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Effect of NO-monomethyl-L-arginine on kinin-induced
vasodilation in the human forearm
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We compared effects of NC-monomethyl-L-arginine (L-NMMA), an NO synthase
inhibitor, on vasodilator responses to intra-arterial infusion of bradykinin and sub-
stance P in the human forearm.

Bradykinin (100 pmol min~!) increased forearm blood flow when infused into the
brachial artery of eight healthy male volunteers, from 2.8 + 0.2 (mean * s.e.
mean) to 9.3 £ 1.0 ml min~! per 100 ml forearm volume.

Co-infusion of L-NMMA (2 umol min~! and 4 pmol min~!) with bradykinin (100
pmol min~!) for 6 min produced respectively a 9 £ 14% and 42 + 14% inhibition
(compared with L-NMMA vehicle) in the response to bradykinin.

Substance P (1 pmol min~!) when infused into the brachial artery of a further
eight male subjects increased forearm blood flow from 34 + 0.2 to 6.3
0.7 ml min~! 100 ml~1.

Co-infusion of L-NMMA (2 pumol min~! and 4 pumol min-!) with substance P
(1 pmol min~!) for 6 min produced respectively a 27 £ 8% and 70 + 13% inhibi-
tion (compared with L-NMMA vehicle) in the response to substance P.

These results demonstrate that vasodilator responses to both bradykinin and sub-
stance P are mediated in part via the L-arginine/NO pathway. Bradykinin and
substance P may be useful agonists with which to study endothelial function in

this vascular bed.
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Introduction

The activity of several vasodilators depends on the
integrity of the vascular endothelium [1]. These
include acetylcholine [2], bradykinin [3] and sub-
stance P [4]. An important component of such

endothelium-dependent responses consists of Ca2*--

dependent stimulation of a constitutive NO synthase
. that catalyses conversion of L-arginine to L-citrulline
and NO [5]. NO diffuses from endothelial cells to

underlying smooth muscle where it activates guanylyl .

cyclase and causes relaxation [6]. There has been
much interest in the possibility that pathological con-
ditions that are risk factors for cardiovascular disease,
including diabetes, hypertension and hyperchole-
sterolaemia, operate in part through impairment of
the L-arginine/NO pathway. As well as relaxing vas-
cular smooth muscle NO also inhibits platelet func-

NS-monomethyl-L-arginine

bradykinin

tion [7] and vascular smooth muscle proliferation [8],
suggesting that impairment of its biosynthesis could
predispose to arterial thrombosis and atherogenesis.
Endothelium dependent agonists have therefore
been widely used as pharmacological tools to study a
variety of physiological and pathophysiological
conditions. Results from such studies have some-
times been conflicting and difficult to interpret. An
explanation for this may be due to the fact that the
various agonists used vary not only in the amount of
their action that is mediated via the L-arginine/NO
pathway but also in their receptor coupling to this
pathway.

NC-monomethyl-L-arginine (L-NMMA) an inhibitor
of NO synthase [6], partially inhibits responses to
acetylcholine and carbachol (a stable analogue of
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acetylcholine) in human forearm resistance vessels
[9, 10] but is ineffective against methacholine,
another relatively stable analogue of acetylcholine
[11].

In vitro data suggest that kinins may also be useful
probes for the investigation of endothelial function
in the human forearm vascular bed. Therefore in the
present study we have investigated the effect of L-
NMMA on vasodilator responses to kinins, comparing
effects of this inhibitor on vasodilator responses to
bradykinin and substance P.

Methods

Studies were performed on healthy male volunteers
aged 22-28 years. All subjects gave written informed
consent. The study was approved by the local ethics
committee.

Eight subjects were each studied using bradykinin
on two separate occasions, and a further eight simi-
larly received substance P. Drugs were obtained from
Clinalfa, AG, Switzerland and prepared as previously
described [10]. Experiments were performed in a
temperature controlled laboratory (22-24° C). Fore-
arm blood flow (ml min~! per 100 ml forearm
volume) was measured in both arms using venous
occlusion plethysmography [12] with electrically
calibrated temperature compensated mercury in silas-
tic strain gauges [13]. During measurement periods
the hands were excluded from the circulation by
means of wrist cuffs inflated to a pressure of 180 mm
Hg. Upper arm cuffs were inflated intermittently to
a pressure of 40 mm Hg to prevent venous return. A
27 gauge unmounted steel needle (Coopers Needle
Works, Birmingham UK) was inserted into the left
brachial artery for infusion of drugs or saline. All
infusions were at a constant rate of 1 ml min~!. On
each occasion subjects received an intra-arterial in-
fusion of saline for 12 min followed by an 18 min
infusion of kinin (bradykinin 100 pmol min~!, or sub-
stance P, 1 pmol min~!). On one occasion L-NMMA
(2 and 4 pmol min~" was co-infused with kinin
during the final 12 min, each dose for 6 min. On the
other occasion saline was co-infused instead of
L-NMMA. Forearm blood flow was measured during
infusion of saline alone at the end of the baseline

period in every study, during infusion with kinin
alone (from 3-6 min), and during the final 3 min
of the period of co-infusion with either saline or
L-NMMA (2 and 4 umol min~!). Flows were recorded
for 10 s in every 15 s and the mean of the final five
measurements of each recording period used for
analysis.

Statistical analysis

Results are presented as means (+ s.e. mean).
Changes in vasodilator responses due to either
L-NMMA or saline were expressed as a percentage
of the blood flow response during agonist administra-
tion immediately before co-infusion. Data were
analysed by analysis of variance for repeated
measures. Differences were considered significant
when P < 0.05.

Results

Blood flow in the control (non-infused) arm did not
alter significantly throughout the experimental period
on any study day, confirming that at the doses infused
bradykinin, substance P and L-NMMA did not cause
systemic effects. Bradykinin (100 pmol min~!) alone
increased blood flow from 3.2 + 0.3 to 9.4 + 1.0 ml
min~! 100 ml-! on the saline day and from 2.8 + 0.2
to 9.3 £ 1.0 ml min~! 100 ml-! on the L-NMMA day
(Table 1). Table 1 also shows the percentage change
in response to kinin produced by co-infusion of either
saline or L-NMMA relative to the baseline period of
kinin infusion. Co-infusion of L-NMMA inhibited the
response to bradykinin relative to saline control by
9 £ 14% (2 umol min~!, P = 0.21) and 42 * 14%
(4 umol min~!, P < 0.001) (Figure 1).

Substance P alone increased forearm blood flow
from 3.0 £ 0.2 to 5.6 + 0.5 ml min~! 100 ml~! on the
saline day and from 3.4 £ 0.2 to 6.3 £ 0.7 ml min~!
100 ml~! on the L-NMMA day (Table 1). Responses
to substance P relative to saline were inhibited by
co-infusion of L-NMMA by 27 = 8% at a dose of
2 pmol min~! (P < 0.01) and by 70 + 13% at a dose
of 4 umol min~! (P < 0.001) (Figure 1). Responses to
both bradykinin and substance P were unaffected by
co-infusion of saline (Figure 1).

Table 1 Effect of N6-monomethyl-L-arginine (L-NMMA) or saline on vasodilator responses to bradykinin (BK) and

substance P (SP)

Forearm blood flow (ml min~! 100 mi~!)

Kinin with Kinin with % change with % change with

Study day Baseline Kinin saline/L-NMMA(2)*  saline/L-NMMA(4)  saline/L-NMMA(2)  saline/L-NMMA(4)
BK/saline 32+03 94+1.0 9.1+0.9 9.8+1.0 0+8 ] 116

NS *
BK/L-NMMA 28+02 93%1.0 8.5+0.99 7.1+£0.8 -9+10 -31+9
SP/Saline 3002 5605 5.6+0.5 5.7%0.5 0£3 ' 3+4 ]

* kk
SP/L-NMMA 34+£0.2 6307 5.7+0.7 4810.6 -27+10 -67 £ 16

*P < 0.01, **P < 0.001, NS = not significant.
fL-NMMA (dose in umol min!).
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Figure 1 Percentage change in response to bradykinin
(100 pmol min~!, open bars) and substance P (1 pmol
min~1, hatched bars) after 6 min co-infusions of saline
(upper panel) or NC-monomethyl-L-arginine (L-NMMA)

2 and 4 umol min~! (lower panel). *P < 0.01, **P < 0.001
with respect to saline.

Discussion

The main finding of this study is that L-NMMA
inhibits vasodilation caused by kinins in a dose
dependent manner. The finding that the vasodilator
response to bradykinin in the human forearm vascular
bed can be inhibited by co-infusion of L-NMMA is in
agreement with preliminary observations of Vallance
and colleagues [14], and with observations in human
dorsal hand veins in vivo [15]. Vasodilator responses
to bradykinin in this vascular bed are not inhibited by
the cyclooxygenase inhibitor aspirin [16], suggesting
bradykinin is not acting via increased endothelial
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prostacyclin release. The finding that bradykinin
exerts some of its vasodilator action via the L-argi-
nine/NO pathway may be of clinical importance as
inhibition of angiotensin converting enzyme (ACE)
inhibits the breakdown of bradykinin [17] increasing
its potency [16]. Enhanced NO release could there-
fore contribute to the beneficial effects of ACE inhi-
bition [18].

Substance P is an 11-amino acid peptide which is
found in both central and peripheral nerves. It pro-
duces potent vasodilation in both the human coronary
[19] and forearm circulations [20, 21] and reduces
total peripheral resistance during intravenous infusion
[22]. Substance P is the endogenous ligand at
tachykinin (TK)-1 receptors [23] and causes vaso-
relaxation via an endothelium-dependent mechanism
[24] which can be inhibited by L-NMMA but not
D-NMMA [25]. The effect of a specific inhibitor of
nitric oxide synthesis on the actions of substance P
in a human vascular bed has not been studied
previously. Our results show that L-NMMA produces
dose related inhibition of the vasodilator response to
substance P in the forearm vasculature.

Acetylcholine has been widely used as an endothe-
lium-dependent vasodilator to study the integrity of
the L-arginine/NO pathway in the human forearm [26,
27]. Responses to acetylcholine in this vascular bed
are partially inhibited by L-NMMA (4 pmol min~!)
by between 40-60% [9, 11]. In the present study
kinin induced vasodilation was inhibited to a similar
degree by L-NMMA. The sites in the L-arginine/NO
pathway at which responses to NO dependent
vasodilators are impaired in vascular disease remain
unclear. Specific defects may exist at either the level
of the receptor, G-proteins or more distal transduction
mechanisms [28]. Kinins acting through different
transduction mechanisms to acetylcholine [23] may
therefore prove useful tools in defining the site of
specific defects within the L-arginine/NO pathway.
For example in the coronary circulation responses to
acetylcholine but not to substance P are impaired in
atherosclerosis [19].

In conclusion this study has shown that Kkinin-
induced vasodilation is mediated in large part through
the L-arginine/NO pathway. Kinins may provide addi-
tional insights into endothelial dysfunction in cardio-
vascular disease states.

This work was supported in part by the British Heart
Foundation.

5 Palmer RMIJ, Ashton DS, Moncada S. Vascular
endothelial cells synthesise nitric oxide from L-argi-
nine. Nature 1988; 333: 664-666.

6 Palmer RMJ, Moncada S. A novel citrulline-forming
enzyme implicated in the formation of nitric oxide by
vascular endothelial cells. Biochem Biophys Res Com-
mun 1989; 158: 348-352. '

7 Radomski MW, Palmer RMJ, Moncada S. Endogenous
nitric oxide inhibits human platelet adhesion to vascu-
lar endothelium. Lancet 1987; ii: 1057-1058.

8 Garg UC, Hassid A. Nitric oxide-generating vasodila-
tors and 8-bromocyclic guanosine monophosphate



310 J. R. Cockcroft et al.

10

11

12

13

14

15

16

17

18

19

inhibit mitogenesis and proliferation of cultured rat
vascular smooth muscle cells. J clin Invest 1989; 83:
1774-1777.

Vallance P, Collier J, Moncada S. Effects of endothe-
lium-derived nitric oxide on peripheral arteriolar tone
in man. Lancet 1989; ii: 977-1000.

Elliott TG, Cockcroft JR, Groop PH, Morocutti A,
Viberti GC, Ritter JM. Inhibition of nitric oxide syn-
thesis in forearm vasculature of insulin dependent
diabetics: blunted vasoconstriction in patients with
microalbuminuria. Clin Sci 1993; 85: 687—693.
Chowienczyk PJ, Cockcroft JR, Ritter JM. Differential
inhibition by NC-monomethyl-L-arginine of vasodilator
effects of acetylcholine and methacholine in human
forearm vasculature. Br J Pharmac 1993; 110: 736-
738.

Whitney RJ. The measurement of volume changes in
human limbs. J Physiol 1953; 121: 1-27.

Hokanson DE, Sumner DS, Strandness DE Jr. An elec-
trically calibrated plethysmograph for direct measure-
ment of limb blood flow. IEEE Trans Biomed Eng
1975; 22: 25-29.

Vallance PJT, Collier JG, Webb DJ. Bradykinin
induced vasodilatation is inhibited by L-NMMA in the
human forearm. Br J clin Pharmac 1991; 31: 575P.
Vallance P, Collier J, Moncada S. Nitric oxide synthe-
sized from L-arginine mediates endothelium dependent
dilatation in human veins in vivo. Cardiovasc Res
1989; 23: 1053-1057.

Benjamin N, Cockcroft JR, Collier JG, Dollery CT,
Ritter JM, Webb DJ. Local inhibition of converting
enzyme and vascular responses to angiotensin and
bradykinin in the human forearm. J Physiol 1989; 412:
543-555.

Bhoola KD, Figueroa CD, Worthy K. Bioregulation of
kinins: kallikreins, kininogens, and kininases. Pharmac
Rev 1992; 44: 1-80.

Linz W, Scholkens BA. Role of bradykinin in the
effects of angiotensin converting enzyme inhibitors. J
cardiovasc Pharmac 1992; 20 (Suppl 9): S83-S90.
Crossman DC, Larkin SW, Fuller RW, Davies GJ,
Maseri A. Substance P dilates epicardial coronary arter-

20

21

22

23

24

25

26

27

28

ies and increases coronary blood flow in humans. Cir-
culation 1989; 80: 475-484.

Lofstrom B, Pernow B, Warren J. Vasodilating effect
of substance P in the human forearm. Acta Physiol
Scand 1965; 63: 311-318.

McEwan J, Benjamin N, Larkin S, Fuller R, Dollery C.
Vasodilatation by calcitonin gene-related peptide and
by substance P: a comparison of their effects on resis-
tance and capacitance vessels in the human forearm.
Circulation 1988; 77: 1072-1080.

Fuller RW, Maxwell DL, Dixon CMS, McGregor GP,
Barnes VF, Bloom SR, Barnes PJ. Effect of substance
P on cardiovascular and respiratory function in human
subjects. J appl Physiol 1987; 62: 1473-1479.

Maggi CA, Patacchini PR, Giachetti A. Tachykinin
receptors and tachykinin receptor antagonists. J Auton
Pharmac 1993; 13: 23-93.

D’Orleans-Juste P, Dion S, Mizrahi J, Regoli D. Effects
of peptides and non-peptides on isolated arterial smooth
muscles: role of the endothelium. Eur J Pharmac 1985;
114: 9-21.

Whittle BJR, Lopez-Belmonte J, Rees DD. Modulation
of the vasodepressor actions of acetylcholine,
bradykinin, substance P and endothelin in the rat by a
specific inhibitor of nitric oxide formation. Br J Phar-
mac 1989; 98: 646-652.

Panza JA, Quyyumi AA, Callahan TS, Epstein SE.
Abnormal endothelium-dependent vascular relaxation
in patients with essential hypertension. New Engl J
Med 1990; 323: 22-27.

Linder L, Kiowski W, Biihler FR, Liischer TF. Indirect
evidence for release of endothelium-derived relaxing
factor in human forearm circulation in vivo. Blunted

response in hypertension. Circulation 1990; 81:
1762-1767.
Flavahan NA. Atherosclerosis or lipoprotein-induced
endothelial ~ dysfunction.  Circulation 1992; 85:
1927-1938.

(Received 25 January 1994,
accepted 17 June 1994)



