
ARTICLE

Insulin clearance: confirmation as a highly heritable trait,
and genome-wide linkage analysis

X. Guo & J. Cui & M. R. Jones & T. Haritunians &

A. H. Xiang & Y.-D. I. Chen & K. D. Taylor &

T. A. Buchanan & R. C. Davis & W. A. Hsueh &

L. J. Raffel & J. I. Rotter & M. O. Goodarzi

Received: 28 March 2012 /Accepted: 9 April 2012 /Published online: 16 May 2012
# Springer-Verlag 2012

Abstract
Aims/hypothesis We have previously documented a high
heritability of insulin clearance in a Hispanic cohort. Here,
our goal was to confirm the high heritability in a second
cohort and search for genetic loci contributing to insulin
clearance.
Methods Hyperinsulinaemic–euglycaemic clamps were per-
formed in 513 participants from 140 Hispanic families.
Heritability was estimated for clamp-derived insulin clear-
ance and a two-phase genome-wide linkage scan was con-
ducted using a variance components approach. Linkage
peaks were further investigated by candidate gene associa-
tion analysis in two cohorts.

Results The covariate-adjusted heritability of insulin clear-
ance was 73%, indicating that the majority of the phenotypic
variance is due to genetic factors. In the Phase 1 linkage
scan, no signals with a logarithm of odds (LOD) score >2
were detected. In the Phase 2 scan, two linkage peaks with
an LOD >2 for insulin clearance were identified on chro-
mosomes 15 (LOD 3.62) and 20 (LOD 2.43). These loci
harbour several promising candidate genes for insulin clear-
ance, with 12 single nucleotide polymorphisms (SNPs) on
chromosome 15 and six SNPs on chromosome 20 being
associated with insulin clearance in both Hispanic cohorts.
Conclusions/interpretation In a second Hispanic cohort, we
confirmed that insulin clearance is a highly heritable trait
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and identified chromosomal loci that harbour genes regulat-
ing insulin clearance. The identification of such genes may
improve our understanding of how the body clears insulin,
thus leading to improved risk assessment, diagnosis, pre-
vention and therapy of diabetes, as well as of other hyper-
insulinaemic disorders, such as the metabolic syndrome and
polycystic ovary syndrome.
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Abbreviations
CYP1A2 Cytochrome P450, family 1, subfamily A,

polypeptide 2
CSK c-Src tyrosine kinase
GWAS Genome-wide association study
HOMA-%B HOMA of beta cell function
HOMA-IR HOMA of insulin resistance
HTN–IR Hypertension–Insulin Resistance cohort
IBD Identity by descent
LOD Logarithm of odds
M value Marker of insulin sensitivity
MACAD Mexican–American Coronary Artery

Disease cohort
PLCG1 Phospholipase C, γ1
SNP Single nucleotide polymorphism
SSPI Steady-state plasma insulin
ZHX3 Zinc fingers and homeoboxes 3

Introduction

The incidence of type 2 diabetes mellitus has reached epi-
demic proportions and continues to grow; it has been esti-
mated that one in three Americans (one in two in some
minority groups) born in 2000 will develop diabetes in their
lifetime [1]. The prevalence of diagnosed diabetes is twice
as high in non-Hispanic blacks and Mexican–Americans
compared with non-Hispanic whites [2, 3]. Therefore, an
improved understanding of the pathophysiology of diabetes
is imperative in minority populations.

The investigation of the pathophysiology of type 2 dia-
betes has focused on insulin resistance and defective insulin
secretion, both of which must be present for type 2 diabetes
to develop [4]. Intact insulin secretion maintains normogly-
caemia in the presence of insulin resistance via compensa-
tory hyperinsulinaemia. Consistent with this notion, most
type 2 diabetes susceptibility genes appear to affect insulin
secretion [5]. To avoid type 2 diabetes, insulin levels must
increase to overcome tissue unresponsiveness. The resultant
hyperinsulinaemia, while maintaining normal glucose levels,
contributes to cardiometabolic risk [6].

A much overlooked factor in studies of the pathophysiol-
ogy of diabetes is the role of insulin clearance, i.e. removal of
insulin from the circulation. A few physiological studies have
demonstrated that insulin resistance elicits a reduction in
insulin clearance, suggesting that altering insulin clearance is
an additional means of achieving compensatory hyperinsuli-
naemia [7–10]. We were the first to report that whole-
body insulin clearance, as measured by hyperinsulinaemic–
euglycaemic clamps performed inMexican–Americans, had a
heritability (h2) of 0.58, which was greater than other insulin-
related traits examined (fasting insulin h2 0.38, insulin
resistance h2 0.44) [11]. The high heritability of insulin clear-
ance raises the possibility that inherited variability in insulin
clearance may affect an individual's risk of developing diabe-
tes by influencing the ability to achieve compensatory hyper-
insulinaemia in response to insulin resistance. Whether this is
the case is at present unknown because insulin clearance has
not been measured in any large candidate gene or genome-
wide association studies (GWAS) probing type 2 diabetes
susceptibility.

In the current study, our goal was to confirm the high
heritability of insulin clearance in an independent cohort of
Mexican–Americans and to conduct the first genome-wide
linkage scan to search for regions possibly harbouring
genes for insulin clearance. Linkage peaks were further
investigated by association studies to search for loci
involved in insulin clearance.

Methods

Participants and phenotyping The participants in the heri-
tability, linkage and association studies were drawn from
the Hypertension–Insulin Resistance (HTN–IR) cohort,
which consists of Los Angeles Hispanic–American families
ascertained via a proband with essential hypertension. The
recruitment and phenotyping of this cohort have been de-
scribed previously [12]. The linkage study in that cohort used
prior microsatellite genotyping conducted on 754 participants
from 145 families. Subsequently, additional participants were
recruited (bringing the total to 922 participants in 163 fami-
lies), all of whom were genotyped in the present genetic
association study. Approximately 75% of the HTN–IR partic-
ipants had undergone the euglycaemic clamp with steady-state
plasma insulin (SSPI) levels and were therefore ultimately
analysed in this study. Flowcharts in electronic supplementary
material [ESM] Fig. 1 provide details on the number of par-
ticipants used in the current linkage and association studies.

Participants from the Mexican–American Coronary Artery
Disease (MACAD) study [11] were used in the association
analyses conducted in conjunction with the HTN–IR cohort.
In the present report, after data cleaning as described below,
179 families were included, comprising 676 participants from
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the offspring generation (adult offspring of probands with
coronary artery disease and the spouses of those offspring)
who underwent phenotyping for insulin clearance.

By design, participants undergoing detailed phenotyp-
ing in both cohorts were free of known diabetes and
clinically manifest cardiovascular disease, thus avoiding
secondary changes in phenotype caused by overt dis-
ease. A small percentage of participants in both cohorts
were newly diagnosed with diabetes as a result of their
participation in the studies. These participants were not
taking any glucose-lowering medications when they
were phenotyped.

Participants in the HTN–IR and MACAD cohorts under-
went the hyperinsulinaemic–euglycaemic clamp procedure,
performed with the same techniques and assays (described
in the ESM Methods). The metabolic clearance rate of
insulin (ml m−2 min−1) is the insulin infusion rate divided
by the final SSPI level (average of insulin levels at 100, 110
and 120 min) of the euglycaemic clamp. Because all of our
participants received the same insulin infusion rate
(60 mU m−2 min−1), the SSPI is a direct measure of insulin
clearance at steady state and was the trait used in genetic
analysis in this study. Insulin sensitivity was quantified
using the marker of insulin sensitivity (M value) from the
euglycaemic clamp, as previously described [11]. Insulin
secretion was estimated using the HOMA of beta cell
function (HOMA-%B) using fasting glucose and insulin
levels; HOMA of insulin resistance (HOMA-IR) was
also calculated [13].

All studies were approved by the Institutional Review
Boards at the participating institutions. All participants gave
informed consent before participation.

Microsatellite marker genotyping A 10 cM genome scan
using microsatellite markers was conducted on 754 partic-
ipants (570 with SSPI data) from 145 families of the HTN–
IR cohort in two separate batches. According to the original
study design, a Phase 1 linkage scan was conducted, fol-
lowed by recruitment of additional participants who com-
prised a Phase 2 linkage scan. Phase 1 consisted of 71
families with 354 individuals; Phase 2 comprised 74 fami-
lies with 400 individuals (includes non-phenotyped parents
and phenotyped offspring). For the Phase 1 sample, 378
fluorescently tagged microsatellite markers (Marshfield
Version 9; http://research.marshfieldclinic.org/genetics)
were successfully genotyped at the University of California
at Los Angeles (UCLA); for the Phase 2 sample, 377 micro-
satellite markers (Screening Set 13, see http://research.
marshfieldclinic.org/genetics and Ghebranious et al. [14])
were successfully genotyped at PreventionGenetics (Marshfield,
WI, USA). The number of overlapping markers between
Phase 1 and Phase 2was 246; we therefore report the individual
as well as the combined linkage analyses.

After data cleaning, described in detail in the ESM
Methods, 513 individuals from 140 families (227 individuals
from 67 families in Phase 1, 286 individuals from 73 families
in Phase 2) had SSPI data and were used in the heritability and
linkage analyses (ESM Fig. 1).

Linkage analysis Heritability estimates and a genome-wide
linkage scan were conducted using a variance components
approach implemented in SOLAR (Sequential Oligogenic
Linkage Analysis Routines; available from http://solar.
txbiomedgenetics.org/download.html) [15], in which the to-
tal variation in a phenotype (σ2

P) is partitioned into compo-

nents of variance due to a major gene ( σ2
MG ), additive

polygenes (σ2
G) and individual specific environment (σ2

E):

σ2
P ¼ σ2

MG þ σ2
G þ σ2

E ð1Þ
Heritability (h2) was estimated by the proportion of total

variation in the phenotype due to genetic effects. Similarly,
the expected genetic covariances between arbitrary relatives
i and j at a given marker locus can be specified as a function
of identity by descent (IBD) and relationships quantified by
the kinship coefficient:

Cov Xi;Xj

� � ¼ σ2
MGIBDij þ σ2

G2fij þ σ2
Edij ð2Þ

where IBDij is the predicted probability that individuals i
and j share alleles that are identical by IBD at the major
locus, fij is the corresponding kinship coefficient and δij01
if i0j and 0 otherwise.

Linkage was tested by evaluating the null hypothesis that
the additive genetic variance due to a quantitative trait locus
(QTL) equals zero. The linkage analyses were adjusted for
age, sex, BMI and diabetes status. To calculate empirical p
values, we simulated a fully informative marker and applied
gene dropping for offspring using the LODADJ option in
SOLAR. The data were simulated 10,000 times and subse-
quent linkage analyses were performed to obtain the distri-
bution of the test statistic under the null hypothesis of no
linkage. The empirical p values were obtained as the pro-
portion of the 10,000 replicates that had a logarithm of odds
(LOD) score greater than or equal to the nominal LOD score
observed for the original linked locus. p values were con-
verted to LOD scores by: LOD ¼ c2= 2* ln 10ð Þ½ �.

Positional candidate single nucleotide polymorphisms We
sought candidate loci under the −1 LOD interval of any
linkage peaks with an LOD score greater than 2. We took
advantage of the fact that the HTN–IR and MACAD cohorts
have recently been genotyped on the Cardio-Metabochip as
part of a separate project (unpublished data, M.O. Goodarzi,
J.I. Rotter). The Cardio-Metabochip was designed to pro-
vide high-throughput genotyping for replication and fine-
mapping of GWAS results for cardiac (e.g. myocardial
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infarction, QT interval), metabolic (e.g. diabetes, fasting
glucose, fasting insulin), anthropometric (e.g. BMI, WHR)
and lipid traits (detailed description of Cardio-Metabochip
design, see the ESM Methods). Besides providing a rela-
tively dense set of markers under the −1 LOD intervals, this
chip provides single nucleotide polymorphism (SNPs) of
particular interest to the study of insulin clearance, given
the close relationship between insulin levels and most of the
traits represented on the chip. Only the SNPs under the −1
LOD intervals of the two linkage peaks with an LOD >2
were examined here. Details of Cardio-Metabochip geno-
typing, quality control and population stratification analysis
in the HTN–IR and MACAD studies are given in the ESM
Methods. After quality control (ESM Fig. 1), 638 HTN–IR
and 676 MACAD genotyped participants with SSPI were
available for association analysis (clinical characteristics,
see ESM Table 1).

Association analysis Association between individual candi-
date SNPs and insulin clearance measures was evaluated
using the general estimating equations (GEE1) method
implemented in the Genome-Wide Association Analyses
with Family Data (GWAF) program [16]. GWAF uses func-
tions in existing R packages to properly model the residual
correlations within families in the test of genotype–pheno-
type association. The additive genetic model was used in
both cohorts. Potential confounding factors, including age,
sex, BMI and diabetes status were included as covariates in
all analyses. We sought loci associated with SSPI in HTN–
IR and MACAD. The power of this two-cohort study to
detect association is displayed in ESM Table 2. With the two
cohorts studied, we had 81% power to detect SNPs that
explain 1.6% of SSPI variance. Even for a SNP that explains
as little as 1.2% of variance, we had a power of 65% to
detect association.

For those SNPs associated with SSPI in HTN–IR and
MACAD, the proportion of variance explained by each

associated SNP was estimated using variance components
analysis methods. For these SNPs, we also combined the
results of HTN–IR and MACAD using fixed-effects,
inverse-variance weighting meta-analysis as implemented
in METAL [17].

Results

Characteristics of the heritability and linkage study cohort
are given in Table 1. Phase 1 and Phase 2 samples were
comparable for BMI, sex distribution, fasting glucose and
insulin, as well as M value and SSPI. The Phase 2 sample
was older on average and had lower HOMA values. Age-,
sex-, BMI- and diabetes status-adjusted heritability values
were calculated for the insulin-related traits available in this
cohort. The heritability of fasting insulin (0.41, SD 2.33,
SEM 0.11, p<0.0001), HOMA of insulin resistance
(HOMA-IR) (0.42, SD 1.96, SEM 0.09, p<0.0001) and
HOMA-%B (0.38, SD 1.95, SEM 0.09, p<0.0001) was
similar. The clamp-derived M value displayed a higher
heritability of 0.63 (SD 2.19, SEM 0.10, p<0.0001), while
the most heritable insulin-related trait was SSPI at 0.73 (SD
2.21, SEM 0.10, p<0.0001).

The most significant linkage peaks for SSPI were ob-
served in the Phase 2 scan at chromosome 15 (75 cM,
empirical LOD 3.62, p00.0001) and chromosome 20
(54 cM, empirical LOD 2.43, p00.0004), while no linkage
signals with a LOD score greater than 2 were observed in
the Phase 1 scan. When combining Phase 1 and Phase 2
samples, the empirical LOD score decreased to 2.53 for
chromosome 15 (p00.0004), but increased to 2.71 for chro-
mosome 20 (p00.0001). The maximum LOD scores for
SSPI on chromosomes 15 and 20 are displayed in Fig. 1
for Phase 1, Phase 2 and the combined data. While the
linkage signal on chromosome 15 was mainly from the
Phase 2 sample (Fig. 1a), the linkage signal on chromosome

Table 1 Characteristics of the
participants in the heritability
and linkage studies

Unless otherwise stated, values
are mean ± SD

Trait All Phase 1 Phase 2 p value

Families (n) 140 67 73

Participants (n) 513 227 286

Male sex (%) 41.9 41.4 42.4 0.85

Age (years) 32.7±10.9 29.7±8.7 35.1±11.9 <0.0001

BMI (kg/m2) 28.5±5.9 28.2±5.9 28.8±6.0 0.27

Diabetes (%) 7.7 6.8 8.9 0.36

Fasting insulin (pmol/l) 90.6±59.4 94.8±57.1 87.0±61.2 0.16

Fasting glucose (mmol/l) 5.31±0.46 5.33±0.47 5.30±0.44 0.41

HOMA-IR 3.9±3.4 4.2±3.6 3.6±3.3 0.03

HOMA-%B 184.6±134.2 212.1±150.4 160.8±113.4 <0.0001

M value (μmol m−2 min−1) 1,308.8±575.0 1,306.6±593.9 1,310.5±561.2 0.94

SSPI (pmol/l) 832.2±197.4 814.8±201.6 830.2±193.8 0.41
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20 was more consistent between the Phase 1 and Phase 2
samples, although with a higher magnitude for the Phase 2
sample (Fig. 1b).

We further explored the linkage peaks by conducting
association analyses of Cardio-Metabochip variants located

under the −1 LOD interval of each peak. To identify the
most robust loci, we sought only SNPs associated with SSPI
in both (i.e. HTN–IR and MACAD) cohorts. A total of
2,759 SNPs was located under the −1 LOD interval of the
chromosome 15 peak. Of these, 12 had a p value of p<0.05
for association with SSPI in both cohorts, with the same
direction of effect (Table 2). Three discrete regions are
delineated by these 12 SNPs (Fig. 2). The first SNP
(rs12899971) resides in the MEGF11 gene. The next five
SNPs form a 54 kb haplotype block near or inclusive of the
CYP1A2, CSK and LMAN1L genes. The final six SNPs form
a 21 kb haplotype block flanked by the CHRNB4 and
ADAMTS7 genes.

The association study of the chromosome 20 peak, also
conducted using Cardio-Metabochip variants under the −1
LOD interval, encompassed 1,002 SNPs, six of which had a
p value of p<0.05 for association with SSPI in both (i.e. the
HTN–IR and MACAD) samples, with the same direction of
effect (Table 2). These six SNPs, which are in linkage
disequilibrium, span a 116 kb region across the terminal
portions of the PLCG1 and ZHX3 genes (Fig. 3).

For the 18 SNPs identified above (12 on chromosome 15,
six on chromosome 20) and found to be associated with
SSPI in the HTN–IR and MACAD cohorts, we conducted a
meta-analysis, the results of which are given in Table 2.
Meta-analysis p values ranged from 5×10−3 to 6×10−5. We
also estimated the percentage of variance explained by the
SNP(s). The 18 SNPs individually accounted for 0.32% to
2.0% of the variance in SSPI in the HTN–IR and for 0.33%
to 1.5% in the MACAD cohorts. Considered jointly, the 18
SNPs accounted for 5.5% and 6.1% of the variance in SSPI
in HTN–IR and MACAD, respectively.

Discussion

This study confirmed the high heritability of insulin clear-
ance in Mexican–Americans. We also identified, via linkage
and association, regions of chromosomes 15 and 20 that
may harbour quantitative trait loci that influence insulin
clearance.

While many studies have implicated insulin resistance
and defective insulin secretion in the pathophysiology of
type 2 diabetes, a few studies suggest that reductions of
insulin clearance may be an adaptive response to insulin
resistance, aimed at maintaining normoglycaemia [7, 10].
Insulin resistance has been found to have an inverse corre-
lation with insulin clearance [8, 9], while weight loss
resulted in an increase in clearance [9]. Studies of rats [18]
and dogs [19] with diet-induced obesity have also found that
reduced insulin clearance accompanies insulin resistance.
Treatment with the insulin-sensitising agent rosiglitazone
resulted in reduced insulin secretion and increased clearance
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[20]. Thus, a reduction of insulin clearance accompanies
increasing insulin secretion in response to insulin resistance.
An improved understanding of this trait and its genetic
determinants may therefore provide insight into why some
insulin-resistant individuals develop diabetes.

In pursuit of this goal, we examined Mexican–Americans,
an ethnic group with a high prevalence of the metabolic
syndrome [21] and diabetes [2, 3]. Our logic was that study
of a group with a high prevalence of abnormalities in the
insulin system could increase the chances of discovering the
responsible genetic variants. The high heritability of insulin
clearance may be unique to Mexican–Americans and perhaps
related to their high rates of diabetes. Studies in other ethnic
groups will be needed to determine whether insulin clearance
is similarly heritable in other populations.

We used SNPs from the Cardio-Metabochip in our associ-
ation study of the −1 LOD intervals under the two linkage
peaks. While not representing all SNPs contained in the
intervals of interest, these SNPs are of particular relevance
because they have been previously implicated in traits relevant
to diabetes, obesity, coronary artery disease, dyslipidaemia

and hypertension. Given that hyperinsulinaemia is a common
feature of these conditions, Cardio-Metabochip SNPs are
particularly pertinent to our study of insulin clearance, a major
factor determining circulating insulin levels [22].

SNPs in or near the MEGF11, CYP1A2, CSK, LMAN1L,
CHRNB4 and ADAMTSL7 genes located under the chromo-
some 15 linkage peak were associated with insulin clearance
in two independent Hispanic cohorts. As commonly occurs
in systematic association studies (e.g. GWAS), the identified
genes do not have an immediately clear relevance to insulin
clearance. These genes were localised to three regions
(Fig. 2). The first region contains MEGF11, which has no
known relationship to insulin but is expressed in the kidney
[23], which clears insulin. The MEGF11 locus was not
extensively covered on the Cardio-Metabochip; further
genotyping will be necessary to elucidate its association
with insulin clearance.

The second region, comprising CYP1A2, CSK and
LMAN1L, was fine-mapped on the Cardio-Metabochip to
investigate a strong GWAS signal for blood pressure
(rs1378942) [24]. Insulin binding to its receptor triggers
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Fig. 2 Gene and linkage disequilibrium plot for the chromosome 15
SNPs associated with insulin clearance. Genes are indicated by arrows
(arrow size not to scale). The locations of the genotyped SNPs relative
to the genes are indicated. The linkage disequilibrium plot beneath the
genes displays D′ values (%) for each pair of SNPs in the box at the
intersection of the diagonals from each SNP. The bright red blocks
indicate D′01 (100%) for the corresponding pair of variants with an
LOD score ≥2. The boxes with lighter shades of red indicate D′<1,

with an LOD score ≥2. The SNPs consist of a single SNP at MEGF11,
plus two distinct blocks of SNPs. The region of the first block of SNPs
is expanded to provide details. SNPs rs12899971 and rs2301249 are
intronic; rs7085 resides in the 3′ untranslated region of CSK. SNPs that
do not have rs numbers are indicated by genomic coordinates (NCBI
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internalisation of the insulin–insulin receptor complex by
endocytosis. Within the resulting endosome, insulin is
cleaved by insulin-degrading enzyme, protein disulfide
isomerase and other enzymes. c-Src tyrosine kinase (CSK)
participates in actin cytoskeleton remodelling [25], which
might affect insulin clearance via vesicular trafficking along
the actin cytoskeleton. Insulin has been found to promote
the association of CSK with phosphorylated caveolin-1,
which is located at points of contact of the actin cytoskele-
ton with the plasma membrane [26]. Given that ligand-
bound insulin receptors localise to caveolae [27], the inter-
action of CSK with caveolin might play a role in the inter-
nalisation of the insulin receptor–insulin complex. A GWAS
meta-analysis associated a variant in CYP1A2 with caffeine
consumption [28]. Cytochrome P450, family 1, subfamily
A, polypeptide 2 (CYP1A2) metabolises xenobiotics such
as caffeine; it is not known whether CYP1A2 participates in
insulin metabolism. Thus, while further studies are needed,
CSK appears the most likely of the three candidate genes
mentioned above to be involved in insulin clearance.

The third region on chromosome 15, flanked by
CHRNB4 and ADAMTS7, was fine-mapped on the Cardio-
Metabochip in follow-up of a signal for coronary artery
disease. A missense variant (rs3825807) in ADAMTS7 was
associated with coronary artery disease [29], but none of the

SNPs associated with SSPI was in linkage disequilibrium
with this variant. ADAMTS7, which codes for a disintegrin/
metalloproteinase, is expressed in tissues that clear insulin,
including liver, kidney and skeletal muscle [30]; however, a
role in insulin clearance has yet to be discovered. CHRNB4,
which codes for a neuronal nicotinic receptor, has no known
role in insulin metabolism, but appears to have a role in
central regulation of food intake [31].

The −1 LOD interval of the chromosome 20 peak over-
lapped portions of the PLCG1 and ZHX3 genes. Interestingly,
several previous studies have identified linkage with type 2
diabetes on chromosome 20q, with LOD scores >2 found at
30 to 70 cM [32], overlapping one of our insulin clearance
linkage peaks. However, a subsequent meta-analysis of 23
type 2 diabetes linkage scans found evidence, at 62 cM, of
linkage with diabetes in European whites, but not in
Mexican–American samples [33]. A type 2 diabetes linkage
study encompassing the entire long arm of chromosome 20
in Europeans identified not only the above linkage signal at
~55 cM, but also a second linkage peak at ~15 cM; this
latter signal contains the PLCG1 gene [34]. Phospholipase
C, γ1 (PLCG1) catalyses the conversion of phosphatidyli-
nositol 4,5-bisphosphate to inositol 1,4,5-trisphosphate and
diacylglycerol, playing a role in the signal transduction of
receptor tyrosine kinases. Its relationship to insulin receptor
function is unknown. PLCG1 also plays a role in membrane
trafficking and endocytosis [35], and therefore might partic-
ipate in insulin clearance. Zinc fingers and homeoboxes 3
(ZHX3), a ubiquitous transcriptional repressor [36], has no
known relationship to insulin clearance.

One challenge in the future investigation of the genetics
of insulin clearance is that it is not a trait routinely available
in large epidemiological studies. Thus in the recent GWAS
that have dramatically advanced our knowledge of type 2
diabetes genes, most novel genes discovered have been
implicated as factors affecting insulin secretion, largely
based on association with OGTT-derived measures of insu-
lin secretion (e.g. insulinogenic index) [5]. The impact of
insulin clearance on insulin levels during the OGTT is
unclear; moreover, insulin clearance is not readily derived
from standard OGTT data. As has been recognised for
insulin resistance [37], the lack of an accurate measure of
insulin clearance in diabetes cohorts will limit the ability to
investigate whether insulin clearance is altered by any of the
type 2 diabetes genes. Therefore focused studies specifically
attempting to associate diabetes genes with insulin clearance
will be needed. So far, variants in only two type 2 diabetes
loci, HHEX/IDE and PPARG, have been associated with
insulin clearance [38, 39]. HHEX/IDE encompasses
insulin-degrading enzyme (IDE), the main enzyme respon-
sible for insulin breakdown.

An understanding of the genetics of insulin clearance will
be relevant not only to diabetes, but to a number of other
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common genetic conditions characterised by hyperinsuli-
naemia, such as obesity, the metabolic syndrome, polycystic
ovary syndrome, non-alcoholic fatty liver disease, hyperten-
sion and coronary artery disease. These metabolic condi-
tions are highly prevalent in our society and all appear to be,
in part, genetically determined. Thus, inherited factors reg-
ulating insulin clearance may influence these conditions by
modulating circulating insulin levels.

One limitation of our study is the accuracy of SSPI as a
measurement of the metabolic clearance rate of insulin.
Because we did not measure C-peptide levels during the
euglycaemic clamps to document suppression of endoge-
nous insulin secretion, our estimates of insulin clearance
may underestimate the true values. However, because the
proportion of SSPI represented by residual insulin secretion
is expected to be small during hyperinsulinaemic infusion,
we are confident that this had a minimal effect on our
linkage and association results.

In our association study, we considered a value of p<0.05
to be significant. In general, correction for multiple testing is
critical in genetic association studies, particularly when a
large number of SNPs is being tested. However, in this
study, the 3,761 SNPs analysed in the association study
were not randomly selected, but chosen on the basis of their
location under two linkage peaks. In this case, while it is not
certain how multiple testing should be accounted for, it is
clear that a standard approach based on the number of
independent SNPs would be overly conservative. We ob-
served 18 SNPs associated with SSPI in two cohorts, a
marked excess over the nine expected by chance (3,761×
0.05×0.05). Association in two independent cohorts is one
solution to the multiple testing issue; moreover, the observa-
tion that meta-analysis of the two studies resulted in greater
statistical significance (Table 2) adds further credence to these
associations. Our study benefited from being able to use two
cohorts of the same ethnicity, originating from the same
geographical region and with phenotyping performed using
the same techniques. Nevertheless, additional independent
confirmation will be needed to unequivocally establish these
loci as factors influencing insulin clearance.

Future efforts will involve additional fine-mapping of the
linkage signals for insulin clearance, as well as investigation
of additional positional candidate genes under these peaks.
Under the two linkage peaks we identified (chromosomes
15 and 20), 18 SNPs were associated with SSPI in two
cohorts. These SNPs account for only small to moderate
proportions of the total variance, indicating that other ge-
netic variants may also contribute to variation in SSPI.
Further large-scale studies are necessary to confirm these
observations. This report represents an early step in the
much-needed genetic characterisation of insulin clearance,
a trait with relevance to type 2 diabetes and several other
common metabolic disorders.
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