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Abstract
Aims/hypothesis We examined the extent to which surrogate
measures of insulin release have shared genetic causes.
Methods Genetic and phenotypic correlations were calculated
in a family cohort (n=315) in which beta cell indices were
estimated based on fasting and oral glucose-stimulated plasma
glucose, serum C-peptide and serum insulin levels. Further-
more, we genotyped a large population-based cohort (n=

6,269) for common genetic variants known to associate with
type 2 diabetes, fasting plasma glucose levels or fasting serum
insulin levels to examine their association with various
indices.
Results We found a notable difference between the phenotyp-
ic and genetic correlations for the traits, emphasising that the
phenotypic correlation is an insufficient measure of the mag-
nitude of shared genetic impact. In addition, we found that
corrected insulin response, insulinogenic index and incAUC
for insulin after an oral glucose challenge shared the majority
of their genetic backgrounds, with genetic correlations of
0.80–0.99. The BIGTT index for acute insulin response dif-
fered slightly more from the latter with genetic correlations of
0.78–0.87. The HOMA for beta cell function was genetically
closely related to fasting insulin with a genetic correlation of
0.85. The effects of 82 selected susceptibility single nucleo-
tide polymorphisms on these insulin secretion indices support-
ed our interpretation of the data and added insight into the
biological differences between the examined traits.
Conclusions/interpretation The level of shared genetic back-
ground varies between surrogate measures of insulin release,
and this should be considered when designing a genetic asso-
ciation study to best obtain information on various mecha-
nisms of insulin release.
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Introduction

Type 2 diabetes is a complex disease that results from the
interaction of multiple genetic and environmental factors af-
fecting insulin secretion and sensitivity. It has been demon-
strated that the heritability of insulin secretion is high com-
pared with other intermediate phenotypes associated with type
2 diabetes [1, 2]. Studies aiming to characterise the genetic
background for beta cell defects typically use physiological
measures that reflect the early phase of the dynamic beta cell
response to a glucose challenge. In studies of smaller well-
characterised populations, expensive and laborious in vivo
methods, such as IVGTT, can be applied, whereas large ge-
netic epidemiological studies use surrogate indices based on
fasting blood samples or an OGTT. The HOMA for beta cell
function (HOMA-B) represents a simple equation to estimate
the percentage of remaining beta cell function from fasting
values of plasma insulin and glucose, and this index has been
validated against IVGTT data [3]. The insulinogenic [4] and
the corrected insulin response (CIR) [5] indices have been
established to assess the first phase insulin secretory capacity
after an oral glucose load independent of the plasma glucose
level, whereas the BIGTT index for acute insulin response
(BIGTT-AIR) is mathematically modelled to simulate the first
phase beta cell response to intravenous glucose from OGTT
data supplemented by information on sex and BMI [6]. Often,
the investigators of a specific study include one or a few of

these indices, and the choice of traits may be based on ob-
served differences in phenotypic correlations. The phenotypic
correlation is, however, a measure covering both genetic and
environmental influences, whereas traits for a genetic epide-
miological study should ideally be selected to distinguish dif-
ferences in genetic contribution alone.

The present study aims to examine the phenotypic and
genetic correlations of fasting and OGTT-derived indices de-
scribing beta cell function in a family-based study sample.
Furthermore, in a large population-based cohort, the effects
of single nucleotide polymorphisms (SNPs) known to associ-
ate with type 2 diabetes, fasting plasma glucose levels, 2-h
plasma glucose levels or fasting serum insulin levels were
examined, applying various beta cell indices.

Methods

Study populations The study population for the investigation
of genetic correlations consisted of 533 individuals from 95
families with one parent suffering from verified type 2 diabe-
tes according toWHO1999 criteria [7] and one parent without
known diabetes. All non-diabetic family members (spouses,
offspring and other relatives) were asked to participate and,
among these, 366 individuals underwent an OGTT. Sixty-
three families having four or more children were included in
the correlation analysis comprising a total of 315 non-diabetic
individuals (Table 1). Furthermore, 292 of these individuals
also underwent an IVGTT. Prior to participation, informed
consent was obtained from all participants. The study was
approved by the Ethical Committee of Copenhagen (KA
93033 and KA 93033gm) and was conducted in accordance
with the principles of the Declaration of Helsinki II.

Table 1 Clinical characteristics
of study populations

Data are median (interquartile
range) or mean±SD

Trait Families Inter99

n (female/male) 315 (134/181) 5,776 (2,898/2,878)

Age, years 40.63 (34.35; 50.81) 45 (40; 50)

BMI, kg/m2 25.51 (22.72; 28.63) 25.6 (23.2; 28.5)

Fasting plasma glucose (mmol/l) 5.2±0.6 5.5±0.8

Fasting serum insulin, pmol/l 35 (24; 51) 34 (24; 51)

Fasting serum C-peptide, pmol/l 485.3 (397.8; 619.3) 534.0 (534.0; 709.8)

Serum insulin 30 min, pmol/l 271 (184; 381) 246 (175; 354)

HOMA-B, % 436 (320; 634) 355 (248; 518)

AUC insulin, pmol/l×min 25,510 (18,190; 36,410) 23,200 (16,810; 33,160)

IncAUC insulin, pmol/l×min 21,170 (15,120; 31,220) 18,700 (13,060; 27,370)

IncAUC C-peptide, pmol/l×min 115,700 (90,660; 144,900) 220,000 (178,100; 274,800)

Insulinogenic index 79.8 (53.4; 114.4) 71.5 (44.7; 119.2)

CIR 112.2 (72.0; 179.4) 93 (57; 152)

BIGTT-AIR 2,328 (1,795; 3,034) 1,627 (1,284; 2,078)

AIR (IVGTT), nmol/l×min 1,644 (1,043; 2,494) –
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Specific SNPs associating with type 2 diabetes and glucose
metabolic traits were examined in the Danish population-
based Inter99 cohort, which included 6,269 middle-aged peo-
ple without known type 2 diabetes (www.ClinicalTrials.gov
no. NCT00289237, www.inter99.dk, Table 1).

Clinical examination All participants underwent measures of
height and weight for calculation of BMI, and aWHO-defined
and standardised OGTTwas conducted in individuals without
known type 2 diabetes. Fasting blood samples were drawn
after 12 h of fasting followed by a 75 g glucose load and blood
sampling at 30 and 120 min for analysis of plasma glucose,
serum insulin and serum C-peptide. In addition, IVGTT was
performed after a 12-h fast. Venous blood samples were drawn
from the contralateral antecubital vein at fasting and at 2, 3, 4,
5, 6, 7, 8, 10, 12, 14, 16 and 19 min for analysis of plasma
glucose, serum insulin and serum C-peptide.

Calculation of surrogate measures of insulin release
Surrogate measures of insulin release included in the present
study were HOMA-B [3] based on fasting blood samples and
as insulinogenic index [4], CIR [5], incremental AUC
(incAUC) for insulin and C-peptide (t=0, 30 and 120 min)
and BIGTT-AIR [6] based on the OGTT, and for comparison
(AIR) calculated as the incAUC for insulin from 0–8 min
following an IVGTT. Indices were calculated according to
the formulas shown in Electronic Supplementary Material
(ESM) Table 1.

Genotyping Participants from the family (n=378) and Inter99
(n=6,377) cohorts were genotyped by the Metabochip on an
Illumina HiScan (Illumina, San Diego, CA, USA). Genotypes
were called using the Genotyping module (version 1.9.4) of
GenomeStudio software (version 2011.1, Illumina) and cus-
tom cluster data were generated from 6,000 Danish DNA
samples analysed on the same HiScan. Quality control to re-
move closely related individuals and individuals with an ex-
treme inbreeding coefficient was applied to data from Inter99.
Successful genotyping was accomplished among 5,739 indi-
viduals from Inter99. In the families, participants were exclud-
ed in the case of disagreement between questionnaire infor-
mation on relationship and actual genotype resemblance. In-
dividuals with a low call rate, those with a mislabelled sex and
individuals with a high discordance rate to previously geno-
typed SNPs were also excluded in both populations. Success-
ful genotyping was accomplished among 343 individuals.

Genetic and environmental correlations Genetic, phenotypic
and environmental correlations were calculated using the soft-
ware package SOLAR (http://solar.txbiomedgenetics.org,
version 4.2.0) that performs statistical genetic analyses for
family-based data using variance components [8]. The genetic
correlations are measures of the additive effects of shared

genes in bivariate analysis using the command ‘polygenic’.
Residuals were examined for univariate normality prior to
each analysis and traits were inverse normal transformed to
satisfy the assumption of normality. The effect of the shared
environment was investigated in the univariate analyses by
use of the ‘house’ command. However, none of the traits were
significantly affected and thus this variable was not included
in subsequent analyses (ESM Table 2). We allowed for corre-
lations between both the genetic residual additive components
for each trait and the non-shared environmental correlations
for each trait adjusted for sex and age as well as sex, age and
variants significantly influencing both of the traits included in
the bivariate analyses. This was achieved by including sex,
age and variants as covariates in the analysis. However, cor-
relations with BIGTT-AIR were only adjusted for age, since
sex is included in the calculations of the BIGTT-AIR index.
Table 2 presents the genetic vs the phenotypic correlations,
whereas ESMTable 3 presents the genetic vs the environmen-
tal correlations.

SNP associations to glucose metabolic traits Eighty-two
SNPs previously shown to associate with type 2 diabetes,
fasting glucose, fasting insulin or 2-h glucose in genome-
wide association studies of Europeans were selected from
the Metabochip [9]. Additive genetic models of each SNP
adjusted for sex and age were established for associations with
HOMA-B, BIGTT-AIR, insulinogenic index and CIR (ESM
Table 1) using the glm command in R (www.r-project.org,
version 3.0.1). The response variable was transformed by
natural logarithm if not normally distributed.

Results

Genetic correlation Phenotypic (ρP), genetic (ρG) and envi-
ronmental (ρE) correlations were calculated in a family-based
study population for the traits representing beta cell function
in the fasting state and in response to oral or intravenous
glucose loads (Table 2 and ESM Table 3).

The traits showing the highest level of genetic correlation
were insulinogenic index and CIR (ρG=0.99±0.02).
Insulinogenic index and CIR were also highly genetically cor-
related to other measures of stimulated insulin secretion
(incAUC insulin: ρG=0.80±0.16 and ρG=0.80±0.18, re-
spectively; AIR: ρG=0.87±0.10 and ρG=0.80±0.10, respec-
tively) but not with stimulated C-peptide (incAUC C-peptide:
ρG=0.47±0.22 and ρG=0.35±0.22, respectively). The envi-
ronmental correlation was also strong between CIR and
insulinogenic index (ρE=0.95±0.01), however, the environ-
mental correlations of CIR and insulinogenic index with
incAUC insulin (ρE=0.38±0.10 and ρE=0.62±0.07, respec-
tively) and AIR (ρE=0.64±0.16 and ρE=0.59±0.17, respec-
tively) were modest.
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Table 2 Phenotypic and genetic correlations for insulin secretion traits in the family population

HOMA-B BIGTT-AIR Insulinogenic
index

CIR IncAUC
insulin

IncAUC
C-peptide

Fasting serum
insulin

Fasting serum
C-peptide

AIR (IVGTT)

HOMA-B 0.81 (0.09)
p1=0.0002
p2=0.0011

0.59 (0.20)
p1=0.03
p2=0.01

0.60 (0.17)
p1=0.01
p2=0.001

0.81 (0.13)
p1=0.002
p2=0.04

0.42 (0.19)
p1=0.06
p2=0.0000015

0.85 (0.08)
p1=0.001
p2=0.02

0.33 (0.22)
p1=0.2
p2=0.00005

0.66 (0.13)
p1=0.0003
p2=0.0005

BIGTT-AIR 0.74 0.83 (0.11)
p1=0.004
p2=0.03

0.87 (0.08)
p1=0.0008
p2=0.008

0.78 (0.14)
p1=0.01
p2=0.04

0.26 (0.23)
p1=0.3
p2=0.00005

0.53 (0.21)
p1=0.07
p2=0.004

0.02 (0.27)
p1=0.9
p2=0.00001

0.85 (0.09)
p1=0.000001
p2=0.02

Insulinogenic
index

0.55 0.75 0.99 (0.02)
p1=0.0005
p2=0.4

0.80 (0.16)
p1=0.03
p2=0.07

0.47 (0.22)
p1=0.09
p2=0.01

0.35 (0.30)
p1=0.3
p2=0.006

-0.008 (0.30)
p1=1.0
p2=0.009

0.87 (0.10)
p1=0.00002
p2=0.1

CIR 0.58 0.81 0.96 0.80 (0.18)
p1=0.008
p2=0.1

0.35 (0.22)
p1=0.1
p2=0.0002

0.47 (0.25)
p1=0.1
p2=0.01

-0.01 (0.26)
p1=1.0
p2=0.0004

0.80 (0.10)
p1=0.00002
p2=0.01

IncAUC insulin 0.62 0.64 0.66 0.50 0.43 (0.22)
p1=0.2
p2=0.01

0.60 (0.21)
p1=0.1
p2=0.007

0.11 (0.31)
p1=0.7
p2=0.009

0.65 (0.17)
p1=0.005
p2=0.04

IncAUC C-peptide 0.41 0.42 0.44 0.31 0.71 0.23 (0.25)
p1=0.4
p2=0.002

0.66 (0.14)
p1=0.002
p2=0.00004

0.17 (0.19)
p1=0.4
p2=0.000002

Fasting serum
insulin

0.81 0.53 0.48 0.39 0.68 0.45 0.60 (0.17)
p1=0.04
p2=0.003

0.37 (0.21)
p1=0.1
p2=0.005

Fasting serum
C-peptide

0.55 0.33 0.31 0.22 0.46 0.58 0.75 0.04 (0.21)
p1=0.9
p2=0.000008

AIR (IVGTT) 0.48 0.66 0.62 0.65 0.47 0.30 0.29 0.14

Genetic correlation estimated as the ρG (SE) is presented in the upper right part of the table, whereas phenotypic correlations estimated as the ρP are
presented in the lower left part of the table

p1, p value for test of ρG≠0; p2, p value for test of ρG≠1

BIGTT-AIR

Insulinogenic indexCIR

HOMA-B

TCF7L2
CDKN2A/ CDKN2B
HHEX/IDE
CDKAL1
CENTD2
GCK
GRB10

MTNR1B
DGKB/ TMEM195
GLIS3

SLC30A8
PROX1
GRB14
C2CD4B
FOXA2

JAZF1
FTO

TSPAN8/ LGR5

ANK1
PDX1

IRS1
G6PC2

PPARG
ADCY5

ZBED3

VPS13C

GCKR 
THADA
IGF2BP2
CDC123/ C
AMK1D

HNF1A

HNF1B
PRC1
GIPR
ADRA2A
DNLZ

Fig. 1 Schematic illustration of
genes in which variants are
showing either exclusively or
overlapping associations at
p<0.05 with CIR, insulinogenic
index, BIGTT-AIR and/or
HOMA-B based on association
analyses in 5,739 individuals
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BIGTT-AIR was highly genetically correlated with CIR
(ρG=0.85±0.09) and despite high genetic correlations with
the remaining measures of stimulated insulin secretion
(insulinogenic index, incAUC insulin and AIR), these were
significantly different from complete genetic correlation. Ge-
netic correlations with fasting (ρG=0.02±0.27) and stimulat-
ed C-peptide (ρG=0.26±0.23) were very low.

HOMA-B displayed a high genetic correlation with fasting
insulin (ρG=0.85±0.08) and incAUC insulin (ρG=0.81±
0.13), but a lower correlation with fasting C-peptide (ρG=
0.46±0.18) and incAUC C-peptide (ρG=0.42±0.19).
Adjusting the genetic correlation between HOMA-B and
incAUC insulin and incAUC C-peptide, respectively, for
fasting levels of insulin and C-peptide, reduced the genetic
correlations (ρG=0.65±0.23 and ρG=0.21±0.20, respective-
ly). HOMA-B was also strongly environmentally correlated
with fasting insulin (ρE=0.82±0.05), but not with incAUC
insulin (ρE=0.54±0.09).

IncAUC for insulin and C-peptide showed a modest genet-
ic correlation (ρG=0.43±0.22) despite a strong environmental
correlation (ρE=0.92±0.06; ESM Table 3).

Genetic associations In order to understand how the indices
of insulin secretion reflect different physiological mecha-
nisms, we tested the effects of known type 2 diabetes suscep-
tibility and glycaemic trait variants in a population-based
study population (Inter99) with insulin secretion indices mea-
sured, including CIR, insulinogenic index, HOMA-B and
BIGTT-AIR (Fig. 1 and ESM Table 4). Ten SNPs associated
with both CIR and insulinogenic index, but no other indices,
and seven SNPs associated with CIR, insulinogenic index and
BIGTT-AIR. By contrast, only five SNPs associated with
CIR, insulinogenic index, BIGTT-AIR and HOMA-B, two
SNPs associated with both HOMA-B and insulinogenic in-
dex, and two SNPs associated with both HOMA-B and
BIGTT-AIR. None of the variants associated exclusively with
CIR and HOMA-B, insulinogenic index and BIGTT-AIR or
BIGTT-AIR and CIR. Thus, we found a large overlap with
traits showing a high degree of genetic correlation in the fam-
ily study and traits having a large number of shared associat-
ing variants in the population-based cohort.

Some indices associated specifically with one of the select-
ed SNPs and out of the 82 SNPs examined, six associated with
only one trait. VPS13C rs17271305 was the only SNP associ-
ating specifically with CIR and ZBED3 rs4457053 associated
exclusively with BIGTT-AIR. ANK1 rs516946 and PDX1
rs2293941 associated exclusively with insulinogenic index,
and PPARG rs1801282 and ADCY5 rs11708067 associated
with HOMA-B.

Genetic correlation adjusted for genetic associations Subse-
quently, we investigated how much of the shared genetics
could be explained by the 82 common SNPs identified so

far. Thus, the genetic correlation calculated in the family co-
hort was adjusted for the variants found in the population-
based cohort to associate with both of the traits included in
the bivariate analyses. However, none of the genetic correla-
tions were reduced by this adjustment (data not shown).

Discussion

In the present study, we used family pedigrees to examine
genetic correlations for a number of surrogate measures of
insulin secretion that are typically used in large genetic epide-
miological studies.

Genetic correlation Overall, it was found that the majority of
the genetic correlations between insulin secretory measures
exceeded the corresponding phenotypic correlations. How-
ever, several traits did not display complete genetic correlation
and thus comprise some residual variation that likely reflects
partly different genetic backgrounds for insulin secretion.

Among the traits under almost identical genetic control
were insulinogenic index, CIR and incAUC insulin. BIGTT-
AIR also showed a high level of genetic correlation with
insulinogenic index, CIR and incAUC insulin, however, it
was not complete (ρG≠1). Yet, these four measures of insulin
secretion were only slightly genetically correlated with fasting
C-peptide and incAUC C-peptide, which is surprising consid-
ering that C-peptide is secreted equimolarly with insulin.

However, C-peptide does not undergo hepatic first-pass
metabolism [10], and the lack of genetic correlation between
measures of C-peptide and insulin may indicate that measures
of insulin are influenced not only by genes involved in insulin
secretion but also by genes involved the removal of insulin
from the circulation.

HOMA-Bwas, as expected, strongly genetically correlated
with fasting serum insulin.

Genetic association Two genetic variants exclusively influ-
enced HOMA-B. Namely, the type 2 diabetes risk allele of
PPARG rs1801282 previously found to associate with insulin
resistance [11, 12] and the ADCY5 variant previously found to
associate with birthweight and fasting glucose apart from
HOMA-B [13, 14]. The major allele of G6PC2 rs560887
was associated with decreased HOMA-B as well as increased
insulinogenic index. This variant has in previous studies been
found to be associated with elevated fasting glucose [15] and
it likely regulates the expression of G6PC2 encoding the cat-
alytic subunit of glucose-6-phosphatase, a regulator of glyco-
lytic flux in the beta cell. The major allele is proposed to cause
a rightward shift of the dose–response curve for the glucose-
stimulated insulin secretion [16], which explains the
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association with HOMA-B and insulinogenic index in oppo-
site directions.

Type 2 diabetes- and fasting glucose-associated variants in
or nearVPS13C, ANK1 and PDX1 associated exclusively with
either CIR or insulinogenic index. Knowledge on their role in
glucose metabolism is currently too limited to propose molec-
ular mechanisms distinguishing CIR and insulinogenic index
from each other [17–19]. The 2-h glucose-raising GIPR
rs10423928 associated with both CIR and insulinogenic in-
dex, but not with HOMA-B or BIGTT-AIR that are expected
to reflect primarily basal and glucose-stimulated insulin secre-
tion, respectively. GIPR encodes the receptor for glucose-
dependent insulinotropic polypeptide located on the beta cell,
thus CIR and the insulinogenic index seem to capture varia-
tions influencing the effect of incretin on beta cell function.
The type 2 diabetes susceptibility variant GCK rs4607517, on
the other hand, associated with CIR, insulinogenic index and
BIGTT-AIR in accordance with the known function of gluco-
kinase function as a hexokinase crucial to glucose-stimulated
insulin release. Five SNPs associated with all of the surrogate
measures of insulin secretion. Among these were SLC30A8
rs3802177 encoding the ZnT8 zinc transporter important to
insulin crystallisation in the secretory granules in the beta cells
[20], which exemplifies that a defect at the level of granule
formation will affect both the fasting and stimulated beta cell
response to glucose and incretins. Hence, based on the genetic
correlations and association studies, our data suggest that
BIGTT-AIR is influenced by genes involved in incretin-
independent dynamic glucose-induced insulin secretion,
whereas insulinogenic index and CIR in addition are influ-
enced by genes involved in incretin-stimulated insulin
secretion.

Adjusting the genetic correlations for common SNPs asso-
ciating significantly with type 2 diabetes and glucose meta-
bolic traits had little influence, suggesting these variants ex-
plain only a fraction of the common genetic influences on the
traits investigated. This finding is not surprising considering
the minor effect sizes of these variants and may indicate that
low frequent or rare variants are responsible for themajority of
shared genetic influence between these traits.

The genetic correlation is a measure of the shared genetics
between two traits and may exist for two reasons: (1) due to
pleiotropy between traits, meaning that the same genes are
influencing multiple phenotypic traits, e.g. through a common
pathway; or (2) due to gene–gene interactions, where the im-
pact of one gene is influenced by another (set of) gene(s). The
traits included in the present study are closely related as they
are based on the same raw values of fasting and stimulated
glucose and insulin measurements. Thus, we assume that the
genetic correlation in the present study is mainly a result of the
traits sharing biological pathways.

In conclusion, the shared genetic background varies be-
tween surrogate measures of insulin release, and the majority

of the different measures of insulin secretion did not show
complete genetic correlations. Thus, they likely represent
slightly different contributions to the genetics of insulin secre-
tion, which should be considered when designing genetic as-
sociation studies to best obtain information on various mech-
anisms of insulin release.
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