
Evaluation of bioavailability of nitric oxide in
coronary circulation by direct measurement
of plasma nitric oxide concentration
Yoji Neishi*†, Seiichi Mochizuki†‡, Takehiro Miyasaka§, Takahiro Kawamoto*, Teruyoshi Kume*, Renan Sukmawan*,
Miwako Tsukiji*, Yasuo Ogasawara‡, Fumihiko Kajiya§, Takashi Akasaka*, Kiyoshi Yoshida*, and Masami Goto†‡¶

*Division of Cardiology and ‡Department of Medical Engineering, Kawasaki Medical School, 577 Matsushima, Kurashiki, Okayama 701-0192, Japan;
and §Department of Cardiovascular Physiology, Okayama University Graduate School of Medicine and Dentistry, 2-5-1 Shikata-cho, Okayama,
Okayama 700-8558, Japan

Edited by Louis J. Ignarro, University of California School of Medicine, Los Angeles, CA, and approved June 8, 2005 (received for review February 18, 2005)

Although bioavailability of NO in the coronary circulation is com-
monly evaluated by acetylcholine (ACh)-induced vasodilation, a
change in plasma NO concentration and its relation to the flow
response after injection of ACh are still unknown. Thus, we directly
measured the concentration of NO in the coronary sinus by using
a catheter-type NO sensor for coronary sinus. An NO-sensitive
sensor was located and fixed in a 4-Fr catheter with a soft tip for
protection of vascular wall. After calibration with an NO-saturated
pure water, the catheter-type NO sensor was located in the
coronary sinus in anesthetized dogs. The coronary flow velocity
(CFV) was measured with a Doppler guide wire. Intracoronary
injection of ACh (0.4 and 1.0 �g�kg) increased plasma NO concen-
tration in a dose-dependent manner (3–10 nM). Although ACh
increased CFV by 95%, there was no significant difference between
the two ACh doses. After ACh, the peak value of plasma NO
concentration was observed significantly later than CFV. NG-meth-
yl-L-arginine (NO synthase inhibitor) decreased basal NO concen-
tration by 3 nM and suppressed the ACh-induced NO synthesis with
no significant change in average peak velocity. We conclude that
production of NO in the coronary circulation can be evaluated in
the coronary sinus. Although ACh increases both CFV and NO
concentration, CFV dose not reflect NO concentration in terms of
magnitude and time course. Direct measurement of plasma NO
concentration by the catheter-type NO sensor is useful to evaluate
bioavailability of NO in the coronary circulation.

nitric oxide synthase � nitric oxide-selective sensor � acetylcholine �
coronary blood flow � endothelial function

N itric oxide (NO) released by endothelial cells is formed from
L-arginine by nitric oxide synthase (NOS) (1). NO release

is augmented by mechanical stimulation such as shear stress
(2–6), pulsatile flow (7, 8), and axial strain (9). Such mechanical
stresses, which are produced by the periodic myocardial con-
traction and relaxation, directly influence the coronary blood
vessels, acting as an overwhelmingly dominant factor of the
coronary blood flow regulation (10–12). Under the stimulatory
influences by the mechanical stresses, coronary endothelial cells
produce NO on a beat-to-beat basis (13). In the coronary
circulation, endothelium-derived NO plays fundamental roles in
the regulation of blood flow, exerting a tonic vasodilator influ-
ence at rest and with increasing myocardial metabolism (14).

However, bioavailability of NO is diminished in the subjects
with a wide range of cardiac risk factors and pathologic condi-
tions, such as aging, gender, smoking, hypertension, hypercho-
lesterolemia, diabetes mellitus, hyperhomocystinemia, heart fail-
ure, infections, and polymorphisms of the endothelial NOS
(15–23). Importantly, endothelial dysfunction, characterized by
decreased bioavailability of NO, is a predictor of cardiovascular
risk and outcome (24–28).

Several techniques have been used to evaluate the endothelial
function or bioavailability of NO (29). Coronary endothelial

function is most commonly assessed by intracoronary injection
of acetylcholine (ACh), which stimulates release of NO and
coronary artery dilation. In patients with risk factors for ath-
erosclerosis and in those with coronary artery disease, infusion
of ACh results in a diminished vasodilatory response or para-
doxical vasoconstriction (30–35). In spasm arteries of patients
with coronary spastic angina, activity of NO is deficient (28, 29).
Although endothelium-dependent vasodilation has been com-
monly evaluated by intracoronary injection of ACh, there are
still many uncertainties remaining in relation to the bioavail-
ability of NO. First, it is unclear whether factors that result in
endothelial dysfunction also lead to abnormalities in the func-
tions of vascular smooth muscle cells. Namely, individuals with
decreased endothelium-independent vasodilation response will
have decreased endothelium-dependent vasodilation. Secondly,
besides NO, other endothelium-derived relaxing and constrict-
ing factors such as prostacyclin, endothelium-derived hyperpo-
larizing factors, and endothelin might contribute to the vascular
tone after injection of ACh through direct or indirect effects
mediated by the changes in coronary blood flow and pressure
patterns. Therefore, to evaluate the endothelial function and the
bioavailability of NO in the coronary circulation, direct mea-
surement of NO concentration in the coronary circulation would
be of great value and use.

In prior years, it has been considered that NO, once released
from vascular endothelial cells to blood stream, is immediately
oxidized or inactivated by dissolved oxygen, oxyhemoglobin
and�or oxygen radical species (36, 37). However, growing ex-
perimental and clinical evidence suggests that NO remain active
in blood stream, causing remote vasodilatory response (38, 39).
Accordingly, in this study, to measure the plasma concentration
of NO produced in the coronary circulation, we developed a
catheter-type NO sensor applicable to the coronary sinus. Here,
we report the presence of NO in the coronary sinus at a resting
condition and the real-time changes in NO concentration when
endogenous NO production is stimulated by ACh or an NO
donor is infused. Based on the simultaneous measurement of
plasma NO concentration in the coronary sinus and coronary
blood flow velocity, the relationship between NO concentration
and coronary flow response to ACh will be discussed.

Methods
A Catheter Type of NO Sensor. An NO sensor (amiNO-700 XL,
Innovative Instruments, Tampa, FL; 700 �m in diameter at the
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detection tip) was mounted in a 4-Fr catheter (1,200 mm long;
Hirakawa Hewtech, Tokyo) and fixed with silicon adhesive. A
soft protection tip of polyurethane was attached at the edge of
the detection tip to protect the vessel wall, and two metal wires
were also attached along the detection tip to protect the detec-
tion tip (Fig. 1). Oxidative current of NO was monitored by using
an NO monitor (model inNO-T, Innovative Instruments). Each
sensor was calibrated by using an NO-saturated pure water as
described in ref. 40. Briefly, NO-saturated pure water was
prepared by bubbling pure NO gas in oxygen-free pure water.
Using a gas-tight syringe, 5 �l was injected into a well stirred
saline solution (50 ml) in which an NO sensor was immersed
(final NO concentration: 190 nM).

Animal Preparation. This study conformed to the Guideline on
Animal Experiments of Kawasaki Medical School and the
Guideline for Care and Use of Laboratory Animals published
by the National Institutes of Health. Adult mongrel dogs (n �
7) were initially sedated with ketamine (200 mg i.m.) and
anesthetized with pentobarbital sodium (30 mg�kg i.v.). Their
weights ranged from 20 to 29 kg (25 � 5 kg). Each dog was
heparinized by injecting 100 units�kg of heparine. Animals
were ventilated by using a respirator pump (model VS-600,
Instrumental Development, Pittsburgh). The NO sensor was
located in the coronary sinus through a 7-Fr JR catheter
(Bright Chip, Cordis, Miami) from the right jugular vein, and
a Doppler guide wire (FloWire, JoMed, Rancho Cordova, CA)
was located in the left anterior descending artery through
another 7-Fr JR catheter inserted in the right carotid artery
under cinef luorography (Fig. 2).

Experimental Protocol. We continuously monitored the plasma
NO concentration in the coronary sinus by the NO sensor, phasic
coronary blood flow by the Doppler guide wire in the left
anterior descending artery, and aortic pressure by a strain gauge
pressure transducer (model TP-400T, Nihon Kohden, Tokyo).
We measured average peak velocity (APV) as coronary flow
velocity.

We injected saline (vehicle) and ACh of 0.4 �g�kg and 1.0
�g�kg from the left coronary artery (LCA) for 20 sec. In each
bolus, each solution was diluted to 5 ml with saline. Next, we
administrated NG-methyl-L-arginine (L-NAME, 10 �g�kg per
min) into the LCA for 20 min to inhibit NO synthesis. We then
repeated ACh injection at two doses (0.4 �g�kg and 1.0 �g�kg).
Finally, we injected an NO donor, isosorbide dinitrate (ISDN,
0.5 mg).

Statistical Analysis. All data were expressed as mean values �
SEM. Statistical analyses for comparison of changes in plasma
NO concentration, coronary flow velocity, and systemic hemo-
dynamic variables by ACh before and after L-NAME were
conducted by paired t test. A probability value of �0.05 was
considered statistically significant.

Results and Discussion
Calibration of Sensors. The basic performance of the integrated
catheter-type NO sensors was reported in our preliminary study
(40). The NO sensor showed no noticeable change in response
to oxygen, ACh, and solution mixing, indicating high specificity
to NO. The mean sensitivity of the seven sensors used in the
present study was 366 � 122 pA�nM. In our previous study,
prototype catheter-type NO sensors for the measurement in
aorta, which used the same sensor as that used in this study,
showed the sensitivity of 498 � 40 pA�nM (seven sensors) (41).
The mean sensitivity of the NO sensor for the coronary sinus was
slightly lower than that of the NO sensor for the aorta. This
difference may be attributable to the decrease in the surface area
of the detection tip due to the soft protection tip.

Evaluation of Coronary NO Production in the Coronary Sinus. Plasma
NO concentration was successfully measured in the coronary
sinus by the catheter-type NO sensor in all dogs studied without
any harmful complications. Fig. 3 shows representative tracings
of the plasma NO concentration in the coronary sinus after

Fig. 1. Structure of a catheter-type NO sensor for measurement in coronary
sinus.

Fig. 2. X-ray photo showing the location of NO sensor. The detection tip of
the NO sensor (dotted circle) was located in the coronary sinus through a 7-Fr
catheter from the right jugular vein. The Doppler guide wire was inserted in
the left anterior descending (LAD) artery.

Fig. 3. Typical tracings of the plasma NO concentration in the coronary sinus.
(A) Saline (vehicle) was injected at the arrow. (B) ACh of 0.4 �g�kg was injected
at the arrow. (C) ACh of 0.4 �g�kg was injected at the arrow after inhibition
of NO synthesis by L-NAME. The injection of saline caused only transient
fluctuation but no increase in NO concentration. In contrast, ACh increased
NO concentration markedly. L-NAME attenuated the increase of NO concen-
tration by ACh.
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injection of saline, ACh, and ACh after L-NAME. Intracoronary
injection of saline (vehicle) caused only a small f luctuation in the
plasma NO concentration (Fig. 3A). Plasma NO concentration
increased sharply after intracoronary injection of ACh. ACh of
0.4 �g�kg increased the plasma NO concentration by 5.7 nM
(Fig. 3B). The ACh-induced increase in NO concentration was
attenuated after the treatment with L-NAME (Fig. 3C). The
acute increase in plasma NO concentration by ACh was observed
in all dogs studied. Malinski and colleagues characterized the
time courses of NO release in response to shear stress (42) and
bradykinin (43) by using a polymeric porphyrin�Nafion-coated
carbon fiber microsensor. In the cultured endothelial cells, shear
stress caused by laminar flow of perfusate (0.02–1 Pa) induced
NO release 3 to 5 sec after the initiation of flow (42). Bradykinin-
induced NO was detected 8 sec after the addition of bradykinin
(43). Although the basic performance of the NO sensor and the
experimental condition are different between their and our
studies, the rapid response of the endothelial cells to shear stress
and agonists was consistently observed in their in vitro study and
in this in vivo study. Vallance et al. measured the ACh-stimulated
increase in the endogenous NO level in vivo in the human hand
vein (44) by using their handmade NO sensor (45) and observed
an increase of �130 nM. The difference in the agonist-
stimulated increase in plasma NO concentration between their
report and this study may be attributed to the following factors.
In their study (44), ACh was infused anterogradely into the hand
vein at 10–15 mm proximal to the end of the catheter to which
the sensor was inserted. Because of the relatively short distance
between the injection site and the measuring site, NO scavenging
and trapping effects by hemoglobin and other blood components
were much less than that in this study. The difference in the
material and architecture of the two sensors also could provide
the different performance of the sensors, e.g., selectivity to NO
(40, 45).

Part of the NO released into the blood stream might be
subjected to oxidative decomposition and to nitrosative chem-
istry as in the previous study on the systemic circulation (46).
Nevertheless, a substantial portion of the NO produced in the
coronary circulation was transported to the venous outflow tract,
i.e., the coronary sinus. It should be noticed that under resting
condition, NO was present in the coronary sinus at a measurable
concentration (Fig. 4). L-NAME decreased the basal NO con-
centration by 3.1 � 0.8 nM (P � 0.05 vs. before L-NAME).
Preservation of NO in the flowing blood is concordant with the
previous in vivo investigation with authentic NO, which revealed

the capability of plasma to transport NO in its free form along
the forearm vascular tree (47).

The biochemical half-life of NO in the plasma layer has been
calculated to be in the range of 100–500 sec (48), considering the
concentration of dissolved oxygen in blood (�150–250 �M) and
assuming NO concentration of the nanomolar range as measured
in this study. Such estimated biochemical half-life of NO is much
longer than the transit time of blood in the coronary capillary
vessels where the most of the endothelial cells, the predominant
source of NO synthesis, locates. The capillary transit time has
been reported to be �0.8 sec in rabbits (49) and 0.4 sec in pigs
(50). Accordingly, the presence of NO produced by the coronary
blood vessels in the coronary sinus is reasonable from the
viewpoints of the biochemical half-life of NO and the kinetics of
coronary circulation.

ACh increased plasma NO concentration in a dose-dependent
manner (Fig. 5). The increased NO concentration by ACh was
significantly greater than that by saline (Fig. 5). After L-NAME,
the increase in NO concentration by ACh was attenuated
significantly (1.9 � 0.6 nM for 0.4 �g�kg, 2.8 � 0.8 nM for 1.0
�g�kg, P � 0.05; P � 0.05 vs. before L-NAME; Fig. 5). Although
the dose of L-NAME used in this study (10 �g�kg per min for
20 min) was reported to inhibit NO synthesis greatly (51, 52),
administration of this dose could not achieve complete inhibition
of NO production by ACh. We believe that under in vivo
circumstances with stimulatory mechanical stresses, it may be
extremely difficult to completely abolish the NO production by
using the competitive inhibitors of NOS. Accordingly, determi-
nation of the contribution of the endothelium-derived hyperpo-
larizing factor to the vasodilation based on the NOS-inhibitor�
indomethacin-resistant response to ACh needs careful
consideration. Stoen et al. (53) reported that by using the femoral
artery rings from young piglets, an NO inactivator, oxyhaemo-
globin, abolished the NOS-inhibitor�indomethacin-resistant re-
laxation to ACh. They stated that ACh-induced vasodilation of
the femoral artery of young piglets may depend entirely on NO.
Although in their study NO concentration was not measured
after NOS inhibition, incomplete inhibition of NOS and�or NO
derived from nonenzymatic control might contribute to the
NOS-inhibitor�indomethacin-resistant relaxation by ACh. Their
study may also support the above-mentioned caution.

The saline injection caused some increase in APV associated

Fig. 4. Change in baseline plasma NO concentration by L-NAME (10 �g�kg
per min for 20 min). *, P � 0.05. Fig. 5. ACh-induced change in NO concentration and the effect of NOS

inhibition. Plasma NO concentration was increased by ACh in a dose-
dependent manner (0.4 and 1.0 �g�kg). L-NAME suppressed the increase of
NO concentration by ACh significantly. (Filled bars, before L-NAME; open bars,
after L-NAME; *, P � 0.05.)
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with a slight increase in plasma NO concentration (Fig. 6A). The
NO concentration and APV reached their peak values 1 min
after the injection of saline and then decreased afterward. The
similar time course of the APV and NO concentration after
saline injection support the notion that the NO plays a primary
role in the flow-induced vasodilation (8). APV 1 min after ACh
injection was significantly greater than that for saline (Fig. 6B).
The ACh-induced change in coronary blood flow can possibly be
modified by the ACh-induced change in systemic hemodynamics.
However, in this study, the intracoronary administration of ACh
caused no significant changes in blood pressure and heart rate
(Table 1).

The plasma NO concentration increased in an ACh-dose-
dependent manner before L-NAME (5.0 � 2.7 nM for 0.4 �g�kg
and 7.3 � 3.5 nM for 1.0 �g�kg, P � 0.05; Fig. 5). However, there
was no significant difference in APV between the two doses of
ACh (52.8 � 5.0 cm�sec for 0.4 �g�kg and 53.3 � 10.2 cm�sec
for 1.0 �g�kg, P � 0.67; Table 1). This finding implies the upper
limit of the NO-induced vasodilatory influence. The discrepancy
between the change in NO concentration and vasodilatory
response to ACh should be taken into consideration when
evaluating the bioavailability of NO based on the endothelium-
dependent vasodilation. In the coronary circulation, NO con-
tributes to vasodilation, but NO is not the only regulator of
coronary blood flow (14). This notion is also illustrated in Fig.
6B, in which NO concentration further increased even after 2
min of ACh administration, whereas APV decreased from 1 min
to 2 min. In fact, the peak value of the plasma NO concentration

was observed significantly later than the peak of APV after
injection of ACh for 0.4 �g�kg (98 � 38 sec vs. 52 � 21 sec, P �
0.05), indicating sustained NO production by intracoronary
injection of ACh. Blood flow during ACh is mainly determined
by the endothelium-dependent vasodilatory effect and the direct
vasoconstrictive effect. There are many possible factors influ-
encing these vascular effects during ACh besides NO, e.g.,
endothelium-derived hyperpolarizing factor, adenosine, ATP-
dependent K� channels, prostaglandins, local myogenic re-
sponse, and endothelin. Thus, the blood flow response to ACh
may not necessarily be the unique marker of the bioavailability
of NO.

The difference in the time profiles between coronary flow
velocity and NO concentration might be explained by the
following factors. ACh increases both plasma NO concentration
and blood flow. Then, the associated elevation of shear stress
may further increase the plasma NO concentration by a positive
feedback mechanism. Furthermore, f low-induced release of
endogenous ACh from the endothelial cells (54), if any, may at
least partially contribute to the sustained elevation of the plasma
NO concentration.

It should be noticed that in this study, coronary f low velocity
was measured in the left anterior descending artery, whereas
plasma NO concentration was measured in the coronary sinus.
Thus, coronary transit time might cause the delay of the
change in NO concentration in the coronary sinus after
intracoronary injection of ACh. However, as discussed above,
capillary transit time is calculated to be �1 sec, minimizing its
effect on the time difference between the peaks of f low
velocity and plasma NO concentration. With increasing cor-
onary blood f low, the blood volume in the coronary microves-
sels could be increased (55). This result may cause the decrease
in NO concentration, obscuring the increase in NO production
in the coronary circulation.

There was no significant difference in APV between before
and after L-NAME administration (27.2 � 2.0 cm�sec vs. 27.0 �
3.3 cm�sec, P � 0.94). This conclusion is consistent with the
previous report showing that NOS inhibition with arginine
analogs resulted in small or no change in coronary blood flow at
rest or when myocardial oxygen consumption was increased (14).
Although these findings support the notion that NO is not the
only determinant of coronary blood flow, some previous reports
showed that inhibition of NOS decreased coronary venous
oxygen tension (14), indicating the contribution of NO to the
maintenance of oxygen supply to the myocardium at rest.

The increase in APV by ACh injection was suppressed by
L-NAME (25.6 � 3.0 cm�sec vs. 3.2 � 0.7 cm�sec, P � 0.05).
Traverse et al. (56) measured coronary blood flow and oxidative
products of NO (nitrate � nitrite � NOx) in the coronary venous
blood during the administration of ACh. Resting coronary blood
flow was not significantly changed after the administration of
L-arginine analog, but the increase in coronary blood flow to
ACh was significantly reduced. NO (NOx) production in re-
sponse to ACh was also reduced after adding an L-arginine
analog. These findings coincide with ours, indicating that NO
plays a pivotal role in the ACh-induced coronary vasodilation.
Interestingly, they also noticed that a substantial number of
animals they examined had negative arteriovenous NOx gradi-
ents between aorta and coronary sinus at rest (56). Recently, in
vivo conversion of nitrite, which is the major pool of bioavailable
NO, to NO has been proposed by enzymatic reduction with
xanthine oxidoreductase, nonenzymatic disproportionation, or
acidic reduction (57). Cosby et al. showed that nitrite-induced
vasodilation in humans is associated with reduction of nitrite to
NO by deoxyhemoglobin, providing a mechanism for hypoxia-
regulated catalytic NO production by erythrocytes, or endothe-
lial or tissue heme proteins (57). The reduction mechanism of
nitrite to NO may explain the negative arteriovenous NOx

Fig. 6. Time courses of change in NO concentration (F) and APV (Œ) after
injection of saline and ACh. (A) Injection of saline increased the peak values of
NO concentration and APV 1 min after the injection. (B) Injection of ACh also
increased both NO concentration and APV at 1 min after ACh injection. NO
concentration further increased and reached its peak value 2 min after ACh
injection, indicating sustained NO production by ACh. (*, P � 0.05 vs. time 0.)

Table 1. Hemodynamic and NO data in this study

Control After L-NAME

Mean blood pressure, mmHg 88 � 12 92 � 12
Heart rate, bpm 118 � 15 120 � 12
Average peak velocity, cm�sec

Rest 27.2 � 2.0 27.2 � 3.3
ACh (0.4 �g�kg, i.c.) 52.8 � 5.0 30.2 � 3.4*
ACh (1.0 �g�kg, i.c.) 53.3 � 10.2 33.5 � 2.4*

NO concentration, nM
ACh (0.4 �g�kg, i.c.) 5.0 � 2.7 1.9 � 0.6*
ACh (1.0 �g�kg, i.c.) 7.3 � 3.5 2.8 � 0.8*

bpm, beat per minute. *, P � 0.05 vs. control.
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gradients between aorta and coronary sinus. Although the
reduction mechanism of nitrite to NO is beyond the scope of this
study, we suggest the possibility that NOx is not a dependable
measure of the production of NO in the coronary circulation.

NO Production in the Coronary Circulation from NO Donor. Fig. 7
shows the typical tracings of NO concentration after injection of
ISDN and saline. After a transient fluctuation after the injection
of ISDN, NO concentration increased and sustained (Fig. 7A).
This work shows the direct measurement of NO in response to
ISDN in the coronary circulation. The increase in NO concen-
tration by ISDN was significantly greater than that by saline
(1.7 � 0.4 nM vs. 0.5 � 0.2 nM, P � 0.05; Fig. 7B). Glyceryl
trinitrate (GTN) is another widely used coronary vasodilator

that is characterized as the NO donor. Recently, different
concentration-vasodilatory responses were reported for ISDN
and GTN (58). GTN may apparently exert its vasodilatory
activity independently of its NO-releasing properties, whereas
ISDN exerts its activity by NO donation. Accordingly, we have
chosen ISDN as the NO donor in this study. ISDN dilates
angiographically normal coronary arteries in patients with hy-
pertension, whereas flow-dependent dilation is lost (59). There-
fore, ISDN may be considered to be a reasonable NO donor for
the patients with the decreased bioavailability of NO, contrib-
uting to the physiological NO-mediated vasodilation. Future
studies are required to establish a reasonable NO donation
method to the patients with decreased bioavailability of NO. This
catheter-type NO sensor for the coronary sinus will be a useful
tool to evaluate the bioavailability of NO and the pharmacoki-
netics of the NO donors or NO modulators.

Conclusion. NO produced in the coronary circulation persists in
the coronary sinus at a measurable level at rest. Intracoronary
injection of ACh increases NO concentration and coronary
blood velocity. However, there are discrepancies between them
in dose–response relation and time profile, indicating that
ACh-induced change in coronary blood flow is not a precise
measure of the bioavailability of NO. The catheter-type NO
sensor for coronary sinus is useful to evaluate the endogenously
and exogenously derived NO in the coronary circulation.
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