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Abstract
Aims/hypothesis We quantified the effect of ADRA2A
(encoding α-2 adrenergic receptor) variants on metabolic
traits and type 2 diabetes risk, as reported in four studies.
Methods Genotype data for ADRA2A single nucleotide
polymorphisms (SNPs) rs553668 and rs10885122 were
analysed in >17,000 individuals (1,307 type 2 diabetes
cases) with regard to metabolic traits and type 2 diabetes
risk. Two studies (n=9,437), genotyped using the Human
Cardiovascular Disease BeadChip, provided 12 additional
ADRA2A SNPs.
Results Rs553668 was associated with per allele effects on
fasting glucose (0.03 mmol/l, p=0.016) and type 2 diabetes
risk (OR 1.17, 95% CI 1.04–1.31; p=0.01). No significant

association was observed with rs10885122. Of the 12
SNPs, several showed associations with metabolic traits.
Overall, after variable selection, rs553668 was associated
with type 2 diabetes risk (OR 1.38, 95% CI 1.09–1.73; p=
0.007). rs553668 (per allele difference 0.036 mmol/l, 95%
CI 0.008–0.065) and rs17186196 (per allele difference
0.066 mmol/l, 95% CI 0.017–0.115) were independently
associated with fasting glucose, and rs17186196 with
fasting insulin and HOMA of insulin resistance (4.3%, 95%
CI 0.6–8.1 and 4.9%, 95% CI 1.0–9.0, respectively, per
allele). Per-allele effects of rs491589 on systolic and diastolic
blood pressure were 1.19 mmHg (95% CI 0.43–1.95) and
0.61 mmHg (95% CI 0.11–1.10), respectively, and those of
rs36022820 on BMI 0.58 kg/m2 (95% CI 0.15–1.02).
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Conclusions/interpretation Multiple ADRA2A SNPs are
associated with metabolic traits, blood pressure and type 2
diabetes risk. The α-2 adrenergic receptor should be
revisited as a therapeutic target for reduction of the adverse
consequences of metabolic trait disorders and type 2
diabetes.
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LD Linkage disequilibrium
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Insulin-Related Traits Consortium
Mb Mega-base
NPHSII Northwick Park Heart Study II
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UTR Untranslated region
WHII Whitehall II Study

Introduction

The α2-adrenergic receptor, encoded by ADRA2A gene, is a
G-coupled receptor regulating an unusually wide range of
central nervous system signalling pathways and metabolic
functions [1]. Evidence from animal studies has previously
indicated an important role for α-2 adrenergic receptor in
the cause of diabetes. Mouse models of pancreatic beta cell
overexpression of Adra2a result in glucose intolerance [2],
while Adra2a-knockout mice have enhanced insulin secre-
tion [3], implicating ADRA2A as a candidate gene for type 2
diabetes. Further evidence has arisen from studies of the
Goto–Kakizaki diabetic rat Niddm1 quantitative trait locus,
in which Adra2a was identified as the gene determining
type 2 diabetes [4].

Translating this to human studies, Rosengren et al. used
tagging single nucleotide polymorphism (SNP)s of
ADRA2A to demonstrate that a single variant (rs553668)
in the 3′ untranslated region (UTR) of the gene was
associated with modestly reduced insulin secretion and
increased type 2 diabetes risk [4]. However, this finding

could have been confounded by linkage disequilibrium
(LD) with gene variants near the ADRA2A locus. A meta-
analysis of more than 21 genome-wide association studies
(GWAS) and replication in more than 118,000 individuals
identified rs10885122 to be associated with lower fasting
glucose levels. rs10885122 is in a ‘gene desert’, 0.2 Mb
from the closest locus, ADRA2A. [5]. Although rs10885122
was also associated with reduced glucose-stimulated insulin
release [6], an association with type 2 diabetes was not
observed [5]. Thus while rs553668 was associated with
type 2 diabetes, rs10885122 was identified by association
with fasting glucose, but not with type 2 diabetes [5].
However, not all type 2 diabetes variants have been
associated with altered glucose/metabolic traits and not all
fasting glucose variants are associated with type 2 diabetes.

A second source of potential confounding may
originate from TCF7L2, encoding transcription factor
7-like 2. This gene has the strongest association with type
2 diabetes risk [7] and lies 1.8 Mb upstream of ADRA2A
and 1.6 Mb upstream of rs10885122. To evaluate whether
α-2 adrenergic receptor plays a role in type 2 diabetes and
whether it could serve as a potential therapeutic target, it is
important to investigate whether the association of the
ADRA2A loci with diabetes-related traits and type 2
diabetes risk is independent of these two other genetic
signals (rs10885122 and TCF7L2).

Our aims here were first to validate the reported
associations of ADRA2A rs553668 and rs10885122 with
metabolic phenotypes (fasting glucose, insulin, HOMA of
insulin secretion [HOMA-IR] and HOMA of beta cell
function [HOMA-B]), as well as with risk of type 2
diabetes. We did this in a meta-analysis of four prospective
studies of >17,000 individuals including 1,307 cases of
mainly prevalent type 2 diabetes. Our second aim was to
test the LD between the two SNPs, which has not been
reported before, and also the associations of these SNPs
in combination by haplotype analysis. Finally, as two of
these prospective studies (n=9,437) were genotyped using
the Human Cardiovascular Disease (CVD) BeadChip
(Illumina, San Diego, CA, USA) [8], incorporating 12
additional common ADRA2A SNPs, we investigated
whether these SNPs affect metabolic traits and type 2
diabetes risk.

Methods

Study cohorts Details of the four prospective studies,
Whitehall II Study (WHII), British Women’s Health and
Heart Study (BWHHS), the English Longitudinal Study of
Aging (ELSA) and the Northwick Park Heart Study II
(NPHSII), are presented in Table 1, with full details given
in the electronic supplementary material (ESM) Methods.
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All studies had full ethical approval and participants gave
written consent for genetic association studies.

Homoeostasis model assessment Insulin resistance esti-
mates were derived using HOMA-IR with the following
formula: HOMA-IR = fasting insulin (pmol/l) × fasting
glucose (mmol/l)/156.26. HOMA-IR data were missing for
435 (9.1%) participants. In BWHHS, HOMA was only
estimated in those without evidence of type 2 diabetes.

ADRA2A genotyping In WHII and BWHHS, genotyping
was performed using the Human CVD BeadChip (Illumina)
[8, 9]. Details of the ADRA2A SNPs used in the analysis
and of genotyping quality control in WHII and BWHHS
appear in ESM Methods.

Statistical analysis Using a pre-specified analysis plan,
each study provided homogenous model variables, which
were pooled in the meta-analysis using inverse variance
fixed effects modelling.

For continuous variables, results are presented as mean
and SD. Distribution of insulin, HOMA-IR, HDL, HbA1c

and triacylglycerol was log-transformed to give normal
distribution, but results presented are on the original scale
and therefore represent geometric means and 95% CIs for
these variables. Variables were compared in participants
with and without diabetes using Student’s t test (Table 2). A
summary weighted mean difference per allele (minor allele)
was calculated using fixed effects model by an inverse-
variance method. These results were adjusted (at the study
level) for age (all studies) and sex (WHII, ELSA), and for
recruitment centre (NPHSII). For insulin, HOMA-IR and
triacylglycerol the beta coefficients are on a log scale. For
all other variables, results are expressed in the original
units. Patients on glucose-lowering medication were ex-
cluded from the analysis of intermediate traits. Using
published data, a correction was made to the blood pressure
measures [10] of those taking anti-hypertensive medication

and triacylglycerol levels were multiplied by a factor of
1.21 (see ESM Methods) for those on lipid-lowering
medication. For rs10885122, the effect was calculated per
major (G) allele to be consistent with the Meta-Analyses of
Glucose and Insulin-Related Traits Consortium (MAGIC)
study [5]. For the other SNPs, however, the effect was
reported per minor allele. In WHII, glucose, insulin,
HOMA-IR and HOMA-B were compared using data from
all phases using multi-level mixed regression analysis
(random-intercept model), which takes into account the
intra-individual correlation between repeated measurements
and is not sensitive to missing values. These models were
fitted using the ‘xtmixed’ command in Stata (StataCorp LP,
College Station, TX, USA) and included adjustment for age
and sex. Genotypes were fitted assuming an additive
genetic model. Changes in variables between phases did
not appear to be linear, and models treating phase as a
factor were used as they explained a greater proportion of
the within-person variability than models fitting a trend
through time. We analysed type 2 diabetes status as the
outcome, by logistic regression with adjustment for age,
BMI, and where applicable for sex and recruitment centre.
For NPHSII, where diabetes cases were incident, the
diabetes effect was obtained from a Cox proportional
hazards model. In WHII a set of non-redundant ADRA2A
SNPs independently associated with diabetes was deter-
mined (variable selection) using stepwise regression based
on the Bayesian information criterion. An initial model
including age, phase and sex was fitted (for diabetes,
TCF7L2 genotype was also included). Each SNP was then
added to this baseline model and the SNP providing the
greatest reduction in the Bayesian information criterion
(BIC) was identified. This SNP was included in the base
model and the process was repeated for the remaining
SNPs. The final model was chosen when the addition of
new SNPs no longer decreased the BIC.

Haplotype analysis was performed using a maximum
likelihood model based on the stochastic-EM algorithm

Table 1 Details of study protocol for the four prospective studies used in the meta-analysis of rs553668 and rs1085122

Characteristic WHII BWHHS ELSA NPHSII

Study design Prospective cohort Prospective cohort Prospective cohort Prospective cohort

Sampling frame Workplace Across UK Respondents of HSE General practices

With DNA (n) 5,500 3,443 5,274 2,775

Genotyping method IBC 50 k CVD chip and KASPar IBC 50 k CVD chip and KASPar KASPar TaqMan

Men (%) 77 0 48 100

Follow-up (years) 20 10 10 17

Mean participant age (years) 46 69 64 56

Year of baseline survey 1985–1988 1999–2001 1998, 1999, 2001 1989–1994

HSE, Health Survey for England; KASPar, KBioscience Competitive Allele–Specific PCR genotyping system
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implemented in the THESIAS program (INSERM U525,
Paris, France) [11] (see ESM Methods).

We took p<0.01 as the level denoting evidence against
the null hypothesis of no association. To further consider
the effect of multiple testing, we calculated the false
discovery rate (FDR) for any significant results using the
Simes procedure [12].

Results

Clinical and biochemical characteristics The baseline
clinical and biochemical characteristics of the partic-
ipants in the four studies are presented in Table 2,
comparing individuals with prevalent type 2 diabetes
during the monitoring period (except for NPHSII which
included incident cases) with participants remaining free
from type 2 diabetes. Individuals with diabetes were more
likely to be obese, hypertensive and have raised total
cholesterol. In WHII and BWHHS, participants with type
2 diabetes had higher baseline fasting glucose and insulin
levels, higher HbA1c and a higher HOMA-IR index
(p<0.001 for all). In all studies, genotype distributions
were in Hardy–Weinberg equilibrium; the minor allele
frequencies for rs553668 and rs10885122 are presented in
Table 3.

Meta-analysis of rs553668 and rs10885122 for type 2
diabetes traits Measures of fasting glucose were available
in WHII, BWHHS and ELSA. Since fasting insulin
measures were only available in WHII and BWHHS, the
assessment of insulin resistance by HOMA-IR and beta cell
function by HOMA-B could only be calculated in those two
studies. In this analysis, individuals on glucose-lowering
medication were excluded. For rs553668, the minor A
allele was associated with borderline higher fasting glucose
levels than major G allele homozygotes (weighted mean
per-allele difference for fasting glucose 0.03 mmol/l, 95%
CI 0.006–0.054, p=0.016, I2=0%, FDR p=0.12) (Fig. 1a).
This effect diminished towards the null when individuals
with prevalent diabetes were excluded or analysis was only
performed in those with prevalent diabetes (data not
shown), this diminution being at least in part because of
loss of power. For rs553668, the pooled weighted mean
per-allele difference estimates for the following traits were:
fasting insulin 1.2% (95% CI −0.016, 4.0; p=0.40);
HOMA-IR 1.8% (95% CI −1.1, 4.8; p=0.22) and HOMA-
B −0.97% (95% CI −5.52, 3.59; p=0.68; Fig. 1b–d). There
was a trend towards an increase in systolic blood pressure
with per allele difference 0.43 (95% CI −0.14, 1.00);
however there was considerable heterogeneity between
studies (I2 71.8% and 58.7% for systolic and diastolic BP

respectively) (Fig. 1e, f). Rs10885122 was not associated
with fasting glucose, insulin, HOMA-IR, HOMA-B or blood
pressure (Fig. 1a–f).

Meta-analysis of rs553668 and rs10885122 for type 2
diabetes risk Pooling data from the four studies yielded a
summary OR for rs553668 with type 2 diabetes of 1.17
(95% CI 1.04–1.31; p=0.01, FDR p=0.11; Fig. 2). A
sensitivity analysis using a recessive model and restricting
to individuals with low BMI did not alter this and the OR
increased to 1.34 (95% CI 0.96–1.86), but did not reach
significance (p=0.08). No association was observed be-
tween rs10885122 and type 2 diabetes risk (OR 0.93, 95%
CI 0.81–1.06; p=0.27) (Fig. 2).

Haplotype analysis of rs553668G>A and rs10885122G>T We
examined the haplotypic effect of the two SNPs on type 2
diabetes traits by meta-analysis across the four studies
(ESM Table 1). The results for fasting glucose and type 2
diabetes are presented in Fig. 3a, b. Compared with the
common haplotypes rs553668G/rs10885122G (frequency
0.72), haplotypes rs553668A/rs10885122G (frequency
0.16) and rs553668G/rs10885122T (frequency 0.11)
showed no effect on fasting glucose, while haplotype
rs553668G/rs10885122T was associated with lower fasting
glucose (p=0.006, FDR p=0.06). However, the very rare
haplotype carrying both minor alleles rs553668A/
rs10885122T (frequency 0.007) was associated with higher
fasting glucose (p<0.00001, FDR p<0.00001). Permutation
analysis yielded a p value of 0.068 with a standard error of
0.091, suggesting this was not robust. For type 2 diabetes
risk, the haplotypes with the minor allele of rs553668 and
major allele of rs10885122 (rs553668A/rs10885122G)
showed a trend to association with type 2 diabetes risk
(OR 1.16, p=0.03, FDR p=0.2). No haplotype showed
association with the other type 2 diabetes traits (ESM
Fig. 1a–e).

Association of ADRA2A SNPs with metabolic traits Nine-
teen SNPs in the intronless coding region of ADRA2A or in
flanking regions of the gene were on the Human CVD
BeadChip, which was used to genotype participants in
WHII and BWHHS. Of these, five SNPs were monomor-
phic and one occurred at a very low frequency; these were
excluded. The LD pattern and minor allele frequency of the
SNPs in WHII are shown in ESM Fig. 2a, b and ESM
Table 2, respectively. The meta-analysis of the association
of these 13 SNPs and rs1088522 with intermediate traits in
WHII and BWHHS are presented as a heat plot (Fig. 4,
ESM Fig. 3a–g). In addition to the associations of rs553668
reported above, several SNPs showed association with the
traits. Thus rs17186196 and rs7096359 demonstrated
strong per-allele raising effect for fasting glucose,
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HOMA-IR, systolic BP and BMI (p<0.03 for all), while
rs491589 showed strong consistent association with higher
fasting glucose, and systolic and diastolic BP (p<0.01 for
all). For FDR corresponding to the p values in the heat
plots, see Fig. 4.

Identification of independently associated SNPs in
WHII We used a variable selection model with the
trait-associated ADRA2A variants to identify which of the
ADRA2A SNPs were independently associated with these
metabolic traits in WHII (Table 4). For fasting glucose,
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Fig. 1 Meta-analysis of fasting glucose (a), fasting insulin (b),
HOMA-IR (c), HOMA-B (d), systolic BP (e), and (f) diastolic BP.
Panels show the weighted mean differences (diff) adjusted for age (all

studies) and sex (WHII, ELSA) in WHII, BWHHS, ELSA and
NPHSII for rs553668 and rs10885122
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rs553668 and rs17128356 (R2=0.01) remained in the
model. For systolic BP, rs491589, which was in strong
LD with rs553668 (R2=0.94), remained in the model after
adjustment for the lead SNP (rs553668). The only SNP
that was independently associated with BMI was
rs36022820, which showed no LD with rs553668 (R2=
0.0). In the stepwise analysis for type 2 diabetes,
rs553668 alone was independently associated with type
2 diabetes risk (OR 1.38, 95% CI 1.09–1.73; p=0.007).
However, the OR was attenuated (OR 1.33, 95% CI 0.98–
1.80; p=0.07) when adjustment was made for clinical risk
factors (age, triacylglycerol, insulin, and systolic and
diastolic BP). None of the haplotypes from the combined

SNP analyses reached statistical significance (data not
shown). Since TCF7L2, the gene most strongly associated
with type 2 diabetes risk, lies 1.8 Mb upstream of
ADRA2A on chromosome 10, we forced TCF7L2
rs7903146 into the stepwise models, but it did not
attenuate the association observed with rs553668, pro-
viding evidence of independent associations with type 2
diabetes risk (ESM Table 3).
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Fig. 2 Meta-analysis of type 2 diabetes (T2D) risk using data from
WHII, BWHHS, ELSA and NPHSII for rs553668 and rs10885122
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Discussion

This paper takes forward our present knowledge of the role
of ADRA2A in type 2 diabetes. It builds on the data
provided by the pooled GWAS analysis, which identified
ADRA2A (with the lead SNP rs10885122, 0.2 MB from the
gene) as a gene determining fasting glucose levels, but not
type 2 diabetes, as well as on the study by Rosengren (with
the lead SNP rs553668 in the 3′UTR) [4], which reported
an association with insulin secretion and type 2 diabetes
risk. We have examined the combined effects of these
two SNPs and report the lack of LD between them, thus
suggesting independent effects. We have also examined
the impact of additional variants within the gene, shown a
novel association between ADRA2A variants and compo-
nents of the metabolic syndrome (excluding participants on
glucose-lowering medication), and confirmed the association
with type 2 diabetes risk. Although our data did not allow for
replication of the effect on insulin secretion, in meta-analysis
we report a borderline association for fasting glucose levels
(p≤0.016), which considering the size of our study suggests
that this effect is not as strong as that on insulin secretion
reported by Rosengren et al. [4].

Confirming the effect of rs553668 on fasting glucose levels
and type 2 diabetes risk Our first aim was to examine the
independent effects of the two previously reported
ADRA2A SNPs rs553668 [4] and rs10885122 [5] on
fasting glucose. In our UK-based studies (totalling
>17,000 individuals, with fasting glucose measures in
~12,300 individuals), we identified a borderline significant
association between rs553668 and fasting glucose meas-
ures, with each minor allele being associated with a mean
increase of 0.030 mmol/l (95% CI 0.006–0.054; p=0.016).
We were not able to replicate the association of
rs10885122 with fasting glucose levels as reported in the
global analysis for the MAGIC study (per-allele effect of
the major allele 0.022 mmol/l [±0.004]) [5], despite the
fact that WHII and BWHHS contributed to that study. The
MAGIC study comprised over 118,000 individuals and the
small per-allele difference we report suggests that our
study was underpowered to confirm this effect. Consistent
with its association with fasting glucose, rs553668 was
also associated with an increased risk of type 2 diabetes in
our study (per-allele OR 1.17; 95% CI 1.04–1.31; p=
0.01). The OR reported in the MAGIC study for a
recessive effect on type 2 diabetes risk of 1.42 (95% CI
1.01–1.99; p=0.04) [4] overlaps with recessive effect in
our study (OR 0.93; 95% CI 0.81–1.06). The smaller
effect we observed may reflect the difference between the
case–control comparison (recessive model) used in the
MAGIC study, vs our prospective analysis (additive
model).

We extended our analysis of the above two SNPs, in
individuals not on glucose-lowering medication, and found
that in addition to an association of rs553668 with glucose
and type 2 diabetes risk, this SNP was also associated with
a trend towards higher fasting insulin and HOMA-IR,
consistent with a deleterious metabolic milieu.

Combined effects of rs553668 and rs10885122 in haplotype
analysis Although, in combined SNP analysis, the
haplotype-bearing minor alleles of rs553668 and
rs10885122 (haplotype AT) were very infrequent (0.7%),
this haplotype was associated through meta-analysis with
an approximately 0.45 mmol/l higher fasting glucose level
(p<6×10−18 for two copies) than the common haplotype
(Fig. 3a). Since rs553668A is associated with higher fasting
glucose and the rs10885122T minor allele with lower
fasting glucose [5], this unexpected finding will require
confirmation by further studies. It is possible that this rare
haplotype tags an untyped rare variant.

Other ADRA2A variants and features of the metabolic
syndrome Rosengren et al. used a tagging SNP approach
and identified 19 ADRA2A SNPs for analysis with glucose
and insulin traits, and type 2 diabetes risk [4] in a relatively
small study of 935 well characterised individuals. However,
only rs553668 showed consistent association with insulin
secretion. In comparison, our analysis examined the
association of 13 ADRA2A SNPs in the Human CVD
BeadChip (we additionally included rs10885122) with a
range of phenotypes available in WHII and BWHHS
(approximately 9000 participants). Only rs553668 was
shared between our study and that of Rosengren et al.,
and for the remaining SNPs there was little or no LD. In our
meta-analysis of participants not on glucose-lowering
medication in WHII and BWHHS, several SNPs showed
association with fasting glucose, HOMA-IR, systolic and
diastolic blood pressure, and BMI. In WHII, 2 h insulin
measures after OGTT were available, but we did not
observe an association with any of the ADRA2A SNPs
(data not shown).

Biological plausibility of ADRA2A and type 2 diabetes The
biological plausibility of the observed association between
rs553668 and diabetes risk arises from studies of the
diabetic Goto–Kakizaki rat. The narrowing down of the
Niddm1 susceptibility locus to Adra2a was confirmed by
the finding that signalling through the α-2 adrenergic
receptor reduced the number of insulin vesicles that dock
at the membrane, limiting insulin secretion [4]. Studies of
ADRA2A expression in human pancreatic beta cells
demonstrated that carriers of rs553668A have reduced
insulin secretion and higher mRNA expression. Overpro-
duction of α-2 adrenergic receptor could explain the
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increased type 2 diabetes risk and suggests its use as a
potential therapeutic target.

A previously reported analysis of ADRA2A suggested
that functional variants occur in the promoter, 5′UTR or 3′
UTR of the gene, and not in the coding sequence of this
intronless gene, supporting control at the level of expres-
sion [13]. Rs553668 is in the 3′UTR of ADRA2A, and the
minor A allele is reported to be associated with over-
expression of the gene [4]. This may be a result of disrupted
degradation of mRNA signal by the base change encoded
by this SNP [14].

Identification of independently acting ADRA2A SNPs and
allelic heterogeneity Variable selection carried out in WHII
identified both rs553668 and rs17128356 as showing
association with glucose, suggesting more than one
functional variant.

Several studies have examined the association between
ADRA2A variants and obesity, but those results have been
conflicting, probably due to study design [15] and small
sample size [16]. We report here that several SNPs showed
robust association with BMI, although only rs36022820,
which had no LD with rs553668, remained in the model
after variable selection. The mechanism, however, is
unclear.

ADRA2A SNPs and blood pressure We did not see a strong
association between rs553668 and BP in our pooled
analysis; however, the variant that remained in the model
with systolic BP after variable selection was rs491589,
which shows strong LD with rs553668. Rosengren et al.
reported [4] that while showing an association with adverse
lower insulin secretion, rs553668Awas also associated with
lower diastolic BP. In our study the minor allele rs491589G
was associated with higher systolic BP and a trend towards
higher fasting glucose levels. However, the fact that
rs491589, which is probably a non-functional variant, is

associated with BP after adjustment for the lead SNP
(rs553668) suggests it may mark a third (unidentified)
variant, which may be responsible for the association. Two
other studies have reported higher stress-induced BP
associated with rs553668A [13, 14].

Together all these associations suggest that more than
one functional SNP in ADRA2A may affect components of
the metabolic syndrome, but these data need further
replication.

Translational implication of ADRA2A inhibition Despite
the fact that the association with blood pressure needs
further confirmation, this is of interest since α-2 adrenergic
receptor is the target molecule for the centrally acting α-2
adrenergic receptor agonist, clonidine, which is used to reduce
blood pressure [17]. In a recent GWAS of platelet aggrega-
tion in response to agonists, rs4311994, which is ~62 kb
upstream of ADRA2A, was identified as one of the seven loci
associated with this trait, in this case specifically with
response to adrenaline (epinephrine) [18]. Thus the α-2
adrenergic receptor represents a feasible drug target for
several disease-related phenotypes.

Evidence from this study, supporting previously pub-
lished data [4, 5], reinforces the notion that the α-2
adrenergic receptor pathway should be considered as a
potential drug target for prevention of type 2 diabetes.
However, an α-2 adrenergic receptor antagonist, which
might promote insulin secretion and lipolysis, could
potentially raise blood pressure; thus, a drug that did not
cross the blood–brain barrier might be required.

Study limitations Some of the primary results in this paper
are effectively derived through sub-analyses of published
data [5], which could be a limitation. However, we feel that
the inclusion of these data has taken work on ADRA2A
variants forward. With the four studies presented here, it
was not possible to estimate the between-study variance

Table 4 Results of the variable selection of ADRA2A SNPs with intermediate traits in WHII, showing SNPs that remained in the model

SNP Fasting glucose (mmol/l) Systolic BP (mmHg) BMI (kg/m2) OR T2D

rs553668 0.036 (0.008–0.065) 1.38 (1.09–1.73)

p value 0.011 0.007

rs491589 1.19 (0.43–1.95)

p value 0.002

rs36022820 0.58 (0.15–1.02)

p value 0.009

rs17128356 0.066 (0.017–0.115)

p value 0.008

Per-allele associations are given as OR (95% CI)

Excludes results of participants on glucose-lowering medication and corrected for anti-hypertensive use

T2D, type 2 diabetes
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reliably and so fixed effects models were used, an approach
that assumes that the results are unaffected by differences in
the study populations. Although multiple testing was
performed, many phenotypes were highly correlated and
therefore we chose a liberal p value cut-off of p<0.01.
However, the FDRs were also calculated for all associations
showing statically significant results, thus taking into account
multiple testing. Due to the large number of tests performed,
almost all results would be non-significant if conservative
adjustments for multiple testing were applied. A further
potential limitation is the confounding of genotype effects
on diabetes and metabolic traits by the inclusion of partic-
ipants taking glucose-lowering, blood pressure-lowering or
lipid-lowering medications. However, the associations
reported here were robust when such individuals were
excluded, or when the lowering effects of medication were
adjusted upwards using published correction factors.

Conclusions Our results confirm the association of
ADRA2A with type 2 diabetes risk phenotypes and risk.
We also identified variants in the gene that are associated
with blood pressure and BMI. This study suggests that the
α-2 adrenergic receptor could be a therapeutic target, but
further research on downstream pathways will be necessary,
before it can be targeted.

Acknowledgements The work on WHII was supported by: the
British Heart Foundation (BHF) PG/07/133/24260, RG/08/008, SP/
07/007/23671; the Medical Research Council; Health and Safety
Executive; Department of Health; National Heart, Lung and Blood
Institute (HL36310), USA; NIH, National Institute on Aging
(AG13196), USA; NIH, Agency for Health Care Policy Research
(HS06516); and the John D and Catherine T MacArthur Foundation
Research Networks on Successful Midlife Development and Socio-
economic Status and Health. ELSA is supported by the National
Institute on Aging in the USA (grants 2RO1AG7644-01A1 and
2RO1AG017644) and a consortium of UK government departments
coordinated by the Office for National Statistics. NPHSII was
supported by the British Medical Research Council, the US National
Institute of Health (grant NHLBI 33014) and Du Pont Pharma,
Wilmington, DE, USA. P. J. Talmud, F. Drenos, J. Palmen and S. E.
Humphries are supported by BHF grant RG2008/014. A. D. Hingorani
is a BHF Senior Fellow (FS/2005/125). M. Kumari is supported by
National Heart Lung and Blood Institute (NHLBI: HL36310).
BWHHS is being supported by funding from the BHF (PG/07/131/
24254 and PG/07/131/24254) and the Department of Health Policy
Research Programme. T. Gaunt, D. A. Lawlor and I. N. Day work in a
centre that receives funds from the UK MRC and University of
Bristol. M. V. Holmes is funded by a Population Health Scientist
Fellowship from the MRC (G0802432).

Duality of interest The authors declare that there is no duality of
interest associated with this manuscript.

Open Access This article is distributed under the terms of the Creative
Commons Attribution Noncommercial License which permits any
noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.

References

1. Delitala G, Trainer PJ, Oliva O, Fanciulli G, Grossman AB
(1994) Opioid peptide and alpha-adrenoceptor pathways in the
regulation of the pituitary-adrenal axis in man. J Endocrinol
141:163–168

2. Devedjian JC, Pujol A, Cayla C et al (2000) Transgenic mice
overexpressing alpha2A-adrenoceptors in pancreatic beta-cells
show altered regulation of glucose homeostasis. Diabetologia
43:899–906

3. Fagerholm V, Gronroos T, Marjamaki P, Viljanen T, Scheinin
M, Haaparanta M (2004) Altered glucose homeostasis in
alpha2A-adrenoceptor knockout mice. Eur J Pharmacol
505:243–252

4. Rosengren AH, Jokubka R, Tojjar D et al (2010) Overexpression
of alpha2A-adrenergic receptors contributes to type 2 diabetes.
Science 327:217–220

5. Dupuis J, Langenberg C, Prokopenko I et al (2010) New genetic
loci implicated in fasting glucose homeostasis and their impact on
type 2 diabetes risk. Nat Genet 42:105–116

6. Boesgaard TW, Grarup N, Jorgensen T, Borch-Johnsen K, Hansen
T, Pedersen O (2010) Variants at DGKB/TMEM195, ADRA2A,
GLIS3 and C2CD4B loci are associated with reduced glucose-
stimulated beta cell function in middle-aged Danish people.
Diabetologia 53:1647–1655

7. McCarthy MI, Zeggini E (2009) Genome-wide association studies
in type 2 diabetes. Curr Diab Rep 9:164–171

8. Keating BJ, Tischfield S, Murray SS et al (2008) Concept, design
and implementation of a cardiovascular gene-centric 50 k SNP
array for large-scale genomic association studies. PLoS ONE 3:
e3583

9. Talmud PJ, Drenos F, Shah S et al (2009) Gene-centric association
signals for lipids and apolipoproteins identified using the
HumanCVD BeadChip (Illumina). Am J Human Genet 85
(5):628–642

10. Tobin MD, Sheehan NA, Scurrah KJ, Burton PR (2005)
Adjusting for treatment effects in studies of quantitative traits:
antihypertensive therapy and systolic blood pressure. Stat Med
24:2911–2935

11. Tregouet DA, Tiret L (2004) Cox proportional hazards
survival regression in haplotype-based association analysis
using the Stochastic-EM algorithm. Eur J Hum Genet
12:971–974

12. Benjamini Y, Hochberg Y (1995) Controlling the false discovery
rate: a practical and powerful approach to multiple testing. J R
Stat Soc B 57:289–300

13. Small KM, Brown KM, Seman CA, Theiss CT, Liggett SB (2006)
Complex haplotypes derived from noncoding polymorphisms of
the intronless alpha2A-adrenergic gene diversify receptor expres-
sion. Proc Natl Acad Sci USA 103:5472–5477

14. Finley JC Jr, O'Leary M, Wester D et al (2004) A genetic
polymorphism of the alpha2-adrenergic receptor increases auto-
nomic responses to stress. J Appl Physiol 96:2231–2239

15. Rosmond R (2003) Association studies of genetic polymorphisms
in central obesity: a critical review. Int J Obes Relat Metab Disord
27:1141–1151

16. Lima JJ, Feng H, Duckworth L et al (2007) Association analyses
of adrenergic receptor polymorphisms with obesity and metabolic
alterations. Metabolism 56:757–765

17. Katic F, Lavery H, Lowe RD (1972) The central action of
clonidine and its antagonism. Br J Pharmacol 44:779–787

18. Johnson AD, Yanek LR, Chen MH et al (2010) Genome-
wide meta-analyses identifies seven loci associated with
platelet aggregation in response to agonists. Nat Genet
42:608–613

Diabetologia (2011) 54:1710–1719 1719


	Variants...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Results
	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


