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Objective: The sympathetic nervous system (SNS) is linked to glucose, lipid, and protein metabolism.
The apa-adrenergic receptor (ADRA2A) is involved in the SNS and mediates inhibition of insulin secretion
and lipolysis. The association of ADRA2A single-nucleotide polymorphisms (SNPs) with obesity and/or
type 2 diabetes (T2D) was investigated.

Design and Methods: Genotyping was performed in a case-control study of 1,177 Swedish individuals,
including lean and obese subjects with normal glucose tolerance (NGT) and T2D patients. ADRA2A
mRNA expression was measured in pancreatic islets isolated from T2D patients and nondiabetic
subjects.

Results: SNP rs553668 was associated with T2D in men (odds ratio [OR] = 1.47; 95% confidence
interval [Cl] = 1.08-2.01; P = 0.015) but this association was lost after adjusting for age and for body
mass index (BMI). Associations were also detected when comparing obese NGT and lean NGT subjects
(OR = 1.49; 95% CI = 1.07-2.07; P = 0.017), and in obese (OR = 1.62; 95% Cl = 1.06-2.49; P =
0.026), but not in lean T2D. In women, multiple logistic regression regarding SNP rs521674 demonstrated
an increased OR of 7.61 (95% Cl = 1.70-34.17; P = 0.008) for T2D when including age as a covariant.
Correcting for BMI removed the significant association. When age was included in the model, association
also found when obese T2D patients were compared with lean NGT subjects (P = 0.041). ADRA2A
mRNA expression in human pancreatic islets was detectable, but with no statistically significant
difference between the diabetic and the control groups.

Conclusions: ADRA2A genetic polymorphisms are mainly associated with obesity and possibly with T2D
in a Swedish population.
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glucagon secretion via o-adrenergic action (1). Catecholamines are
the most important regulators of lipolysis in human adipose tissue
(2). Thus, stimulation of B,-adrenergic receptors enhances lipolysis,
whereas stimulation of o,-adrenergic receptors inhibits lipolysis (2).
Insulin inhibits catecholamine-stimulated lipolysis by reducing the
effects of adrenaline on f,- and stimulating o,-adrenergic receptors
in adipocytes (3).

Introduction

Type 2 diabetes (T2D) is often linked to obesity, and both T2D and
obesity are thought to be caused by an interaction between genetic
and environmental factors. As to heredity, the identification of sus-
ceptibility genes is of great importance for prevention and future
therapeutic applications.

The sympathetic nervous system (SNS) plays an important role in
regulating metabolism of glucose and lipids (1). In addition to direct
effects on metabolic substrate fluxes, SNS modulates release of insu-
lin and glucagon which in turn regulates metabolism of glucose, lip-
ids, and protein. Adrenaline increases glucose levels by stimulating
glycogenolysis and by decreasing glucose clearance by B-adrenergic
mechanisms as well as by inhibiting insulin release and stimulating

Recent data indicate that obesity is characterized by activation of
the SNS (4). The increased sympathetic tone in obese individuals
may have adverse effects on pancreatic function and contribute to
the abnormal glucose-induced insulin secretion in obese subjects (5).
Increased activity of the SNS also contributes to development of
hypertension and elevated cardiovascular risk in obese subjects (6).
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As described above, catecholamines exert an important physiological
role by op-adrenergic receptor-mediated inhibition of insulin secre-
tion in animals and in man. In contrast, stimulation of [3,-adrenergic
receptors enhances insulin release (7). Increased expression of o,-ad-
renergic receptors in B-cells can cause alterations in insulin secretion
regulation and contribute to etiology of T2D (8). Boa-Adrenergic re-
ceptor-deficient mice exhibit increased plasma insulin levels,
reduced blood glucose levels, and improved glucose tolerance (9).

Polymorphisms in the human o,a-adrenergic receptor (ADRAZA)
gene have been identified and associated with obesity (10,11), ele-
vated glucose levels (12), hypertension (13), and cardiovascular dis-
eases (14). Recently, it was reported that a polymorphism in the
ADRA2A gene is associated with reduced insulin secretion and
increased risk of T2D (15). The intention of our study was to inves-
tigate the role of ADRA2A genetic variants in human T2D and/or
obesity. We have genotyped single-nucleotide polymorphisms
(SNPs) in the ADRA2A gene in a Swedish cohort, including lean
healthy controls, obese subjects, and T2D patients. We have also
studied ADRA2A mRNA expression in pancreatic islets isolated
from T2D patients and nondiabetic subjects.

Subjects and Methods
Subjects

A total of 1,177 individuals were included in this study and all of
them were selected from the Stockholm Diabetes Prevention Pro-
gram (SDPP) cohort investigated in both a baseline study and a fol-
low-up study 8-10 years later, as described previously (16). The
individuals are unrelated and of Swedish origin. All subjects classi-
fied as T2D within the SDPP cohort were selected: newly diagnosed
in the baseline examination, newly diagnosed in the follow-up ex-
amination, or diagnosed between baseline and follow-up, in total of
399 subjects (235 men and 164 women). Their body mass index
(BMI) ranged from 18.4 to 58.6 kg/m> In addition, all men who
had normal glucose tolerance (NGT) and BMI of >30.0 kg/m2 at
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baseline and did not develop neither prediabetes (impaired fasting
glucose/impaired glucose tolerance) nor T2D at follow-up (=obese
NGT), were selected, n = 198. We did not have access to samples
from obese women with NGT. Control subjects (= lean NGT) were
randomly selected from individuals with NGT at both baseline and
follow-up, with a BMI of <26 kg/m? and without family history of
diabetes. Thus, 580 subjects were selected (394 men and 186
women) corresponding to 73% of eligible men (n = 542) and to
24% of eligible women (n = 787). T2D patients were diagnosed
according to criteria from WHO 1998 and the standard definition of
obesity was used according to the Center for Disease Control (CDC,
1998) (17,18). For T2D patients diagnosed between baseline and
follow-up studies, baseline data were used to avoid the influence of
lifestyle changes and/or antidiabetic treatment on phenotypes. Clinical
data on included patients and subjects are summarized in Table 1. All
participants gave their informed consent to take part in the study. Pro-
cedures followed were in concordance with the declaration of Hel-
sinki II and approved by the local ethics committee.

Human islets

With support from the Nordic Network for Clinical Islet Transplan-
tation (head coordinator Prof. Olle Korsgren, Department of Clinical
Immunology, Uppsala University, Sweden), human pancreatic islets
were isolated from brain-dead, heart-beating, multiorgan donors. In
all, islets were isolated from 24 donors (16 patients with T2D and 8
nondiabetic controls). The procedure of islet isolation is a refine-
ment of the automated method for isolation of human pancreatic
islets (19). The study was approved by the Human Research Ethics
Committee of Karolinska Institutet.

Genotyping

DNA was extracted from peripheral blood of SDPP individuals
using Puregene DNA purification kit (Gentra Systems, Minneapolis,
MN). Three SNPs were chosen based on the location, function, and
previous validation. The selected SNPs were picked to cover the
whole gene. Tagger® program from the International HapMap

TABLE 1 Clinical characteristics of subjects

Clinical parameters NGT lean subjects

NGT obese subjects T2D subjects

n (Men/women) 580 (394/186)

Age (years) 47 (46-47)

BMI (kg/m?) 22.9 (22.8-23.1)
Waist (cm) 82.2 (81.6-82.8)
Waist-hip ratio 0.84 (0.84-0.85)
Fasting plasma glucose (mmol/l)® 4.5 (4.4-4.5)
2-h Plasma glucose (mmol/l)? 4.0 (3.9-4.1)

Fasting plasma insulin (mU/l)*
2h Plasma insulin (mU/I)®

13.0 (12.5-13.5)
33.6 (32.2-35.1)

HOMA-IR index? 2.6 (2.5-2.7)
Systolic BP (mmHg) 119 (118-120)
Diastolic BP (mmHg) 75 (74-76)

198 (198/—)

46 (46-47)

32.2 (31.9-32.5)
104.9 (103.9-105.9)
0.95 (0.94-0.95)
4.8 (4.7-4.8)

4.8 (4.6-5.0)

24.1 (22.8-25.5)
62.9 (57.3-69.1)

399 (235/164)
52 (52-53)

30.1 (29.6-30.7)
98.4 (97.2-99.7)
0.92 (0.92-0.93)
6.5 (6.4-6.7)
10.5 (10.1-11.0)
23.1 (21.9-24.3)
81.8 (76.7-87.3)

5.1 (4.8-5.4) 6.7 (6.3-7.1)
131 (129-133) 139 (137-141)
84 (82-85) 85 (84-86)

Data are means (95% ClI) for normally distributed variables.
Insulin resistance index was calculated by HOMA.

NGT, normal glucose tolerance; T2D, type 2 diabetes; BMI, body mass index; BP, blood pressure; IR, insulin resistance.

AGeometric means (95% CI) for logarithmic transformed variables.
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project (release no. 27) was also used to select and evaluate tagSNPs
from genotype data in HapMap (20). Here, pair-wise tagging was
used together with an 12 cutoff of 0.8 and a minor allele frequency
(MAF) of 5%. Two SNPs in the ADRA2A gene (rs11195419 and
1s553668) were captured by Tagger based on HapMap data. The
genotyped SNPs captured the HapMap tagging SNPs.

To confirm the selected SNP genotyping assays in our population,
we used 32 Swedish DNA samples including 16 cases and 16 NGT
controls. All studied SNPs had at least 5% allele frequency and
were used for further genotyping in the larger sample set. High-
throughput genotyping was performed using TagMan allelic discrim-
ination (ABI 7300, Applied Biosystems, USA). Information on
primer and probe sequences used are available, upon request. All
PCR reactions were run in 20 pl volumes using 10-20 ng genomic
DNA. For genotyping quality control, samples were checked by
rerunning a random set of 100 samples and comparing them against
the original genotypes. The genotyping success rate was 99%. All
genotypes were read by two independent investigators who did not
have access to the phenotypic status of the study objects.

mMRNA expression

Total RNA was extracted from human islets using RNeasy mini Kkit,
following the manufacturer’s protocol (Qiagen, Hilden, Germany).
Islets were disrupted using a Mini Beadbeater (Biospec products,
Bartlesville, OK) with 500 pl (2 mm) Zirconia beads. cDNA tran-
scription was performed using QuantiTect Reverse Transcription kit
(Qiagen, Valencia, Germany). Real-time RT-PCR was performed
with TagMan gene expression assay in a ABI 7300 real-time PCR
system (Applied Biosystems, Foster City, CA).

Statistics

Hardy-Weinberg equilibrium was tested by Xz-test (21). The powers
to detect a clinically relevant increased risk of 40% per risk allele
for T2D were 61, 76, and 89%, assuming minor allele frequencies
of 0.10, 0.15, and 0.24, respectively, and the prevalence of T2D to
be 6% and sample sizes as in this study (22). Data are presented as
means (95% CI) or geometric means (95% CI) in Table 1 and as
means * SE for ADRA2A mRNA expression data from isolated
human pancreatic islets. Normal probability plots were created and
parameter distributions were transformed to natural logarithm when
needed to improve skewness and to obtain a normal distribution
before performing statistical analysis. Homogeneity of variances was
tested by Levene’s test. Allele distributions were compared between
cases (T2D patients and NGT obese subjects) and NGT control sub-
jects and odds ratios (ORs), and 95% confidence intervals (Cls)
were calculated to test for associations. Multiple logistic regression
analysis, with results expressed as OR with 95% CI, was used to
assess whether the risk alleles were associated with T2D and/or obe-
sity after adjustments for age and also for body measurements when
appropriate. Comparisons were made in men and women separately.
The homeostasis model assessment was used to assess insulin resist-
ance (HOMA-IR). Based on the fasting glucose and insulin levels, it
was calculated according to the following equation: fasting plasma
glucose (mmol/l) x fasting plasma insulin (mU/ml)/22.5 (23). Inde-
pendent z-test was used to analyze data obtained from the human
islets. P-values of <0.05 were considered significant. All statistical
analyses were performed using SAS version 9.2 (SAS Institute,
Cary, NC) and PASW version 18 (SPSS, Chicago, IL) programs.

Genetic Association of ADRA2A Langberg er al.

Results

We genotyped three SNPs in the ADRA2A gene in our SDPP indi-
viduals and genotype distributions of all studied SNPs followed by
Hardy-Weinberg equilibrium. Table 2 provides a list of studied
SNPs and their minor allele frequencies. Test for associations in all
SNPs was performed. Comparison analyses were carried out in men
and women separately. We found associations linked to two of the
studied SNPs, rs553668 and rs521674. The results will be focused
on these two SNPs as rs11195419 did not show significant allelic
association. We also performed gene expression analysis of
ADRAZ2A in pancreatic islets of 24 human donors.

SNP rs553668

SNP 1s553668 in the ADRA2A gene showed significant association
between T2D patients and lean NGT subjects in men (OR = 1.47;
95% CI = 1.08-2.01; P = 0.015; Table 3). Carriers with the A/A
genotype had an increased risk of disease. However, male T2D
patients had BMI values ranging from 18.4 to 45.6 kg/m?. To deter-
mine whether this polymorphism is associated with T2D or with
obesity, we analyzed obese NGT and lean NGT subjects and found
an association of the A allele with obesity (OR = 1.49; 95% CI =
1.07-2.07; P = 0.017). We also compared lean T2D patients with
lean NGT subjects and no association was found (OR = 1.09; 95%
CI = 0.61-1.95; P = 0.780). However, when comparing obese T2D
male patients with lean NGT male subjects, there was a significant
difference (OR = 1.62; 95% CI = 1.06-2.49; P = 0.026). No asso-
ciations were seen when comparing obese T2D and obese NGT (OR
= 1.09; 95% CI = 0.69-1.72; P = 0.709) or lean and obese T2D ver-
sus lean and obese NGT (OR = 1.22; 95% CI = 0.86-1.73; P =
0.265). Comparisons of rs553668 in men are summarized in Table 3.

Multiple logistic regression analysis for SNP rs553668, including
age in the model and comparing T2D and lean NGT men, showed
that A/A genotype carriers had an increased odds ratio compared to
G/G genotype carriers (OR = 3.09; 95% CI = 0.99-9.59; P =
0.051, Table 3). When we included BMI in the model, the associa-
tion disappeared (OR = 2.29; 95% CI = 0.34-15.49; P = 0.394).
We then compared obese NGT and lean NGT groups and detected a
significant association (OR = 2.82; 95% CI = 1.03-7.74; P =
0.044). There was no significant association when comparing lean
T2D and lean NGT (OR = 1.76; 95% CI = 0.25-12.58; P = 0.572)
but when looking at obese T2D and lean NGT subjects we found a
significant association (OR = 4.17; 95% CI = 1.02-17.00; P =
0.046). No associations were found with obese T2D versus obese
NGT groups (OR = 1.10; 95% CI = 0.30-4.07; P = 0.889) or
between lean and obese T2D compared with lean and obese NGT
(OR = 1.69; 95% CI = 0.58-4.95; P = 0.339). Multiple logistic

TABLE 2 Studied SNPs in the ADRA2A gene and their MAFs in
Swedish population

Gene SNP ID SNP location SNP type MAF
ADRA2A rs521674 5'-Upstream W=AT 0.24
ADRA2A rs11195419 3-UTR M= AC 0.10
ADRA2A rsb53668 3-UTR R=AG 0.15

MAF, minor allele frequency; UTR, untranslated region.
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African Americans (14), and with endurance in athletes of Cauca-
sian origin (24). This polymorphism has also been associated with
platelet aggregation (25). Our study confirms the association of SNP
1$553668 with obesity in Swedish men. This SNP is a tagSNP and
located in the 3'-region of the ADRA2A gene. Genetic variations in
the 3/-region is important in the regulation of message stability.
Alteration in this region of the ADRA2A gene can affect gene
expression by causing an increased stability of the mRNA (26).

After accomplishing our study, it was reported that rs553668 is asso-
ciated with reduced insulin secretion and increased risk of T2D in a
population from Finland and southern Sweden (15). This association
was verified on functional level in human pancreatic islets. Risk al-
lele carriers showed overexpression of ADRA2A in islets, decreased
insulin secretion, and reduced number of docked insulin granules in
vitro. These effects were corrected by ADRA2A-antagonism (15).
Although ADRA2A mRNA expression was detectable in our isolated
human pancreatic islets, no significant difference was found between
the diabetic and the control groups. These divergent results may be
explained by the fact that T2D is a complex disease with many dif-
ferent entities and involvement of multiple genes as well as environ-
mental factors. Also, in the study by Rosengren et al., the individu-
als were not categorized in diabetic and control groups. This was
taken into consideration in our study. We propose that ADRA2A
polymorphisms are important components in obesity and possibly in
T2D occurrence, which may allow future specific therapy for indi-
vidual patients and personalized medicine.

SNP rs521674 is situated in the 5'-region of the ADRA2A gene.
Owing to its location, this polymorphism has been previously
described and used as a genetic marker (27,28). Genetic variants
found in the 5'-flanking region could be involved in transcription
binding sites in the promoter region and influence gene expression.
The responsiveness to op-adrenergic stimulation differs markedly
between individuals. This could be owing to receptor regulation
processes (29,30) or to hereditary interindividual variances in o,-ad-
renoreceptor responsiveness (31). There is little information on in
vivo effects of studied SNPs in the ADRA2A gene. The variants
found are mainly noncoding and there is limited knowledge on their
functional significance. Our results suggest that SNP rs521674 might
be associated with obesity and possibly also with T2D. The associa-
tion was seen in obese and not lean T2D when age was included in
the multiple logistic regression model. We did not have access to
samples from obese women with NGT and therefore could not com-
pare this group with lean women with NGT. We found association
between the combined group of lean and the obese T2D patients
and lean NGT subjects after adjusting for age and were not able to
exclude a link to T2D.

Gender seems to be an important factor to take into account when
analyzing genetics of obesity and related disorders. We and others
have previously demonstrated differences in other genes among men
and women in associations of SNPs with obesity and T2D. These
genes include receptor protein tyrosine phosphatase sigma (RPTPo)
(32), angiotensin-converting enzyme (ACE) (33), low-density lipo-
protein-related protein-associated protein 1 (LRPAPI), thrombospon-
din I (THBSI), acetyl-coenzyme A acetyltransferase 2 (ACAT2),
integrin B 3 (ITGB3), coagulation factor II (F2), P-selectin (SELP),
prolylcarboxypeptidase (PRCP) (34), and neuropeptide Y (NPY)
(35). In this study, an additional gene with gender difference has
been analyzed.
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Physiological events are generally not regulated by a single gene. It
remains to be investigated how the ADRA2A association is regulated
on a molecular basis in lipid and glucose homeostasis. It is also of
interest to study the effects of ADRA2A variants on response to
administration of oy-adrenoreceptor agonists and antagonists. Not
only single but also interactive effects of adrenergic receptor poly-
morphisms seem to contribute to obesity-related phenotypes such as
hyperinsulinemia, insulin resistance, and increased systolic blood
pressure (36,37). It is also important to study other components of
the adrenergic receptor pathways in relation to the pathogenesis of
T2D and obesity. In addition, other polymorphisms and environmen-
tal factors will give a better insight into the susceptibility, progres-
sion and treatment of obesity, T2D, and related disorders.

Variants in the B3- and B,-adenergic receptors have been previously
associated with obesity and diabetes in several studies (38,39). There
is a major interest in the possibility of receptor variants and their
association with altered function and etiology of disease. Many can-
didate genes have been proposed for obesity and yielded conflicting
associations with obesity-related traits (40). The reason for this
might be sample size, different selected populations, gene-gene, and
gene—environment interactions or lack of reproducibility.

Conclusions

In summary, this study suggests that ADRA2A polymorphisms are
associated with obesity and may also relate to T2D in a Swedish pop-
ulation. Further studies are needed to elaborate more on the function
of ADRA2A and its possible preventive and therapeutic applications.O
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