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Abstract

Aims Modulation of dopamine receptor D2 (DRD2) activity affects insulin secretion in both rodents and isolated
pancreatic B-cells. We hypothesized that single nucleotide polymorphisms in the DRD2/ANKK1 locus may affect
susceptibility to Type 2 diabetes in humans.

Methods Four potentially functional variants in the coding region of the DRD2/ANKK1 locus (rs1079597, rs6275,
rs6277,rs1800497) were genotyped and analysed for Type 2 diabetes susceptibility in up to 25 000 people (8148 with Type
2 diabetes and 17687 control subjects) from two large independent Dutch cohorts and one Danish cohort. In addition, 340
Dutch subjects underwent a 2-h hyperglycaemic clamp to investigate insulin secretion. Since sexual dimorphic associations
related to DRD2 polymorphisms have been previously reported, we also performed a gender-stratified analysis.

Results rs1800497 at the DRD2/ANKK]1 locus was associated with a significantly increased risk for Type 2 diabetes in
women (odds ratio 1.14 (1.06-1.23); P = 4.1*10™*) but not in men (odds ratio 1.00 (95% CI 0.93-1.07); P = 0.92) or
the combined group. Although rs1800497 was not associated with insulin secretion, we did find another single
nucleotide polymorphism in this locus, rs6275, to be associated with increased first-phase glucose-stimulated insulin
secretion in women (P = 5.5%10~*) but again not in men (P = 0.34).

Conclusion The present data identify DRD2/ANKKI as a potential sex-specific Type 2 diabetes susceptibility gene.
Diabet. Med. 31, 1001-1008 (2014)

Introduction

Pancreatic B-cell dysfunction is one of the major determi-
nants in the pathogenesis of Type 2 diabetes [1]. In response

to glucose, insulin is released by the B-cells in a biphasic
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What’s new?

* The rs1800497 single nucleotide polymorphism at the
DRD2/ANKK1 locus was associated with a signifi-
cantly increased risk for Type 2 diabetes in women but
not in men.

e The rs6275 single nucleotide polymorphism in the
DRD2 gene is associated with increased first-phase
glucose-stimulated insulin secretion in women only.

e Our data identify DRD2/ANKK1 as a potential
sex-specific Type 2 diabetes susceptibility gene.

fashion consisting of a rapid and transient first-phase
followed by a sustained second phase [2]. The molecular
events linking glucose metabolism to insulin secretion
involve the so-called triggering and metabolic amplifying
pathways which interact to achieve temporal control and
amplitude modulation of insulin secretion [3]. An early sign
of Type 2 diabetes is the loss of first-phase glucose-stimulated
insulin secretion and reduction of second-phase release [4].
Dopamine is one of the major neurotransmitters in the
brain and controls a variety of key functions, such as
cognition, feeding behaviour, motor control and secretion of
various endocrine hormones [5]. The dopaminergic system is
also involved in both central and peripheral regulation of
whole-body fuel and energy homeostasis [6]. Alterations of
this central regulatory pathway have been reported in
insulin-resistant rodent models [7,8] and patients with Type
2 diabetes [9]. Dopamine signalling is mediated by two
different G-protein-coupled receptor subtypes belonging to
D1-like (D1 and DS) and D2-like (D2, D3 and D4) families
[5]. Interestingly, it has been shown that all of these receptors
are expressed in pancreatic B-cells, suggesting that some of
this glucose-stimulated insulin secretion could be involved in
the regulation of insulin secretion [10]. Accordingly, dopa-
mine, as well as various dopamine receptor D2 (DRD2)
agonists such as quinpirole and bromocriptine, inhibits
insulin secretion in both B-cell lines and isolated islets from
rodents [10,11]. In addition, a time-release form of bromo-
criptine was recently approved for the treatment of Type 2
diabetes [12], suggesting that DRD2 might be involved in the
regulation of key metabolic processes, although the exact
mechanism of action remains unclear. Furthermore,
siRNA-mediated knockdown of DRD2, but not of the other
dopamine receptor subtypes, affects glucose-stimulated insu-
lin secretion in insulin-secreting INS-1E cells [13]. Finally, it
has been reported recently that whole-body knockdown of
DRD2 in mice impairs insulin secretion and glucose homeo-
stasis [14], supporting the concept that DRD2 might play a
role in the regulation of glucose-stimulated insulin secretion.
The above findings led us to hypothesize that gene variants
in the DRD2/ankyrin repeat and kinase domain containing 1
(ANKK1) locus might affect glucose-stimulated insulin
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secretion and Type 2 diabetes susceptibility in humans.
Although associations between DRD2 gene polymorphisms
and cognitive behaviours, such as smoking addiction, alcohol
dependence and depression, have been intensively investi-
gated [15], there are, to our knowledge, no data available on
the relationship between DRD2 variants, glucose-stimulated
insulin secretion and Type 2 diabetes. The gene variants
examined in the present study were in the coding regions of
the DRD2 gene or the nearby ANKK1 gene (Taqla variant,
rs1800497) and were selected according to previous studies,
which have linked them to phenotypes involving the dopa-
mine system, such as tobacco and alcohol abuse [15]. For
some of these single nucleotide polymorphisms (SNPs), in
vivo or in vitro studies support a functional role in dopamine
receptor signalling. For instance, the rs6277 SNP (Pro319Pro)
in exon 7 was found to be associated with alterations of
mRNA folding and stability, and decreased translation of the
protein [16], whereas the rs1800497 SNP, although located in
the ANKK1 gene, has been associated with a reduced DRD2
receptor density [17]. Furthermore, the rs1079597 SNP in
intron 6 affects splicing of DRD2 mRNA, leading to a shift in
equilibrium between long and short isoforms of the protein
[18]. rs6275 was included as a proxy for rs6276, rs6279 (both
in the 3’untranslated region of DRD2) and rs4938016
(ANKK1, G442R) (D’=1; r* > 0.89), which have been pre-
viously reported in the literature to be associated with various
phenotypes, but await proof of functionality [19].

The main objectives of the present study were, therefore, to
investigate the effects of these potentially functional SNPs in
the coding region of the DRD2/ANKK1 locus on Type 2
diabetes susceptibility. As sexual dimorphic associations
related to DRD2 polymorphisms have been reported previ-
ously [20-23], we also performed a gender-stratified analysis.
Furthermore, we investigated their effect on first- and
second-phase glucose-stimulated insulin secretion in a Dutch
cohort subjected to a standardized hyperglycaemic clamp.

Association study

To test the effect of the DRD2 gene on Type 2 diabetes
susceptibility, data from one discovery and two replication
cohorts were used. For the discovery cohort we used
participants from the New Hoorn Study, a population-based
study in the West-Friesland region of the Netherlands which
aims to identify risk factors for Type 2 diabetes. Details have
been described previously [24]. The definition of glucose
tolerance status in the New Hoorn Study cohort was based
on WHO criteria after a fasting oral glucose tolerance test. In
addition, known diabetes was defined as the use of insulin or
oral glucose-lowering agents and (self-)reported known
diabetes. We randomly selected 2103 people (163 with Type
2 diabetes and 1940 with normal glucose tolerance, age
53 + 7 years, BMI 25.6 + 3.6 kg/m” (SD), 45% men) from
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the New Hoorn Study. Furthermore, we randomly selected
3062 people with Type 2 diabetes from the West-Friesland
Diabetes Care System (age 64 + 11 years, BMI 30.1 + 5.3
kg/m?* (SD), 56% men). The West-Friesland Diabetes Care
System provides diabetes care to people with Type 2 diabetes
living in the same geographical region of the Netherlands
[25]. In short, each patient visits the diabetes research centre
annually for a physical examination and nutritional advice,
and is invited for follow-up visits when necessary.

For the replication studies, we used two different cohorts,
one from the Netherlands and one from Denmark. The
people in the first replication cohort (1398 with Type 2
diabetes and 10761 with normal glucose tolerance) were
participants in the Hoorn Study, the Leiden Longevity Study,
the Rotterdam Study and the Netherlands Twin Register/the
Netherlands Study of Depression and Anxiety cohorts in the
Netherlands. The second replication cohort included a total
of 3525 people with Type 2 diabetes and 4986 people with
normal glucose tolerance from the Copenhagen area in
Denmark. Clinical characteristics and details of criteria used
to define Type 2 diabetes in the replication cohorts are
provided in the online Supporting Information.

Hyperglycaemic clamp

The present study includes 340 subjects originating from
three independent studies from the Netherlands who all
underwent a 2-h hyperglycaemic clamp procedure at
10 mmol/l glucose as previously described [26]. Briefly, after
an initial priming infusion of glucose, blood glucose levels
were measured with a glucose analyser and kept constant at
10 mmol/l during the whole clamp procedure [26]. Insulin
levels were measured with immunoassays. Both glucose and
insulin levels were measured at 2.5 min (first 10 min of the
procedure) or 10-20-min intervals (subsequent 10-120 min
of the procedure). First-phase glucose-stimulated insulin
secretion was calculated as the sum of the insulin levels
during the first 10 min of the clamp procedure. Second-phase
glucose-stimulated insulin secretion was calculated as the
mean insulin level for the last 40 min (80-120 min). The
insulin sensitivity index was calculated by dividing the
glucose infusion rate (M in pmol/min/kg) by the mean
plasma insulin level during the last 40 min of the clamp
procedure (insulin, pmol/l). The disposition index was
computed as the product of first-phase insulin secretion and
insulin sensitivity index. Details of the three studies have
been described previously [26]. In short, 139 people partic-
ipated in the New Hoorn Study (all with impaired glucose
tolerance), 78 people (66 with normal glucose tolerance and
12 with impaired glucose tolerance) were participants in a
study in the University Medical Center Utrecht and 123
people (116 with normal glucose tolerance and seven with
impaired glucose tolerance) were recruited by the Nether-
lands Twin Register. The Netherlands Twin Register sample
includes 66 monozygotic and 28 dizygotic twins, and 29 of

© 2014 The Authors.
Diabetic Medicine © 2014 Diabetes UK

DIABETICMedicine

their non-twin siblings recruited from 50 families. The
clinical characteristics of the study participants are given in
Table S1.

Informed consent was given by participants in all studies
and the studies were conducted in accordance to the
principles of the Helsinki declaration and were approved
by the local medical ethics committees.

Genotyping

Four SNPs in the DRD2 locus were genotyped: rs1079597
(in high linkage disequilibrium (r* = 1.0, Hapmap CEU,
www.hapmap.org) with rs1076560), rs6275 (H313H),
rs6277 (P319P) and rs1800497 (ANKK1, E713K). The latter
SNP, also known as the TaqlA polymorphism, was previ-
ously mapped to the DRD2 locus but, more recently, it
appeared that this SNP is actually located in the ANKK1
gene, 10 kb downstream of the DRD2 gene. SNPs were
genotyped using either Sequenom MassARRAY technology
(rs6275 and rs1800497 in the cohort who underwent
hyperglycaemic clamp; Sequenom Inc., San Diego, CA,
USA), Tagman SNP genotyping assays (Life Technologies,
Bleiswijk, The Netherlands) or KASPar chemistry (KBio-
sciences, Hoddeston, UK). Duplicate samples (~5%) revealed
no genotyping errors, genotyping success rates were all >
99% and there were no deviations from Hardy—Weinberg
equilibrium. Furthermore, we did not detect any genotype
errors when results from different platforms were compared.
The four SNPs studied in the present study are only in
moderate linkage (r* < 0.69) with each other based on the
Hapmap data for Europeans. Three of them (rs6275, rs6277
and rs1079597) are located within a single linkage disequi-
librium block whereas rs1800497 is located in another block.

Statistics

Genotype and allele frequencies in healthy individuals and
people with Type 2 diabetes were compared using
chi-squared tests assuming additive models. Logistic regres-
sion was used to calculate odds ratios (ORs) with 95% Cls.
Comprehensive  META-ANALYSIS ~ v2  software  (www.
meta-analysis.com) was used for meta-analysis of the case—
control studies using a fixed-effects model. ANOVA was used to
compare anthropometric variables. Linear regression analysis
assuming additive models was used to compare measures of
B-cell function between different genotypes, unless otherwise
stated. All B-cell measures were log transformed before
analysis for normalization. To take into account family
relatedness (in the twin sample), empirical standard errors
were used (using generalized estimating equations). The
analyses of first- and second-phase glucose-stimulated insulin
secretion were adjusted for age, sex, BMI, study centre,
glucose tolerance status (normal glucose tolerance/impaired
glucose tolerance) and insulin sensitivity index. For the

analysis of insulin sensitivity index and disposition index,
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insulin sensitivity index was removed from the covariates. An
a priori power calculation showed that we had at least 80%
power (o = 0.05) to detect a difference in first- or second-
phase insulin secretion of ~15-20% (depending on allele
frequency). Data in the discovery phase of the study were
corrected for eight tests (four SNPs and two genders) and
P <6.3*107% (0.05/8) was regarded significant. For the
replication phase and the sex interaction, P values between
0.05 and 6.3*10 2 were regarded as nominally significant.
For all statistical analyses spss version 20.0 software (SPSS,
Chicago, II, USA) was used, unless otherwise stated.

All genotyped SNPs were in Hardy—Weinberg equilibrium
(P> 0.05) and minor allele frequencies were similar to
previously reported allele frequencies in Caucasian popula-
tions.

We first tested whether the variants affected Type 2
diabetes susceptibility. In our discovery case—control cohort
we compared allele and genotype frequencies between 3225
cases and 1940 controls. In the cohort as a whole we did not
observe significant associations (data not shown). As sexual
dimorphic associations related to DRD2 polymorphisms
have been previously reported [20-23], we tested for a
genotype X sex interaction on diabetes risk and found that it
was nominally significant for rs1800497 (P = 0.02). We next
repeated the analysis for men and women separately and
identified a borderline significant association between
rs1800497 and Type 2 diabetes in women (OR 1.22, 95%
CI 1.06-1.40; P = 7.0¥10~%) but not in men (OR 0.94, 95%
CI 0.81-1.09; P = 0.40; Table 1). In the next step, we
expanded our study with two replication panels comprising a
Dutch (replication 1, 7 =12159) and a Danish cohort
(replication 2, n = 8511; Table 1). In the Dutch replication
cohort, the minor allele (T) of rs1800497 was nominally
associated with higher risk of Type 2 diabetes in women (OR
1.14, 95% CI 1.00-1.30; P = 0.046) but not in men. Results
from the Danish replication cohort did not reach statistical
significance; however, the direction and size of the effect in
women was similar to that in the Dutch populations (OR
1.10, 95% CI 0.98-1.23), P = 0.12) without any effect in
men (Table 1).

After a test for homogeneity, which did not reveal
significant (P>0.5), we
meta-analysis with fixed effects of all available data which
led to a summary OR for rs1800497 of 1.14 (95% CI 1.06—
1.23); P = 4.1¥10~%) in women but no significant effect in
men (OR 1.00, 95% CI 0.93-1.07; P = 0.92; Table 1).
Notably, we also found a similar trend towards significance

heterogeneity performed a

for rs1079597 which is in moderate linkage disequilibrium
with rs1800497 (12 = 0.69; P = 0.048) in women (Table 1).
None of the other SNPs were associated with Type 2 diabetes
risk after meta-analysis of the discovery and replication
cohorts. We also explored genome-wide association study
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Meta-analysis

Replication 2
MAF

Replication 1

MAF

Discovery

MAF

OR (95% CI)

OR (95% CI)

OR (95% CI)

OR (95% CI)

Alleles

Sex

SNP

0.94
1.09
1.00
1.03
0.96
1.06
1.00
1.14

0.81
0.17
0.17
0.49
0.12
0.073
0.88
0.12

0.91-1.12)
0.98-1.23)

0.99
1.09
0.94
1.04
0.94
1.09
1.01
1.10

0.15
0.15
0.31
0.31
0.46
0.47
0.19
0.20

0.12
0.68
0.035
0.74
0.80
0.82
0.55
0.046

0.87
1.03
1.15
1.02
1.02
0.99
1.05
1.14

0.14
0.15
0.31
0.30
0.45
0.46
0.19
0.19

0.26
0.10
0.97
0.79
0.64
0.18
0.40
7.0%107

0.91
1.15
1.00
1.02
0.97
1.08
0.94
1.22

G/A 0.14
0.14
C/IT 0.31
0.30
C/T 0.45
0.45
C/IT 0.20
0.20

Men
‘Women
Men
‘Women
Men
Women
Men
‘Women

rs1079597
rs1800487

1$6275
156277
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The major allele at each SNP is depicted in bold. MAF in discovery cohort. Data are presented as allelic ORs for the minor allele.

SNP, single nucleotide polymophism; MAF, minor allele frequency; OR, odds ratio.
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data from the Diabetes Genetics Replication and Meta-analy-
sis (DIAGRAM) consortium (9580 cases and 53810 controls)
and, as evidenced in the present study, they did not show a
significant association between our DRD2 SNPs and Type 2
diabetes susceptibility in a joint analysis of men and women
(rs1800497 [OR 1.03, 95% CI 0.99-1.08; P = 0.14];
rs1079597 [OR 1.02, 95% CI 0.97-1.07; P = 0.41]; rs6275
[OR 1.02,95% CI10.98-1.06, P = 0.32]); however, sex-strat-
ified analysis were unfortunately not publicly available
(www.diagram-consortium.org).

We next analysed whether the SNPs studied were associ-
ated with measures of B-cell function assessed using the ‘gold
standard’ hyperglycaemic clamp technique. After correction
for multiple hypothesis testing, none of the SNPs were
associated with B-cell function (Table S3). Given the
sex-specific association with Type 2 diabetes susceptibility,
we repeated the analysis in men and women separately and
found gender-specific differences in insulin response
(Table 2). Although rs1800497 was not associated with
glucose-stimulated insulin secretion, we did find a significant
association between rs6275 and first-phase glucose-stimu-
lated insulin secretion in women (P = 5.5%¥10) but, again,
not in men (P = 0.34, Table 2). Furthermore there were no
significant effects on insulin sensitivity or the disposition
index (Table 2).

In the present study we report that genetic variation in the
coding region of the DRD2 locus is associated with increased
susceptibility to Type 2 diabetes in women but not in men,
which might be mediated via alterations in glucose-stimu-
lated insulin secretion.

Numerous SNPs within both coding and non-coding regions
of the human DRD2 gene have been described [15]. The gene
variants examined in the present study were in the coding
regions of the DRD2 gene or the nearby ANKK1 gene (Taqla
variant, rs1800497) and were selected according to previous
studies which have linked them to phenotypes involving the
dopamine system, such as tobacco and alcohol abuse [15]. For
most of these SNPs, in vivo or in vitro studies support a
functional role in dopamine receptor signalling [16-18].

Our most important finding was that, after sex stratifica-
tion, the rs1800497 variant was associated with a higher risk
of developing Type 2 diabetes only in women. One of the
possible mechanisms whereby this SNP might increase risk of
Type 2 diabetes could be impairment of DRD2 signal
transduction in pancreatic B cells. Rubi et al. [10] have
shown that dopamine receptors, including DRD2, are widely
expressed in human pancreatic B cells and that both
dopamine and selective DRD2 agonists inhibited glu-
cose-stimulated insulin secretion [10]; however, our genetic
study in people without diabetes who underwent a hyper-
glycaemic clamp procedure did not reveal significant associ-
ations between this SNP and B-cell function; this might be

© 2014 The Authors.
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attributable to the relatively low a priori power. Further-
more, we and others have also shown previously that genetic
effects in people without diabetes may also be overridden by
other factors upon development of Type 2 diabetes [27,28].
This might also explain why women carriers of the rs6275
variant do not have an altered risk of Type 2 diabetes.
Another explanation for the
rs1800497 and Type 2 diabetes but lack of an association
with insulin secretion might be that the association is driven

association between

by either peripheral or central nervous system-driven effects,
independently of modulation of insulin secretion. Indeed,
central DRD2 activation by the synthetic dopamine agonist
bromocriptine decreases hepatic glucose production and
improves insulin sensitivity [29], suggesting that lack of
functional DRD2 in specific hypothalamic area(s) would
impair dopamine-mediated regulation of hepatic glucose
production and whole-body metabolic homeostasis. Interest-
ingly, although its exact molecular mechanism of action
remains unknown to date, a timed-release form of bromo-
criptine has been recently approved by the U.S. Food and
Drug Administration for the treatment of Type 2 diabetes
[12]. Taken together, this indicates that central and/or
peripheral DRD2 constitutes a potential drug target for
treating metabolic disorders associated with Type 2 diabetes.
It is worth mentioning that, wherever the drug acts, DRD2
polymorphisms might therefore affect an individual patient’s
response to bromocriptine treatment. Future research exam-
ining DRD2 polymorphisms in relation to sex-specific
treatment success would then be interesting.

Notably, as mentioned above, rs1800497 was found to
belong to the DRD2 neighbouring gene ANKK1, coding for
a serine/threonine kinase with unclear function [30]. It is
therefore possible that alteration of the signal transduction
mediated by this kinase might play a role in the pathophys-
iology of Type 2 diabetes. Further studies on the sex-specific
function(s) of ANKK1, especially in metabolic tissues, are
required for clarifying this point. Finally, it has been recently
reported that rs1800497 is also associated with hypersensi-
tivity to reward and increased risk for binge eating disorders
[31], suggesting that this polymorphism might also foster
overeating and promote the development of obesity and Type
2 diabetes.

In the present study, B-cell function and Type 2 diabetes
susceptibility are both affected by DRD2 variants in a
sex-specific manner, suggesting that the effects of this gene
are under the influence of as yet unknown sex-specific factors.
Although not common, other traits also show sexual dimor-
phism in relation to genetic susceptibility [32,33]. Nonethe-
less, it remains to be elucidated how sex-specific factors affect
the influence of DRD2/ANKK1 gene polymorphisms on
insulin secretion and Type 2 diabetes susceptibility.

Although our well-controlled hyperglycaemic clamp study
is by far the largest available of its kind, it is still relatively
small and thus underpowered to detect small effects on B-cell
function while the chance of false-positive findings is also
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enhanced. Furthermore, due to its uniqueness it is, to our best
knowledge, impossible to find comparable, sufficiently sized
replication cohorts. Finally, we have only tested four known
variants in the DRD2/ANKKT1 locus and much larger studies
would therefore be needed for replication and thorough
investigation of the whole DRD2 locus to identify causal
variants and to establish its effects on B-cell function and
Type 2 diabetes susceptibility in men and women.

In conclusion, our main finding is the demonstration that a
naturally occurring genetic variation at the DRD2/ANKK1
locus (rs1800497) is associated with Type 2 diabetes
susceptibility in a sex-specific manner.

Funding sources

This work was supported by grants from the Dutch
Diabetes Foundation (project 2002.01.005, to H.P and
2006.00.060, to L.M.’t H), TI Pharma (project T2-105, to
H.P, LM.H and J.A.R) and ZonMW Prority medicine
Elderly (grant 113102006 to L.M. ‘t H). The Novo
Nordisk Foundation Center for Basic Metabolic Research
is an independent Research Center at the University of
Copenhagen partially funded by an unrestricted donation
from the Novo Nordisk Foundation (www.metabol.ku.dk).
The study was funded by The Lundbeck Foundation
Centre of Applied Medical Genomics for Personalized
Disease Prediction, Prevention and Care (LuCAMP) and
the Danish Council for Independent Research (Medical
Sciences). The Inter99 was initiated by T.J. (PI), K.B.-].
(co-PI), H.I. and T.E.T. The steering committee comprises
the former two and Charlotta Pisinger. The study was
financially supported by research grants from the Danish
Research Council, the Danish Centre for Health Technol-
ogy Assessment, Novo Nordisk Inc., Research Foundation
of Copenhagen County, Ministry of Internal Affairs and
Health, the Danish Heart Foundation, the Danish Phar-
maceutical Association, the Augustinus Foundation, the Ib
Henriksen Foundation, the Becket Foundation and the
Danish Diabetes Association.

Competing interests

None declared.

Acknowledgments

The authors would like to thank the participants in the
present study for their cooperation.

1 Tripathy D, Chavez AO. Defects in insulin secretion and action in
the pathogenesis of type 2 diabetes mellitus. Curr Diab Rep 2010;
10: 184-191.

© 2014 The Authors.
Diabetic Medicine © 2014 Diabetes UK

DIABETICMedicine

2 Eliasson L, Abdulkader F, Braun M, Galvanovskis ], Hoppa MB,
Rorsman P. Novel aspects of the molecular mechanisms controlling
insulin secretion. | Physiol 2008; 586: 3313-3324.

3 Henquin JC. Regulation of insulin secretion: a matter of phase
control and amplitude modulation. Diabetologia 2009; 52: 739—
751.

4 Del Prato S, Marchetti P, Bonadonna RC. Phasic insulin release and
metabolic regulation in type 2 diabetes. Diabetes 2002; 51(Suppl.
1): S109-116.

5 Beaulieu JM, Gainetdinov RR. The Physiology, Signaling, and
Pharmacology of Dopamine Receptors. Pharmacol Rev 2011.

6 Berthoud HR, Morrison C. The brain, appetite, and obesity. Annu
Rev Psychol 2008; 59: 55-92.

7 Anderzhanova E, Covasa M, Hajnal A. Altered basal and stimu-

lated accumbens dopamine release in obese OLETF rats as a

function of age and diabetic status. Am | Physiol Regul Integr

Comp Physiol 2007; 293: R603-611.

Fetissov SO, Meguid MM, Sato T, Zhang LH. Expression of

dopaminergic receptors in the hypothalamus of lean and obese

Zucker rats and food intake. Am | Physiol Regul Integr Comp

Physiol 2002; 283: R905-910.

9 Barnard ND, Noble EP, Ritchie T, Cohen ], Jenkins DJ, Turn-
er-McGrievy G et al. D2 dopamine receptor Taq1A polymorphism,
body weight, and dietary intake in type 2 diabetes. Nutrition 2009;
25: 58-65.

fee)

10 Rubi B, Ljubicic S, Pournourmohammadi S, Carobbio S, Armanet

M, Bartley C et al. Dopamine D2-like receptors are expressed in
pancreatic beta cells and mediate inhibition of insulin secretion.
J Biol Chem 2005; 280: 36824-36832.

11 de Leeuw van Weenen JE, Parlevliet ET, Maechler P, Havekes LM,

Romijn JA, Ouwens DM et al. The dopamine receptor D2 agonist
bromocriptine inhibits glucose-stimulated insulin secretion by
direct activation of the alpha2-adrenergic receptors in beta cells.
Biochem Pharmacol 2010; 79:1827-1836.

12 Defronzo RA. Bromocriptine: a sympatholytic, d2-dopamine ago-

nist for the treatment of type 2 diabetes. Diabetes Care 2011; 34:
789-794.

13 Wu W, Shang ], Feng Y, Thompson CM, Horwitz S, Thompson JR

et al. Identification of glucose-dependant insulin secretion targets in
pancreatic beta cells by combining defined-mechanism compound
library screening and siRNA gene silencing. | Biomol Screen 2008;
13: 128-134.

14 Garcia-Tornadu I, Ornstein AM, Chamson-Reig A, Wheeler MB,

Hill D], Arany E et al. Disruption of the dopamine d2 receptor
impairs insulin secretion and causes glucose intolerance. Endocri-
nology 2010; 151: 1441-1450.

15 Le Foll B, Gallo A, Le Strat Y, Lu L, Gorwood P. Genetics of

dopamine receptors and drug addiction: a comprehensive review.
Behav Pharmacol 2009; 20: 1-17.

16 Duan ] Wainwright MS, Comeron JM, Saitou N, Sanders AR,

Gelernter J, et al. Synonymous mutations in the human dopamine
receptor D2 (DRD2) affect mRNA stability and synthesis of the
receptor. Hum Mol Genet 2003; 12: 205-216.

17 Ritchie T, Noble EP. Association of seven polymorphisms of the D2

dopamine receptor gene with brain receptor-binding characteris-
tics. Neurochem Res 2003; 28: 73-82.

18 Cravchik A, Sibley DR, Gejman PV. Functional analysis of the

human D2 dopamine receptor missense variants. | Biol Chem 1996;
271: 26013-26017.

19 Doehring A, Hentig N, Graff J, Salamat S, Schmidt M, Geisslinger

G et al. Genetic variants altering dopamine D2 receptor expression
or function modulate the risk of opiate addiction and the dosage
requirements of methadone substitution. Pharmacogenet Genomics
2009; 19: 407-414.

1007



DIABETICMedicine

20 Kvaloy K, Kulle B, Romundstad P, Holmen TL. Sex-specific
effects of weight-affecting gene variants in a life course perspec-
tive-The HUNT Study, Norway. Int | Obes 2013; 37: 1221-
1229.

21 Wacker J, Reuter M, Hennig J, Stemmler G. Sexually dimorphic
link between dopamine D2 receptor gene and neuroticism-anxiety.
Neuroreport 2005; 16: 611-614.

22 Montag C, Bleek B, Faber ], Reuter M. The role of the DRD2
C957T polymorphism in neuroticism in persons who stutter and
healthy controls. Neuroreport 2012; 23: 246-250.

23 Swagell CD, Lawford BR, Hughes IP, Voisey ], Feeney GF, van
Daal A et al. DRD2 C957T and TaqlA genotyping reveals gender
effects and unique low-risk and high-risk genotypes in alcohol
dependence. Alcohol and alcoholism 20125 47: 397-403.

24 van ‘t Riet E, Alssema M, Rijkelijkhuizen JM, Kostense PJ, Nijpels
G, Dekker JM. Relationship between A1C and glucose levels in the
general Dutch population: the new Hoorn study. Diabetes Care
2010; 33: 61-66.

25 Welschen L. Disease management for patients with type 2
diabetes: towards patient empowerment. Int | Integr Care 2008;
8: e69.

26 ‘t Hart LM, Simonis-Bik AM, Nijpels G, van Haeften TW, Schafer
SA, Houwing-Duistermaat JJ et al. Combined risk allele score of
eight type 2 diabetes genes is associated with reduced first-phase
glucose-stimulated insulin secretion during hyperglycemic clamps.
Diabetes 2010; 59: 287-292.

27 Heni M, Ketterer C, ‘t Hart LM, Ranta F, van Haeften TW,
Eekhoff EM et al. The impact of genetic variation in the G6PC2
gene on insulin secretion depends on glycemia. | Clin Endocrinol
Metabol 2010; 95: E479-484.

28 Dorothy McCarthy MI, Lecture Hodgkin. From hype to hope? A
journey through the genetics of Type 2 diabetes. Diabet Med 2011,
28: 132-140.

29 Luo S, Liang Y, Cincotta AH. Intracerebroventricular administra-
tion of bromocriptine ameliorates the insulin-resistant/glu-
cose-intolerant state in hamsters. Neuroendocrinology 1999; 69:
160-166.

30 Neville M]J, Johnstone EC, Walton RT. Identification and
characterization of ANKK1: a novel kinase gene closely linked
to DRD2 on chromosome band 11q23.1. Hum Mutat 2004; 23:
540-545.

31 Davis C, Levitan RD, Yilmaz Z, Kaplan AS, Carter JC, Kennedy JL.
Binge eating disorder and the dopamine D2 receptor: genotypes and
sub-phenotypes. Progress in neuro-psychopharmacology & biolog-
ical psychiatry 2012; 38: 328-335.

32 Randall JC, Winkler TW, Kutalik Z, Berndt SI, Jackson AU,
Monda KL et al. Sex-stratified genome-wide association studies

1008

DRD2 polymorphisms and Type 2 diabetes susceptibility e B. Guigas et al.

including 270,000 individuals show sexual dimorphism in genetic

loci for anthropometric traits. PLoS Genet 2013; 9: €1003500.
33 Orozco G, loannidis JP, Morris A, Zeggini E. Sex-specific differ-

ences in effect size estimates at established complex trait loci. Int |

Epidemiol 20125 41: 1376-1382.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Data S1. Description and clinical characteristics of the
replication cohorts.

Table S1. Clinical characteristics of the three hyperglycemic
clamp study samples

Table S2. Number of cases and controls genotyped for each
SNP in the T2D discovery and replication cohorts

Table S3. Insulin response according to DRD2 rs1079597,
16275, 156277, rs1800497 genotypes

Figure S1. Flow scheme describing the study design. Two
different study designs were used: one to examine glu-
cose-stimulated insulin secretion (GSIS) and the second for
investigating Type 2 diabetes susceptibility. The genetic
association study for GSIS includes Dutch subjects from the
Hoorn and Utrecht studies, and from the Netherlands Twin
Register (NTR). The discovery genetic association study for
Type 2 diabetes risk consists in a meta-analysis based on a
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