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Abstract
Objective—To clarify whether endothe-
lium derived nitric oxide contributes to
exogenous bradykinin induced dilatation
of human epicardial and resistance
coronary arteries in vivo.
Design—Quantitative coronary angiogra-
phy and Doppler flow velocity measure-
ments were used to determine the eVects
of the nitric oxide synthesis inhibitor,
NG-monomethyl-L-arginine (L-NMMA),
on bradykinin induced dilatation of the
epicardial and resistance coronary arter-
ies.
Setting—Hiroshima University Hospital.
Patients—20 patients (16 men and four
women, mean (SD) age 56 (9) years) with
angiographically normal smooth epicar-
dial coronary arteries.
Interventions—Serial infusions of brady-
kinin (0.5, 1.5, and 2.5 µg/min) were given
into the left coronary ostium before and
after L-NMMA infusion (60 µmol/min).
Main outcome measures—Epicardial
coronary diameter, coronary blood flow,
and coronary vascular resistance.
Results—Bradykinin-induced epicardial
coronary vasodilatation after L-NMMA
(dilatation by 2.5 µg/min, 3.8(1.4)% in the
proximal and 5.9(1.8)% in the distal
segments, mean (SEM)) was less
(p < 0.001, respectively) than before
L-NMMA (11.7(2.5)% and 15.1(2.0)%, re-
spectively). In contrast, L-NMMA did not
aVect the bradykinin induced increase in
coronary blood flow and decrease in
coronary vascular resistance.
Conclusions—Endothelium derived nitric
oxide contributes to bradykinin induced
dilatation of epicardial coronary arteries,
but may be less important in coronary
resistance vasodilatation.
(Heart 1997;78:493–498)
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The vascular endothelium plays an important
role in the control of vasomotor tone and vas-
cular remodelling by producing and releasing
various vasoactive agents.1–4 Many studies in
vivo and in vitro have been performed since the
eVects of endothelium derived relaxing factor
(EDRF) were first demonstrated, and several
endothelium dependent vasodilators have been
identified. Three of these include nitric oxide,

which is synthesised by the action of nitric
oxide synthase on L-arginine, prostacyclin,5 6 a
product of cyclooxygenase mediated arachi-
donic acid metabolism, and endothelium
derived hyperpolarising factor (EDHF).7–10

Nitric oxide is believed to be EDRF, or a
closely related compound.11–13

Bradykinin is a potent vasodilator that acts
through endothelial B2 kinin receptors to
stimulate the release of endothelium derived
nitric oxide, prostacyclin,14 and EDHF,7 and
has been shown to induce endothelium de-
pendent relaxation of human forearm15 16 and
coronary arteries17 18 in vivo. However, it is
uncertain which endothelium dependent vaso-
active agent mediates bradykinin induced
human coronary vasodilatation in vivo.
We carried out this study to clarify whether

endothelium derived nitric oxide contributes to
human epicardial and resistance coronary
vasodilatation induced by exogenous bradyki-
nin in vivo. NG-monomethyl-L-arginine (L-
NMMA), an analogue of L-arginine that
specifically inhibits nitric oxide synthase,19 was
used to inhibit the production of nitric oxide,
and its eVect on the vasodilator response of the
coronary vasculature to bradykinin was studied.

Methods
STUDY POPULATION

We studied 20 patients (16 men and four
women; mean (SD) age 56 (9) years, range 32
to 69) undergoing coronary angiography for
diagnosis of a chest pain syndrome. Each
patient’s chest pain was atypical for eVort
angina. All patients had angiographically nor-
mal smooth epicardial coronary arteries, nor-
mal left ventricular function (contrast ventricu-
lographic ejection fraction> 50%) and normal
coronary flow reserve. Patients with a previous
history of myocardial infarction, cardiomyopa-
thy, valvar heart disease, or heart failure were
excluded. Patients with coronary spastic angina
who showed angiographically documented
coronary spasm (> 50% luminal narrowing)
after intracoronary injection of acetylcholine
were also excluded. Four patients had hyper-
tension but no echocardiographic evidence of
left ventricular hypertrophy. Hypercholestero-
laemia (total serum cholesterol > 240 mg/dl)
was present in four patients, but their total
serum cholesterol values were not above
270 mg/dl when not on antihypercholestero-
laemic drug treatment. Two patients had well
controlled diabetes mellitus, one treated with
diet only and the other with oral gliclazide,
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20 mg/day. Four patients were current smokers
(> 10 cigarettes/day), but were instructed not
to smoke for at least one week before the study.
Written informed consent was obtained

from each patient before the study, and the
protocol was approved by the human investiga-
tion ethics committee of Hiroshima University.

STUDY PROTOCOL

Antianginal and antihypertensive drugs, in-
cluding an angiotensin converting enzyme
inhibitor, were discontinued at least 48 hours
before the study. The diabetic patient on
gliclazide discontinued the drug 24 hours
before the study. Patients were brought to the
catheterisation laboratory in a fasting state
after premedication with intramuscular hy-
droxyzine (25 mg) and promethazine hydro-
chloride (25 mg). Diagnostic catheterisation
was performed through a standard percutane-
ous femoral approach, and 10 000 units of
heparin were given intravenously just before
the procedure. After completion of diagnostic
coronary angiography, a 6 F guide catheter was
introduced into the left main coronary artery
and the coronary blood flow velocity was
measured with an 0.014 inch wire equipped
with a Doppler crystal at its tip (Flowire, Car-
diometrics, Mountain View, California,
USA).20 21 The Doppler flow wire was ad-
vanced into the left anterior descending
coronary artery in 19 patients and into the cir-
cumflex coronary artery in one, because of a
small left anterior descending coronary artery.
The wire tip was carefully positioned in a
straight segment of the vessel to produce an
adequate flow velocity signal. The vessel,
within 1 cm of the tip, could be imaged without
overlap from other vessels to allow for quanti-
tative measurements of the coronary artery
calibre.
After baseline control conditions had been

established, bradykinin was infused at rates of
0.5, 1.5, and 2.5 µg/min for two minutes.
These doses were determined with reference to
the doses used for dilating human forearm
vessels.15 16 Adenosine was then infused at a
rate of 100 µg/min for two minutes to evaluate
the coronary flow reserve. After a five minute
interval, L-NMMA was infused into the left
coronary artery at a rate of 60 µmol/min for
three minutes. After control conditions had
been re-established, serial infusions of bradyki-
nin (0.5, 1.5, and 2.5 µg/min) were given again.
Finally, an intracoronary infusion of glyceryl
trinitrate was given at a rate of 200 µg/min for
one minute. All drugs were infused directly
into the left main coronary artery through the
catheter at an infusion rate of 1 ml/min.
Coronary angiography was performed under

control conditions and just after the end of
each period of drug administration. The
coronary blood flow velocity was monitored
continuously and recorded on a 12 MHz
pulsed Doppler velocimeter (FloMap, Cardio-
metrics). Arterial pressure (at the distal end of
the catheter), heart rate, and cardiac rhythms
(from a 12 lead electrocardiogram) were also
monitored continuously and recorded on a
multichannel recorder (Nihonkoden Polygraph

System, Nihonkoden, Tokyo, Japan). We
waited at least five minutes after each drug
infusion to obtain stable values of blood flow
velocity and coronary diameter. Steady state
values were used for analysis.

QUANTITATIVE CORONARY ANGIOGRAPHY

The method of quantitative coronary angiogra-
phy was described previously.22 After selecting
the view that allowed the best visualisation of
the left coronary artery, coronary cineangi-
ograms were recorded on 35 mm cinefilm (30
frames per second) using a cineangiographic
system (Siemens, Munich, Germany). Non-
ionic contrast medium, iomeprol (Iomeron
350, Eisai Pharmaceutical Co, Tokyo, Japan),
was injected into the left coronary artery at the
rate of 5 to 10 ml/s to a total of 7 to 10 ml. A
power injector (Medrad, Pittsburgh, Pennsyl-
vania, USA) was used to optimise the quality
and reproducibility of the opacification. Nine-
teen left anterior descending coronary arteries
and one circumflex coronary artery were
studied.
The arterial diameters were measured

blindly, without knowledge of the clinical char-
acteristics of the patients. An end diastolic
frame was selected on the cineprojector, and
the arterial segments being studied were
scanned with a videocamera. Images were digi-
tised and analysed with a videodensitometric
analysis system (Cardio-500, Kontron Instru-
ments, Munich, Germany). Automated coun-
ter detection was performed by a geometric
edge diVerentiation technique.22 23 Measured
segments were nearly straight and about 5 mm
long. A 6F Judkins catheter was used for
calibration. The average value of triplicate
measurements in luminal diameter were used
for analysis. To establish the reproducibility of
the method, the diameter of each coronary
segment was measured in 20 successive
frames by two investigators. An excellent
correlation between the first and second
measurement (intraobserver variability) was
noted in each segment (Y = 1.02X − 0.05,
r = 0.99, p < 0.001 in the proximal; and
Y = 0.98X + 0.04, r = 0.99, p < 0.001 in the
distal segments, respectively). Analysis of
interobserver variability in the measurement of
each segment also showed high reproducibility
(r = 0.99, p < 0.001, respectively).

ESTIMATION OF CORONARY BLOOD FLOW AND

CORONARY VASCULAR RESISTANCE

Coronary blood flow was calculated as the
product of the coronary blood flow velocity
and diameter using the following formula:
ð × average peak velocity × 0.125 × diameter2.
Coronary vascular resistance was calculated as
the mean arterial pressure divided by coronary
blood flow. For calculating flow, the internal
diameter of the vessel at the location of the
sampling (2 to 3 mm distal to the wire tip) was
measured by the method described above.

PREPARATION OF DRUGS

Bradykinin (Sigma, St Louis, Missouri, USA),
adenosine (Sigma), L-NMMA (Sigma), and
glyceryl trinitrate (Nihonkayaku Corporation,
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Tokyo, Japan) were dissolved in physiological
saline at appropriate concentrations, respec-
tively. Bradykinin, adenosine, and L-NMMA
were sterilised in the Department of Pharmacy
of Hiroshima University Hospital. Each drug
infusion was performed with an infusion pump
(CFV 3000, Nihonkoden, Japan) at a rate of
1 ml/min.

STATISTICAL ANALYSIS

All data are expressed as the mean (SEM).
Serial changes in haemodynamic variables,
epicardial coronary diameter, coronary blood
flow, and coronary vascular resistance in
response to bradykinin were compared by one
way analysis of variance (ANOVA). Serial percent
changes in the epicardial coronary diameter,
coronary blood flow, and coronary vascular
resistance before and after the administration
of L-NMMA were compared by two way
ANOVA. Paired data were compared using the
Student’s t test as appropriate. All p values are
two tailed, and a value < 0.05 considered
significant.

Results
HAEMODYNAMIC VARIABLES

The control mean arterial pressure, heart rate,
and rate–pressure product after L-NMMA
infusion were similar to those before
L-NMMA infusion, and the intracoronary
administration of adenosine did not alter any of
these variables. Bradykinin at graded doses
decreased the mean arterial pressure before
and after L-NMMA infusion (p < 0.01 and
p < 0.05, respectively). Glyceryl trinitrate in-
creased the heart rate (p < 0.001) but de-
creased mean arterial pressure (p < 0.001)
compared with control values (table 1).

EFFECT OF L-NMMA ON THE EPICARDIAL AND

RESISTANCE CORONARY VASCULAR TONE

L-NMMA reduced the epicardial coronary
diameter from 3.08 (0.13) to 2.98 (0.13) mm
in proximal segments (p < 0.05), and from
1.41 (0.04) to 1.32 (0.05) mm in distal
coronary segments (p < 0.001) under control
conditions (fig 1). L-NMMA also reduced the
coronary blood flow from 32 (3) to 24 (2) ml/
min (p < 0.001) and increased the coronary
vascular resistance from 4.2 (0.6) to
5.8 (0.8) mm Hg.ml-1.min (p < 0.001) under
control conditions (fig 2).

EFFECT OF L-NMMA ON BRADYKININ INDUCED

DILATATION OF EPICARDIAL CORONARY ARTERIES

Bradykinin induced epicardial coronary
vasodilatation in a dose dependent manner
before L-NMMA infusion. Bradykinin at
doses of 0.5, 1.5, and 2.5 µg/min dilated
coronary diameters from 3.08 (0.13) mm to
3.26 (0.14), 3.37 (0.14), and 3.42 (0.15) mm
in proximal segments (p < 0.001), and from
1.41 (0.04) mm to 1.50 (0.05), 1.55 (0.05),
and 1.61 (0.05) mm in distal segments
(p < 0.001). Although bradykinin induced
vasodilatation was observed even after
L-NMMA infusion in the proximal (p < 0.01)
and distal segments (p < 0.001), the percent-
age changes in epicardial coronary diameters
were less than before L-NMMA infusion in the
proximal (p < 0.001) and distal segments
(p < 0.001) (fig 3).

EFFECT OF L-NMMA ON BRADYKININ INDUCED

DILATATION OF RESISTANCE CORONARY VESSELS

Bradykinin increased coronary blood flow in a
dose dependent manner from 32 (3) ml/min to
48 (4), 62 (6), and 71 (7) ml/min (p < 0.001).
The coronary vascular resistance was progres-
sively reduced with administrations of bradyki-
nin from 4.2 (0.6) mm Hg.ml-1.min to
2.7 (0.4), 2.2 (0.4), and 1.8 (0.3) mm Hg.ml-

1.min (p < 0.001). After L-NMMA infusion,
bradykinin also progressively increased the
coronary blood flow (p < 0.001), and reduced
the coronary vascular resistance (p < 0.001).
Additionally, the percentage changes in
coronary blood flow after L-NMMA infusion
were similar to those before L-NMMA infu-
sion, as were the changes in coronary vascular
resistance before and after L-NMMA infusion
(fig 4). Even in seven patients without coronary
risk factors, the bradykinin induced increase in
coronary blood flow after L-NMMA infusion
(46(8)%, 99(30)%, and 128(34)%) was similar
to that before L-NMMA infusion (72(28)%,
102(29)%, and 132(28)%, p = 0.84). The
bradykinin induced reduction in coronary vas-
cular resistance after L-NMMA (28(3)%,
44(6)%, and 50(7)%) was also similar to that
before L-NMMA (36(7)%, 45(8)%, and
55(5)%), p = 0.75).

ENDOTHELIUM INDEPENDENT CORONARY

VASODILATATION AND CORONARY FLOW RESERVE

Endothelium independent epicardial coronary
vasodilatation was observed with glyceryl

Table 1 Haemodynamic variables

Control

Bradykinin
Adenosine
100 µg/min

Glyceryl trinitrate
200 µg/min0.5 µg/min 1.5 µg/min 2.5 µg/min

Before L-NMMA infusion
Mean AP (mm Hg) 106 (3) 105 (2) 104 (3)* 103 (2)** 104 (3)
HR (beats/min) 64 (3) 65 (3) 65 (3) 66 (3) 64 (2)
RPP (mm Hg × beats/min) 9428 (493) 9577 (499) 9315 (505) 9401 (508) 9096 (436)

After L-NMMA infusion
Mean AP (mm Hg) 108 (3) 108 (3) 106 (3) 105 (3)* 96 (3)**
HR (beats/min) 63 (2) 62 (3) 63 (3) 64 (3) 73 (3)**
RPP (mm Hg × beats/min) 9275 (529) 9351 (604) 9354 (609) 9304 (595) 9056 (529)

Values are mean (SEM).
*p<0.05, **p<0.01 v control.
AP, arterial pressure; HR, heart rate; L-NMMA, NG-monomethyl-L-arginine; RPP, rate–pressure product.

Bradykinin induced human coronary dilatation 495
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trinitrate administration in the proximal and
distal coronary segments (from 3.08 (0.13) to
3.72 (0.14) mm, and from 1.41 (0.04) to
1.80 (0.07) mm; p < 0.001, respectively)
(fig 1).

Adenosine increased the coronary blood
flow from 32 (3) to 118 (13) ml/min
(p < 0.001), and reduced the coronary vascu-
lar resistance from 4.2 (0.6) to 1.1
(0.1) mm Hg.ml-1.min (p < 0.001). Coronary
flow reserve, defined as the ratio of hyperaemic
coronary blood flow in response to adenosine
to resting coronary blood flow, was > 2.0 in
each patient.

Discussion
Our study confirms that L-NMMA markedly
attenuates dilatation of human epicardial
coronary arteries induced by exogenous brady-
kinin, but not the response of resistance
coronary vessels. These data imply that en-
dothelium derived nitric oxide contributes to
bradykinin induced dilatation of epicardial
coronary arteries, but may have less eVect on
coronary resistance vasodilatation.

EFFECTS OF EXOGENOUS BRADYKININ ON HUMAN

EPICARDIAL CORONARY ARTERIES

Our data are consistent with previous findings
that bradykinin induces human epicardial
coronary vasodilatation in vivo.17 18 L-NMMA
decreased basal epicardial coronary artery
diameters, as previous studies have shown,24–26

providing evidence for tonic release of nitric
oxide from epicardial coronary arteries under
resting conditions. Furthermore, epicardial
coronary vasodilatation induced by bradykinin
was reduced by L-NMMA. The observed
bradykinin induced dilatation of epicardial
coronary arteries may partly be due to flow
mediated changes, but flow change is unlikely
to be primarily responsible for the reduction in
bradykinin induced dilatation of the epicardial
coronary arteries since the bradykinin induced
increase in coronary blood flow was not
aVected by L-NMMA. Our finding may
partially reflect inhibition of flow mediated
nitric oxide release.27 However, because our
previous study22 showed that mediators other
than nitric oxide may be mainly responsible for
the flow mediated dilatation of human epicar-
dial coronary arteries in vivo, reduced epicar-
dial dilatation after L-NMMA may reflect an
inhibition of B2 kinin receptor mediated
vascular eVects. Our data suggest that not only
is acetylcholine induced epicardial coronary
vasodilatation mediated by endothelium de-
rived nitric oxide in vivo—as shown by
previous L-NMMA studies24–26—but also
bradykinin induced coronary vasodilatation.
Slight bradykinin induced epicardial

coronary vasodilatation was observed even
after administration of L-NMMA. Since
L-NMMA is a competitive antagonist, it is
possible that the dose used in this study may
have been insuYcient to inhibit nitric oxide
production completely. Alternatively, media-
tors other than nitric oxide may also contribute
to the residual dilatation, EDHF for example.
In support of this, previous studies28 29 showed
that the nitro-L-arginine resistant relaxations
might be mediated by EDHF. Another possible
contribution is increased vascular wall shear
stress related to local flow velocity.22 30

Figure 1 Epicardial coronary diameter changes with NG-monomethyl-L-arginine
(L-NMMA) and glyceryl trinitrate (TNG) in the proximal and the distal coronary
segments. L-NMMA caused significant vasoconstriction in the proximal and distal
segments. Glyceryl trinitrate caused significant endothelium independent vasodilatation in
the proximal and distal segments. *p < 0.05, †p < 0.001 v baseline.
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EFFECT OF EXOGENOUS BRADYKININ ON

RESISTANCE CORONARY VESSELS

Bradykinin induces resistance coronary va-
sodilatation in dogs31 32 and pigs.33 34 A previous
study18 demonstrated a role for endogenous
bradykinin in normal vasomotor responses of
human resistance coronary vessels in vivo by
documenting the eVects of HOE 140, a
selective bradykinin B2 receptor antagonist.
We investigated the eVects of exogenous
bradykinin on human resistance coronary
vasodilatation.
L-NMMA reduced basal coronary blood

flow and increased the basal coronary vascular
resistance as previously shown,23–25 providing
evidence for tonic release of nitric oxide from
the coronary microvasculature under resting
conditions. In contrast, L-NMMA did not
aVect the bradykinin induced increase in the
coronary blood flow and reduction in the
coronary vascular resistance, suggesting that
bradykinin-induced resistance coronary vaso-
dilatation is largely independent of endothe-
lium derived nitric oxide. These results are
consistent with previous studies which showed
that endothelium derived relaxing agents other
than nitric oxide may mediate bradykinin
induced relaxation in isolated intramyocardial
porcine coronary resistance arteries34 and
canine coronary resistance vessels35 in vivo.
Both acetylcholine induced and substance P
induced relaxation of coronary resistance
vessels have been shown to be largely depend-
ent on nitric oxide.25 36 37 Endothelium depend-
ent dilatation of coronary resistance vessels
may be induced by various diVerent kinds of
pharmacological probes.

STUDY LIMITATIONS

In this study, the dose of L-NMMA may have
been insuYcient to inhibit nitric oxide produc-
tion completely. Quyyumi et al 25 26 gave
L-NMMA at a dose of 64 µmol/min for five
minutes, inhibiting acetylcholine induced dila-
tation of coronary resistance vessels. We deter-
mined the L-NMMA dose with reference to
their results. However, because repeated pro-
longed infusions of L-NMMA at higher doses

increased systemic blood pressure in previous
studies,25 26 and because these high doses may
induce vasoconstriction in other vascular beds,
we elected not to give such high doses of
L-NMMA and used only one dose.
Some of our patients had risk factors for

coronary atherosclerosis which may have af-
fected coronary endothelial function, including
nitric oxide production. However, the brady-
kinin induced changes in coronary blood flow
and coronary vascular resistance after
L-NMMA infusion were similar to those
before the infusion, even in patients without
atherosclerotic risk factors. Therefore it is
unlikely that these coronary risk factors were
responsible for the minor role of nitric oxide in
bradykinin induced coronary resistance vessel
dilatation.

CONCLUSIONS

Exogenous bradykinin dilates both epicardial
coronary arteries and resistance coronary
vessels in vivo. Endothelium derived nitric
oxide was found to contribute to the dilatation
of the epicardial coronary arteries, though its
role may be less significant in bradykinin
induced coronary resistance vessel dilatation.
Further basic and clinical research is needed to
clarify the mechanisms for the vasodilator
eVects of bradykinin, especially in coronary
resistance vessels.
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