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Abstract

 

Catecholamines play a central role in the regulation of
energy expenditure, in part by stimulating lipid mobiliza-
tion through lipolysis in fat cells. The beta-2 adrenoceptor
(BAR-2) is a major lipolytic receptor in human fat cells. To
determine whether known polymorphisms in codons 16, 27,
and 164 of this receptor play a role in obesity and subcuta-
neous adipocyte BAR-2 lipolytic function, we investigated a
group of 140 women with a large variation in body fat mass.
Only the polymorphisms in codons 16 and 27 were common
in the study population. The Gln27Glu polymorphism was
markedly associated with obesity with a relative risk for

 

obesity of 

 

z

 

 7 and an odds ratio of 

 

z

 

 10. Homozygotes for
Glu27 had an average fat mass excess of 20 kg and 

 

z

 

 50%
larger fat cells than controls. However, no significant associ-
ation with changes in BAR-2 function was observed. The
Arg16Gly polymorphism was associated with altered BAR-2
function with Gly16 carriers showing a fivefold increased
agonist sensitivity and without any change in BAR-2 ex-
pression. However, it was not significantly linked with obe-
sity. These findings suggest that genetic variability in the
human BAR-2 gene could be of major importance for obe-
sity, energy expenditure, and lipolytic BAR-2 function in
adipose tissue, at least in women. (

 

J. Clin. Invest. 

 

1997. 100:
3005–3013.) Key words: fat cell 
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Introduction

 

It is well established that obesity is under strong genetic influ-
ence, with up to 40% of the variation in body fat content being
attributed to genetic factors (1). Several of the genes causing
obesity in laboratory animal models have been characterized
recently (2). Much less is known about genes involved in hu-
man obesity (3), because the obese phenotype in humans is not
only determined by a number of different genes but also by a
large number of environmental factors.

Genes that are involved in the regulation of catecholamine
function may be of particular importance for human obesity

because of the central role they have in energy expenditure
both as hormones and neurotransmitters. A key factor in the
energy balance is the mobilization of lipids through lipolysis in
fat cells (4). All three known beta adrenoceptor (BAR)

 

1

 

 sub-
types can promote lipolysis in human adipose tissue in vivo (5,
6). Recently, a coding mutation in the BAR-3 gene was re-
ported which associated with rapid weight gain and some met-
abolic complications to obesity (7–9). However, this genetic
variation may be of minor importance in obesity since in most
of the populations studied its frequency is not increased in
obesity (10, 11). Furthermore, little or no difference in pheno-
typic characteristics exists between carriers and noncarriers of
this polymorphism (10–12). This mutation fails to cause a de-
tectable change in function in both native human fat cells (13)
and in recombinant cells (14).

In a number of elegant studies, Liggett and colleagues have
described three polymorphisms in the human BAR-2 gene that
have been studied in relation to asthma. These include the rare
Thr164Ile variant and two common Arg16Gly and Gln27Glu
variants (15). Thr164, Arg16, and Gln27 are considered as the
“wild” forms. When these are substituted for Ile164, Gly16, or
Glu27, the function of the BAR-2 is markedly altered in re-
combinant cells (16, 17). Even if in most of the studies none of
these missense mutations were more prevalent in asthma pa-
tients than in normal control subjects, the Gly16 and Glu27
variants have been shown to be associated with altered pheno-
typic characteristics in certain forms of asthma (18, 19). It is yet
unknown whether these genetic variants are associated with
other clinical disorders or if they are linked to changes in na-
tive human BAR-2 function.

In this study, we investigated whether the previously de-
scribed human BAR-2 gene polymorphisms are associated
with obesity and whether they are of functional importance for
the human fat cell in a study population consisting of 140
women with a large variation in body mass index (BMI).

 

Methods

 

Subjects

 

The study group consisted of 140 nonrelated subjects who were not
receiving any medication. Subjects were recruited in two different
ways. One group included 85 women who were either healthy, non-
obese volunteers or otherwise healthy subjects referred to the De-
partment of Medicine because of uncomplicated obesity. BMI ranged
from 17.8 to 52.5 kg/m

 

2

 

 in this group. The second group consisted of
55 women with a large variation in body weight (BMI 18.4–60.0 kg/m

 

2

 

),
who were referred to the Department of Surgery for surgical treat-
ment of obesity by gastric banding, uncomplicated gallstones, or ab-
dominal hernias. These two groups did not differ statistically in any of
the following measures, including age, BMI, waist-to-hip ratio (WHR),
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fat cell volume, and fasting plasma levels of glucose and insulin. There-
fore, the two cohorts were considered as one uniform group in all
subsequent analyses. Both groups were investigated at the hospital
after an overnight fast. Height and body weight were first deter-
mined. Thereafter, a venous blood sample was obtained from an an-
tecubital vein for extraction of DNA and the determination of plasma
glucose by the hospital’s routine chemistry laboratory and plasma
insulin at our own laboratory by a commercial radioimmunoassay
(Pharmacia-Upjohn, Uppsala, Sweden). An abdominal subcutaneous
fat biopsy was obtained under local anesthesia from the “medicine”
subjects and in connection with open surgery from the “surgery” sub-
jects, exactly as described previously (20). We have demonstrated that
the adrenoceptor function and lipolysis do not differ in fat cells ob-
tained through these two different procedures (20). Between 200 mg
and 1 g of fat was obtained and used for immediate analysis. To de-
termine the frequency of the investigated mutations, the material was
divided into nonobese (58 subjects) and obese (82 subjects) groups. A
BMI of 27 kg/m

 

2

 

 was used as the cut-off point. The nonobese subjects
had a mean BMI of 23.0

 

6

 

0.3 kg/m

 

2

 

 and a mean WHR of 0.87

 

6

 

0.01 in
comparison with 39.3

 

6

 

0.8 kg/m

 

2

 

 and 0.95

 

6

 

0.01, respectively, for the
obese subjects. Both groups were comparable in age; the mean of the
normal weight subjects being 38.9

 

6

 

0.8 yr and of the obese group
37.7

 

6

 

1.3 yr. The body fat content was determined by a formula de-
rived from age, sex, and BMI (21). The body fat was also measured
on 34 subjects, using a body fat analyzer (model TBF-305; Tanika,
Tokyo, Japan). The BMI was uniformly distributed between 25 and
50 kg/m

 

2 

 

in these subjects. There was an excellent correlation be-
tween both methods of BMI determination (

 

r

 

 5 

 

0.92, slope 

 

5 

 

1.3).
The subjects were informed in detail about the investigation and their
consent was obtained. The study was approved by the hospital’s Ethi-
cal Committee.

 

Analysis of RFLP

 

Genomic DNA was extracted from leukocytes in samples of whole
blood by digestion with proteinase K followed by phenol/chloroform
extraction. PCR amplification was performed on an automated appa-
ratus (PTC-200; SDS Co., Falkenberg, Sweden).

 

PCR amplification of the DNA segment containing codon 27 of the
BAR-2 gene.

 

PCR amplification of the DNA segment containing
codon 27 of the BAR-2 gene was carried out in a volume of 26 

 

m

 

l con-
taining 300–500 ng DNA, 0.38 mM of each deoxynucleoside triphos-
phate, 10% buffer (100 mM Tris-HCl, 15 mM MgCl

 

2

 

, 500 mM KCl,
pH 8.3), 10% DMSO, 20 pmol of each primer, and 0.13–0.63 U of 

 

Taq

 

DNA polymerase. The forward primer was 5

 

9

 

-GGCCCATGACCA-
GATCAGCA-3

 

9

 

 and the reverse primer was 5

 

9

 

-GAATGAGGCT-
TCCAGGCGTC-3

 

9

 

. PCR was started with denaturation at 94

 

8

 

C for 4
min, followed by 30 cycles of denaturation (94

 

8

 

C, 1 min), annealing
(63

 

8

 

C, 1 min), and extension (72

 

8

 

C, 1 min), with a final extension at
72

 

8

 

C for 10 min. The PCR product size from these primers is 353 bp.
The amplified product was digested at 37

 

8

 

C for 1 h with 0.4 U of Ita I.
The fragments were resolved on a 2% ultra-pure DNA agarose gel
with Tris-acetate EDTA (40 mM Tris-acetate, 2 mM EDTA) buffer
and visualized under ultraviolet illumination after staining with ethid-
ium bromide. This digestion produced fragments of the following sizes:
27, 55, 97, and 174 bp in Gln27 homozygotes; 27, 55, 97, 174, and 229
bp in Gln27Glu27 heterozygotes; and 27, 97, and 229 bp in Glu27 ho-
mozygotes. The 27-bp fragment was too small to be resolved on the gel.

 

PCR amplification of the DNA segment containing codon 16 of the
BAR-2 gene.

 

PCR amplification of the DNA segment containing
codon 16 of the BAR-2 gene was carried out the same way as for the
codon 27 but using 5

 

9

 

-CTTCTTGCTGGCACGCAAT-3

 

9

 

 as the for-
ward primer and 5

 

9

 

-CCAGTGAAGTGATGAAGTAGTTGG-3

 

9

 

 as
the reverse primer. The other differences included using an annealing
temperature of 56

 

8

 

C and excluding DMSO. The PCR product size
from these primers is 201 bp. The forward primer is complementary
to the BAR-2 DNA sequence except for one nucleotide which per-
mits the creation of a BsrDI restriction site. The amplified product was
digested at 60

 

8

 

C for 1 h with 2 U of BsrDI. The fragments were re-

 

solved on a 3% Meta-Phor agarose gel with Tris-borate EDTA (89 mM
Tris, 89 mM boric acid) buffer and visualized under ultraviolet illumi-
nation after staining with ethidium bromide. This digestion produced
fragments of the following sizes: 14, 56, and 131 bp in Arg16 homozy-
gotes; 14, 23, 56, 108, and 131 bp in Arg16Gly16 heterozygotes; and
14, 23, 56, and 108 bp in Gly16 homozygotes.

 

PCR amplification of the DNA segment containing codon 164 of
the BAR-2 gene.

 

PCR amplification of the DNA segment containing
codon 164 of the BAR-2 gene was carried out the same way as for
codon 27 with 5

 

9

 

-GGACTTTTGGCAACTTCTGG-3

 

9

 

 as the for-
ward primer, 5

 

9

 

-ACGAAGACCATGATCACCAG-3

 

9

 

 as the reverse
primer, and an annealing temperature of 55

 

8

 

C. The PCR product size
from these primers is 358 bp. The amplified product was digested at
37

 

8

 

C for 1 h with 2 U of MnlI. The fragments were resolved on a 2%
ultra-pure DNA agarose gel with Tris-acetate EDTA (40 mM Tris ac-
etate, 2 mM EDTA) buffer and visualized under ultraviolet illumina-
tion after staining with ethidium bromide. This digestion produced
fragments of the following sizes: 38, 114, and 206 bp in Thr164 ho-
mozygotes; 38, 114, 206, and 320 bp in Thr164Ile164 heterozygotes;
and 38 and 320 bp in Ile164 homozygotes.

 

Fat cell lipolysis experiments

 

Isolated fat cells were prepared and incubated as described in detail
elsewhere (22). In brief, diluted suspensions (0.2 ml) of isolated fat
cells (5,000–10,000 cells/ml) were incubated in duplicate for 2 h in the
presence or absence (basal) of increasing concentrations of the BAR-1
selective agonist dobutamine or the BAR-2 selective agonist terbuta-
line. We have demonstrated that these two agonists are selective for
their designated receptors in isolated human abdominal subcutane-
ous fat cells (5). All incubations were performed at 37

 

8

 

C in Krebs-
Henseleit phosphate buffer (pH 7.4), supplemented with glucose (1 g/li-
ter) and BSA (20 g/liter), using air as the gas phase. The ligands were
added simultaneously at the start of the incubation. The concentra-
tions used ranged from 10

 

2

 

12

 

 to 10

 

2

 

4

 

 mol/liter. Glycerol release to the
incubation medium after the 2-h incubation was determined using an
automated bioluminescence assay (23) and was used as a measure-
ment of the lipolysis rate, since this metabolite is not reused by human
fat cells to any significant extent. Both agonists caused a dose-depen-
dent increase of glycerol release that always reached a plateau at the
highest agonist concentrations. The sensitivity to agonist action was de-
fined as the pD

 

2

 

 value, i.e., the negative logarithm of the EC

 

50

 

 value.
The latter was defined as the concentration of each agonist giving a
half-maximal effect. These EC

 

50

 

 values (expressed as log mol/liter) were
determined by linear regression analysis after log-logit transformation
of the ascending part of the individual concentration–response curves.
They reflect specific agonist–receptor interactions, since at this con-
centration the selective agonists have few, if any, interactions with
other adrenoceptor subtypes (24). Lipolysis rates in the presence or
absence of maximum effective agonist concentrations were expressed
relative to grams of lipid or incubated cell number. The methods for
lipid extraction and calculation of adipocyte cell volume and number
have been described in detail previously (22).

 

Fat cell binding experiments

 

These experiments could only be performed in a limited number of
subjects because they required very large amounts of fat cells. The
BAR-1/BAR-2 binding experiments were performed as described
previously (22). In brief, the nonselective BAR antagonist 

 

125

 

I-cyano-
pindolol was used in saturation and displacement experiments. Fat
cells were incubated for 60 min, in a concentration of 

 

z

 

 20,000 cells/ml,
at 37

 

8

 

C in 0.5 ml of KRP buffer, pH 7.4, with bovine albumin (5 g/li-
ter), glucose (1 g/liter), and ascorbic acid (0.1 g/liter).

In the saturation experiments, the fat cells were incubated with
10, 50, 100, 250, 500, and 750 pmol/liter of 

 

125

 

I-cyanopindolol. Non-
specific binding was determined by addition of propanolol (0.1 

 

m

 

mol/
liter). In the displacement experiments, 

 

125

 

I-cyanopindolol binding
(100 pmol/liter) was displaced by the highly selective BAR-2 antago-
nist ICI 118,551 in 12 increasing concentrations (0, 10

 

2

 

11

 

–10

 

2

 

4

 

 mol/li-
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ter). Nonspecific binding was determined in the presence of 10

 

2

 

4

 

 mol/
liter of ICI 118,551.

The saturation experiments were evaluated by linear regression
analysis of Scatchard plots giving an estimate of the total number of
binding sites. The Scatchard plots were always linear. The displacing
ligand ICI 118,551 binds to BAR-2 with high affinity and to BAR-1
with low affinity. Using a nonlinear least-squares regression analysis
of the displacement curves, it was possible to determine the propor-
tion of binding sites with high (BAR-2) and low affinity (BAR-1) for
the displacing ligand, respectively.

As discussed in detail (22), the concentrations of 

 

125

 

I-cyanopin-
dolol used here are not sufficiently high to identify BAR-3 binding
sites.

 

Drugs and chemicals

 

The PCR kit and the restriction enzyme ItaI were purchased from
Boehringer-Mannheim (Mannheim, Germany) and the ultra-pure DNA
grade agarose from BIO-RAD (Hercules, CA). The restriction en-
zymes BsrDI and MnlI came from New England Biolabs Inc. (Bev-
erly, MA) and the Meta-Phor agarose from FMC Bioproducts (Rock-
land, ME). BSA (fraction V) and propanolol were obtained from
Sigma Chemical Co. (St. Louis, MO). Terbutaline sulfate came from
Draco (Lund, Sweden), dobutamine hydrochloride from Eli Lilly &
Co. (Indianapolis, IN), 

 

125

 

I-cyanopindolol from DuPont/New England
Nuclear (Boston, MA), and ICI 118,551 from Cambridge Research
Biochemicals Ltd. (Cheshire, UK).

Figure 1. Detection of Gln27Glu (A), Arg16Gly (B), Thr164Ile (C) polymorphisms of the BAR-2 by PCR and analysis of RFLP. (A) The PCR 
products (353 bp) were digested with the restriction enzyme Ita I and visualized by staining with ethidium bromide. M, Molecular mass marker; 
lane 1, Glu27 homozygote; lane 2, Glu27Gln27 heterozygote; lane 3, Gln27 homozygote; lanes 4–6, control DNA for lanes 1–3, respectively.
(B) The PCR products (201 bp) were digested with the restriction enzyme BsrDI and visualized by staining with ethidium bromide. M, Molecu-
lar mass marker; lane 1, Gly16 homozygote; lane 2, Gly16Arg16 heterozygote; lane 3, Arg16 homozygote; lanes 4–6, control DNA for lanes 1–3, 
respectively. (C) The PCR products (358 bp) were digested with the restriction enzyme MnlI and visualized by staining with ethidium bromide. 
M, Molecular mass marker; lane 1, Thr164 homozygote; lane 2, Thr164Ile164 heterozygote; lane 3, control DNA for lane 1; lane 4, control DNA: 
Ile164 homozygote. (D) Summary of BAR-2 polymorphism in codons 16, 27, and 164.
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Statistical analysis

 

Values are given as the mean

 

6

 

SEM. Statistical analysis was per-
formed using Student’s unpaired 

 

t

 

 test, the 

 

x

 

2

 

 test, and ANOVA. Rel-
ative risk and odds ratio were calculated as described previously (25).
Relative risk (R) is

 

and the odds ratio (Ri) is

where 

 

n

 

1

 

 is the number of patients with the characteristic, 

 

n

 

2

 

 is the
number of control individuals with the characteristic, and 

 

n

 

3

 

 and 

 

n

 

4

 

are the corresponding numbers without the characteristic.

 

Results

 

RFLP.

 

Representative RFLP analyses of the genetic variants
in codons 16, 27, and 164 of the human BAR-2 are shown in
Fig. 1. A distinct pattern was found for each of the polymor-
phisms. The patterns obtained were identical to parallel exam-
ination of control DNA from other subjects carrying the differ-
ent polymorphisms (genotyped by Dr. Liggett and Dr. Hall).
Furthermore, identical results were obtained when samples
were genotyped by two of the investigators independently. For
codons 16 and 27, all known genetic variants were found, i.e.,
homozygous for Arg16 or Gly16, heterozygous Arg16Gly16,
homozygous for Gln27 or Glu27, and heterozygous Gln27Glu27.
For codon 164, only homozygous for Thr164 and heterozygous
Thr164Ile164 were found.

To confirm the determination of the genotype at codons 16
and 27, the PCR products from randomly chosen subjects with
the three different genotypes for both mutations were submit-
ted to automatic direct DNA sequencing (Cybergene, Stock-
holm, Sweden). The data obtained by sequencing were in ac-
cordance with our results (data not shown).

 

BAR-2 genotypes of obese and nonobese women.

 

Genotyp-
ing of BAR-2 was performed on DNA from all 140 subjects to
delineate polymorphisms in amino acids 16, 27, and 164. The
Thr164Ile variant occurred in only five subjects. Due to the
very low polymorphic frequency at this locus, codon 164 was
not considered further.

Polymorphisms in codon 27 had a very strong association
with obesity (Tables I and II). The clustering of Glu27 with
obesity was highly statistically significant by 

 

x

 

2

 

 analysis (

 

P

 

 5

 

0.003) with an odds ratio as high as 10.4; 24% of the obese but
only 3% of the nonobese subjects carried the homozygous
form of Glu27, giving a sevenfold difference in frequency. In
addition, the relative risk of being obese with the homozygous
Glu27 genotype was 7. The frequency of each allele for the two
polymorphisms also differed at a highly significant level be-
tween obese and nonobese subjects (

 

P

 

 5 

 

0.004 by 

 

x

 

2

 

 analysis).
Only homozygosity for Gln27 was significantly associated with
obesity. The heterozygotes had an odds ratio of 1.3, not statis-
tically significant different from 1.0. In the whole material, ho-
mozygosity for Gly16 occurred in 49% of the subjects, as com-
pared with 19% for Arg16 homozygosity. When the expected
number of subjects in each group was calculated according to
Hardy Weinberg, there should have been five homozygotes
carrying Glu27Glu27 in the nonobese group. However, only

R
n1 n2( n4 )+

n2 n1( n3 )+
--------------------------------=

R1

n1n4

n2n3

----------- ;=

two carriers of that polymorphism were found. We have no
clear explanation for this deficit. It might be due to the use of
two different populations. In the subgroup of 55 women un-
dergoing elective surgery, the expected number of nonobese
subjects who were homozygous for Glu27 was 1 according to
Hardy Weinberg. We found none, which did not differ from
the expected number in a statistically significant way.

The combined polymorphisms at codons 16 and 27 were
also examined (Table I). It was evident that the genetic vari-
ability in these two codons was in strong linkage disequilib-
rium, since 64% of the subjects carried both Gly16 and Glu27
in homozygous or heterozygous forms. The pattern of poly-
morphisms at both codons 16 and 27 differed significantly be-
tween the obese and nonobese subjects (P 5 0.024 by x2 analy-
sis). However, the only major difference in frequency between
both groups was a marked overrepresentation of both Gly16
and Glu27 homozygosity in the obese subjects, with an odds

Table I. Distribution of the BAR-2 Gene Polymorphisms in 
Codons 16 (A) and 27 (B) and the Different Combinations of 
Codons 16 and 27 (C)

Genotype
Obese

subjects
Nonobese
subjects P value

Odds
ratio

n n

(A)
Gly16Gly16 37 31 1.1
Gly16Arg16 31 14 0.228 2.1
Arg16Arg16 14 13 1.0
(B)
Glu27Glu27 20 2 10.4
Glu27Gln27 38 31 0.003 1.3
Gln27Gln27 24 25 1.0
(C)
Arg16Arg16

and Gln27Gln27 12 13 1.0
Gly16Gly16

and Glu27Glu27 19 2 10.3
Gly16Arg16

and Glu27Gln27 27 21 0.024 1.4
Gly16Gly16

and Glu27Gln27 10 10 1.1
Gly16Arg16

and Gln27Gln27 10 10 1.1
Other combinations 4 2

Values were compared by x2 analysis. n, Number of subjects.

Table II. Allele Frequency of BAR-2 Gene Polymorphisms in 
Codons 16 and 27

Allele Obese subjects Nonobese subjects P value

n n

Gly16 105 (64%) 76 (66%) 0.446
Arg16 59 (36%) 40 (34%)

Glu27 78 (48%) 35 (30%) 0.004
Gln27 86 (52%) 81 (70%)

Values were compared by x2 analysis. n, Number of alleles.
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ratio as high as 10.3. 23% of the obese subjects carried this ge-
netic variant, as compared with only 3% of the nonobese sub-
jects, thus giving a sevenfold difference in frequency.

To further evaluate the relative importance of the poly-
morphism at codon 27 for obesity, we made a stratified analy-
sis (Table III). First, we divided the samples into Glu271

(Glu27Glu27 and Glu27Gln27) and Glu272 (Gln27Gln27).
Then we examined the effect of the Arg16 variant on obesity.
Neither in Glu271 nor in Glu272 subjects did the codon 16
polymorphism associate in a significant way with obesity. Sec-
ond, we divided the samples into Gly161 (Gly16Gly16 and
Gly16Arg16) and Gly162 (Arg16Arg16). Then we examined
the effect of the codon 27 variation on obesity. In Gly161 carri-
ers, there was a highly significant correlation between the
codon 27 polymorphism and obesity (P 5 0.009). A tendency
for the same association was observed in Gly162 carriers but
the P value did not reach a statistical significance. It may be
due to the low number of total subjects since only 29 subjects
were Gly162.

Phenotypic characteristics of different polymorphisms in
codons 16 and 27. The phenotypic characteristics of the poly-
morphisms in codon 27 are shown in Table IV. As depicted,
the Gln27Glu polymorphisms were not associated with any al-
teration in BAR-1 or BAR-2 function. However, Glu27 ho-
mozygotes had, on average, 50% larger fat cells and 7 kg/m2

higher BMI than homozygotes for Gln27. Homozygosity for
Glu27 was associated with an excess of z 20 kg in body fat, as
compared with noncarriers. The Glu27 homozygotes had a
higher fasting plasma insulin level than the Gln27 homozy-
gotes (P 5 0.03) and showed signs of an upper body fat distri-
bution (i.e., increased WHR). BMI, body fat, fat cell volume,
WHR, and insulin showed slightly higher values for the Glu27

homozygotes than for the Gln27Glu27 heterozygotes. How-
ever the differences did not reach a statistically significant
level.

Table V shows the phenotypes of the codon 16 polymor-
phisms. The genetic variants did not differ statistically in BMI
or in any other clinical parameters. However, homo- or het-
erozygosity for Gly in codon 16 was associated with a clear al-
teration of adipocyte BAR-2 function. This is illustrated by the
mean values for terbutaline action; the pD2 value (represent-
ing agonist affinity for the receptor) was 0.6–0.7 log units
higher in Gly16 homozygotes and in Arg16Gly16 heterozy-
gotes, as compared with Arg16 homozygotes. This implies that
mean terbutaline sensitivity was fivefold higher in adipocytes
from the two former groups. This is further illustrated in Fig. 2
which shows representative concentration–response curves for
the selective BAR-2 agonist terbutaline (three Gly16 homozy-
gotes and three Arg16 homozygotes). The Gly16 homozygote
curves were shifted to the left as compared with the Arg16 ho-
mozygote curves, indicating that the two polymorphisms dif-
fered in terbutaline sensitivity. Fig. 2 also shows the concentra-
tion–response curves obtained with the BAR-1 selective agonist
dobutamine, for the representative three Arg16 and three
Gly16 homozygotes. Unlike terbutaline, there were no clear
differences between the dobutamine curves, nor did the mean
values for dobutamine pD2 differ between the codon 16 poly-
morphic groups. There were no statistical differences in the
maximum lipolytic action of either drug between the three
genotypes, neither when lipolysis was expressed per gram of
lipid nor per cell (i.e., mmol glycerol/106 cells/2 h). The latter
values for terbutaline-induced lipolysis in Arg16 homozygotes,
Arg16Gly16 heterozygotes, and Gly16 homozygotes were
2.660.2, 3.260.2, and 2.860.2, respectively, and did not differ
significantly.

BAR binding was determined in 48 subjects. Maximum

Table III. Stratified Analysis of the Distribution of the BAR-2 
Gene Polymorphisms in Codon 16 (A) in Subjects Carrying 
(Glu271) or Not (Glu272) a Glutamic Acid at Codon 27, and 
Polymorphisms in Codon 27 (B) in Subjects Carrying 
(Gly161) or Not (Gly162) a Glycin at Codon 16

Obese subjects Nonobese subjects P value

n n

(A) Glu271

Gly16Gly16 29 12
Gly16Arg16 27 21 0.205
Arg16Arg16 2 0
Glu272

Gly16Gly16 2 2
Gly16Arg16 10 10 0.990
Arg16Arg16 12 13

(B) Gly161

Glu27Glu27 18 2
Glu27Gln27 36 31 0.009
Gln27Gln27 12 12
Gly162

Glu27Glu27 2 0
Glu27Gln27 2 0 0.152
Gln27Gln27 12 13

Values were compared by x2 analysis. n, Number of subjects.

Table IV. Phenotypic Characteristics of BAR-2 Gene 
Polymorphisms in Codon 27

(A)
Gln/Gln

(B)
Gln/Glu

(C)
Glu/Glu

P value

A vs. B A vs. C

n 49 69 22
Age, yr 3862 4061 3662 NS NS
BMI, kg/m2 30.761.5 31.761.1 38.261.8 NS 0.004
Body fat, kg 35.964.2 36.663.3 55.565.8 NS 0.009
Fat cell volume, pl 574634 659629 842642 NS 0.001
WHR 0.8960.01 0.9160.01 0.9560.01 NS 0.002
p-glucose, mmol/liter 5.160.1 5.460.1 5.360.2 NS NS
p-insulin, mU/liter 10.660.9 12.361.1 14.762.0 NS 0.034
pD2 Terbutaline 7.460.2 7.660.2 7.760.2 NS NS
pD2 Dobutamine 7.860.2 7.660.1 7.860.1 NS NS
Glycerol release
mmol/g lipid/2 h:

Basal 1.260.1 1.260.1 1.560.1 NS NS
Terbutaline 5.660.4 5.460.3 4.460.3 NS NS
Dobutamine 5.460.4 5.160.3 4.560.3 NS NS

Values are mean6SEM. They were compared by Student’s unpaired t
test. n, Number of subjects; p, fasting plasma; pD2, minus log value for
half-maximal effective concentration.
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BAR-1 binding capacity (amol/106 cells) was 61.4612.2, 92.26
18.2, and 78.7610.2 for Arg16 homozygotes, Arg16Gly16 het-
erozygotes, and Gly16 homozygotes, respectively. These values
did not differ significantly (F 5 0.58 by ANOVA). Corre-
sponding values for BAR-2 maximum binding were 53.2610.4,
72.9623.2, and 76.167.3, respectively. There were no signifi-
cant differences between these values either (F 5 0.68 by
ANOVA). Moreover, there were no significant differences be-
tween the groups in regard to receptor affinities for the dis-
placing drug ICI 118,551 or for the radioligand 125I-cyanopin-
dolol (data not shown).

The effect on the phenotype of some of the combined poly-
morphisms in codons 16 and 27 is demonstrated in Table VI. It
is apparent that in homozygotes for both Gly16 and Glu27,
most of the phenotypic characteristics were similar to those
observed when Gly16 and Gln27 homozygosities were investi-
gated separately (Tables IV and V). Thus, they had signifi-
cantly higher BMI, body fat, WHR, fat cell size, and pD2 for
terbutaline than the homozygotes for both Arg16 and Gln27.
We also investigated the contribution of codon 16 variants on
the phenotype by comparing women who were homozygous
for both Arg16 and Gln27 with women who were both het-
erozygous Gly16Arg16 and homozygous for Gln27. This latter
phenotype was associated with a significant increase in ter-
butaline pD2, giving a fivefold increase in terbutaline sensitiv-
ity (P , 0.005). However, there were no statistically significant
changes in any of the other investigated parameters. Unfortu-
nately, it was not possible to investigate separately the pheno-
typic role of polymorphisms in codon 27 since only two sub-
jects who carried the Glu27 variant were homozygous for
Arg16.

Genotypic and phenotypic characteristics of a study sub-
group. To investigate if the use of two populations had any
important effect on the distribution of the BAR-2 polymor-

phism in codons 16 and 27 or, on the phenotypic characteris-
tics, we did a separate investigation on the 85 women undergo-
ing biopsy under local anesthesia, since they formed the largest
subgroup. The findings in this cohort were almost identical with
those shown for the whole study population. The numbers of
subjects carrying Glu27Glu27, Glu27Gln27, and Gln27Gln27
among the obese women were 12, 25, and 10, respectively. The
corresponding numbers for the nonobese women were 2, 21,
and 15. The difference between obese and nonobese subjects
was statistically significant (P 5 0.02). Obese Glu27 homozy-
gotes had an odds ratio of 9.0 and the obese Glu27Gln27 sub-
jects had an odds ratio of 1.8. On the other hand, there was no
statistically significant association between the codon 16 poly-
morphism and obesity in this subgroup (data not shown).

We also examined the phenotypic characteristics of the co-
hort. Glu27Glu27 was associated with a statistically significant
increase in BMI, WHR, body fat, fat cell volume, and plasma
insulin as compared with Gln27Gln27, but there was no differ-
ence between the two genotypes in regard to BAR agonist
sensitivity. The codon 16 polymorphism did not influence the
values for BMI, WHR, body fat, fat cell volume, and plasma

Table V. Phenotypic Characteristics of BAR-2 Gene 
Polymorphisms in Codon 16

(A)
Arg/Arg

(B)
Arg/Gly

(C)
Gly/Gly

P value

A vs. B A vs. C

n 27 45 68
Age, yr 3762 3961 3862 NS NS
BMI, kg/m2 31.462.0 31.361.1 34.661.4 NS NS
Body fat, kg 34.965.3 37.863.5 36.664.4 NS NS
Fat cell volume, pl 604647 649628 703641 NS NS
WHR 0.9160.01 0.9060.01 0.9360.01 NS NS
p-glucose, mmol/liter 5.260.1 5.260.1 5.460.1 NS NS
p-insulin, mU/liter 11.061.1 11.660.8 13.661.6 NS NS
pD2 Terbutaline 7.060.2 7.660.2 7.760.2 0.028 0.027
pD2 Dobutamine 7.660.2 7.760.1 7.860.1 NS NS
Glycerol release
mmol/g lipid/2 h:

Basal 1.160.1 1.460.1 1.260.1 NS NS
Terbutaline 5.360.5 5.760.3 4.660.3 NS NS
Dobutamine 5.260.5 5.560.3 4.560.3 NS NS

Values are mean6SEM. They were compared by Student’s unpaired t
test. n, Number of subjects; p, fasting plasma; pD2, minus log value for
half-maximal effective concentration.

Figure 2. Codon 16 BAR-2 polymorphism and lipolysis. Concentra-
tion–response curves for terbutaline (top) and dobutamine (bottom) 
induced glycerol release. Fat cells were incubated in the absence and 
presence of increasing concentrations of the BAR-1 or the BAR-2 se-
lective agonist. Three representative homozygous Gly16 subjects and 
three representative homozygous Arg16 subjects are depicted.
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insulin in a statistically significant way. Gly16Gly16 was associ-
ated with a statistically significant increase in terbutaline sensi-
tivity in comparison with Arg16Arg16. However, no differences
in dobutamine sensitivity between the latter two genotypes
were found.

Discussion

To the best of our knowledge, this study is the first to demon-
strate a gene polymorphism that is strongly overrepresented in
human obesity and that has a marked influence on body fat
content. Another novel observation is that a common coding
mutation in the human BAR-2 gene affects receptor function
in a native target cell such as the adipocyte.

Substitution of Gln for Glu in both alleles at codon 27 of
the BAR-2 gene had a marked association with obesity; the
odds ratio was as high as 10.4. The Glu27 homozygotes had
z 20 kg of excess body fat and a 50% increase in fat cell size,
as compared with Gln27 homozygotes. They had also signs of
an upper body type of obesity and insulin resistance. For all
the traits for which Glu27 homozygotes differed from Gln27
homozygotes, however, the Glu27Gln27 heterozygotes had an
intermediate value which was not statistically significant. This
might suggest that there is also an effect of the heterozygosity
on obesity; however, it does not attain significance at the cur-
rent sample size. Noncarriers were also slightly obese with a
mean BMI of z 30 kg/m2. Therefore, this latter group might
have also some obesity-associated abnormalities in the clinical
measures. Further studies on population-based cohorts are
needed to determine whether the Gln27Glu polymorphism in
the BAR-2 gene is of importance for obesity-mediated compli-
cations. No difference in BAR-2 function between carriers and
noncarriers of Glu27 was observed. However, it is not possible
to state whether the latter is more apparent than real, since ge-

netic variability in codons 16 and 27 were in linkage disequilib-
rium, as discussed below. Therefore, it is not known at present
how Glu27 can promote obesity. Anyhow, it appears that the
Gln27Glu polymorphism is an important genetic marker for
human obesity, since it is highly overrepresented in over-
weight women (24% as compared with 3% in controls) and the
relative risk of being obese in subjects homozygous for Glu27
is as high as 7.

The codon 16 polymorphism seems to be of marked impor-
tance for BAR-2 function, at least in fat cells, but less so for
obesity. The polymorphism in codon 16 was not associated
with any statistically significant variation in obesity variables.
However, carriers with one or two Gly16 alleles had a fivefold
increased agonist BAR-2 affinity. According to classical drug
receptor theories (24), a change in agonist pD2 but with a pre-
served maximum effect indicates an alteration at the receptor
level and not downstream in signal transduction in a spare re-
ceptor system such as the human adipocyte BAR (26). How-
ever, judging from the results of the radioligand binding exper-
iments, there was no evidence of an important effect of the
polymorphism on BAR-2 expression. Therefore, we assume
that a substitution of arginine for glycine at codon 16 in the hu-
man BAR-2 enhances affinity and/or coupling of the receptor,
at least in fat cells. It was not possible to explore the molecular
mechanism for such Gly16-associated changes in receptor
function because of the limited amount of fat tissue that was
available. It should be noted that BAR-2 in recombinant cells
expressing Gly16 has an increased sensitivity to long-term ago-
nist-mediated receptor downregulation (15). It is possible that
the native human genotype also carries this feature, which is
then characterized by increased agonist affinity in the “rest-
ing” state presently investigated. Since heterozygotes and ho-
mozygotes showed the same change, it appears that Gly16
dominates over Arg16 in BAR-2 function.

The polymorphisms in codons 16 and 27 were in a strong
linkage disequilibrium, as two-thirds of the women carried at
the same time Gly16 and Gln27 in a hetero- or homozygous
form. Homozygotes for both Gly16 and Glu27 had a 20 kg
body fat excess, 50% enlarged fat cells, and fivefold increased
BAR-2 agonist affinity in comparison with noncarriers. Fur-
thermore, subjects who were homozygotes for Gly16 and het-
erozygotes for codon 27 had fivefold higher BAR-2 agonist af-
finity, but did not statistically differ in obesity variables when
compared with those who were noncarriers at both loci. There-
fore, it is tempting to speculate that the codon 27 variant in
some way associates with obesity per se, whereas the codon 16
variant only modulates BAR-2 function. To further solidify
the argument that codon 27 is primary for the effect on obe-
sity, we also performed a stratified analysis. In Gly16 carriers,
the codon 27 variant associated significantly with obesity (P 5
0.009). On the other hand, in Glu27 carriers, the codon 16 vari-
ant did not associate with obesity in a statistically significant
way. This might further suggest that codon 27 has a primary ef-
fect on obesity.

To obtain a sufficiently large study group, we pooled data
from two different cohorts, including women who were investi-
gated by undergoing either a fat biopsy under local anesthesia
or a fat biopsy during benign elective general surgery. We be-
lieve it is relevant to combine these two groups for several rea-
sons. The “local anesthesia” women only varied in their rela-
tive body weight. The “elective surgery” women were either
operated on for obesity or for nonendocrine disorders such as

Table VI. Phenotypic Characteristics of Combined 
Polymorphisms in Codons 16 and 27 of the BAR-2 Gene

(A)
Arg16Arg16
Gln27Gln27

(B)
Gly16Gly16
Glu27Glu27

(C)
Gly16Arg16
Gln27Gln27

P value

A vs. B A vs. C

n 25 21 20
Age, yr 3862 3762 3963 NS NS
BMI, kg/m2 30.662.0 37.661.8 30.662.4 0.013 NS
Body fat, kg 33.265.0 53.765.8 31.264.0 0.008 NS
Fat cell volume, pl 604651 848643 569651 0.001 NS
WHR 0.9060.02 0.9560.01 0.8860.02 0.024 NS
p-glucose, mmol/liter 5.260.1 5.360.2 5.060.1 NS NS
p-insulin, mU/liter 11.061.2 14.762.2 9.861.2 NS NS
pD2 Terbutaline 7.060.2 7.760.3 7.760.3 0.032 0.033
pD2 Dobutamine 7.660.2 7.760.2 7.960.2 NS NS
Glycerol release
mmol/g lipid/2 h:

Basal 1.160.1 1.460.1 1.360.2 NS NS
Terbutaline 5.460.6 4.560.3 6.060.4 NS NS
Dobutamine 5.260.6 4.560.3 5.860.5 NS NS

Values are mean6SEM. They were compared by Student’s unpaired t
test. n, Number of subjects; p, fasting plasma; pD2, minus log value for
half-maximal effective concentration.



3012 Large et al.

gallstones or hernias. Thus, the only major variation between
subjects in the two groups was their relative body weight. A di-
rect comparison of clinical variables between both groups did
not reveal any differences. Furthermore, we have shown re-
cently that when abdominal subcutaneous adipocytes were ob-
tained from the same subjects, first under local anesthesia and
later during general surgery, there were no statistical differ-
ences in adrenoceptor function nor in lipolysis when data from
the two biopsy procedures were compared (20). Finally, when
only the local anesthesia women were investigated, the results
were essentially the same as for the whole study population.

Arg16 has been defined as the wild type, because this vari-
ant of the BAR-2 gene was the first to be cloned (27). How-
ever, homozygosity for Arg16 has been shown previously to be
less common than homozygosity for the mutated Gly16 form
(28). The same pattern was observed here; Arg16 homozygos-
ity occurred in 19% of the subjects as compared with 33% for
Gly16 homozygosity. It was demonstrated previously that ho-
mozygotes for wild-type Gln27 are much more common than
homozygotes for Glu27 (20). This was also confirmed in this
study; Gln27 homozygosity was about twice as common as ho-
mozygosity for Glu27 in the whole material.

Within the past 3 yr, all of the single-gene mutations result-
ing in rodent obesity have been cloned (29). In contrast, little
progress has been made during the same period with respect to
the genetic basis of human obesity, as recently reviewed (3).
Most of the earlier association studies have been negative. In
the rare positive ones, the sample size was small and the evi-
dence weak. The earlier linkage studies have also been disap-
pointing. This negative picture may now change. Using linkage
analysis, a major quantitative trait locus determining fat mass
has been found which is related to chromosome 2 (30). Our
present study suggests that genes on chromosome 5 (probably
the BAR-2 gene) also contribute to an important way to varia-
tions in fat mass and the regulation of the energy expenditure.
However, our results are based on convenient samples. They
need to be confirmed on population-based samples and also
on other ethnic material. Furthermore, we investigated women
only. The importance of genetic variability in BAR-2 for obe-
sity and receptor function in men remains to be established.

In summary, this study shows that common polymorphisms
in the BAR-2 gene are markedly associated with obesity and
BAR-2 function. In the homozygous form, a Glu27 variant is
very common in obesity and associates with increased body fat
and enlarged fat cells. A Gly16 variant is above all associated
with improved adipocyte BAR-2 function. Thus, genetic vari-
ability in the human BAR-2 gene could be of major impor-
tance for obesity and BAR-2 function in adipose tissue, at least
in women.
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