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Background—Coronary endothelial dysfunction is characterized by an imbalance between endothelium-derived vasodi-
lating and vasoconstricting factors and coronary vasoconstriction in response to the endothelium-dependent vasodilator
acetylcholine. Thus, the present double-blind, randomized study was designed to test the hypothesis that long-term,
6-month supplementation ofL-arginine, the precursor of the endothelium-derived vasodilator NO, reverses coronary
endothelial dysfunction to acetylcholine in humans with nonobstructive coronary artery disease.

Methods and Results—Twenty-six patients without significant coronary artery disease on coronary angiography and
intravascular ultrasound were blindly randomized to either oralL-arginine or placebo, 3 g TID. Endothelium-dependent
coronary blood flow reserve to acetylcholine (1026 to 1024 mol/L) was assessed at baseline and after 6 months of
therapy. There was no difference between the two study groups in clinical characteristics or in the coronary blood flow
in the response to acetylcholine at baseline. After 6 months, the coronary blood flow in response to acetylcholine in the
subjects who were takingL-arginine increased compared with the placebo group (149620% versus 669%, P,0.05).
This was associated with a decrease in plasma endothelin concentrations and an improvement in patients’ symptoms
scores in theL-arginine treatment group compared with the placebo group.

Conclusions—Long-term oral L-arginine supplementation for 6 months in humans improves coronary small-vessel
endothelial function in association with a significant improvement in symptoms and a decrease in plasma endothelin
concentrations. This study proposes a role forL-arginine as a therapeutic option for patients with coronary endothelial
dysfunction and nonobstructive coronary artery disease.(Circulation. 1998;97:2123-2128.)
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The coronary vascular endothelium modulates vascular
tone through release of vasodilating and vasoconstricting

substances. The endothelium-derived relaxing factor NO is
synthesized from the amino acidL-arginine by a family of
enzymes, the NO synthases, through a metabolic route,
namely theL-arginine–NO pathway.1 NO mediates vascular
smooth muscle cell relaxation and inhibits platelet aggrega-
tion and adhesion and smooth muscle cell proliferation.1,2

Endothelin-1, on the other hand, is an endothelium-derived
peptide that produces coronary vasoconstriction at patho-
physiological concentrations by binding to specific receptors
on the vascular smooth muscle.2 Repeated studies have
established that coronary endothelial dysfunction is present in
early atherosclerosis and is characterized by a coronary
vasoconstriction in response to the endothelium-dependent
vasodilator acetylcholine.3–5 Indeed, Zeiher and colleagues6

have suggested that coronary endothelial dysfunction may be
a mechanism of exercise-induced myocardial ischemia in
patients with effort angina and normal coronary arteriogram.
We recently demonstrated that coronary endothelial dysfunc-
tion in humans is characterized by increased coronary and
circulating endothelin and decreased production of the second

messenger of NO, cGMP.7 These studies underscore that
endothelial dysfunction is characterized by an imbalance
between endothelium-derived vasodilating and vasoconstrict-
ing factors.

Previous studies in experimental animals and humans that
used either feeding or intravenous infusion ofL-arginine have
shown thatL-arginine improves peripheral endothelium-de-
pendent dilatation, inhibits platelet aggregation, and may
reduce atherosclerosis.8–11 Moreover, short-term intracoro-
nary administration ofL-arginine improves coronary endothe-
lial response to acetylcholine in hypercholesterolemic sub-
jects.12 Supplemental oralL-arginine in patients with heart
failure resulted in improvement in symptoms in association
with a decrease in plasma endothelin concentrations.13 To
date, the effect of long-term administration ofL-arginine on
coronary endothelial function is unknown. Thus, the present
study was designed to test the hypothesis that long-term oral
L-arginine supplementation for 6 months reverses coronary
endothelial dysfunction in response to acetylcholine in hu-
mans with nonobstructive coronary artery disease. Moreover,
the effect on plasma endothelin concentrations and symptoms
was also assessed.
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Methods
Subjects
The study protocol was approved by the Mayo Clinic Institutional
Review Board. All patients gave written informed consent to
participate in the study and were referred for coronary angiography
because of recurrent chest pain. Exclusion criteria included$40%
diameter stenosis of any coronary artery, prior myocardial infarction,
unstable angina pectoris, uncontrolled hypertension, peripheral vas-
cular disease, ejection fraction,55%, left ventricular hypertrophy,
active smoking, diabetes mellitus, and significant endocrine, hepatic,
renal, or inflammatory disease. None of the patients had a
left-dominant system.

Drug Infusion
Patients were brought to the cardiac catheterization laboratory
between 8AM and 10AM in the fasting state after all cardiovascular
medications had been discontinued for at least 72 hours. None of the
patients were receiving lipid-lowering drugs. Diagnostic coronary
angiography was performed via the percutaneous femoral approach
without prior administration of nitrates or calcium channels blockers.
The coronary angiogram was reviewed before the infusion of drugs;
severity of stenosis was assessed by on-line quantitative coronary
angiography. Patients with significantly obstructive coronary artery
disease ($40% diameter stenosis of any coronary artery) or diffuse
disease were excluded from further studies.

The determination of endothelium-dependent and endothelium-
independent CFR was performed as previously described.7,14 Addi-
tional intravenous heparin (5000 to 7500 U) was administered before
instrumentation. Heart rate and mean arterial pressure were contin-
uously monitored. A Doppler guidewire (FloWire, Cardiometrics
Inc) 0.014 in. in diameter within a 2.2F coronary infusion catheter
(Ultrafuse, SciMed Life System) was advanced and positioned in the
middle portion of the LAD, 2 to 3 mm distal to the tip of the infusion
catheter. Baseline average peak velocity as measured by Doppler
echocardiography was recorded. Intracoronary bolus injections of
incremental doses (18 to 36mg) of adenosine (Fujisawa), an
endothelium-independent vasodilator, were administered into the
guiding catheter positioned in the ostium of the left main coronary
artery until maximal hyperemia was achieved in all of the patients,
and the maximal average peak velocity was recorded (in only 4
patients, or 13%, a dose.24 mg was required to achieve maximal
hyperemia).14,15 To ensure that the increase in CBF did not merely
reflect the forces of intracoronary bolus injection, CFR in response to
normal saline (3 to 6 mL) was measured before adenosine injection
and served as control.

The assessment of the endothelium-dependent CFR was per-
formed by selective infusion of acetylcholine into the LAD. After a
5-minute equilibration period, baseline average peak velocity was
recorded, followed by coronary angiography using nonionic contrast
medium (Omnipaque, Winthrop Laboratories). Acetylcholine (Iolab
Pharmaceuticals) at concentrations of 1026, 1025, and 1024 mol/L (to
achieve estimated final blood concentrations in the coronary bed of
1028, 1027, and 1026 mol/L) was infused with a Harvard pump for 3
minutes at each concentration. Hemodynamic data (heart rate and
mean arterial pressure), Doppler measurements, and coronary an-
giography were obtained after each infusion. The infusion was
terminated when the largest dose of acetylcholine (1024 mol/L) was
reached. Nitroglycerin (Abbott Laboratories) was then injected as an
intracoronary bolus (200mg) through the guiding catheter.

At each time interval, average peak velocity was recorded,
followed by coronary angiography. The angles, skew rotation, and

table height were kept constant during the procedure. In addition, the
distances between the patient and the image intensifier and x-ray
tube were kept constant. Coronary artery diameter was measured at
three sites (proximal, middle, and distal) in three end-diastolic
frames and averaged by an independent investigator unaware of the
Doppler flow data using a computer-based image analysis system, as
previously described.16 For the calculation of CBF, the measure-
ments were performed in a 1-cm segment 5 mm distal to the tip of
the Doppler wire. For each time interval, the diameter was measured
in the same segment. CBF was calculated from the Doppler-derived
time-velocity integral and vessel diameter17,18: CBF5p(average peak
velocity/2)(coronary artery diameter/2).2

After the intracoronary infusions, IVUS of the LAD was per-
formed with a Hewlett-Packard imaging system, as described previ-
ously,19 to confirm the absence of significant obstructive coronary
artery disease. Continuous images were recorded throughout the
LAD on a 0.5-in videotape for off-line analysis. A special effort was
made to keep the IVUS catheter parallel to the long axis of the vessel
lumen. Five or six segments of the LAD were identified in the
videotape recording of the IVUS images by the digital counter, and
the exact position of the IVUS catheter in relation to the artery was
recorded on cine film at each position. The location of the catheter
seen on the cine film of each segment was used to correlate the
identified IVUS image with the angiographic segment.

An off-line computer-interactive analysis system was used to
digitize the intracoronary IVUS video images onto a 2563256-bit
matrix. Standard calibration markers obtained directly from the
IVUS images were used for calibration of absolute measurements.
All measurements were made in end diastole and measured at the
media-adventitia interface. Measurements of coronary artery diam-
eters and areas were averaged from two orthogonal planes. All
measurements were made by an observer blinded to the Doppler or
angiographic findings.

After the procedure, patients with coronary endothelial dysfunc-
tion, defined as an attenuated increase (,50%) or a decrease in CBF
in response to graded infusion of acetylcholine12 and normal CFR in
response to adenosine (CFR.2.5), were recruited into the study and
randomized. OralL-arginine was given at a dose of 1 g TID for week
1, 2 g/d for week 2, and at the target dose of 3 g TID beginning in
week 3. Both the active drug and the placebo were prepared as
identical capsules and supplied by Triage Pharmaceuticals Inc. This
dose has previously been shown to improve endothelial function in
hypercholesterolemic subjects.8,10 11 The patients were instructed to
avoid taking other medication, over-the-counter vitamins, or amino
acids. The patients were thereafter contacted, in a blinded fashion,
weekly for month 1 and monthly for the remainder of the 6-month
study duration for monitoring of any side effects and to ensure
compliance with treatment instructions. During these interviews, the
patients were also questioned about their symptoms of chest pain.
Their symptoms were scored as follows: 0, no symptoms; 0.5,
improvement in their symptoms; and 1.0, no change or worsening of
their symptoms.

One week before the repeat angiogram, all medications except for
the study drug were discontinued. The study drug was continued
until the evening before the repeat study. During the repeat angio-
gram at 6 months, the entire intracoronary infusion protocol was
repeated by the investigator, who was blinded to the randomization.
The same angles, skew rotation, and table height as in the baseline
study were used. There were no complications at the baseline or
follow-up procedures, and all patients tolerated the entire procedures
without side effects.

Biochemical Studies
Venous blood samples were collected before the baseline procedure
and after the 6 months of treatment. Fasting lipid analyses were
performed for total cholesterol, HDL cholesterol, and triglycerides;
LDL was measured in the Mayo Clinic Immuno Chemistry Labora-
tory by use of the Roch reagent, a colorimetric assay on the COBAS
Mira System. The concentration of freeL-arginine was analyzed with
an automated amino acid analyzer by the Mayo Clinic laboratory, the
normal range being from 20 to 180mmol/L. Plasma endothelin was

Selected Abbreviations and Acronyms

CBF 5 coronary blood flow
CFR 5 coronary flow reserve

IVUS 5 intravascular ultrasound
LAD 5 left anterior descending coronary artery
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determined by the ET-1,2[125I] assay system (Amersham), as previ-
ously described from our laboratory.7 The recovery of the extraction
procedure is 81%, as determined by addition of synthetic endothelin
to plasma, and interassay and intra-assay variations are 9% and 5%,
respectively. The minimal level of detection is 0.5 pg per tube. The
cross-reactivities of endothelin-2, endothelin-3, and proendothelin in
this assay are,5%, ,3%, and,37%, respectively.

Statistics
Continuous variables are presented as mean6SEM. The effect of
acetylcholine infusion is expressed as percent change (mean6SEM)
in CBF during the infusion of 1024 mol/L relative to baseline. The
effect of adenosine is expressed as the maximal ratio between the
coronary flow velocities after and immediately before the bolus
injection. The differences within the groups were analyzed by
repeated-measures ANOVA, and the differences between groups
were analyzed by ANOVA and Student’s unpairedt test and thex2

test. A value ofP,0.05 was accepted as significant.

Results
Of the 52 patients screened, 30 subjects fulfilled the selection
criteria and were randomized. However, during the 6-month
study, 4 patients discontinued the study. One patient from
each group discontinued the study secondary to minor gas-
trointestinal side effects and 1 from each group secondary to
personal preference. The remaining 26 participants completed
the study (L-arginine, group 1, n513, and placebo, group 2,
n513).

Of the remaining patients, 23% from group 1 (L-arginine)
and 31% from group 2 (placebo) received calcium channel
blockers for treatment of hypertension. None of the patients

received nitrates,b-blockers, ACE inhibitors, or cholesterol-
lowering drugs. All the patients were referred for the evalu-
ation of stable exertional chest pain suspected to be of cardiac
origin. Before the coronary angiogram, 10 patients (77%)
from each group underwent a noninvasive functional test,
which was positive and consistent with myocardial ischemia
in 6 patients from group 1 and 5 patients from group 2.

The demographic and clinical characteristics of the two
groups at baseline are outlined in Table 1. There was no
difference between the study groups in age, sex, or coronary
artery disease risk factors. Nor was there any difference
between groups 1 and 2 in the extent of coronary artery
atherosclerosis as determined by IVUS (maximal area steno-
sis, 35611% and 3769%, respectively) or in the left ventric-
ular ejection fraction (6863% and 6765%, respectively).

At baseline, the two groups also had similar resting CBF,
CFR in response to adenosine, and CBF response to graded
infusion of acetylcholine (peak response to 1024 mol/L: group
1, 1068% versus group 2, 566%) (Tables 2 and 3).

In the subjects who were takingL-arginine for 6 months,
there was a significant improvement in CBF (149620%
versus 669%, P,0.05) and epicardial coronary artery diam-
eter (1661.4% versus225.961.8%,P,0.05) in response to
acetylcholine compared with the placebo group (Table 3,
Figure 1). This change was associated in group 1 with a
significant decrease in plasma endothelin concentrations
(3565%) and a mild but significant increase in plasma
L-arginine levels (3368%), which remained unaltered in
group 2 (Table 2). There was no correlation between the
decrease in plasma endothelin concentrations and the CBF
response to acetylcholine. There was no difference in the
response toL-arginine between the hypertensive and normo-
tensive patients. There was no significant difference between
the subjects onL-arginine or placebo in respect to mean
arterial pressure, plasma cholesterol, CFR in response to
adenosine, and CBF in response to intracoronary nitroglyc-
erin (Table 2). Also, there was no difference between the
groups in the extent of coronary artery atherosclerosis at
follow-up angiogram.

A significant improvement of the symptoms score was
observed in the group that was treated withL-arginine

TABLE 1. Demographic Characteristics of the
Study Population

Group 1:
L-Arginine (n513)

Group 2:
Placebo (n513)

Age, y (range) 48 (32–63) 50 (33–68)

Sex, M/F 7/6 6/7

Hypertension, % 23 31

History of smoking, % 46 38

Family history of CAD, n 31 31

Hypercholesterolemia, n 38 38

CAD indicates coronary artery disease.

TABLE 2. Coronary Hemodynamics and Biochemical Results of Study Groups at
Baseline and at 6 Months

Baseline 6-mo Follow-up

Group 1 Group 2 Group 1 Group 2

Mean arterial pressure, mm Hg 8569 8668 8267 8763

CFR to adenosine 2.861.2 2.760.9 2.960.9 2.761.0

CBF, mL/min 5068 5165 5265 5366

%DCBF to nitroglycerin 121615 129619 127621 129616

Total cholesterol, mg/dL 196620 190615 189612 187611

HDL cholesterol, mg/dL 4464 4367 4666 4368

Endothelin, pg/mL 15.160.9 14.961.2 9.560.9* 13.461.1

L-Arginine, mmol/L 83619 87621 112611* 89617

Group 1 received L-arginine; group 2, placebo.
*P,0.05 vs group 1.
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compared with the placebo group (Figure 2) after 1 week and
persisted for the 6-month study.

Discussion
The present study demonstrates that long-term oralL-arginine
supplementation for 6 months in humans with nonobstructive
coronary artery disease improves coronary small-vessel en-
dothelial function in response to acetylcholine in association
with a significant improvement in their symptoms. The group
that receivedL-arginine demonstrated an improvement in
endothelial function at the level of both the epicardial and
small coronary vessels. This improvement in coronary endo-
thelial function was associated with a decrease in plasma
endothelin concentrations. This study proposes a role for
L-arginine as a therapeutic option for patients with coronary
endothelial dysfunction and nonobstructive coronary artery
disease.

The endothelium is an important modulator of coronary
vascular tone through the release of endothelium-derived
relaxing factors such as NO and endothelium-derived vaso-
constrictors such as endothelin.2 Early coronary atherosclero-
sis is associated with coronary endothelial dysfunction, which
is characterized by an attenuated or absent endothelium-
dependent vasodilatation, such as the response to intracoro-
nary administration of acetylcholine.3–5 The significance of
coronary endothelial dysfunction is underscored by its impli-
cations as a mechanism of exercise-induced myocardial

ischemia6 and by its association with myocardial perfusion
defects, as recently observed in our laboratory.20

A growing body of evidence suggests that dietary supple-
mentation of arginine improves endothelial function in ex-
perimental animals and in humans. Short-term administration
of intracoronaryL-arginine restored the impaired endotheli-
um-dependent dilatation in hypercholesterolemic patients.12

Recently, Clarkson and colleagues8 reported that a 4-week
regimen of oralL-arginine improved peripheral endothelium-
dependent dilation in hypercholesterolemic subjects, and
Rector and colleagues13 demonstrated beneficial effects of
oral L-arginine in patients with heart failure. The present
study extends these previous observations and demonstrates
that long-term L-arginine improves coronary endothelial
function in humans.

The patients treated withL-arginine demonstrated a signif-
icant improvement in symptoms compared with the placebo
group. This observation may support the hypothesis that their
symptoms were related to their abnormalities in coronary
endothelial function. This observation is also in accord with
previous studies that demonstrated an improvement in symp-
toms in patients with heart failure subsequent toL-arginine
treatment13 and with a recent report that oralL-arginine
supplementation has a beneficial effect on exercise capacity
in patients with stable angina.21

The mechanism by whichL-arginine improves endothelial
function may be multifactorial.L-Arginine is the substrate for
NO synthase, the enzyme that catalyzes the production of NO

Figure 1. Percent changes in CBF in response to 1024 mol/L of
acetylcholine at baseline and at 6-month follow-up in two study
groups (solid bars, group 1, L-arginine; hatched bars, group 2, pla-
cebo; *P,0.05 between groups and compared with baseline).

Figure 2. Symptoms scores at 1-week, 1-month, and 6-month
follow-up in two study groups (solid bars, group 1, L-arginine;
hatched bars, group 2, placebo; *P,0.05 between groups and
compared with baseline).

TABLE 3. Dose Response to Acetylcholine

Baseline 6-mo Folllow-up

Group 1 Group 2 Group 1 Group 2

%D CAD to acetylcholine, 1026 mol/L 24.260.8 23.260.8 21.261.1 24.260.8

%D CAD to acetylcholine, 1025 mol/L 217.261.2 215.261.1 8.861.6* 216.261.1

%D CAD to acetylcholine, 1024 mol/L 226.561.6 224.961.7 1661.4* 225.961.8

%D CBF to acetylcholine, 1026 mol/L 25.261.2 25.061.6 2569* 27.261.2

%D CBF to acetylcholine, 1025 mol/L 5.261.3 2.760.9 72612* 4.761.9

%D CBF to acetylcholine, 1024 mol/L 1068 566 149620* 669

CAD indicates coronary artery disease. Group 1 received L-arginine; group 2, placebo.
*P,0.05 vs group 2.
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in vascular endothelial cells.1 NO contributes to the resting
epicardial and the coronary microvascular tone. Moreover,
the acetylcholine-induced increase in CBF is largely due to
release of NO from the coronary epicardial and microvascular
bed.22 Thus, one possible mechanism for the beneficial effect
of L-arginine is the enhanced production of NO from the
coronary endothelium. This mechanism was recently chal-
lenged because the intracellular concentration ofL-arginine
far exceeds theKm of the NO synthases,22,23andL-arginine did
not improve relaxation to acetylcholine in aortic rings from
hypercholesterolemic rabbits in vitro.24 However, the compo-
sition of the buffer solution in the in vitro studies may have
contributed to this discrepancy, because whenL-glutamine
was added to the solution,L-arginine did enhance endotheli-
um-dependent vascular relaxation.22,23 Another hypothetical
mechanism wherebyL-arginine administration could directly
affect the activity of the endothelial NO synthase may be
uncovered by a recent observation that an endogenous inhib-
itor of NO synthase, asymmetric dimethylarginine, accumu-
lates in the serum of cholesterol-fed rabbits and might
antagonize the normal intracellular concentrations ofL-argi-
nine.25 Although we did not measure the levels of asymmetric
dimethylarginine in the present study, it may be speculated
that large doses ofL-arginine might overcome this effect.

An additional, indirect mechanism by whichL-arginine
may improve endothelial function is through other vasoactive
factors, such as endothelin-1. Indeed, in the present study,
plasma endothelin concentration decreased after 6 months of
L-arginine supplementation, and this observation is supported
by a previous study that demonstrated a beneficial effect of
oral L-arginine in patients with heart failure in association
with a decrease in plasma endothelin-1 concentrations.13 The
increase in NO activity byL-arginine may decrease endothe-
lin production, because endothelium-derived NO inhibits the
production of endothelin via a cGMP-dependent pathway.26

Moreover, we recently reported that experimental hypercho-
lesterolemia, which is associated with coronary endothelial
dysfunction and a decrease in endogenous coronary NO
activity, is characterized by an enhanced coronary vasocon-
strictive response to pathophysiological doses of endothelin-
1.27 Thus, a decrease in plasma endothelin concentration may
both directly and indirectly contribute to the improvement in
coronary endothelial function by decreasing the sensitivity of
the coronary circulation to other vasoconstrictor factors, such
as angiotensin II and norepinephrine.28,29 Indeed, recent stud-
ies have demonstrated a clear benefit of pharmacological
therapy, such as ACE inhibitors, on coronary endothelial
dysfunction.30

We previously reported that plasma and circulating endo-
thelin concentrations are increased in patients with coronary
endothelial dysfunction.7 The decrease in circulating endo-
thelin-1 in the present study in association with an improve-
ment in coronary endothelial function further supports the
hypothesis that in early coronary atherosclerosis, an imbal-
ance between production and release of NO and endothelin
occurs that leads to augmented coronary vasoconstriction.
Because endothelin and NO act primarily as local, paracrine/
autocrine factors, it seems reasonable to assume that the

circulating levels of endothelin underrepresent the local and
tissue concentrations in the coronary circulation.

An increasing body of evidence suggests that dietary
supplementation of arginine inhibits atherogenesis.31 Aji and
colleagues9 recently reported that oralL-arginine for 6 months
prevented xanthoma development and inhibited atherosclero-
sis in LDL cholesterol receptor knockout mice, suggesting
that this response may be mediated by NO. Moreover,
long-term administration of supplementary dietary arginine
markedly inhibits intimal lesion formation in hypercholester-
olemic rabbits32 and preserves endothelium-dependent vaso-
dilatation.33 NO can inhibit monocyte adhesion to the endo-
thelium1,31 and may also inhibit the production of superoxide
anion by activated neutrophils.34 Thus, it may be speculated
that long-termL-arginine administration improves coronary
endothelial function by attenuating the progression of coro-
nary atherosclerosis.35 In the present study, a small number of
selected patients were studied, and the results may be influ-
enced by altered hemodynamics or other mechanisms. More-
over, we did not measure biochemical markers to evaluate the
NO pathways, such as urinary nitrogen oxides or cGMP.36

Thus, a larger, comprehensive study may be required before
the therapeutic role forL-arginine and the mechanism of its
beneficial effect can be elucidated.

In summary, this study demonstrated that oralL-arginine
supplementation for 6 months improves coronary endothelial
function in association with improvement in symptoms. This
study proposes a therapeutic role forL-arginine in patients
with chest pain and coronary endothelial dysfunction.
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24. Mügge DR, Harrison DG. L-Arginine does not restore endothelial dys-
function in atherosclerotic rabbit aorta in vitro.Blood Vessels. 1991;28:
354–357.

25. Bode-Boger SM, Boger RH, Kienke S, Junker W, Frolich JC. Elevated
L-arginine/dimethylarginine ratio contributes to enhanced systemic NO
production by dietary L-arginine in hypercholesterolemic rabbits.
Biochem Biophys Res Commun. 1996;219:598–603.

26. Boulanger C, Lu¨scher TF. Release of endothelin from the porcine aorta:
inhibition by endothelium-derived nitric oxide.J Clin Invest. 1990;85:
587–590.

27. Mathew V, Cannan CR, Miller VM, Barber DA, Hasdai D, Schwaetz RS,
Holmes DR Jr, Lerman A. Enhanced endothelin-mediated coronary vaso-
constriction and attenuated basal nitric oxide activity in experimental
hypercholesterolemia.Circulation. 1997;96:1930–1936.

28. Yoshida K, Yasujima M, Kohzuki M, Kanazawa M, Yoshinaga K, Abe
K. Endothelin augments presser response to angiotensin II infusion in
rats.Hypertension. 1992;20:292–297.

29. Yang Z, Richard D, Von Segesser L, Bauer E, Stulz P, Turina M, Lu¨scher
TF. Threshold concentrations of endothelin-1 potentiate contractions to
norepinephrine and serotonin in human arteries: a new mechanism of
vasospasm?Circulation. 1990;82:188–195.

30. Mancini GBJ, Henry GC, Macaya C, O’Neill BJ, Pucillo AL, Carere RG,
Wargovich TJ, Mudra H, Luscher TF, Klibaner MI, Haber HE, Uprichard
AC, Pepine CJ, Pitt B. Angiotensin-converting enzyme inhibition with
quinapril improves endothelial vasomotor dysfunction in patients with
coronary artery disease: the TREND study (Trial on Reversing Endothe-
lial Dysfunction).Circulation. 1996;94:258–265.

31. Tsao PS, Lewis NP, Alpert S, Cooke JP. Exposure to shear stress alters
endothelial adhesiveness: role of nitric oxide.Circulation. 1995;92:
3513–3519.

32. Cooke JP, Singer AH, Tsao P, Zera P, Rowan RA, Billingham ME.
Antiatherogenic effects of L-arginine in the hypercholesterolemic rabbit.
J Clin Invest. 1992;90:1168–1172.

33. Jeremy RW, McCarron H, Sullivan D. Effects of dietaryL-arginine on
atherosclerosis and endothelium-dependent vasodilatation in the hyper-
cholesterolemic rabbit: response according to treatment duration,
anatomic site, and sex.Circulation. 1996;94:498–506.

34. Clancy RM, Leszczynska P, Piziak J, Abramson SB. Nitric oxide, an
endothelial cell relaxation factor, inhibits neutrophil superoxide anion
production via a direct action on NADPH oxidase.J Clin Invest. 1992;
90:1116–1121.

35. Cooke JP, Tsao PS. Arginine: a new therapy for atherosclerosis?Circu-
lation. 1997;95:311–312.

36. Boger RH, Bode-Boger SM, Gerecke U, Frolich JC. Long-term admin-
istration of L-arginine, L-NAME, and the exogenous NO donor mol-
sidomine modulates urinary nitrate and cGMP excretion in rats.Car-
diovasc Res. 1994;28:494–499.

2128 Endothelial Function and L-Arginine


