SDDS, carriers of the Arg61Cys, Ser189Leu,
Gly401Ser, Met420del, and Gly465Arg variants
showed allele-dose effects; trough steady-state
plasma metformin levels and HbAlc reductions
decreased with increasing number of variant al-
leles carried compared with non-carriers [17]. This
suggests that a variant-allele-attributable reduc-
tion in metformin release from the enterocyte into
the bloodstream may be superior compared with
the attenuation of hepatocytic metformin uptake.
Jablonski et al. tested 47 OCT1 SNPs in 2,994 par-
ticipants in a randomized, placebo-controlled mul-
ticenter diabetes prevention study, the Diabetes
Prevention Program (DPP), for effects on diabetes
incidence [5]. The authors described a nominally
significant interaction of Leul60Phe with response
to metformin; the minor Phe-allele impaired the
diabetes-protective effect of metformin. In a large
intervention study with DNA available for genetic
investigations, the Genetics of DARTS (GoDARTS)
study, comprising 1,531 diabetic patients on met-

Rev Diabet Stud (2015) 12:363-376
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Metformin

N AMP/ATP 1

Mitochondriogenesis 1 /

Pyruvate |
l PGClat 4— AMPK 1 4= STK11

— 1\

PFKFB 1t Glycogen ACC | SREBP1c |

synthase | l
j Lipogenesis |

Glycogen synthesis | Fatty acid synthesis |
B-oxidation 1

Gluconeogenesis |

Glycolysis 1

Hepatocyte

Figure 2. Metformin actions in metabolically relevant cell types. Metformin’s primary tar-
get in hepatocytes, adipocytes, and myocytes is the mitochondrion. In the liver, metformin
inhibits respiratory chain complex | and mGPDH, both located in the inner mitochondrial
membrane. Inhibition of complex | increases the AMP/ATP ratio, thereby activating AMPK,
a central regulator of anabolic and catabolic pathways and of mitochondrial biogenesis.
Inhibition of MGPDH causes elevated NADH concentrations that shift the equilibrium of
the lactate dehydrogenase reaction to lactate, resulting in elevated lactate production and
reduced gluconeogenic substrate pyruvate levels. In adipocytes and myocytes, AMPK acti-
vation leads to inactivation of TBC1D1/D4 proteins. This promotes insulin-independent
translocation of GLUT4-containing vesicles from intracellular depots to the plasma mem-
brane, thereby increasing GLUT4 concentration in the plasma membrane. Abbreviations:
ACC - acetyl-coenzyme A carboxylase; AMPK — AMP-activated protein kinase; GLUT4 -
glucose transporter 4; mGPDH — mitochondrial glycerophosphate dehydrogenase; PFKFP
— 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase; PGCl« — peroxisome prolifera-
tor-activated receptor y coactivator 1lo; SREBP1c - sterol-regulatory element-binding pro-
tein 1c; STK11 - serine/threonine kinase 11; TBC1D1/D4 — TBC1 domain family members

D1 and D4.

formin therapy, the two OCT1 variants assessed,
i.e., Arg61Cys and Met420del, affected neither the
initial reduction in HbAlc, nor the chance of
achieving the treatment target (HbAlc < 7 %), nor
the average HbAlc level on monotherapy for up to
42 months, nor the hazard of monotherapy failure
[32]. However, carriers of two reduced-function al-
leles were significantly more likely to be met-
formin-intolerant than carriers of one or none al-
lele [33]. Finally, using a tagging SNP approach,
Becker et al. screened the OCT1 locus for repre-
sentative SNPs, covering all the common genetic
variation in the locus (minor allele frequency >5
%), including non-coding variants, and assessed

Rev Diabet Stud (2015) 12:363-376

N

these SNPs’ effects on
response to metfor-
min in 102 incident
metformin users from
the Rotterdam Study
[34]. They identified a

Metformin

v

J

AMPK 1 ! 1
SNP in intron 8

(rs622342 A>C),

TBC1D1/D4 | which interfered with

l metformin action

_ with each minor C-

@ Translocation allele, reducing the
GLUT4 metformin-induced
G|ucose dI’Op |n HbAlC by

uptake 1 0.28%. It did not in-

teract with metformin
action in the DPP [5].
OCT2 accounts for
about 80% of total re-
nal clearance of met-
formin [35, 36]. Al-
though less polymor-
phic (eight coding
variants identified to
date [37]), the OCT2
locus harbors a coding
variant, i.e., Ala270
Ser, featuring inter-
esting functionality:
the minor Ser-allele
increased metformin
transport in vitro, and
was associated with
enhanced renal met-
formin clearance in
23 healthy Caucasian
and African American
volunteers [38]. This
may be due to differ-
ences in the haplo-
type structure be-
tween ethnic groups. The same allele was associ-
ated with higher plasma metformin levels and re-
duced renal metformin clearance in healthy Asian
volunteers [39, 40]. However, this variant did not
affect trough steady-state metformin concentration
or metformin-induced reductions in HbAlc in the
SDDS [17]. Likewise, Ala270Ser did not affect
metformin’s effect on diabetes prevention in the
DPP [5]. Interestingly, Kashi et al. reported that
carriers of the minor Met-allele of the OCT2 vari-
ant, Thr201Met, have higher HbAlc concentra-
tions, fasting glucose levels, insulin resistance, and
compensatory insulin secretion during metformin
therapy than patients with common alleles [41].

Adipocyte/Myocyte
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Even though genetic variants of OCT3 have
been described to associate with reduced OCT3
mMRNA expression [28], and thus appear to be
functional, pharmacogenetic studies on the role of
these variants in metformin transport and action
are still lacking.

Chen et al. identified six coding variants of
MATEZ1 with five of them showing 25-100% loss of
metformin transport function in vitro [42]. How-
ever, these variants have not yet been followed up
in clinical studies. Choi et al. described five non-
coding variants in the basal promoter region of
MATE1, with the minor C-allele of the common
variant rs2252281 T>C revealing:

1. Reduced recruitment of the transcription
factor activator protein (AP) 1.

2. Concomitantly enhanced binding of the tran-
scriptional repressor AP2rep to the MATE1
promoter.

3. Consequently, diminished reporter gene ex-
pression [43].

In line with this finding, the authors also re-
ported reduced MATE1 expression in 38 human
kidney samples, suggesting that the minor C-allele
is associated with reduced metformin excretion.
After short-term application of metformin in 57
healthy volunteers, Stocker et al. demonstrated
that homozygous rs2252281 C-allele carriers ex-
perience stronger reductions in plasma glucose
during OGTT than heterozygous and homozygous
carriers of the major T-allele, suggesting an en-
hanced metformin treatment response in C-allele
carriers, possibly due to attenuated metformin
elimination [44]. Even though the authors could
not detect any effect of the variant on metformin
pharmacokinetics, they described a stronger
HbAlc-reducing effect of metformin in 249 homo-
zygous C-allele carriers on metformin monother-
apy than in the reference group. In the Rotterdam
study, Becker et al. performed a tagging SNP ap-
proach, and identified only one SNP in the MATEL1
gene, i.e., rs2289669 G>A in intron 10, which was
associated with the response to metformin in 116
incident users of the drug; each minor A-allele en-
hanced the HblAc reduction by 0.30% [45]. This
was recently confirmed in a study including 148
drug-naive patients with type 2 diabetes [46],
where patients homozygous for the A-allele dis-
played twofold stronger reductions in HbAlc than
patients carrying the major G-allele. A concordant
effect was seen in 220 Chinese type 2 diabetic pa-
tients who were treated with metformin for one
year. Pharmacokinetic parameters indicated that
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homozygous A-allele carriers had higher plasma
concentrations and lower renal clearance of met-
formin than the reference group [47]. Of note,
rs8065082 C>T in intron 12 of the MATE1 gene,
which is in 80% linkage with rs2289669, also
showed nominally significant association with
metformin action in the DPP [5]. In the SDDS
however, neither rs2289669 nor the promoter
variant rs2252281 affected trough steady-state
metformin concentrations or metformin-induced
reductions in HbAlc [17].

Choi et al. also screened the MATE?2 gene, and
identified four coding variants, two of which dis-
played lower MATE2-K protein expression and re-
duced metformin transport function upon transfec-
tion in HEK?293 cells [48]. For MATEZ2, two splice
variants, MATE2-K and MATE2-B, have been
identified, with MATE2-K being the only MATE2
protein for which transport activity has been ex-
perimentally shown to date [49]. Again, these vari-
ants still lack clinical assessment. The authors
have described additional variants in the basal
promoter region, with carriers of the minor A-
allele of the common variant rs12943590 G>A be-
ing associated with reduced binding of the tran-
scriptional repressor myeloid zinc finger 1 (MZF1)
to the promoter, and consequently increased re-
porter gene expression. Therefore, it was supposed
that A-allele carriers have higher renal MATE2-K
expression, and as a result higher metformin ex-
cretion. Choi et al. studied 253 diabetic patients on
metformin monotherapy, and demonstrated that
patients homozygous for the A-allele had a signifi-
cantly weaker response to metformin treatment
with respect to the drop in HbAlc than carriers of
the reference G-allele [48]. As expected from these
data, Stocker et al. finally reported higher renal
metformin clearance and higher glucose levels dur-
ing OGTT in volunteers carrying the rs12943590
A-allele [44].

As the combined effects of genetic variants in
OCT and MATE transporters in an individual pa-
tient may result in a more significant alteration of
metformin drug disposition and potential conse-
guences on treatment response, as suggested by
Christensen et al., future clinical studies are re-
quired to clarify comprehensively the gene-gene
interactions [50]. In the SDDS, Christensen et al.
investigated tagging SNPs of the ENT4 (aka

plasma membrane monoamine transporter
(PMAT)) gene, and identified five non-coding
SNPs, i.e., rs2685753 A>G, rs3889348 C>T,

rs4720572 T>C, rs4299914 G>A, and rs6971788
T>A, which were associated with trough steady-
state metformin concentration when major allele
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carriers were compared with heterozygous and
homozygous variant allele carriers combined
(dominant inheritance model) [17]. Being associ-
ated with lower metformin concentrations in blood,
the variant alleles are suggested to impair entero-
cytic metformin uptake, possibly via reduced
ENT4 expression. Functional studies are required
to confirm this suggestion.

Another level of complexity derives from varia-
tion in genes encoding transcription factors that
control transporter gene expression. For instance,
it is known that:

The transcription factors peroxisome prolif-
erator-activated receptor « (PPAR«) and
hepatocyte nuclear factor (HNF) 4A control
the expression of OCT1 [51-53].

The transcription factor specificity protein 1
(SP1) controls the expression of OCT3 and
MATEL1 [54, 55].

The transcription factor AP2 controls the
expression of MATEL1 [43].

Goswami et al. were the first to test SNPs in
transcription factor genes for association with met-
formin treatment response [56]. Among 40 pre-
dominantly non-coding SNPs which were associ-
ated with treatment HbA1c levels in 440 patients,
five SP1 variants and one AP2 variant were con-
comitantly associated with metformin secretory
clearance in 57 healthy volunteers. Seventeen
PPAR« variants and six HNF4A variants were as-
sociated with treatment HbAlc only. Certainly,
these very recent findings open up a new field of
pharmacogenetic investigation.

Regarding genes related to the current knowl-
edge about the pharmacodynamics of metformin,
Jablonski et al. assessed a series of SNPs in or
near the genes PRKAAl, PRKAA2, PRKABLI,
PRKAB2, PRKAG1, PRKAG2, and PRKAGS en-
coding the AMPK subunits «1, «2, 1, B2, y1, y2,
and y3, respectively [5]. Among these SNPs, the
non-coding variants PRKAAL1 rs249429 T>C,
PRKAA2 rs9803799 T>G, and PRKAB2 rs6690158
C>T revealed nominally significant interaction
with metformin with respect to protection from
diabetes progression. In the same study, nominal
associations with metformin treatment response
were reported for SNPs in the AMPK upstream
regulatory kinase serine/threonine kinase 11
(STK11, aka liver kinase Bl (LKB1); rs741765
C>T) (Figure 2), the AMPK downstream tran-
scription factors myocyte-specific enhancer factor
(MEF) 2A and MEF2D (rs4424892 A>G and
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rs6666307 A>T, respectively), and in the type 2
diabetes risk genes HNF1B (rs11868513 G>A),
HNF4A (rs11086926 T>G), ABCCS8 (rs4148609
G>A), KCNJ11 (rs7124355 G>A), GCK (rs2908289
G>A), and CAPN10 (rs3792269 A>G). Among the
aforementioned SNPs, Tkac et al. tested SNPs in
PRKAA1, STK11, HNF4A, and CAPN10 for asso-
ciation with treatment success (HbAlc <7 %) and
absolute reduction in HbAlc after six months of
metformin monotherapy in 148 drug-naive type 2
diabetes patients [57]. Only the minor G-allele car-
riers of CAPN10 SNP rs3792269 A>G showed less
treatment success and nominally smaller declines
in HbAlc than A-allele carriers. Further studies
are needed to find out how the cysteine protease
calpain 10 (encoded by the CAPN10 gene), which
was identified in the pre-GWAS era as a diabetes
risk gene affecting insulin sensitivity, fits into the
molecular pathways of metformin signaling.

A hypothesis-free, large-scale GWAS for glyce-
mic response to metformin in 1,024 patients of the
GoDARTS study, with replication in two cohorts
including 1,783 Scottish individuals and 1,113 in-
dividuals from the UK Prospective Diabetes Study
(UKPDS), revealed 14 SNPs in a 340-kb linkage
block, spanning the Ataxia Telangiectasia Mutated
(ATM) gene locus, to be associated with treatment
HbAlc and the ability to achieve target HbAlc (<7
%) within 18 months of metformin treatment [58].
The SNP with the strongest association in the
meta-analysis of the three studies, i.e., rs11212617
A>C, is located 43 kb downstream of the ATM gene
(more precisely in an intron of the adjacent open
reading frame C11orf65). This SNP increased the
treatment success 1.35-fold, and reduced the
treatment HbAlc concentration by 0.11% per mi-
nor C-allele. Van Leeuwen et al. replicated the ef-
fect of this SNP on the ability to reach the target
HbAlc (<7%) in a meta-analysis of three inde-
pendent study populations, the Diabetes Care Sys-
tem (DCS) West-Friesland (n = 929), the Rotter-
dam Study (n = 182), and the UK Collaborative
Atorvastatin Diabetes Study (CARDS, n = 254)
[59]. However, the study failed to show an associa-
tion with treatment HbAlc. Moreover, the SNP
was genotyped in the DPP, but no significant in-
teraction effect on diabetes prevention by met-
formin was observed [60]. In this context, a recent
study is of interest, indicating the complexity of
pharmacology and drug therapy. In this study, the
ATM inhibitor, KU-55933, was shown to inhibit
also the OCT1-mediated uptake of metformin. This
indicates that KU-55933 inhibits metformin up-
take through inhibition of OCT1 rather than ATM
[61].
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Figure 3. Pathways contributing to the pharmacodynamics of incretin mimetics and DPP4 inhibitors. Incretins are released
by specialized cells in the intestine (GLP1 by L-cells, GIP by K-cells). They enhance glucose-stimulated insulin secretion via
binding to transmembrane receptors in pancreatic -cells and, at least in part, subsequent activation of transcription factors,
such as TCF7L2 and Norl. Incretins are inactivated by DPP4 which is the target of DPP4 inhibitors. Incretin mimetics are sta-
ble incretin analogues bypassing DPP4. Abbreviations: DPP4 — dipeptidyl peptidase 4; GIP(R) — gastric inhibitory peptide (re-
ceptor); GLP1(R) — glucagon-like peptide 1 (receptor); GLUT — glucose transporter; Norl — neuron-derived orphan receptor 1;

TCF7L2 — T-cell-specific transcription factor 7-like 2.

3.2 Gene variants affecting the response to
DPP4 inhibitors

As depicted in Figure 3, the ubiquitous mem-
brane protein dipeptidyl peptidase 4 (DPP4)
cleaves and inactivates the incretin hormones glu-
cagon-like peptide 1 (GLP1) and gastric inhibitory
peptide (GIP), which are released by intestinal L-
and K-cells, respectively, in response to diet inges-
tion, and enhance glucose-stimulated insulin se-
cretion by pancreatic §-cells [62]. To increase circu-
lating levels of the insulinotropic incretins, stable
incretin  mimetics bypassing DPP4 and low-
molecular-weight inhibitors of DPP4 have recently
been developed [63]. The orally administered
DPP4 inhibitors are generally considered as well
tolerated. Interestingly, studies reported consider-
able biological variance between individuals in the
responsiveness to DPP4 inhibitors [63-65]. Even
though the reasons underlying good versus poor
response are currently unknown, these observa-
tions open the possibility of pharmacogenetic in-
teractions.

With the exception of saxagliptin, and to a
lesser extent sitagliptin as well, DPP4 inhibitors
are considered not to be biotransformed in the
liver [66]. Saxagliptin is metabolized via the cyto-
chrome P450 isoforms 3A4 and 3A5, and its main
metabolite, the primary hydroxylated form, dis-
plays twofold less DPP4-inhibitory activity than
the parent compound [66]. Several other metabo-
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lites have been documented, but most of them are
inactive [66]. Regarding the elimination of DPP4
inhibitors, renal excretion is predominant, except
for linagliptin which is mainly excreted via the bile
[67]. No pharmacogenetic studies with respect to
genes important in the pharmacokinetics of DPP4
inhibitors are reported to date.

With respect to the target of the DPP4 inhibi-
tors, we have recently studied SNP rs6741949
G>C in intron 2 of the DPP4 gene in 1,976 partici-
pants of the Tuibingen Family (TUF) study for type
2 diabetes. This study showed that carriers of the
minor C-allele had markedly reduced glucose-
induced GLP1 levels, reduced insulin secretory ca-
pacity, and increased fasting and 2-hour glucose
concentrations during an OGTT [68]. This may
point to higher DPP4 enzyme levels/activity of
variant allele carriers as compared to controls, in
particular against the background of obesity,
where DPP4 as an adipokine is already expressed
at a significantly higher level [69]. Even though
the SNP’s functionality remains to be assessed,
this genetic variant is a promising candidate for
studying the genetic basis of interindividual dif-
ferences in the response to DPP4 inhibitors.

Zimdahl et al. reported an interesting interac-
tion between the most important type 2 diabetes
gene TCF7L2, encoding T-cell-specific transcrip-
tion factor 7-like 2, and the DPP4 inhibitor lina-
gliptin [70]: pooled data from four phase-lll, pla-
cebo-controlled trials (961 patients with type 2
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diabetes in total), where subjects received lina-
gliptin for 24 weeks, revealed that homozygous
carriers of the diabetes risk allele, the minor T-
allele of rs7903146 C>T, have an HbAlc response
reduced by 0.26% compared with homozygous C-
allele carriers. TCF7L2, a transcription factor
downstream of the GLP1 receptor, regulates im-
portant B-cells genes, such as insulin, the incretin
receptors and the prohormone convertases 1 and 2
(Figure 3) [71-73]. Therefore, the interaction be-
tween TCF7L2 and DPP4 inhibitors could indeed
represent a pharmacodynamic interaction. Re-
cently, we described another transcription factor in
the incretin pathway, i.e., neuron-derived orphan
receptor 1 (Norl), which is also an important regu-
lator of insulin gene expression and insulin secre-
tion [74] (Figure 3). A SNP located in the 3'-
flanking region of the Norl gene NR4A3, i.e.,
rs12686676 G>A, which tags a linkage block cover-
ing a large part of the second half of the gene, was
associated with insulin secretion in the TUF study
and in the Finnish Metabolic Syndrome in Men
(METSIM) study, with carriers of the major G-
allele showing decreased insulin secretion [75].
Since this SNP interacts with the TCF7L2 SNP
[74], compound carriers of the TCF7L2 T-allele
and the NR4A3 G-allele could represent a sub-
group of individuals displaying a markedly lower
response to DPP4 inhibitors or incretin mimetics.
This hypothesis is currently under investigation.

A genomic locus not formerly known to interact
with the incretin pathway is the CTRB1/CTRB2
locus, harboring the chymotrypsinogen B1 and B2
genes. Using oligonucleotide arrays, depicting
roughly 200,000 SNPs of interest for metabolic and
atherosclerotic/cardiovascular disease traits (Me-
tabochips), ‘t Hart et al. identified a non-coding
SNP located between CTRB1 and CTRB2, i.e,
rs7202877 T>G, that was associated with GLP1-
induced insulin secretion during hyperglycemic
clamp in 232 non-diabetic subjects [76]. In the
DCS West-Friesland and the GoDARTS study, the
authors demonstrated that patients carrying the
minor G-allele had an HbAlc response to DPP4
inhibitor treatment reduced by 0.5%. Interestingly,
there was no interaction with incretin mimetics.
Finally, the G-allele was associated with higher
chymotrypsinogen B1 and B2 expression in 35
whole pancreata and in 45 human islet samples.

3.3 Gene variants affecting the response to
SGLT2 inhibitors

SGLT?2 inhibitors represent the latest achieve-
ment in the field of type 2 diabetes therapy. Orally
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administered, they selectively inhibit SGLT2, the
transporter responsible for 80-90% of glucose reab-
sorption in the kidney [77]. Thus, SGLT2 inhibi-
tion directly results in glucose excretion into urine
and subsequently in reduction of plasma glucose
concentrations [78].

Approximately 40% of administered canagli-
flozin is excreted unmetabolized into feces [79]. A
minor part of canagliflozin is metabolized via glu-
curonidation to two pharmacologically inactive
metabolites which are excreted into urine [79].
About seven percent of canagliflozin is metabolized
by the cytochrome P450 isoform 3A4 [80]. Dapagli-
flozin is predominantly metabolized by glucuroni-
dation, and its major metabolite is inactive and
eliminated via renal excretion [80]. The pharma-
cokinetics of empagliflozin is still insufficiently re-
ported. Pharmacogenetic studies investigating the
impact of genetic variants in transporters and me-
tabolizing enzymes on the anti-diabetic action of
DPP4 inhibitors are currently lacking.

Regarding pharmacodynamics, Enigk et al.
used a tagging SNP approach to assess the effect
of common genetic variation in the SLC5A2 gene
that encodes the drug target SGLT2 on type 2 dia-
betes and metabolic traits in two populations,
Sorbs and participants of the Metabolic Syndrome
Berlin Potsdam (MeSyBePo) study [81]. Upon
meta-analysis of the data from non-diabetic indi-
viduals (n = 2,590), the authors found that carriers
of the minor A-allele of the non-coding SNP
rs9934336 G>A exhibit nominally lower 2-hour in-
sulin concentrations during OGTT than major G-
allele carriers. How this finding is related to
SGLT2 function remains to be established; all the
more so as the authors did not measure urinary
glucose excretion. Nevertheless, SGLT2 is an at-
tractive candidate for pharmacogenetic investiga-
tions, and initial studies testing the importance of
SGLT2 SNPs for the efficacy of SGLT2 inhibitors
are currently underway.

4. Clinical relevance of pharmacoge-
netic knowledge today

The efforts in genetics over the last two decades
have markedly improved our understanding of the
complex molecular network underlying the patho-
physiology of type 2 diabetes. The clinical rele-
vance of this knowledge is however severely lim-
ited by the observation that the sum of all diabetes
risk alleles identified so far does not substantially
contribute to the prediction of diabetes incidence
or explain a relevant proportion of disease inheri-
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tance [4]. Therefore, we are currently a long way
from a customized SNP array that predicts the in-
dividual diabetes risk in a clinically meaningful
way.

Pharmacogenetics is a rather novel field in dia-
betes research, and does not a priori consider the
known diabetes risk genes, but rather focuses on
genes contributing to the pharmacokinetics and
pharmacodynamics of anti-diabetic drugs [82].
Apart from the candidate gene approach, a first
hypothesis-free GWAS approach was successful in
identifying a previously unknown drug interaction
partner, the ATM gene [58]. Both pharmacokinet-
ics and pharmacodynamics will certainly provide
novel and interesting information about pharma-
cogenetic interactions in the years to come. At the
current, very early stage of pharmacogenetic in-
vestigations however, we experience several limi-
tations:

1. Functional variants, in particular those
leading to non-conservative amino acid ex-
changes, which are supposed to have the
largest effect size, are usually non-frequent
or even rare and need to be identified.

2. Variants identified by GWAS or tagging
SNP approaches are usually more common,
but have small effect sizes, and are non-
coding with no proven functionality, requir-
ing a subsequent systematic resequencing
approach.

3. Many of the findings reported to date have
not yet been replicated, or replication has
even failed, possibly because of confounders
such as non-genetic factors (e.g., age, body

composition, dietary habits, background
medication, renal function) and epigenetic
alterations  (e.g., DNA  methylation,
mMiRNAS).

4. Studies addressing the positive predictive
value and the penetrance of the tested vari-
ants are still lacking. Therefore, genetic test-
ing has currently not yet been included in
national guidelines for the treatment of type
2 diabetes.

How can these problems be overcome if we be-
lieve in pharmacogenetics as an important under-
lying cause of inadequate treatment response, non-

response, or even adverse drug reactions? Possibly,
novel ‘omics’ methodologies, such as whole-genome
sequencing, epigenomics, and metabolomics, and
subsequent systems biology analysis strategies,
including computational modeling [83], will help
identify true causal variants. Of note, a very re-
cent publication reports on a promising novel, and
even cost-effective approach, i.e., methyl-C capture
sequencing (MCC-Seq), for sequencing of func-
tional methylomes, while simultaneously provid-
ing information about genetic variation [84].

For successful replication, standardized large-
scale studies with comprehensive DNA sampling
and comprehensive phenotypic characterization of
patients, as already performed by some pharma-
ceutical companies, should become state-of-the-art
for pharmacogenetics in type 2 diabetes research.
Finally, prediction modeling including all causal
variants in genes known to affect the pharmacoki-
netics and pharmacodynamics of a drug, but also
other confounding factors (as excellently proven by
the warfarin dosing algorithm, http://www.
warfarindosing.org/Source/Home.aspx), will help
to improve the clinical relevance of pharmacoge-
netic findings, and establish genetically deter-
mined treatment failure.

Thus, implementation of precision medicine in-
cluding pharmacogenetic information is still chal-
lenging. Independently of all the issues mentioned
above, aspects related to the education and train-
ing of clinicians need to be considered more appro-
priately. The correct interpretation of pharmaco-
genetic test results and subsequent dosing recom-
mendations based on pharmacogenetic information
require international standards and international
pharmacogenetic networks (e.g., CPIC — Clinical
Pharmacogenetics Implementation Consortium;
https://www.pharmgkb.org/page/cpic; [85]). In this
context, a major initiative in the United States,
the Electronic and Medical Records and Genomics
(eMERGE) network, aims to promote the imple-
mentation of personalized drug therapy by the use
of electronic medical records and biobanks as op-
timal tools for the integration of genome and phe-
notype data [86]. Thus, major efforts are required
in the future.
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