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Abstract
Aims/hypothesis Genome-wide association studies have
recently identified novel type 2 diabetes susceptibility gene
regions. We assessed the effects of six of these regions on
insulin secretion as determined by a hyperglycaemic clamp.
Methods Variants of the HHEX/IDE, CDKAL1, SLC30A8,
IGF2BP2 and CDKN2A/CDKN2B genes were genotyped in
a cohort of 146 participants with NGT and 126 with IGT
from the Netherlands and Germany, who all underwent a
hyperglycaemic clamp at 10 mmol/l glucose.
Results Variants of CDKAL1 and IGF2BP2 were associated
with reductions in first-phase insulin secretion (34% and
28%, respectively). The disposition index was also signi-
ficantly reduced. For gene regions near HHEX/IDE,

SLC30A8 and CDKN2A/CDKN2B we did not find signif-
icant associations with first-phase insulin secretion (7–18%
difference between genotypes; all p>0.3). None of the
variants showed a significant effect on second-phase insulin
secretion in our cohorts (2–8% difference between geno-
types, all p>0.3). Furthermore, the gene variants were not
associated with the insulin sensitivity index.
Conclusions Variants of CDKAL1 and IGF2BP2 attenuate
the first phase of glucose-stimulated insulin secretion but
show no effect on the second phase of insulin secretion.
Our results, based on hyperglycaemic clamps, provide
further insight into the pathogenic mechanism behind the
association of these gene variants with type 2 diabetes.

Keywords CDKAL1 . First phase insulin secretion .

Genes . Gene variants . Hyperglycaemic clamp . IGF2BP2 .

Type 2 diabetes

Abbreviations
DI disposition index
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Introduction

The field of the genetics of type 2 diabetes mellitus is
rapidly changing as a result of the discovery of a number of
novel susceptibility loci in recent genome-wide association
studies [1]. Until recently, only three confirmed genetic
susceptibility loci were known that increase the risk of
developing type 2 diabetes, i.e. TCF7L2, PPARG and
KCNJ11. These loci are now extended with at least
CDKAL1, IGF2BP2, HHEX/IDE, SLC30A8, CDKN2A/
CDKN2B and FTO [1]. Of these novel genes, FTO plays
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a role in childhood and adult obesity and the other five
regions may play a role in pancreatic beta cell development
and/or insulin secretion. Recent clinical results involving
glucose tolerance tests indeed show that these variants
affect insulin secretion, at least within the limitations of the
tests used [2–7].

We studied the effects of the strongest associated single-
nucleotide polymorphisms (SNPs) in the reported gene
regions on insulin secretion, as determined with a hyper-
glycaemic clamp. This technique is generally considered
the gold standard method of quantifying glucose-induced
insulin secretion. In contrast to the OGTT, the hyper-
glycaemic clamp allows direct quantification of the first and
second phases of glucose-induced insulin secretion and of
insulin-mediated glucose disposal under conditions of
stable hyperglycaemia (10 mmol/l glucose). An advantage
over the IVGTT is that the glucose peak reached in hyper-
glycaemic clamps does not differ between participants:
this allows better determination of second-phase insulin
secretion.

Using the hyperglycaemic clamp technique, we report
the effect of novel type 2 diabetes mellitus gene variants on
the first and second phases of glucose-stimulated insulin
secretion during stable hyperglycaemia.

Materials and methods

Participants Three independent studies from the Nether-
lands and Germany were used. The clinical characteristics
of the study groups are given in Table 1. Details of these
study groups and the clamp procedure have previously been
described by ’t Hart et al. [8]. All participants underwent a
hyperglycaemic clamp at 10 mmol/l glucose. First-phase
insulin secretion was determined as the sum of insulin
levels during the first 10 min of the clamp. Second-phase
insulin secretion was determined as the mean of the insulin
levels during the last 40 min of the clamp (80–120 min).
The insulin sensitivity index (ISI) was calculated by
relating the glucose infusion rate to the plasma insulin

concentration during the last 40 min of the clamp. The
disposition index (DI) was calculated by multiplying first-
phase insulin secretion by the ISI. It is important to quantify
insulin secretion in relation to insulin sensitivity to
accurately assess beta cell function. However, as our
methods of quantifying DI and ISI are not the gold standard
methods, our measures may be biased and could either
over- or understate the evidence for association.

Genotyping We tested the SNPs rs7754840 (CDKAL1),
rs4402960 (IGF2BP2), rs1111875 (HHEX/IDE), rs13266634
(SLC30A8), rs10811661 and rs564398 (CDKN2A/CDKN2B)
in a Taqman allelic discrimination assay (Applied Biosys-
tems, Foster City, CA, USA) according to the manufacturers’
instructions. The genotyping success rate was >98% and
duplicate samples revealed no errors.

Statistics All data are given as mean±SEM, median
(interquartile range) or estimated mean (95% CI). We
pooled data on all participants and tested the SNPs for
association with first- and second-phase insulin secretion,
ISI and DI. Variables that were not normally distributed
were log-transformed before analysis. Associations were
examined with an additive linear regression model (unad-
justed and adjusted for age, sex, study centre, glucose
tolerance status and BMI), this because genome-wide
association studies have shown that the associations of
these variants with type 2 diabetes mellitus are additive, the
only exception being CDKAL1, for which other models also
fit the data. The direction of the effects of the gene variants
on the variables we tested were not significantly different
between groups (NGT, IGT, study centres; all interaction
terms p>0.05; see Electronic supplementary material
[ESM] Tables 1–12). A priori power calculations showed
that the design used in this study would allow the detection
of a difference of between 20 and 30% in first- and second-
phase insulin secretion with 80% power (α<0.05) depend-
ing on allele frequency. Results were regarded as significant
at p<0.05. Based on the previously published effects of
these variants on type 2 diabetes susceptibility and insulin

Table 1 Clinical characteristics of the hyperglycaemic clamp cohorts

Variable the Netherlands Germany

NGT IGT NGT IGT

Number of participants (male/female) 67 (16/51) 94 (45/49) 83 (34/49) 35 (17/18)
Age (years) 45.8±6.4 57.0±7.3 36.6±12.4 45.2±13.2
BMI (kg/m2) 25.8±3.7 28.4±3.9 25.0±5.7 26.9±4.4
Fasting plasma glucose (mmol/l) 4.6±0.4 6.6±0.6 5.0±0.6 5.5±0.7
Fasting plasma insulin (pmol/l) 30 (24–42) 70 (56–99) 40 (30–60) 58 (41–97)

Data are mean±SEM or median (interquartile range)
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secretion and the consistency of the effects observed in the
individual cohorts, we did not correct for multiple hypoth-
esis testing. For all statistical analyses we used SPSS
version 14.0 software (SPSS, Chicago, IL, USA).

Results

We studied the effects of the variants on insulin secretion
with a hyperglycaemic clamp in participants with normal
(n=146) or impaired (n=126) glucose tolerance from the
Netherlands and Germany. Correction for possible con-
founders such as age, sex, BMI, study centre and glucose
tolerance status did not affect our results essentially
(Table 2). The results showed significantly reduced first-
phase insulin secretion in the CDKAL1 and IGF2BP2
variants (padj=0.01 and padj=0.05, respectively; Table 2).
The DI was also significantly reduced (padj=0.01 and padj=
0.02, respectively). These variants showed however no
significant effect on second-phase insulin secretion (Table 2).
Analysis of CDKAL1 with a recessive model showed a
better fit to our data (prec=0.002) and showed a 34%
reduction in first-phase insulin secretion in homozygous
carriers of the risk alleles compared with the other
genotypes (Table 2, ESM Fig. 1). For IGF2BP2 the
reduction in first-phase insulin secretion was 9% and 28%
for heterozygous and homozygous carriers of the risk
alleles respectively (Table 2, ESM Fig. 1). For the HHEX/
IDE, SLC30A8 and CDKN2A/CDKN2B variants we did not
find significant differences in insulin secretion between the
different genotypes (Table 2, ESM Fig. 1). None of the
SNPs was associated with ISI in our cohorts.

Discussion

We examined the effects of novel type 2 diabetes genetic
variants on glucose-induced insulin secretion assessed with
a hyperglycaemic clamp. We observed that the variants in
CDKAL1 and IGF2BP2 were associated with reduced first-
phase insulin secretion. Remarkably, second-phase insulin
secretion remained intact.

Previously, several studies have investigated the effects
of novel susceptibility loci on insulin secretion as assessed
by the OGTT [2–4, 6, 7] or IVGTT [2, 4–6]. These studies
reported that these gene variants were associated with
reduced insulin secretion but not with insulin sensitivity.
However, variable results have been published for some of
the genes, e.g. IGF2BP2, HHEX/IDE, SLC30A8 and
CDKN2A/CDKN2B. Our data, using the gold standard for
measuring insulin secretion, show that variants of CDKAL1
and IGF2BP2 affect first-phase insulin secretion and DI,
but not second-phase insulin secretion. A reduced DI

reflects the failing adaptive capacity of pancreatic beta
cells to a reduction in insulin sensitivity.

The results for IGF2BP2 agree with the results found by
Grarup et al., in which there was also a reduced acute
insulin response and decreased DI for homozygous carriers
of the risk allele during an IVGTT [2]. However, they did
not determine the effect of the variant in IGF2BP2 on the
second phase of insulin secretion. Recently, Stancakova et
al. reported for the CDKAL1 variant decreased first-phase
insulin secretion but not second-phase insulin secretion
during an IVGTT, which agrees with our results [6].

We did not detect significant effects of variants of
HHEX/IDE, SLC30A8 and CDKN2A/CDKN2B on insulin
secretion. One of the limitations of our study was the
relatively small sample size and power to detect small
differences in insulin secretion. The non-significant differ-
ences in first- and second-phase insulin secretion we
observed ranged from 7 to 18% and 2 to 8%, respectively
(Table 2, ESM Fig. 1). Based on these data, it seems that
there is no (major) effect of these variants on second-phase
insulin secretion. However, with an a priori power to detect
only differences greater than 20%, larger studies or more
sophisticated methods (such as the stepped hyperglycaemic
clamp and deconvolution analyses) would be needed to
investigate in detail the impact of these variants, especially
on first-phase insulin secretion. In accordance with previ-
ous studies we did not observe effects of the variants on
ISI.

Previously, we have shown that other confirmed type 2
diabetes mellitus susceptibility genes, such as TCF7L2 and
KCNJ11, also do not affect glucose-stimulated insulin
secretion during hyperglycaemic clamps [9, 10]. However,
the German participants underwent a modified hyper-
glycaemic clamp using additional secretagogues, such as
glucagon-like peptide-1 (GLP-1) and arginine [9]. Further-
more, glucagon levels were measured during the clamp.
Using this modified hyperglycaemic clamp, we have shown
previously that TCF7L2 and KCNJ11 are associated with
impaired GLP-1-induced insulin secretion and reduced
glucagon suppression, respectively [9, 10]. We thus
hypothesised that similar defects could also be present in
carriers of the novel gene variants. However, analyses of
the six novel gene variants showed no impairment in either
of these responses (data not shown).

In conclusion, we show that variants of the CDKAL1 and
IGF2BP2 genes, which are known to be associated with
type 2 diabetes mellitus, are associated with reduced first-
phase insulin secretion and reduced DI. No major effect of
these two variants or the other gene variants on second-
phase insulin secretion or ISI was observed. The biological
mechanism by which variants in CDKAL1 and IGF2BP2
could mediate their effects on the biphasic pattern of insulin
secretion needs further investigation.
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Table 2 Association of novel type 2 diabetes susceptibility loci with beta cell function as assessed with hyperglycaemic clamps

Variant n First-phase insulin
response (pmol/l)

Second phase insulin
response (pmol/l)

Insulin sensitivity
index (μmol min−1

kg−1 [pmol/l]−1)

Disposition index
(μmol min−1 kg−1)

CDKAL1 rs7754840
G/G 108 741 (693–793) 251 (182–341) 0.12 (0.11–0.13) 92 (86–98)
G/C 125 745 (679–817) 262 (180–386) 0.11 (0.10–0.12) 87 (79–96)
C/Ca 38 489 (424–564) 237 (148–296) 0.12 (0.11–0.14) 61 (52–70)
G 341 (0.63)
Ca 201 (0.37)
punadj 0.004 0.10 0.02 0.02
padj 0.01 0.90 0.71 0.01
prec 0.002 0.57 0.60 0.005
IGF2BP2 rs4402960
G/G 129 759 (711–809) 259 (190–383) 0.11 (0.10–0.11) 83 (78–89)
G/T 108 689 (628–755) 248 (163–342) 0.14 (0.12–0.15) 97 (88–107)
T/Ta 32 545 (472–628) 238 (167–323) 0.11 (0.09–0.12) 62 (53–72)
G 366 (0.68)
Ta 172 (0.32)
punadj 0.08 0.42 0.18 0.07
padj 0.05 0.68 0.09 0.02
HHEX rs1111875
C/Ca 102 649 (578–728) 229 (161–385) 0.14 (0.12–0.15) 92 (81–104)
C/T 111 711 (668–757) 260 (176–338) 0.11 (0.11–0.12) 83 (78–89)
T/T 40 767 (684–861) 269 (193–393) 0.11 (0.10–0.12) 90 (80–101)
Ca 315 (0.62)
T 191 (0.38)
punadj 0.29 0.85 0.74 0.68
padj 0.44 0.79 0.32 0.75
SLC30A8 rs13266634
C/Ca 140 673 (630–719) 242 (169–331) 0.12 (0.12–0.13) 86 (72–102)
C/T 103 740 (685–798) 274 (181–385) 0.10 (0.09–0.11) 77 (71–83)
T/T 28 724 (678–774) 248 (165–478) 0.13 (0.11–0.16) 102 (96–109)
Ca 383 (0.71)
T 159 (0.29)
punadj 0.47 0.35 0.12 0.11
padj 0.57 0.36 0.07 0.25
CDKN2A/B rs10811661
T/Ta 183 711 (671–753) 260 (186–366) 0.12 (0.11–0.12) 85 (66–109)
T/C 75 687 (628–752) 222 (145–331) 0.12 (0.11–0.13) 83 (76–91)
C/C 9 678 (527–871) 216 (192–306) 0.09 (0.07–0.12) 61 (58–65)
Ta 441 (0.83)
C 93 (0.17)
punadj 0.52 0.21 0.82 0.94
padj 0.94 0.52 0.69 0.58
CDKN2A/B rs564398
T/Ta 93 767 (698–843) 258 (160–384) 0.11 (0.10–0.12) 89 (80–98)
T/C 123 706 (658–759) 246 (173–346) 0.11 (0.11–0.12) 84 (78–90)
C/C 54 650 (592–714) 248 (186–332) 0.12 (0.11–0.13) 78 (70–86)
Ta 309 (0.57)
C 231 (0.43)
punadj 0.33 0.77 0.43 0.45
padj 0.36 0.99 0.88 0.53

In total, 272 participants were included in these analyses (146 NGT and 126 IGT)
n represents the number of subjects in each genotype or allele group (fraction of total)
Data are estimated means (95% CI) corrected for age, sex, BMI, study centre and glucose tolerance status
Insulin secretion, insulin sensitivity index and disposition index were log-transformed before analysis
The table gives p values using an additive regression model, unadjusted (punadj) and adjusted (padj) for age, sex, BMI, study centre and glucose
tolerance status
For CDKAL1 an adjusted p value (prec) using a recessive linear regression model is also given
a Risk allele
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