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Objectives. The aim of this study was to determine whether the
release of nitric oxide (NO) from the ischemic heart increases
during exercise in patients with effort angina.

Background. Myocardial ischemia increases NO production in
the canine heart, but no such increase has been demonstrated in
the ischemic human heart.

Methods. Fifteen patients with effort angina underwent supine
ergometer exercise tests. All patients had severe proximal stenosis
(>90%) in the left anterior descending coronary artery. The
control group consisted of 17 subjects without coronary artery
disease or systemic hemodynamic abnormalities.

Results. Neither the lactate extraction ratio (LER) nor the
difference in NO concentration between coronary venous and

arterial blood (DVA[NO]) was affected by exercise in the control
subjects. In patients with effort angina, neither variable differed
from that in the control group at rest; however, exercise markedly
decreased LER and significantly increased DVA(NO) (from 4.7 6
0.3 to 16.5 6 1.6 mmol/liter, p < 0.001) in the patient group. The
extent of decrease in LER was significantly correlated with the
extent of increase in DVA(NO) in the patients with effort angina
(r2 5 20.837, p < 0.001).

Conclusions. Provocation of myocardial ischemia by exercise
stress increases NO production in the hearts of patients with
effort angina.

(J Am Coll Cardiol 1998;32:63–8)
©1998 by the American College of Cardiology

Recent studies in animals and humans have demonstrated that
the vascular endothelium plays an important role in the
regulation of regional blood flow by releasing endothelium-
derived relaxing factor (1–8), a major component of which is
nitric oxide (NO). NO is produced in the endothelium (9–14)
and other tissues of the heart, where it acts as a paracrine and
autocrine autacoid. In human hearts with restricted coronary
circulation, increases in myocardial oxygen demand relative to
oxygen supply cause angina pectoris and the release of lactate
into the coronary venous blood. In this condition, endogenous
vasodilators such as NO may be released to increase oxygen
supply (15–17). NO is present at low basal concentrations in
the well oxygenated myocardium, but its abundance increases
during ischemia, which may contribute to the improvement of
myocardial metabolic dysfunction (18,19). Although we de-
tected NO in coronary venous blood after transient ischemia in

dogs (20), a similar increase in NO has not been demonstrated
during provocation of myocardial ischemia in humans. During
metabolic stimulation of the human heart, released NO con-
tributes to coronary vasodilation (4,6). This contribution of
NO is reduced in patients exposed to risk factors for coronary
atherosclerosis, with a consequent reduction in vasodilation
during stress (21–23). Little is known of the in vivo metabolism
of NO during myocardial ischemia in humans. Therefore, we
have investigated whether NO is released during an angina
attack induced by an exercise stress test in patients with
coronary artery disease (CAD).

Methods
All study protocols were approved by the local Human

Investigations Committee, and study subjects gave written
informed consent. The study was performed while subjects
were in the supine position in a quiet room maintained at a
constant temperature of 22 to 24°C.

Study subjects. The experimental group comprised 15 pa-
tients (7 men and 8 women) who had CAD and a history of
stable exertional angina pectoris. Patients were selected during
admission to Osaka University Hospital from May 1994 to
August 1996, according to the following inclusion criteria: 1) a
history of stable effort-related angina pectoris; 2) coronary
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angiographic evidence of .90% stenosis (diameter reduction)
of the proximal left anterior descending coronary artery
(LAD); 3) absence of .50% stenosis of the left main, left
circumflex or right coronary artery; 4) presence of conditions
facilitating catheterization of the great cardiac vein; 5) pres-
ence of sinus rhythm; and 6) a normal contraction pattern in
the anterior and septal left ventricular wall and a normal
ejection fraction as assessed by biplane cineangiography. Left
ventricular end-systolic pressure was within normal limits
(,12 mm Hg). No patient showed either ST segment elevation
during an upright bicycle exercise test before catheterization
and while receiving their usual medical regimen or angio-
graphic or echocardiographic evidence of left ventricular hy-
pertrophy. Patients with valvular heart disease, a history of
angina at rest, clinical evidence of a previous myocardial
infarction, hyperlipidemia, hypertension, chronic heart failure,
renal dysfunction or diabetes mellitus were excluded. None of
the patients showed vasospasm of the epicardial coronary
arteries in response to either ergonovine or acetylcholine. The
control group comprised 17 subjects (9 men and 8 women) who
did not exhibit either CAD or systemic hemodynamic abnor-
malities.

Cardiac catheterization. Subjects underwent right and left
heart catheterization in the fasting state. After completion of
diagnostic coronary arteriography, either a 7F or 8F coronary
sinus flow catheter (Wilton-Webster) was advanced under
fluoroscopic guidance into the great cardiac vein through the
femoral vein (24). The catheter tip was positioned at the
junction of the anterior interventricular and great cardiac
veins. Coronary venous drainage at this site is thought to
originate mainly from the myocardium perfused through the
LAD (25). Aortic blood pressure was measured with a Judkins
catheter introduced through the right or left femoral artery.

Blood sampling. Either a 7F or 8F thermodilution coro-
nary blood flow catheter was positioned at the great cardiac
vein. Paired blood samples were obtained from the great
cardiac vein and descending aorta at rest and immediately
after the onset of symptom-limited submaximal cycling exer-
cise in the supine position and were placed in an ice bath
immediately after collection. After centrifugation of the blood
sample, the plasma was packed in dry ice for subsequent
determination of NO and lactate concentrations.

Measurement of NO and lactate levels. NO was measured
as described previously (26). Briefly, 1.5 ml of blood was
collected into heparinized tubes within 30 s and centrifuged for

5 min at 2,000g. The plasma fraction was diluted 1:1 with
nitrite-free and nitrate-free distilled water, and 400 ml of the
diluted sample was centrifuged at 2,000g in an ultrafree
microcentrifuge device to remove substances .10 kDa. The
filtrate was passed through a copper-plated cadmium column
to reduce nitrate to nitrite and then reacted with Griess
reagents. Absorbance at 540 nm was measured and represents
the total amount of plasma NO end products (nitrate plus
nitrite). The coronary arteriovenous difference in the concen-
tration of nitrate plus nitrite reflects the amount of NO
released from the myocardium. To measure the plasma lactate
level, blood (1 ml) was rapidly sampled and centrifuged, and
the lactate concentration in 0.2 ml of the plasma supernatant
was measured by enzyme assay (27). Lactate extraction ratio
(LER) was obtained by dividing the coronary arteriovenous
difference in lactate concentration by the arterial lactate
concentration and multiplying by 100%.

Exercise protocol. All antianginal medications were dis-
continued at least 24 h before the study. Patients and control
subjects underwent bicycle ergometer exercise tests in the
supine position. Each subject began to exercise at a work load
of 25 W, which was increased every 2 min in stepwise incre-
ments of 25 W. For all patients, the exercise was discontinued
when anginal pain occurred. Hemodynamic variables were
measured every minute. Blood was sampled simultaneously
from the great cardiac vein and descending aorta at rest and at
the end of exercise. A standard 12-lead electrocardiogram
(ECG) was recorded at rest and during exercise, and the data
were compared at the same exercise time and at equivalent
work loads.

Respiratory gas exchange variables. Gas exchange data
were collected throughout exercise with a breath-by-breath
respirometer system (Minato, model RM-200), which was
calibrated immediately before each study with a 2-liter calibra-
tion syringe and a gas mixture of 14.93% oxygen, 5.00% carbon
dioxide and 80.07% nitrogen. Oxygen uptake, carbon dioxide
output, minute ventilation and the respiratory gas exchange
ratio were obtained every 10 s during exercise.

Hemodynamic variables. Heart rate was measured by con-
tinuous ECG monitoring. Significant ST segment depression
on exercise testing was defined as .0.1 mV of horizontal or
downsloping ST segment depression measured 60 to 80 ms
after the J point and present on at least one lead.

Statistical analysis. Data are expressed as the mean
value 6 SEM. The analyses were performed using the SAS
system. The normality of the distribution and homogeneity of
variance had been assessed by using the Shapiro-Wilks test and
the F test, respectively. Comparison of descriptive character-
istics and performance and hemodynamic variables between
control subjects and patients was done using the unpaired t
test, the Welch t test or the Mann-Whitney U test, as appro-
priate. Comparison of NO in the great cardiac vein and aortic
root, the difference in NO concentration between coronary
venous and arterial blood (DVA[NO]) and LER before and
after exercise was done using the paired t test. Comparison of
NO in the great cardiac vein and aortic root, DVA(NO) and

Abbreviations and Acronyms

CAD 5 coronary artery disease
ECG 5 electrocardiogram, electrocardiographic
LAD 5 left anterior descending coronary artery
LER 5 lactate extraction ratio
NO 5 nitric oxide
DVA(NO) 5 difference in nitric oxide concentration between

coronary venous and arterial blood
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LER after exercise between the control group and patient
group was done using the Welch t test. Linear regression
analysis was used to correlate the changes in LER and those in
DVA(NO). A p value ,0.05 was considered statistically signif-
icant.

Results
The clinical characteristics of the patients with effort angina

and the control subjects are shown in Table 1. There were no
significant differences between the two groups with regard to
age, gender, body mass index, serum cholesterol, serum trig-
lycerides or ejection fraction. Performance and hemodynamic
variables at peak exercise for patients and control subjects are
shown in Table 2. The work load at maximal exercise and
exercise duration were significantly greater for the control
subjects than for the patients. All patients experienced chest
pain during exercise and developed ST-T segment changes of
the ischemic type on the one-lead ECG (0.21 6 0.03 mV).
Neither LER nor DVA(NO) was affected by exercise in the
control group. In patients at rest these variables were similar to
those of the control subjects. However, LER decreased signif-
icantly and DVA(NO) increased significantly in patients during
exercise (Table 3 and Fig. 1). Although we did not obtain the
total NO release because we did not measure coronary blood
flow, total cardiac release was also increased in patients during
exercise as compared with control subjects, when we estimated
coronary blood flow using the rate–pressure product (28). The
extent of the decrease in LER correlated significantly with the
extent of the increase in DVA(NO) (Fig. 2).

Discussion
The endogenous nitrovasodilator NO is continuously syn-

thesized from L-arginine by the action of NO synthase and
released mainly from endothelial cells. NO release is stimu-

lated by various local and circulating factors as well as by shear
stress of the bloodstream acting on the endothelial lining
(29,30). In the present study, exercise increased the NO
concentration in systemic arterial blood in both patients and
control subjects, suggesting that shear stress during exercise
enhances the production of NO in normal subjects (31).

Myocardial ischemia and cardiac NO levels. We have
previously shown that the concentration of NO end products in
plasma increases during acute focal myocardial ischemia and
reperfusion in dogs, and that this increase is proportional to
the extent of ischemia (20). We have shown that induction of
myocardial ischemia by exercise stress results in an increases in
NO production in the hearts of patients with effort angina.
Myocardial ischemia by itself has been shown to increase NO

Table 1. Clinical Characteristics of Control Subjects and Patients
With Effort Angina

Characteristic Control (n 5 17) Patients (n 5 15)

Gender (M/F) 9/8 7/8
Age (years) 60 6 4 61 6 3

Range 45–72 47–76
Obesity 2 3
Body mass index (kg/m2) 24 6 2 26 6 2
Serum cholesterol (mg/dl) 176 6 6 191 6 7
Serum triglycerides (mg/dl) 132 6 18 139 6 14
Ejection fraction (%) 72 6 5 69 6 4
Medication used previously

Beta-blockers 0 2
Long-acting nitrates 0 0
Calcium channel blockers 0 3
Aspirin 0 0
ACE inhibitors 0 0

Data presented are mean value 6 SEM or a number of subjects. ACE 5
angiotensin-converting enzyme; F 5 female; M 5 male.

Table 2. Performance and Hemodynamic Variables at Baseline and
Maximal Exercise for Patients and Control Subjects

Variable Control Subjects Patients

Work load (W) 117 6 11 83 6 4*
Percent predicted work capacity 87 6 3 65 6 4
Heart rate (beats/min)

Baseline 67 6 5 71 6 4
Maximal exercise 138 6 12 128 6 7

Blood pressure (mm Hg)
Systolic

Baseline 122 6 18 126 6 14
Maximal exercise 188 6 12 169 6 6

Diastolic
Baseline 70 6 5 72 6 6
Maximal exercise 102 6 5 94 6 3

RPP (102 mm Hg/min)
Baseline 82 6 4 89 6 6
Maximal exercise 259 6 15 216 6 12

Exercise duration (min) 7.1 6 1.8 5.3 6 1.2*
Peak V̇O2 (ml/min per kg) 22.4 6 2.1 20.1 6 1.9
Respiratory gas exchange ratio 1.1 6 0.06 1.0 6 0.04

*p , 0.05 compared with control subjects (analysis of variance). Data
presented are mean value 6 SEM. RPP 5 rate–pressure product; V̇O2 5 oxygen
consumption.

Table 3. Effects of Exercise on Plasma Nitric Oxide (nitrate plus
nitrite) Concentration and Lactate Extraction Ratio in Control
Subjects and Patients

Assay

Control Subjects Patients

Baseline
After

Exercise Baseline
After

Exercise

NO (mmol/liter)
Great cardiac vein 25.0 6 1.3 43.5 6 1.8* 27.2 6 1.9 53.9 6 2.5*
Aortic root 21.1 6 1.8 39.1 6 1.2* 22.5 6 1.2 37.4 6 2.1*
DVA(NO) 3.9 6 0.2 4.4 6 0.3 4.7 6 0.3 16.5 6 1.6†‡
LER (%) 24.2 6 1.2 20.1 6 1.1 21.0 6 1.7 24.4 6 3.0*‡

*p , 0.05 and †p , 0.001 versus corresponding baseline value. ‡p , 0.01
versus corresponding control value. Data presented are mean value 6 SEM.
LER 5 lactate extraction ratio; NO 5 nitric oxide; DVA(NO) 5 coronary
arteriovenous difference in NO.
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production (18,20), although reperfusion after sustained isch-
emia is reported to impair basal NO synthesis (32). Because
NO and lactate production were correlated in the present
study, it is likely that the increase in NO synthesis during the
exercise stress test is attributable to myocardial ischemia. Both
cardiomyocytes (33) and endothelial cells (34) are thought to
be potential sources of NO in the ischemic heart; it is not
known which cell type was the major site of NO production in
the present study.

We did not measure coronary blood flow during exercise.
Because this variable may be reduced in patients with effort
angina, the NO concentration may appear to be increased
without any change in total production. Previous investigations
have demonstrated that the extent of increase in coronary
blood flow at rest and with mild exercise is identical in normal
subjects and patients with CAD (35–37). However, it is re-

ported that there were differences in coronary blood flow after
heavy exercise between the control and angina groups (28,38).
In the study of Holmberg et al. (38), because the maximal
coronary flow after supine heavy exercise was 370% of rest
coronary flow in the control group and 306% of rest coronary
flow in the angina group, the difference in coronary flow during
even heavy exercise could not account for the 240% increase in
coronary arteriovenous difference in NO after exercise in
patients with effort angina observed in the present study.

Possible sites of NO production. A decrease in NO-
dependent vasodilator responses in the microcirculation has
been observed in patients with atherosclerosis (39). Zeiher et
al. (40) showed that impaired endothelium-dependent vasodi-
lation of the coronary microcirculation is associated with
exercise-induced myocardial ischemia. Furthermore, athero-
sclerosis of epicardial conductance vessels impairs the activity
of endothelium-derived NO (22,23). Release of NO from
endothelial cells in response to shear stress or acetylcholine is
attenuated and induces vasoconstriction in such patients
(22,23). Even when the protein level of NO synthase is
decreased, decreases in pH or increases in intracellular Ca21

concentration during myocardial ischemia trigger the produc-
tion of NO through the activation of NO synthase. Because
cardiomyocyte may also produce NO during hypoxia (33), the
total amount of NO release during ischemia may increase by
release from cardiomyocytes and surrounding intact endothe-
lial cells of the ischemic zone.

Role of NO in coronary circulation. The contribution of
NO to dilation of coronary resistance vessels is controversial.
Inhibition of NO synthesis decreased the diameter of the
epicardial coronary artery without affecting coronary blood
flow or coronary vascular resistance in anesthetized dogs (41),

Figure 2. Correlation between the exercise-induced increase in
DVA(NO) and the decrease in LER.

Figure 1. Effects of exercise on the coronary arterio-
venous difference in NO (DVA[NO]) in the control
(A) and patient (B) groups.
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whereas inhibition of NO synthesis decreased the diameter of
the basal distal LAD and decreased basal coronary blood flow
in humans (6). Experimental studies revealed that administra-
tion of the NO synthase inhibitor reduced coronary blood flow
during coronary hypoperfusion (1,20). Although we have
shown that the human heart produces NO in response to
ischemic stress, it remains unclear whether increased NO
synthesis plays an important role in the regulation of the
coronary circulation during myocardial ischemia in patients
with CAD.

Possible mechanisms of increases in NO production. We
did not investigate the mechanism of NO release during
ischemia in the present study. We have previously shown that
cellular acidosis (42) or alpha1-adrenoceptor activation (43)
during ischemia contributes to NO-induced coronary vasodi-
lation in the canine myocardium. Exercise reduced the pH and
LER as well as increased the concentration of noradrenaline in
the coronary sinus of patients with effort angina (data not
shown). These chemical and humoral factors may contribute to
the release of NO.

Limitation of the present study. It has been suggested that
the position of the catheter used to sample blood from the
great cardiac vein may change during the course of an exper-
iment, thereby introducing variability into repeated blood
sampling (44). However, Magorien et al. (45) demonstrated a
highly significant correlation between these two measurements
during exercise. We confirmed that the position of the catheter
did not change when blood was sampled.

We thank Kayoko Yoshida and Yukiyo Nomura for their technical assistance
and Katsunori Shimada (STATZ Co., Tokyo) for advice on statistical analysis.

References
1. Duncker DJ, Bache RJ. Inhibition of nitric oxide production aggravates

myocardial hypoperfusion during exercise in the presence of a coronary
artery stenosis. Circ Res 1994;74:629–40.

2. Bassenge E. Coronary vasomotor responses: role of endothelium and
nitrovasodilators. Cardiovasc Drugs Ther 1994;8:601–10.

3. Smith TP Jr, Canty JM Jr. Modulation of coronary autoregulatory responses
by nitric oxide: evidence for flow-dependent resistance adjustments in
conscious dogs. Circ Res 1993;73:232–40.

4. Quyyumi AA, Dakak N, Andrews NP, et al. Contribution of nitric oxide to
metabolic coronary vasodilation in the human heart. Circulation 1995;92:
320–6.

5. Luscher TF, Richard V, Tschudi M, et al. Endothelial control of vascular
tone in large and small coronary arteries. J Am Coll Cardiol 1990;15:519–27.

6. Lefroy DC, Crake T, Uren NG, et al. Effect of inhibition of nitric oxide
synthesis on epicardial coronary artery caliber and coronary blood flow in
humans. Circulation 1993;88:43–54.

7. Furchgott RF, Zawadzki JV. The obligatory role of endothelial cells in the
relaxation of arterial smooth muscle by acetylcholine. Nature 1980;288:
373–6.

8. Loscalzo J, Vita JA. Ischemia, hyperemia, exercise, and nitric oxide: complex
physiology and complex molecular adaptations. Circulation 1994;90:2556–9.

9. Palmer RMJ, Ferrige AG, Moncada S. Nitric oxide release accounts for the
biological activity of endothelium-derived relaxing factor. Nature 1987;327:
524–7.

10. Graser T, Vanhoutte PM. Hypoxic contraction of canine coronary arteries:
role of endothelium and cGMP. Am J Physiol 1991;261:H1769–77.

11. Park KH, Levi R. Hypoxic coronary vasodilatation and cGMP overproduc-

tion are blocked by a nitric oxide synthase inhibitor, but not by a guanylyl
cyclase ANF receptor antagonist. Eur J Pharmacol 1994;256:99–102.

12. Brown IP, Thompson CI, Belloni FL. Role of nitric oxide in hypoxic
coronary vasodilatation in isolated perfused guinea pig heart. Am J Physiol
1993;264:H821–9.

13. Park KH, Rubin LE, Gross SS, et al. Nitric oxide is a mediator of hypoxic
coronary vasodilatation: relation to adenosine and cyclooxygenase-derived
metabolites. Circ Res 1992;71:992–1001.

14. Jiang C, Collins P. Inhibition of hypoxia-induced relaxation of rabbit isolated
coronary arteries by NG-monomethyl-L-arginine but not glibenclamide. Br J
Pharmacol 1994;111:711–6.

15. Shen W, Lundborg M, Wang J, et al. Role of EDRF in the regulation of
regional blood flow and vascular resistance at rest and during exercise in
conscious dogs. J Appl Physiol 1994;77:165–72.

16. Lanza GA, Manzoli A, Bia E, et al. Contribution of endothelium-derived
nitric oxide to exercise-induced vasodilation. Circulation 1994;90:2695–700.

17. Patil RD, DiCarlo SE, Collins HL. Acute exercise enhances nitric oxide
modulation of vascular response to phenylephrine. Am J Physiol 1993;265:
H1184–8.

18. Zweier JL, Wang P, Kuppusamy P. Direct measurement of nitric oxide
generation in the ischemic heart using electron paramagnetic resonance
spectroscopy. J Biol Chem 1995;270:304–7.

19. Node K, Kitakaze M, Kosaka H, et al. Increased release of NO during
ischemia reduces myocardial contractility and improves metabolic dysfunc-
tion. Circulation 1996;93:356–64.

20. Node K, Kitakaze M, Kosaka H, et al. Plasma nitric oxide end products are
increased in the ischemic canine heart. Biochem Biophys Res Commun
1995;211:370–4.

21. Ludmer PL, Selwyn AP, Shock TL, et al. Paradoxical vasoconstriction
induced by acetylcholine in atherosclerotic coronary arteries. N Engl J Med
1986;315:1046–51.

22. Chester AH, O’Neil GS, Moncada S, et al. Low basal and stimulated release
of nitric oxide in atherosclerotic epicardial coronary arteries. Lancet 1990;
336:897–900.

23. Egashira K, Inou T, Hirooka Y, et al. Evidence of impaired endothelium-
dependent coronary vasodilation in patients with angina pectoris and normal
coronary angiograms. N Engl J Med 1993;328:1659–64.

24. Ganz W, Tamura K, Marcus HS, et al. Measurement of coronary sinus blood
flow by continuous thermodilution in man. Circulation 1971;44:181–95.

25. Pepine CJ, Mehta J, Webster WW Jr, et al. In vivo validation of a
thermodilution method to determine regional left ventricular blood flow in
patients with coronary disease. Circulation 1978;58:795–802.

26. Kosaka H, Tsuda M, Kurashima Y, et al. Marked nitration by stimulation
with lipopolysaccharide in ascorbic acid-deficient rats. Carcinogenesis 1990;
11:1887–9.

27. Bergmeyer HU. Methods of Enzymatic Analysis. New York: Academic,
1963:266–70.

28. Gobel FL, Nordstrom LA, Nelson RR, et al. The rate–pressure product as
an index of myocardial oxygen consumption during exercise in patients with
angina pectoris. Circulation 1978;57:549–56.

29. Ohno M, Gibbons GH, Dzau VJ, et al. Shear stress elevates endothelial
cGMP: role of a potassium channel and G protein coupling. Circulation
1993;88:193–7.

30. Joannides R, Haefeli WE, Linder L, et al. Nitric oxide is responsible for
flow-dependent dilatation of human peripheral conduit arteries in vivo.
Circulation 1995;91:1314–9.

31. Endo T, Imaizumi T, Tagawa T, et al. Role of nitric oxide in exercise-induced
vasodilation of the forearm. Circulation 1994;90:2886–90.

32. Ma XL, Weyrich AS, Lefer DJ, Lefer AM. Diminished basal nitric oxide
release after myocardial ischemia and reperfusion promotes neutrophil
adherence to coronary endothelium. Circ Res 1993;72:403–12.

33. Kitakaze M, Node K, Komamura K, et al. Evidence for nitric oxide
generation in cardiomyocytes: its augmentation by hypoxia. J Mol Cell
Cardiol 1995;27:2149–54.

34. Myers PR, Guerra RJR, Harrison DG. Release of NO and EDRF from
cultured bovine aortic endothelial cells. Am J Physiol 1989;256:H1030–7.

35. Cohen LS, Elliott WC, Klein MD, Gorlin R. Coronary heart disease: clinical
cinearteriographic and metabolic correlations. Am J Cardiol 1966;17:153–
61.

36. Frank MJ, Nadimi M, Moschos CB, Levinson GE. Left ventricular
coronary flow, metabolism, and performance in mild congenital heart

67JACC Vol. 32, No. 1 NODE ET AL.
July 1998:63–8 NO RELEASE IN ISCHEMIC HUMAN HEART



disease with increased left ventricular flow or pressure. Am Heart J
1970;79:20 –7.

37. Regan TJ, Timmis G, Gray M, et al. Myocardial oxygen consumption
during exercise in fasting and lipemic subjects. J Clin Invest 1961;40:624 –
30.

38. Holmberg S, Wieslaw S, Varnauskas E. Coronary circulation during heavy
exercise in control subjects and patients with coronary heart disease. Acta
Med Scand 1971;190:465–80.

39. Flavahan NA. Atherosclerosis or lipoprotein-induced endothelial dysfunc-
tion: potential mechanisms underlying reduction in EDRF/nitric oxide
activity. Circulation 1992;85:1927–38.

40. Zeiher A, Krause T, Schachinger V, et al. Impaired endothelium-dependent
vasodilation of coronary resistance vessels is associated with exercised-
induced myocardial ischemia. Circulation 1995;91:2345–52.

41. Woodman OL, Dusting GJ. N-Nitro L-arginine causes coronary vasocon-
striction and inhibits endothelium-dependent vasodilatation in anaesthetized
greyhounds. Br J Pharmacol 1991;103:1407–10.

42. Kitakaze M, Shinozaki Y, Mori H, et al. Coronary vasodilation caused by
nitric oxide is attributable to cellular acidosis during myocardial ischemia
[abstract]. Circulation 1994;90 Suppl I:I-355.

43. Node K, Kitakaze M, Kosaka H, et al. The role of a1-adrenoceptor activity
in release of nitric oxide during ischemia of canine heart. Biochem Biophys
Res Commun 1995;212:1135–9.

44. Bagger JP. Coronary sinus blood flow determination by the thermodilution
technique: influence of catheter position and respiration. Cardiovasc Res
1984;59:659–61.

45. Magorien RD, Frederick J, Leier CV, et al. Influence of exercise on coronary
sinus blood flow determinations. Am J Cardiol 1987;59:659–61.

68 NODE ET AL. JACC Vol. 32, No. 1
NO RELEASE IN ISCHEMIC HUMAN HEART July 1998:63–8




