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Previous studies have reported altered function of b2-

adrenoceptors in subjects with essential hypertension

(Feldman et al. 1984; Feldman, 1987) and impaired

vasodilator responses to b2-agonists in normotensive

persons at increased risk of developing hypertension (Lang

et al. 1995; Stein et al. 1995). Moreover, vasodilator

responses to b2-agonists appear to be partially dependent

on endothelial generation of nitric oxide (Dawes et al.
1997), which is impaired in persons with hypertension

(Panza et al. 1993). Several polymorphisms in the gene

encoding the b2-receptor (Reihsaus et al. 1993) have been

reported to alter receptor function in vitro (Green et al.
1993, 1994). Studies exploring associations of these poly-

morphisms with essential hypertension and other cardio-

vascular diseases have mainly focused on the change from

adenine to guanine at nucleotide 46, which results in

glycine instead of arginine at amino acid 16 (Svetkey et al.
1996; Kotanko et al. 1997; Bray et al. 2000) (Arg16 å Gly)

and was associated with greater agonist-promoted receptor

down regulation in vitro (Green et al. 1994).

Relatively few studies have explored relationships between

the Arg16 å Gly polymorphism of the b2-adrenoceptor

and intermediate physiological characteristics that may

contribute to differences in blood pressure. Systemic

infusions of selective b2-agonists appeared to evoke greater

vasodilation in Arg16 than Gly16 homozygotes (Gratze et
al. 1999; Hoit et al. 2000), whereas local infusions of the b-

agonist isoproterenol demonstrated that regional vaso-

dilator responses were greater in Gly16 than Arg16

homozygotes (Cockcroft et al. 2000; Dishy et al. 2001).

However, none of these studies assessed whether the

effects of the Arg16 å Gly polymorphism were dependent

on nitric oxide-dependent or -independent pathways

(Dawes et al. 1997). Therefore, the present study addressed

whether the Arg16 å Gly polymorphism is associated

with differences in forearm blood flow responses to brachial

artery administration of the b-agonist isoproterenol, and

whether such differences are associated with differences in

the endothelial nitric oxide pathway.
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Polymorphisms in the gene encoding the b2-adrenoceptor have been associated with

interindividual differences in blood pressure and the diagnosis of hypertension. A common

polymorphism resulting in a change from arginine to glycine at amino acid 16 (Arg16 å Gly)

enhances agonist-promoted downregulation of receptor expression in vitro. It is unknown whether

genotype-dependent differences in nitric oxide generation contribute to differences in vasodilator

responses to b2-agonists in vivo. To address this question, venous occlusion plethysmography was

used to measure forearm blood flow responses to graded brachial artery infusions of the b-agonist

isoproterenol in 41 healthy normotensive Caucasian adults (mean age (± S.D.) = 29 ± 6 years), who

were either Arg16 (n = 18) or Gly16 (n = 23) homozygotes. Compared to Arg16 homozygotes,

Gly16 homozygotes demonstrated significantly greater blood flow responses to isoproterenol

(P = 0.02). After inhibition of nitric oxide synthase by Ng-monomethyl-L-arginine, blood flow

responses did not differ significantly between genotype groups (P = 0.27). Consequently, effects of

the Arg16 å Gly polymorphism on forearm blood flow responses to isoproterenol appear to be

dependent on differences in endothelial generation of nitric oxide. In contrast to previous reports

based on systemic infusions of b2-agonists, our findings indicate that regional blood flow responses

to locally infused isoproterenol are significantly greater in Gly16 than in Arg16 homozygotes.
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METHODS
Study group
Between February and November of the year 2000, 41 healthy
normotensive unrelated non-Hispanic white individuals (23
women and 18 men), 18–44 years of age, volunteered for this study
in Rochester, MN, USA. Candidates were considered ineligible if
they were men over 40 years of age, women over 50 years of age
(or post-menopausal), used tobacco products, or had any acute or
chronic disorders associated with alterations in cardiovascular
structure or function (such as hypertension or diabetes). Based on
the measured Arg16 å Gly genotype (see below), subjects were
recruited into two groups: one homozygous for the Arg16 variant
(n = 18) and the other homozygous for the Gly16 variant (n = 23).

Prior to the study protocol, each subject was evaluated by one of
the investigators who reviewed the subject’s medical history,
including use of medications, and performed a physical
examination including measurement of the subject’s height (by
wall stadiometer), weight (by electronic balance) and blood
pressure (by random zero sphygmomanometer). Three blood
pressure readings taken 2 min apart were recorded after the
subject had been seated quietly for at least 5 min. The second and
third readings were averaged and used in the analyses. The results
of the screening examination (including chemistry, lipid and
haematology profiles) established that all subjects were free of
acute or chronic medical problems. Any medications that could
alter blood pressure or plasma lipids were discontinued at least
4 weeks before forearm blood flow measurements. No pregnant
or lactating women were recruited or enrolled, and women of
childbearing potential were required to have a negative pregnancy
test before participation. The study protocol was approved by the
Institutional Review Board of the Mayo Clinic and carried out in
accordance with institutional guidelines. Each study participant
signed an informed consent document.

Genotype determination
The Arg16 å Gly polymorphism was genotyped by amplifying a
surrounding 107 bp fragment from genomic DNA by polymerase
chain reaction using the forward primer:

5‚-AGCCAGTGCGCTTACCTGCCAGAC-3‚

and the reverse primer:

3‚-CATGGGTACGCGGCCTGGTGCTGCAGTGC-5‚.

The reaction included 30 ng of DNA, 1.5 mM magnesium
chloride, 0.5 U Taq polymerase (Invitrogen, Carlsbad, CA, USA),
8.5 % DMSO and standard concentrations of nucleotides and
buffer in a 20 ml reaction volume. After initial denaturation at
94 °C for 4 min, the fragments were amplified by 35 cycles of
1 min at 94 °C, 1 min at 61 °C, 1 min at 72 °C, followed by 5 min at
72 °C and 5 min at 98 °C. The amplicons were then digested by
exposure to 5 U of the restriction enzyme KpnI, followed by
electrophoretic separation on 3 % agarose gels, staining with
ethidium bromide and visualization using UV light. The
Arg16/Arg16 genotype is represented by a single 107 bp band, the
Arg16/Gly16 genotype by 25, 82 and 107 bp bands, and the
Gly16/Gly16 genotype by 82 and 25 bp bands.

Study protocol
One week before measurements of forearm blood flow, subjects
were placed on a diet containing 150 mmol of sodium daily. Food
items remained the same throughout the week to provide constant
daily amounts of protein (1.4 g (kg body weight)_1 day_1), potassium
(100 mmol day_1) and calcium (1100 mg day_1). The caloric

content of the diet was adjusted using the Harris Benedict
equation to maintain constant body weight, and no more than
35 % of calories were provided by fat. All meals were prepared in
the diet kitchen of the General Clinical Research Center (GCRC)
where subjects ate two of their three meals each day. On day 6,
urine was collected for 24 h for measurement of sodium,
potassium and creatinine excretion; that night, subjects slept in
the GCRC. The next morning, they remained fasting until the
measurements of forearm blood flow were completed in the
integrative physiology core of the GCRC.

The morning of the forearm blood flow measurements, the
volume of the non-dominant arm was measured by water
displacement. The arm was then instrumented with a 5 cm long,
20 gauge brachial artery catheter placed using aseptic technique
after local anaesthesia. The catheter and transducer system were
configured to permit simultaneous measurements of arterial
pressure and infusion of study drugs (Dietz et al. 1994). The total
dead space in the catheter/transducer system was 0.5 ml. Forearm
blood flow was measured four times each minute using venous
occlusion plethysmography with mercury-in-silastic strain gauges
(Greenfield et al. 1963). During the measurements, the hand was
excluded by inflation of a wrist cuff to 250 mmHg.

After baseline measurements, a reactive hyperaemia trial was
conducted. An arm cuff was inflated to 250 mmHg for 5 min, and
blood flow was measured for 3 min following release of the cuff.
Reactive hyperaemia provides a measure of maximal forearm
blood flow response to a standard physiological stimulus that is
not dependent on b2-receptors or nitric oxide generation (Engelke et
al. 1996). Ten minutes after the reactive hyperaemia trial, a
dose–response curve to sodium nitroprusside, a nitric oxide
donor whose vasodilatory action is endothelium-independent
(Oates & Brown, 2001), was measured during graded infusions at
doses of 0.25, 0.50, 1.0 and 2.0 mg (100 ml limb volume)_1 min_1.
Each dose was given for 2–3 min and the total duration of the trial
lasted ~10 min. Ten minutes later, a dose–response curve to
the nonselective b-agonist isoproterenol was measured
during graded infusions at doses of 1.0, 3.0, 6.0 and
12.0 ng (100 ml limb volume)_1 min_1. After an additional
10 min, endothelium-dependent vasodilator response was tested
by administering acetylcholine at doses of 1.0, 2.0, 4.0 and
8.0 mg (100 ml limb volume)_1 min_1. As before, doses of the latter
drugs were each infused over 2–3 min and the total duration of
each trial lasted ~10 min. For each drug dose, the final four
measurements of forearm blood flow were averaged and used in
the analyses.

Following the initial dose–response curves, the inhibitor of nitric
oxide synthase Ng-monomethyl-L-arginine (L-NMMA; Clinalfa,
Laufelfingen, Switzerland) was infused into the forearm as a
50 mg loading dose given over 10 min followed by a maintenance
dose of 1 mg min_1 given over ~50 min. The efficacy of L-NMMA
to inhibit nitric oxide synthesis was verified by re-administering
acetylcholine as described above. Dose–response curves to
nitroprusside and isoproterenol were then repeated as before, and
a second reactive hyperaemia trial was conducted. The investigators
who performed the forearm blood flow measurements and
processed the raw data (M.J.J. and N.M.D.) were blinded to
genotypes of the subjects.

Statistical analysis
Analyses were conducted with SAS version 8.0 (SAS Institute,
Cary, NC, USA). Test statistics were considered statistically
significant when the associated probability was ≤ 0.05. Measured
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characteristics were summarized by calculating means and
standard deviations for quantitative variables and proportions for
categorical variables. The repeated measures analysis of variance
was used to assess statistical significance of differences between or
among genotype groups for the within-subject responses to
reactive hyperaemia and to increasing doses of acetylcholine,
nitroprusside and isoproterenol, both before and after L-NMMA.
For each drug dose (or reactive hyperaemia trial), unpaired and
paired t-tests were used to contrast mean response values between
groups and post- vs. pre-L-NMMA, respectively. Since the baseline
measurements of mean arterial pressure and heart rate did not
differ significantly between genotype groups, and the local drug
infusions were not associated with statistically significant changes
in these measurements (analyses not shown), the subsequent
presentation focuses on forearm blood flow rather than calculated
vascular resistance or conductance. Moreover, because linear
regression adjustment of the forearm blood flow responses to
isoproterenol for differences in the responses to nitroprusside or
to acetylcholine did not alter inferences, only the raw unadjusted
forearm blood flows are presented.

RESULTS
The descriptive characteristics of the subjects did not differ

significantly between the Arg16 and Gly16 homozygote

groups at the time of study enrolment or after the controlled

sodium diet (Table 1). Prior to administration of L-NMMA,

increases in forearm blood flow in response to reactive

hyperaemia and to acetylcholine were statistically significant

(for each response, P < 0.0001), but neither differed

significantly between the Arg16 and Gly16 homozygote

groups (Table 2), indicating no underlying differences in

vasodilator capacity or endothelial function. In contrast,

Gly16 homozygotes demonstrated significantly greater

forearm blood flow responses to isoproterenol than Arg16

homozygotes (P = 0.02) (Fig. 1, upper panel). There was also

a trend toward greater responses to nitroprusside in Gly16

than Arg16 homozygotes, although this difference did not

achieve statistical significance (P = 0.07; Table 2). Moreover,

after adjustments by linear regression for differences in

responses to nitroprusside or to acetylcholine, residual

differences between the homozygote groups in the adjusted

forearm blood flow responses to isoproterenol remained

statistically significant (at the highest doses, P < 0.05 and

P < 0.007, respectively).

To determine the contributions of nitric oxide-dependent

and -independent pathways to these observed differences,

b2-Adrenoceptor polymorphism and forearm blood flowJ Physiol 546.2 585

Figure 1. Forearm blood flow responses to
graded infusion of isoproterenol in
subjects homozygous for the b2-
adrenoceptor Arg16 variant (n = 18) or the
Gly16 variant (n = 23)
Upper panel, responses before administration of
Ng-monomethyl-L-arginine (L-NMMA); middle
panel, responses after administration of L-
NMMA; and lower panel, difference in response
pre-L-NMMA vs. post-L-NMMA. PANOVA is the P
value for the contrast between genotypes from the
repeated measures ANOVA; at each dose of
isoproterenol, statistically significant differences
between genotype groups are denoted by:
* P < 0.05; ** P < 0.01.
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we repeated the same set of experiments after administration

of L-NMMA (Table 2). The efficacy of L-NMMA to inhibit

endothelial nitric oxide synthase was documented by

significant decreases in the forearm blood flow responses to

acetylcholine in both homozygote groups (for each decrease,

P < 0.02), the magnitudes of which did not differ

significantly between the groups (P = 0.24). After L-NMMA,

the forearm blood flow responses to isoproterenol were

significantly reduced in both the Arg16 and Gly16

homozygotes (P < 0.01 and P < 0.001, respectively), and

they no longer differed significantly between the genotype

groups (P = 0.27) (Fig. 1, middle panel). Consequently, the

nitric oxide-dependent component of the vasodilator

response to isoproterenol, calculated by subtracting the

post-L-NMMA responses from the pre-L-NMMA responses,

was significantly greater in Gly16 than Arg16 homozygotes

(P = 0.04)(Fig. 1, bottom panel).

After the administration of L-NMMA, the forearm blood

flow responses to reactive hyperaemia and to nitroprusside

also did not differ between genotype groups (Table 2).

Moreover, baseline measurements of mean arterial blood

pressure and heart rate did not differ significantly between

genotype groups, either before or after L-NMMA, nor did

these measurements change significantly in either genotype

group during the tests of reactive hyperaemia or the

administration of study drugs (analyses not shown).

DISCUSSION
To our knowledge, this is the first study to provide

evidence that the effects of polymorphic variation in theb2-adrenoceptor on forearm blood flow responses to theb-agonist isoproterenol are dependent on differences in

the generation of nitric oxide. In Gly16 homozygotes,

nearly 40 % of the forearm blood flow response to

isoproterenol was inhibited by L-NMMA, suggesting a

major role for the endothelial nitric oxide pathway. In

contrast, the Arg16 homozygotes were much less sensitive

to L-NMMA (Fig. 1), and after L-NMMA the responses to

isoproterenol did not differ significantly between the

genotype groups (Fig. 1). In so far as the results of L-

NMMA administration are specific for the response of

endothelial b2-adrenoceptors to isoproterenol, there do

not appear to be significant genotype-dependent

differences in the endothelium-independent component

of vasodilator response due to stimulation of b2-

adrenoceptors in vascular smooth muscle. The magnitude

of differences between Gly16 and Arg16 homozygotes in

the nitric oxide-sensitive component of forearm blood

flow responses to isoproterenol is comparable to the

impairment of endothelial function in subjects with

hypercholesterolaemia (Creager et al. 1992) or that

reported in young normotensive offspring of hypertensive

parents (Taddei et al. 1996).

The other principal finding, that the forearm arterial

vasodilator responses to isoproterenol are significantly

greater in Gly16 than Arg16 homozygotes, extends a

previous smaller study in which isoproterenol was infused

intra-arterially and venous occlusion plethysmography

was used to measure forearm blood flow response

(Cockcroft et al. 2000). Cockcroft and coworkers also

found that acute venodilator responses to isoproterenol

were 3-fold greater in Gly16 than Arg16 homozygotes

(Cockcroft et al. 2000). In a comparable experiment, Dishy

et al. (2001) observed that the maximal venodilatory

responses to isoproterenol were also greater in Gly16 than

Arg16 homozygotes. However, the difference was attributed

to effects of the Glu27 variant rather than the Gly16,

because greater responses were present only in

Gly16 + Glu27 homozygotes, not in Gly16 + Gln27

homozygotes, when compared to Arg16 + Gln27 homo-

zygotes. In a post hoc analysis of the 41 (of 42) subjects in

this study who were also genotyped for the Gln27 å Glu

polymorphism, the largest difference in forearm blood

flow responses to isoproterenol was observed between

Arg16 + Gln27 and Gly16 + Gln27 homozygotes (peak

responses: 10.3 ± 5.0 vs. 18.8 ± 90.7 ml (ml forearm

volume)_1 min_1, respectively, P = 0.02). In contrast, among
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subjects carrying the Gly16 variant, the Gln27 å Glu

polymorphism was not associated with significant differences

in forearm blood flow responses to isoproterenol (P = 0.19).

These observations further support the conclusion that the

Arg16 å Gly polymorphism is associated with significant

differences in forearm arterial vasodilator responses to

isoproterenol.

In contrast to local infusion studies, when selective b2-

agonists were infused systemically, the Arg16 variant of theb2-adrenoceptor, rather than the Gly16 variant, was

associated with greater vasodilator responses. In particular,

Hoit et al. (2000) reported greater increases in lower limb

blood flow measured by plethysmography in response to

terbutaline in Arg16 (n = 10) than Gly16 (n = 10) homo-

zygotes. Gratze et al. (1999) made similar inferences based

on greater decreases in total peripheral resistance in

response to salbutamol in Arg16 homozygotes (n = 11)

than in Gly16 carriers (n = 42). However, in both studies,

systemic infusion of the selective b2-agonist was associated

with significant increases in heart rate and cardiac output

(Gratze et al. 1999) or blood pressure (Hoit et al. 2000),

and the magnitude of these responses also differed among

genotypes. With such systemic effects, it is likely that

compensatory cardiovascular reflexes were engaged. Hence,

it is difficult to determine whether the observed differences

were due to direct vasodilator effects of the b2-agonists or

differences in reflex responses.

b2-Adrenoceptor polymorphism and forearm blood flowJ Physiol 546.2 587
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Based upon genome-wide linkage analyses, we previously

identified the long arm of chromosome 5 (5q33.3 to 34) as

a region containing one or more genes influencing blood

pressure level in Rochester, MN, USA (Krushkal et al.
1998, 1999). After cataloguing DNA sequence variation in

the linked region, we found that the Gly16 and Glu27

variants of the b2-adrenoceptor were associated with higher

blood pressure levels and the diagnosis of hypertension

among young and middle-aged Caucasians (Bray et al.
2000). Additional studies have also reported increased

frequency of the Gly16 variant in hypertensive patients

(Kotanko et al. 1997); however, others found no relation-

ship (Candy et al. 2000; Herrmann et al. 2000; Jia et al.
2000; Xie et al. 2000; Kato et al. 2001) or that the Arg16

variant was associated with higher blood pressure level and

a family history of hypertension (Timmermann et al. 1998;

Bengtsson et al. 2001). Although mean diastolic blood

pressure was higher and heart rate was lower in the Gly16

than Arg16 homozygotes in the present sample, these

differences did not achieve statistical significance. Thus,

while considerable evidence justifies the conclusion that

polymorphic variation in the b2-adrenoceptor gene

contributes to interindividual differences in measures of

intermediate physiology relevant to the regulation of

blood pressure, the mapping from any particular allelic

variant to these intermediate traits and, in turn, to the

development of hypertension remains uncertain. Further

characterization of additional DNA sequence variation in

the b2-adrenoceptor gene may help refine understanding

of these relationships (Drysdale et al. 2000).

In summary, this study adds to an accumulating body of

evidence that variation in the b2-receptor gene contributes

to interindividual differences in vascular responses to

stimulation of b2-adrenoceptors, which may mediate

previously reported associations of b2-adrenoceptor poly-

morphisms with differences in blood pressure level and

the diagnosis of hypertension. A major new finding is that

the Arg16 å Gly polymorphism may influence vaso-

dilator responses to b2-adrenergic agonists through

differences in endothelial generation of nitric oxide.
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