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Aims Recent reports, largely in animal models, have suggested that either inhibition
of nitric oxide (NO) synthase or endothelium removal in arteries inhibits the
response to isoprenaline, a b-adrenoceptor agonist, and also enhances the response
to sodium nitroprusside, a nitrovasodilator. This in vivo study was designed to
determine whether NG-monomethyl-l-arginine (l-NMMA), an inhibitor of NO
synthesis, influences relaxation of human hand veins mediated by isoprenaline or by
sodium nitroprusside.
Methods Using the dorsal hand vein technique, full dose-response curves to
bradykinin (0.27–278 ng min−1, n=6), isoprenaline (2.12–271 ng min−1, n=8)
and sodium nitroprusside (0.01–634 ng min−1, n=7) were generated on separate
occasions before and after l-NMMA co-infusion (50 mg min−1).
Results In veins preconstricted with the a1-adrenoceptor-selective agonist phenyl-
ephrine, the three vasodilators induced maximal responses (Emax) of 119±35,
72±18 and 103±17%, respectively. l-NMMA inhibited relaxation to bradykinin
by 64% (P=0.014) but did not influence relaxation induced by isoprenaline. The
sensitivity to sodium nitroprusside was significantly enhanced by l-NMMA
co-infusion (concentration shift of 2.3, P=0.031).
Conclusions We conclude that in human veins, spontaneously released NO does
not play a major role in isoprenaline-induced relaxation. Our results also suggest
that the effects of sodium nitroprusside in this vascular bed may be attenuated by
endothelium-derived NO.

Keywords: isoprenaline, sodium nitroprusside, nitric oxide, endothelium, vein

such as sodium nitroprusside, sydmonimine (SIN-1) or
Introduction

glyceryltrinitrate are NO donors [3]. They induce a direct
activation of the smooth muscle-soluble guanylyl cyclaseNitric oxide (NO) is known to be a major physiologic

regulator of vascular tone [1]. This potent vasodilator is and are therefore considered as endothelium-independent
vasodilators.formed in endothelial cells from l-arginine after activation

of constitutive endothelial NO synthase (ecNOS) through b-adrenoceptor-mediated relaxation has been conven-
tionally proposed to involve increased intracellular con-a Ca2+/calmodulin pathway. NO rapidly diffuses into

the vascular smooth muscle cells, where it activates centrations of cyclic adenosine 3∞55∞ monophosphate
(cAMP) through the activation of adenylyl cyclase andguanylyl cyclase, leading to production of guanosine 3∞55∞

cyclic monophosphate (cGMP) and vascular relaxation subsequent activation of cAMP-dependent protein kinase
in vascular smooth muscle [4]. Some reports, however,[2]. Various vasodilators such as acetylcholine, substance

P and bradykinin have been shown to induce vascular have suggested that the endothelium and nitric oxide
(NO) may also contribute to the dilation induced byrelaxation by activation of ecNOS [1]. These compounds

have been classified as endothelium-dependent agonists b-adrenoceptor agonists. Some [5–11] but not all [12–16]
animal studies in arteries have demonstrated that theas they relax vascular smooth muscle only in the presence

of endothelial cells. On the other hand, nitrovasodilators endothelium plays a role in the relaxing effect of
isoprenaline, a non-selective b-adrenoceptor agonist.
Recently, NG-monomethyl-l-arginine (l-NMMA), an
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of isoprenaline in healthy men suggesting that this of the superficial hand veins. A 21-gauge butterfly needle
was inserted into a suitable dorsal hand vein andresponse is dependent on NO synthesis in this arterial

bed [17]. The possibility that b-adrenergic dilation of a continuous infusion of physiological saline (rate
0.31 ml min−1) was started. After 30 min, a linearhuman veins in vivo involves an endothelium-dependent

mechanism linked to the l-arginine/NO pathway has variable differential transducer (LVDT model 100 MHR,
Schaevitz Engineering, Pennsauken, NJ, USA) wasnot been directly considered previously.

Sodium nitroprusside is a NO donor [18]. Therefore, mounted onto the back of the hand by means of a tripod.
The LVDT’s freely moveable core was placed over theit should be expected that this compound and endogenous

NO would act together to relax vascular smooth muscle. centre of the vein under study approximately 10 mm
downstream from the tip of the needle. When the coreInstead, several observations in isolated vascular prep-

arations, using either endothelium removal or preadminis- was properly centred within the transformer and placed
on the top of the vein, there was a linear relationshiptration of inhibitors of ecNOS, suggest that the

endothelium exerts an inhibitory effect on the vasodilation over the range employed between the vertical movement
of the core and voltage output, which was recorded oninduced by sodium nitroprusside and other nitrovaso-

dilators [19–23]. However, this issue remains controversial a strip chart recorder. Recordings of the position of the
core were made both before and after inflation of ain humans [17, 24].

The present research was designed to analyze whether sphygmomanometer cuff on the same arm to 45 mmHg.
Results are presented as normalized dose-response curves,NO modulates in vivo relaxation of human veins mediated

by isoprenaline or sodium nitroprusside. The dorsal hand in which the diameter of the vein during saline infusion
with the cuff inflated was defined as 100% relaxation.vein compliance technique was used because agonists

such as acetylcholine and bradykinin have been clearly The vein was constricted to 20% of the baseline size, by
infusing increasing doses of phenylephrine. This degreeshown to be endothelium-dependent dilators in this

model [25–27]. Moreover this technique permits in vivo of preconstriction was defined as 0% dilation. The
vasodilation produced by bradykinin, isoprenaline andstudies of venous constriction and relaxation without

confounding reflex alteration while allowing the gener- sodium nitroprusside alone or in the presence of l-
NMMA was calculated as a percentage of the rangeation of complete dose-response curves [28].
between maximum and 0% vasodilation.

Methods

Study designSubjects
Effect of l-NMMA on bradykinin dose-response curves (n=Studies were conducted in 17 healthy subjects (10 males
6) After preconstriction of the vein with phenylephrine,and 7 females; 10 Whites, 4 Asians, 1 Asian-Indian,
a complete dose-response curve to bradykinin was1 Hispanic, 1 African-American) aged 20–49 years
constructed (doses ranging from 0.27 to 278 ng min−1).(mean±s.d.:29±8 years). Since the venodilatory response
Phenylephrine alone, at the same dose, was then infusedto isoprenaline has been shown to be impaired with
for 45 min; l-NMMA (50 mg min−1) was added to theageing [29], subjects younger than 30 years were recruited
phenylephrine infusion for the last 20 min of this wash-for this component of the study. Written informed
out period and a second dose-response curve to bradykininconsent was obtained from each subject and the protocol
was repeated in presence of l-NMMA. A wash-outwas approved by the Administrative Panel on Human
period of 45 min has been shown to avoid desensitizationSubjects in Medical Research at Stanford University.
of bradykinin-mediated response in the dorsal handRoutine physical examination, standard twelve lead
vein [26].electrocardiogram, complete blood count and biochemical

profile were normal in all subjects. All the subjects were
Effect of l-NMMA on isoprenaline dose-response curves (n=non-smokers, were not taking any medication and were
8, 6 Whites, 2 Asians) On a different occasion, a similarnormotensive. They were asked to refrain from caffeine
design was used to evaluate the effects of l-NMMAand alcohol for at least 12h before the study.
(50 mg min−1) on isoprenaline-induced venodilation.
Isoprenaline was infused at a rate of 2.12–271 ng min−1.

The dorsal hand vein technique

The dorsal hand vein technique, as modified by Aellig Effect of L-NMMA on nitroprusside dose-response curves (n=
7) On a different occasion, the same procedure was used[30], was used as described in detail previously [29]. The

subjects were supine at a room temperature of 21–23° C. to examine the effect of l-NMMA (50 mg min−1) on
nitroprusside-induced venodilation in doses ranging fromOne arm was placed on a support sloping upward at an

angle of 30° from horizontal to ensure complete emptying 0.01–634 ng min−1.
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did not affect this venodilation (Figure 2). Pre-treatment
Drugs

values were 72±18% for Emax (95% CI: 57, 87) and
1.54±0.50 for log ED50 (geometric mean 35 ng min−1,All drugs were diluted in normal saline. The following

drugs were used : phenylephrine hydrochloride (1% 95% CI: 1.14, 1.94). After coinfusion with l-NMMA,
no change in Emax (75±16%, 95% CI: 62, 89, 95% CIinjection) (Winthrop Laboratories, New York, NY,

USA); bradykinin (Sigma F & D Division, St Louis, MO, for the ratio of means: 0.87, 1.07; P=0.313) or log ED50

(1.68±0.35, geometric mean 42 ng min−1, 95% CI:USA) used under IND#32261; l-NMMA (Calbiochem,
San Diego, CA, USA) under IND#40595; isoprenaline 1.40, 1.96, 95% CI for the difference: −0.35, 0.07; P=

0.161) was detected.and sodium nitroprusside (Elkins-Sinn Inc, Cherry Hill,
NJ, USA).

Effect of l-NMMA on nitroprusside-induced venodilation
Data analysis

Nitroprusside caused concentration-dependent relax-
Results are expressed as means±s.d. Individual dose-

ations in veins precontracted with phenylephrine
response curves to bradykinin, isoprenaline and sodium

(Figure 3). The maximal response to the nitrovasodilator
nitroprusside, before and after l-NMMA infusion, were

was not affected by concomitant infusion of l-NMMA.
fitted to a four parameter logistic equation [31]. This

Pre- and post-treatment values for Emax were 103±17
iterative curve-fitting program provides an estimate of

(95% CI: 88, 118) and 100±11 (95% CI: 90, 110, 95%
the maximal response (Emax) and of the dose producing

CI for the difference: −9, 17; P=0.481), respectively.
half maximal response (ED50); ED50 values were log

The sensitivity to nitroprusside was significantly
transformed and the geometric means were calculated as

enhanced after l-NMMA co-infusion. The log ED50 of
the antilogs of the means of log values. A Student’s t-test

nitroprusside were 0.84±0.67 (geometric mean:
for paired observations was used to compare data obtained

7 ng ml−1, 95% CI: 0.23, 1.45) and 0.46±0.61
from subjects before and during l-NMMA coadminis-

(geometric mean: 3 ng ml−1, 95%CI: −0.1, 1.02, 95%
tration. The Wilcoxon signed-rank test for pairwise

CI for the difference: −0.09, 0.86; P=0.031) before
comparisons was performed for data that were not

and after l-NMMA co-infusion.
normally distributed. Differences were considered signifi-
cant at P<0.05.

Discussion
Results

In the present in vivo experiments, l-NMMA, a powerful
inhibitor of NO synthesis from l-arginine [32], decreasedThe data for each subject corresponding to the three

protocols are presented in Table 1. bradykinin-induced relaxation in human hand veins con-
firming previous findings showing that increased NO
synthesis plays an important role in the venodilation induced

Effect of l-NMMA on bradykinin-induced venodilation
by this peptide [25–27]. The response not blocked by l-
NMMA has previously been shown to be attenuated by aBradykinin induced concentration-dependent relaxations

in human veins. These relaxing effects of bradykinin cyclooxygenase inhibitor [26]. In the same experimental
model, l-NMMA failed to alter significantly the venodila-were significantly decreased by concomitant infusion of

l-NMMA (Figure 1). The mean maximal response to tory effects of isoprenaline but was associated with a slight
increase in the sensitivity to nitroprusside.bradykinin was 119±35% (95% Confidence Intervals

(CI): 83, 156) and decreased to 43.3±20.8% (95% CI: b-adrenoceptor agonists are thought to produce vaso-
dilation via activation of adenylyl cyclase and the21, 65) after l-NMMA coinfusion (95% CI for the

difference: 23, 129; P=0.014). The mean log ED50 consequent stimulation of cAMP formation in vascular
smooth muscle cells [4]. However, recent data suggestvalues for bradykinin were not significantly different

before (1.00±0.88, geometric mean 10 ng min−1, 95% that NO may also play a role in b-adrenoceptor-mediated
dilation. Conflicting results are found in the literatureCI: 0.08, 1.92) and after l-NMMA (0.78±0.49; geo-

metric mean 6 ng min−1, 95% CI: 0.27, 1.29; 95% CI about the contribution of endothelium and the potential
involvement of NO in this vasorelaxation. A brief reviewfor the difference: −0.88, 1.32; P=0.628).
of available experimental and animal studies suggests that
the mechanism of relaxation to isoprenaline may vary,

Effect of l-NMMA on isoprenaline-induced venodilation
not only from species to species, but also from one
vascular bed to another. Isoprenaline-induced relaxationIsoprenaline caused concentration-dependent relaxations

in veins preconstricted with phenylephrine. l-NMMA in rat aorta and mesenteric arteries is attenuated after

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 47, 91–98 93



S. Chalon et al.

Table 1 Effect of l-NMMA (50 mg min−1) co-infusion on the venodilation induced by bradykinin, isoprenaline and sodium
nitroprusside:individual data.

Before L-NMMA After L-NMMA
Subject Emax (%) ED50 (ng min−1) Emax (%) ED50 (ng min−1)

Bradykinin
1 143 4.4 50 9.9
2 79 2.93 62 22.5
3 175 64 25 0.99
4 103 12.8 46 6
5 122 149.3 12 13
6 95 0.7 65 2.7
ED50 (ng min−1)
Log mean±s.d. 1.00±0.88 (P=0.628) 0.78±0.49
geometric mean 10 6
Emax (%)
Mean±s.d. 119±35 (P=0.014) 43±21
Isoprenaline
1 47 39 58 97
2 63 137 53 138
3 91 17 86 28
4 100 77 95 50
5 88 140 96 117
6 64 8 71 30
7 67 9 75 15
8 59 29 65 29
ED50 (ng min−1)
Log mean±s.d. 1.54±0.50 (P=0.313) 1.68±0.35
geometric mean 35 42
Emax (%)
Mean±s.d. 72±18 (P=0.161) 75±16
Nitroprusside
1 110 7.7 93 4.3
2 109 18.7 106 14.8
3 81 43.2 85 65
4 85 2.5 90 1.2
5 112 −0.39 117 −0.43
6 98 1.26 106 1.26
7 129 0.83 100 0.38
ED50 (ng min−1)
Log mean±s.d. 0.84±0.67 (P=0.031) 0.46±0.61
geometric mean 7 3
Emax (%)
Mean±s.d. 103±17 (P=0.481) 100±11

removal of the endothelium, or by pretreatment of the involvement of NO was not investigated in that study.
More recently, in vitro [15] and in vivo [16] studies ofvessels with methylene blue, an inhibitor of the soluble

guanylyl cyclase, or by pretreatment with the ecNOS large epicardial coronary arteries have clearly demon-
strated that b-adrenoceptor-mediated relaxation is endo-inhibitor NG-nitro-l-arginine methyl ester (l-NAME)

[6–9, 11]. On the other hand, it has also been observed thelium-independent. Another in vivo study, considering
the role of endothelium at the level of resistance coronarythat isoprenaline-induced relaxation of rat arteries was

unchanged by endothelium removal or by inhibitors of arteries in dogs, found that the release of NO was
involved in isoprenaline-mediated dilation [10]. Recently,ecNOS [13, 14]. The role of endothelium in b-adrenergic

relaxation has been also extensively investigated in canine the role of endothelium in isoprenaline-induced relaxation
has been investigated in human forearm vasculature [17].coronary arteries. In large coronary arteries, an in vitro

study [5] has suggested that b-adrenoceptors may produce In this vascular bed, l-NMMA coinfusion inhibited the
response to isoprenaline by 59%, suggesting thatan endothelium-dependent vasorelaxation but the direct

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 47, 91–9894
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Figure 3 Effect of l-NMMA infusion (50 mg min−1) onFigure 1 Effect of l-NMMA infusion (50 mg min−1) on
bradykinin-induced venodilation in the dorsal hand vein nitroprusside-induced venodilation in the dorsal hand vein

preconstricted with phenylephrine. Dose-response curves forpreconstricted with phenylephrine. Dose-response curves for
bradykinin alone ($) and for bradykinin with concurrent nitroprusside alone ($) and for nitroprusside with concurrent

infusion of l-NMMA (#), were generated as described in theinfusion of l-NMMA (#), were generated as described in the
Methods section. Venodilation is expressed as a percentage of Methods section. Venodilation is expressed as a percentage of

baseline (phenylephrine) vein diameter. The data shown are thebaseline ( phenylephrine) vein diameter. The data shown are the
results in a typical subject. results in a typical subject.

significant alteration in isoprenaline-induced relaxation
after l-NMMA coinfusion and the 95% confidence
intervals exclude an effect of greater than 15% in
magnitude. We found a tendency for the log ED50 to be
higher (ratio of the geometric means=1.4) after l-
NMMA coinfusion. This result could suggest a small loss
in sensitivity for isoprenaline-induced venodilation but
95% confidence intervals suggest that the effect is unlikely
to be as great as 20%. However, from a mechanistic point
of view, we feel that this difference, if there is one at all,
has little relevance in the hand vein model where 3–10
fold shifts are commonly observed in pharmacologicalIsoprenaline infusion rate (ngmin–1)
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investigations [28]. Therefore, it seems reasonable to
Figure 2 Effect of l-NMMA infusion (50 mg min−1) on conclude that the endothelium does not provide a major
isoprenaline-induced venodilation in the dorsal hand vein contribution to isoprenaline-induced relaxation in veins
preconstricted with phenylephrine. Dose-response curves for of healthy humans. This observation is in agreement withisoprenaline alone ($) and for isoprenaline with concurrent

an experimental study in the dog saphenous veininfusion of l-NMMA (#), were generated as described in the
suggesting that the endothelium is not involved inMethods section. Venodilation is expressed as a percentage of
b-adrenoceptor agonist-induced relaxation in the venousbaseline ( phenylephrine) vein diameter. The data shown are the

results in a typical subject. circulation [12] but in contrast with recent in vivo findings
in the human brachial artery [17].

Several interesting possibilities are suggested to explainb-adrenoceptor-mediated vasodilation is dependent on
NO synthesis in that model. this potential differences between arterial and venous

circulations. b-adrenoceptor-mediated smooth muscleThe dorsal hand vein technique [30] has allowed us to
investigate the potential endothelial modulation of iso- relaxation and vasodilation have been extensively studied

in the forearm vasculature [17, 33, 34] and in the dorsalprenaline-induced venodilation. Our selection of the dose
of l-NMMA was guided by earlier hand vein studies hand vein [28, 35, 36]. In human brachial arteries,

relaxations to several b-adrenoceptor agonists, including[27]. With this approach, the arginine analogue provides
a stable blockade of venous response to local infusion of isoprenaline, are mediated predominantly through b2-

adrenoceptors and are partially dependent on NObradykinin, an endothelium-dependent agonist which
induces the release of NO. We did not detect any synthesis [17]. Studies on human isolated saphenous veins

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 47, 91–98 95
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have clearly shown that b2-adrenoceptors are present on three doses of nitrovasodilator were tested in this brachial
artery study. In our in vivo study, in which completethese vessels and that these receptors mediate relaxation

after stimulation by isoprenaline [34]. Similarly, the effects dose-response curves were generated, local co-infusion
of l-NMMA had no influence on the maximal responseof isoprenaline in human dorsal hand veins are likely

mediated largely via b2-adrenoceptors [35, 36]. However, to the nitrovasodilator. We found, however, that
inhibition of NO synthesis slightly increased theno correlation was found in a recent study [37] between

measures of sensitivity to isoprenaline in the dorsal hand sensitivity (2.3 fold) to sodium nitroprusside. This
observation is consistent with previous in vitro findingsvein and in the forearm, suggesting that venous and

arterial b2-adrenoceptor responses are regulated differ- in human saphenous veins [23]. Compared with the 7
fold shift observed in arterial preparations [20], the lessently. Interestingly, autoradiographic studies have shown

a high density of b2-adrenoceptors localized on the pronounced effect in veins would be consistent with a
discrete basal release of NO in endothelial cells ofendothelium of the internal mammary artery but not of

the saphenous veins, whereas in both vessels, relaxation human veins. From a clinical point of view, this finding
may have interesting implications in heart failure, ato isoprenaline is mediated via b2-adrenoceptors located

on smooth muscle cells [38]. Such endothelial b2- disease associated with a reduced production of NO
[44]. Indeed, the enhanced sensitivity to sodiumadrenoceptors have been suggested to be linked directly

to ecNOS in human brachial arteries [17] and their nitroprusside, a drug widely used in this condition, may
help to reduce the preload of the heart.absence on venous endothelium may explain the lack of

effect of l-NMMA on isoprenaline-induced venodilation. We conclude from these studies that in vivo, spon-
taneously released NO does not play a major role inThis hypothesis merits further investigation.

Since increased arterial flow increases shear stress, isoprenaline-induced relaxation but seems to attenuate
the effects of sodium nitropruside in human veins.non-specific haemodynamic changes in response to

isoprenaline-induced vasodilation in arteries may increase Differences with previous findings in arteries might be
explained by the lower functional significance of NONO biosynthesis in this vascular bed. This phenomenon

has been clearly demonstrated in vivo for large canine in veins.
coronary arteries where the endothelium reinforces the
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