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Objectives. The aim of this study was to evaluate the hemody-
namic effect of L-arginine infusion in patients with congestive
heart failure.

Background. Endothelium-dependent vasodilation is impaired
in patients with congestive heart failure. Nitric oxide, which was
identified as endothelinm-derived relaxing factor, is generated by
nitric oxide synthase from L-arginine. Our hypothesis was that
administration of L-arginine in patients with congestive heart
failure may increase nitric oxide production and have a beneficial
hemodynamic effect.

Methods. Twelve patients with congestive heart failure (New
York Heart Association class II or III) due to coronary artery
disease (left ventricular ejection fraction <35%) were given 20 g of
L-arginine by intravenous infusion over 1 h at a constant rate.
Stroke volume, cardiac output and left ventricular ejection frac-
tion were determined with Doppler echocardiography at baseline
and at 30 and 60 min and 1 h after the end of infusion. Blood and
urinary levels of nitrite/nitrate (NO,/NO;), stable metabolites of
nitric oxide, were measured and clearance was calculated.

Results. One hour of infusion of L-arginine resulted in a
significant increase in stroke volume (from 68 + 18 ml to 76 *
23 ml [mean = SD], p = 0.014) and cardiac output (from 4.07 +
1.22 liters/min to 4.7 = 1.42 liters/min, p = 0.006) without a
change in heart rate. Mean arterial blood pressure decreased
(from 102 = 11 mm Hg to 89 = 9.5 mm Hg, p < 0.002), and
systemic vascular resistance decreased significantly. Within 1 h
after cessation of L-arginine infusion, blood pressure, stroke
volume, cardiac output and systemic vascular resistance were
statistically not different from baseline values. Clearance of
NO,/NO; increased significantly during L-arginine administra-
tion (from 13.28 = 0.42 ml/min to 29.97 = 1.09 m}/min, p < 0.001).

Conclusions. Infusion of L-arginine in patients with conges-
tive heart failure results in increased production of nitric
oxide, peripheral vasodilation and increased cardiac output,
suggesting a beneficial hemodynamic and possibly therapeutic
profile.

(J Am Coll Cardiol 1995,26:1251-6)

Endothelial dysfunction may be responsibie for impaired va-
sodilation of the peripheral vasculature in patients with con-
gestive heart failure (1-4). The endothelium participates in the
regulation of vascular tone by producing vasoactive substances
(5,6). The endothelium-derived relaxing factor, which was
identified as nitric oxide, is generated by nitric oxide synthase,
which converts the amino acid r-arginine to nitric oxide
through oxidation of the guanidinium nitrogen. Nitric oxide
stimulates guanylate cyclase in vascular smooth muscle cells,
resulting in relaxation and vasodilation (7). This stimulation
results in elevation of cyclic guanosine monophosphate, which
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affects physiologic processes such as control of vascular tone,
platelet inhibition and neurotransmission (7,8).

Administration of vasodilators, such as nitrates, hydralazine or
angiotensin-converting enzyme inhibitors, results in marked he-
modynamic improvement in patients with congestive heart failure
(8-10). Long-term studies (11-13) have demonstrated improved
exercise performance, functional class and survival when vasodi-
lators are given to patients with congestive heart failure. Recently,
several studies (1-4,14,15) using invasive methods have proved
that endothelium-dependent vasodilation is impaired in patients
with congestive heart failure. Administration of L-arginine to
these patients may increase nitric oxide production with conse-
quent beneficial hemodynamic effects and thus prove to be an
effective new therapeutic approach (16).

The purpose of this study was to evaluate the immediate
hemodynamic response to intravenous L-arginine administra-
tion in patients with heart failure with the use of noninvasive
echocardiographic studies and to correlate the response with
changes in blood and urinary nitrite/nitrate (NO,/NO5), which
are stable metabolites of nitric oxide (17,18).
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Table 1. Clinical Profiles of Patients

Pt Age (yr)/ NYHA Risk
No. Gender LVEF (%) Class Factors
1 70M 33 11 D.S

2 57F 22 11 C

3 56/M 27 01 N

4 54/M 24 111 D.H

5 56/M 14 11 C

6 SIM 24 1 C

7 78/M 30 111 S

8 67/M 30 111 S

9 62/] 13 1l C
10 63/M 14 11 D, S
11 71M n 111 D,H.S
12 61/M 27 11 C

C = hypercholesterolemia; D = diabetes mellitus; F = female; H =
hypertension; LVEF = left ventricular jection fraction by radionuclide angiog-
raphy; M = male; NYHA Class = New York Heart Association heart failure
class; Pt = patient; § = smoking.

Methods

Patients (Table 1). Twelve patients with congestive heart
failure without clinical or echocardiographic evidence of pri-
mary valvular heart disease participated in the study. The
nature and potential risks and benefits of the study were
explained, and all patients agreed to participate in the study
and signed an informed consent form approved by the Inves-
tigational Review Board of the Tel Aviv Medical Center and
Israeli Ministry of Health. All patients had congestive heart
failure due to ischemic heart disease and previous myocardial
infarction. The group comprised 11 men and 1 woman with an
age range of 55 to 78 years. All patients had New York Heart
Association functional class II or III heart failure and were
admitted to the coronary care unit for the study. Left ventric-
ular ejection fraction by radionuclide angiography was <35%
(range 13% to 33%) in all patients. All patients had sinus
rhythm, and none had active anginal syndrome, recent myo-
cardial infarction, coronary artery bypass surgery or any sys-
temic chronic disease. Doppler echocardiography, performed
before the study to ensure adequate visualization, showed mild
functional mitral regurgitation in 3 of the 12 patients.

All patients were treated with digitalis and furosemide,
which were withheld on the day of the study. Nine patients
were receiving angiotensin-converting enzyme inhibitors, and
none of the 12 had been given any vasodilators for 24 h before
the study. The study was performed after overnight fasting.

Noninvasive hemodynamic studies. An Acuson ultrasound
imaging system (128/5XP, USA) was used for both imaging
and Doppler flow studies. Two-dimensional echocardiographic
images were obtained with 2.5- or 3.5-MHz transducers, de-
pending on which provided optimal visualization of the endo-
cardium. For volume estimation the apical four-chamber view
was used as described by Schnittger et al. (19) and Gordon et
al. (20) and previously used by us (21,22). Maximal effort was
made to ensure maximal length and width of the left ventricle.
The interval between the end of the baseline study and the
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intervention study was 30 and 60 min. A separate control study
was performed at 120 min, 60 min after the end of the
intervention. Images were accepted for analysis if =275% of the
endocardium was seen.

Tracing was performed with a built-in computer program
for single-plane area-length volume calculations and Simpson’s
rule computation from tracings of the ventricular outlines. Left
ventricular volumes were measured at end-diastole (i.e., larg-
est dimension or onset of the QRS complex) and at end-systole
(i.e., smallest dimension or one frame before opening of the
mitral valve). Left ventricular ejection fraction was calculated
from end-diastolic volume (EDV) and end-systolic volume
(ESV) by the standard formula: LVEF = (EDV -~ ESVY
EDV.

Forward aortic flow by pulsed Doppler echocardiography.
For the recording of left ventricular outflow at the level of the
aortic annulus, the transducer was placed at the apical position
and rotated toward the long-axis or hemiaxial view. The
sample volume was placed in the middle of the left ventricular
outflow tract immediately proximal to the leaflet of the aortic
valve, as described by Lewis et al. (23).

Forward stroke volume was determined as the product of
the time-velocity integral (average of five cardiac cycles) and
the cross-sectional area of the aortic annulus. Curves of highest
peak velocities were selected. The average of the time-velocity
integral was obtained by tracing the contour of the darkest
portion of the outflow tract curve. The cross-sectional area of
the aortic annulus was calculated as ar?, where r represents
half of the annular diameter measured from the parasternal
long-axis view immediately proximal to the points of insertion
of the aortic leaflets after maximal systolic outflow separation.
All Doppler and echocardiographic analyses were performed
by two operators who did not know at which stage of the study
the recording was obtained. Systemic vascular resistance
(SVR) was calculated by using standard formula and the
following variables: forward stroke volume (FSV), heart rate,
derived cardiac output (CO), mean blood pressure (MBP) and
central venous pressure estimated from jugular venous pres-
sure (JVP). The formula used was: SVR = (MBP — JVP) X
80/CO in dynes-s:cm .

Study protocol. Drug administration. After the basal
Doppler echocardiographic study, blood sampling and a 2-h
urine collection were performed. A continuous 1-h infusion
100 ml of 5% glucose mixed with 100 ml of 20% solution of
L-arginine hydrochloride was performed through the periph-
eral vein; a total of 20 g of r-arginine was administered at
a constant rate. The study was conducted in a quiet,
temperature-controlled room with the patients resting in the
supine position. Heart rate and blood pressure were recorded
every 10 min during the study.

Blood samples were obtained and a Doppler echocardio-
graphic study was repeated at baseline, at 30 and 60 min during
drug administration and at 60 min after cessation of the
infusion. Urine was collected immediately before and at the
end of 1-arginine administration and 60 min later. In all
urinary and blood samples, NO,/NO,, creatinine and sodium
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Table 2. Hemodynamic and Echocardiographic Findings Before and After L-Arginine Infusion

Infusion After Infusion

Baseline 30 min 60 min (120 min)
SV (ml)*+ 68 + 18 74 = 20) 76 + 23] 7326
HR (beats/min) 60 =7 6lo=9 6129 605 =8
CO (liters/min)f 407+ 1.22 454 = 1.44| 4.7+ 142 44 =157
MBP {mm Hg)$§ 10211 90 = 13 89 = 9.5 101 = 11
TPR (dynes-scm ~*)§ 1.926 * 515 1,521 = 420§ 1,452 = 367|| 1,834 = 637
EF (%) 33x6 35-45 3648 34+44

*p value by analysis of variance with repeated measurements: Tp = 0.17: Ip = 0.014; §p < 0.0001. ||Significant
difference from baseline value by paired Student ¢ test with Bonferroni correction. All values are expressed as mean value
+ SD. CO = cardiac output: EF = left ventricular ejection fraction, calculated from two-dimensional echocardiography;
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HR = heart rate; MBP = mean blood pressure: SV = stroke volume: TPR = total peripheral resistance.

levels were determined. Creatinine clearance was calculated.
Urinary and blood NO, and NO; were determined as previ-
ously described (18). After the reduction of NO; to NO, by a
90-min incubation in a tilting bath (37°C) using nitrate reduc-
tase from Escherichia coli {prepared by our laboratory) and
beta-nicotinamide adenine dinucleotide phosphate (reduced
form) (Sigma) as cofactor, the NO, was determined with
Griess reagent.

Statistical analysis. The results are expressed as mean
value = SD. The data were computerized (SPSS/PC+) and
analysis of variance with repeated measurements for the
changes in the different variables was performed. Differences
were considered statistically significant at p < 0.05. A paired
Student ¢ test with Bonferroni correction was used to compare
two time data points of the same variable.

Results

Table 2 shows the changes in the hemodynamic variables
studied. Intravenous administration of L-arginine resulted in
significant changes (analysis of variance with repeated mea-
surements) in stroke volume (p = (.017), cardiac output {p =
0.014), mean blood pressure (p < (.0001) and total peripheral
resistance (p < 0.0001). Stroke volume increased from 68 *
18 ml to 74 = 20 ml at 30 min (p = 0.012) and 76 = 23 ml at
60 min (p = 0.014) after the initiation of L-arginine infusion.
There were no significant changes in heart rate. Cardiac output
increased from 4.07 = 1.22 liters/min to 4.54 = 1.44 liters/min
at 30 min (p = 0.003) and to 4.7 * 1.42 liters/min at 60 min

(p = 0.006). One hour after drug administration stroke volume
and cardiac output were not significantly different from base-
line.

The mean blood pressure decreased from 102 = 11 mm Hg
10 90 = 13 mm Hg at 30 min (p < 0.0001) and 89 * 9.5 mm Hg
at 60 min (p = 0.002) and returned to the baseline value 1 h
after drug administration. Peripheral vascular resistance de-
creased during L-arginine infusion from 1,926 = 515t0 1,521 +
420 dynesssem ™ at 30 min (p < 0.0001) and 1,452 = 367
dynes'sem ™ at 60 min (p < 0.0001). On cessation of L-
arginine administration, peripheral vascular resistance in-
creased to 1.834 + 637 dynes - s - cm . The increase in stroke
volume and cardiac output was not associated with an increase
in heart rate. Left ventricular ejection fraction calculated from
echocardiographic left ventricular volumes, tended to increase
during L-arginine infusion from 33 + 6% to 36 = 5% (p = NS).

Nitrite/nitrate changes (Table 3). The changes in the uri-
nary nitric oxide excretion and the nitric oxide clearance (by
analysis of variance with repeated measurement) were statis-
tically significant, p = 0.042 and p < 0.0001, respectively.
Blood levels of NO,/NO; did not change significantly through-
out the study period. NO,/NO; urinary excretion (nmol/mg
creatinine) increased significantly to 1.48 = 1.09 from the
preinfusion vatue of 0.84 * 0.42, p < 0.01). Sixty minutes after
the end of 1-arginine administration the mean value of NO,/
NO; excretion remained higher than the preinfusion value
(p = NS). The NO,/NO; clearance data showed a twofold
increase (p < 0.001) during vr-arginine infusion over the
baseline value (29.97 = 1.09 vs. 13.28 * 0.42 ml/min). This

Table 3. Changes in NO-/NO, After Intravenous 1-Arginine Infusion

After
[nfusion Infusion
Baseline (60 min) (120 min)
Blood NO (nmol/mg creatinine) 537 181 482154 522x 136
Urinary NO {NO. +~ NO;) (umol/liter)*+ 0.84 = 042 148 = 1.09§ 1.37 = 1.31
NQ, + NO, (ml/min) clearancef 13.28 + (.42 29.97 = 1.09§ 17.73 = 1.31

*p value by analysis of variance with repeated measurements: #p = 0.042: £p < 0.0001. §Significantly different from
baseline value by paired Student ¢ test with Bonferroni correction. All values are expressed as mean value = SD. NO =

nitric oxide: NO./NQ, = nitrite/nitrate.
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mean clearance value at 60 min after termination of L-arginine
infusion was higher than the preinfusion value (p = NS).

Discussion

In the present study, noninvasive methods were used to
estimate the hemodynamic response and left ventricular per-
formance during administration of L-arginine, the substrate of
nitric oxide, to patients with moderate congestive heart failure.
Infusion of 20 g of L-arginine at a steady rate over 1 h resulted
in increased stroke volume and cardiac output with a concom-
itant decrease in total peripheral resistance without accelera-
tion in heart rate. Urinary excretion and clearance of NO/
NO,, both indicating an increased production of nitric oxide,
were significantly elevated during L-arginine administration.

L-arginine, whether given intravenously or intraarterially,
can reduce vascular tone (24-26). The mechanism by which it
exerts its vasodilator effect is controversial (26). The main
underlying mechanism seems to be the 1-arginine-nitric oxide
synthase-nitric oxide pathway. However, other possible mech-
anisms are volume expansion with increased atrial natriuretic
peptide and insulin levels during L-arginine infusion and the
hypertonicity of the L-arginine solution. Nitric oxide also seems
to modulate sympathetic neurotransmission at the prejunc-
tional level in the isolated perfused rat heart (27). Enhance-
ment of the endothelial production of nitric oxide is the
most likely underlying mechanism for the beneficial effect of
L-arginine on the ischemic reperfused heart (28).

It is less plausible that the infusion of r-arginine in our
patients caused an improved contractility of the ischemic
myocardium by a direct intracellular metabolic effect. Stimu-
lated nitric oxide synthase activity and a high nitric oxide level
were found to cause hypocontractility in cardiac myocytes (29).
Furthermore, improved contractility should have resulted in a
significant increase in left ventricular ejection fraction, which
was not observed in our study. The hemodynamic changes
found in our study are similar to those observed with other
known vasodilators given to patients with congestive heart
failure.

The syndrome of congestive heart failure is characterized
by left ventricular dysfunction and reduced exercise capacity
(30). The syndrome evolves with time after the initial insult to
the myocardium and is associated with activation of neurohu-
moral systems, fluid accumulation, limitation of peripheral
circulation and end-organ failure, presenting the clinical syn-
drome of congestive heart failure (1,31). In recent years it has
become apparent that symptoms and reduced exercise capacity
do not necessarily relate to the severity of left ventricular
dysfunction (32,33). Important myocardial and peripheral
adaptive processes occur and patients may remain relatively
asymptomatic for a prolonged period despite markedly de-
pressed ejection fraction. Over time, the myocardium changes
in shape, and enlarges through a process of remodeling. This
process is associated with myocyte hypertrophy and excessive
fibrosis {34,35).

There are substantial data to indicate that neuroendocrine
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activation including activation of the sympathetic nervous
system and arginine vasopressin contribute to excessive sys-
temic vascular resistance and heightened impedance to left
ventricular ejection, thereby contributing to worsening pump
function in patients with congestive heart failure (31,36-38).

Endothelial function in congestive heart failure. Recently
it has been recognized (5-7,14) that substances derived from
endothelial cells take part in the regulation of vascular tone.
Nitric oxide formed from L-arginine is the endogenous nitro-
vasodilator, which is released under basal conditions and in
response to shear forces, local hormones, neurohumoral me-
diators and platelet-derived products (7,16). In addition, the
endothelium is a source of contracting factors such as
endothelin-1, cyclooxygenase products, and possibly angioten-
sin II (6,39,40). Alteration in endothelium-dependent vascular
regulation occurs in clinical and experimental congestive heart
failure. The stimulation of endothelial L-arginine pathway by
acetylcholine is blunted, whereas the production of potent
vasoconstrictor endothelin is augmented (1,39,41). These al-
terations in endothelial function could contribute to the
changes of the peripheral circulation in congestive heart
failure. In the forearm circulation of patients with congestive
heart failure, the vasodilator effects of acetylcholine and
metacholine, both of which act on muscarinic receptors, are
blunted (1,14,16).

The impaired endothelium-dependent response to acetyl-
choline appears independent of the etiology of heart failure. In
the human femoral artery, the acetylcholine-induced increase
in blood flow is abolished in most patients with congestive
heart failure, and the response to nitroglycerin is attenuated
{4,14). In the femoral artery of dogs with pacing-induced
congestive heart failure, the acetylcholine-induced increase in
diameter is attenuated whereas the response to nitroglycerin is
not reduced (15). Similarly, in the coronary circulation of
patients with dilated cardiomyopathy, the increase in coronary
blood flow in response to acetylcholine is reduced, whereas the
effects of adenosine, an endothelium-independent vasodilator,
are only slightly diminished (3).

The cardiac and hemodynamic responses to load alteration
and to administration of vasodilators were extensively studied
in patients with impaired left ventricular function and conges-
tive heart failure. Reduction in afterload and an optimal
preload are the hallmarks of vasodilator therapy in congestive
heart failure. Immediate hemodynamic improvement, with
increased stroke volume, cardiac output and decreased total
peripheral resistance, were shown by various vasodilators given
to patients with congestive heart failure (§-10).

In the early and late stages of cardiovascular disease, both
basal and stimulated release of endothelial mediators can be
affected. The local endogenous vasodilator system may be
highly important in trying to maintain tissue perfusion and
antagonize neurohumoral vasoconstrictor forces. In our study,
increased availability of L-arginine, by intravenous infusion,
resulted in augmented secretion of nitric oxide, marked
peripheral vasodilation and improved cardiac output. Thus, the
constitutive nitric oxide synthase can be stimulated by the higher
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availability of its substrate. The inducible form of the enzyme
can be activated by various pharmacologic probes such as
acetylcholine and metacholine (42,43), agents that were not
used in our study. Recently, L-arginine was shown to augment
acetylcholine-induced vasodilation in patients with hypercho-
lesterolemia (44) and to improve the magnitude of maximal
vasodilation induced by acetylcholine and vasodilation during
peak reactive hyperemia in patients with congestive heart
failure but not in control subjects (16).

Limitations of the study. Certain limitations of our study,
in both the methods and the pathophysiologic conclusions,
should be addressed. The study was nonrandomized and
uncontrolled, and the study group comprised only 12 patients.
The methods of measurements were noninvasive, the hemo-
dynamic changes were relatively small and the effect of
L-arginine was not evaluated in a dose-response manner. We
(21,22) have previously compared Doppler echocardiography
with thermodilution techniques in multiple studies to assess
the hemodynamic response to load alterations, vasodilators
and inotropic agents. On the basis of this experience and that
of other groups (23,45,46), we believe that in short-term
hemodynamic studies, Doppler echocardiographic results are
as accurate as thermodilution data and provide significant
information regarding directional changes.

There are no published data regarding long-term adminis-
tration of L-arginine in patients with congestive heart failure.
In light of the impairment of endothelial-dependent vasodila-
tion in these patients and the immediate beneficial effect of
intravenous L-arginine, it would be interesting to evaluate in a
controlied manner the immediate hemodynamic and long-term
clinical response to oral therapy with L-arginine.

References

—_

. Drexler H, Hayoz D. Munzel T. et al. Endothelial function in chronic

congestive heart failure. Am J Cardiol 1992:69:1596-601.

2. Ontkean M, Gay R, Greenberg B. Diminished endothelium derived relaxing
factor activity in an experimental model of chronic heart failure. Circ Res
1991;69:1088-96.

3. Treasure CB, Vita JA, Cox DA. et al. Endothelium dependent dilatation of
the coronary microvasculature is impaired in dilated cardiomyopathy. Cir-
culation 1990;3:772-9.

4. Katz SD, Biasucci L. Sabba C, et al. Impaired endothelium mediated
vasodilation in the peripheral vasculature of patients with congestive heart
failure. ] Am Coll Cardiol 1992;19:918-25.

5. Palmer RM, Ferrige AG. Moncada S. Nitric oxide release accounts for the
biological activity of endothelium derived relaxing factor. Nature 1987:327;
524-6.

6. Luscher TF, Boulanger CM, Dohi Y. Yang Z. Endothelium derived con-
tracting factors. Hypertension 1992:19:117-30.

7. Palmer RM, Ashton DS. Moncada S. Vascular endothelial cells synthesize
nitric oxide from L-arginine. Nature 1988;333:664—6.

8. Franciosa JA, Guiha NH, Rodrigua E, Cohn JN. Improved left ventricular
function during nitroprusside infusion in acute myocardial infarction. Lancet
1972;1:650-4.

9. Franciosa JA, Pierpont G, Cohn JN. Hemodynamic improvement after oral
hydralazine in left ventricular failure: a comparison with nitroprusside
infusion in 16 patients. Ann Intern Med 1977;86:388-93.

10. Levine TB, Franciosa JA. Cohn JN. Acute and long term response to an oral
converting enzyme inhibitor. captopril, in congestive heart failure. Circula-
tion 1980;62:35-41.

11. Cohn JN, Archibald DG, Ziesche S. Franciosa JA. Harston WE. Tristani FE

20.

33

KOIFMAN ET AL.
L-ARGININE IN HEART FAILURE

1255

and the Veterans Administration Cooperative Study Group. Effect of
vasodilator therapy on mortality in chronic congestive heart failure: results of
a Veterans Administration Cooperative Study. N Engl ] Med 1986;314:1547-
52.

. The Consensus Trial Study Group. Effects of enalapril on mortality in severe

congestive heart failure: results of the Cooperative North Scandinavian
Enalapril Survival Study. N Engl J Med 1987;316:1429-35.

. The SOLVD Investigators. Effect of enalapril on survival in patients with

reduced left ventricular ejection fractions and congestive heart failure.
N Engl ] Med 1991;325:293-302.

. Kubo SH, Rector TS, Bank Al, Williams RE, Heifetz SM. Endothelium

dependent vasodilation is attenuated in patients with congestive heart
failure. Circulation 1991;84:1589-96.

. Kaiser L, Spickard RC, Olivier NB. Heart failure depresses endothelium

dependent responses in canine femoral artery. Am J Physiol 1989;256:
H962-7.

. Hirooka Y, Imaizumi T, Tagawa T, et al. Effects of L-arginine on impaired

acetylcholine induced and ischemic vasodilation of the forearm in patients
with congestive heart failure. Circulation 1994;90:658-68.

. Hibbs JB Jr. Westenfelder C, Tainor R, et al. Evidence of cytokine-inducible

nitric oxide synthesis from L-arginine in patients receiving interleukin-2
therapy. J Clin Invest 1992:89:867-77.

. Ashab I, Peer G, Blum M, et al. Oral administration of L-arginine and

captopril in rats prevents chronic renal failure by nitric oxide production.
Kidney Int 1995:47:1515-21.

. Schnittger I, Fitzgerald PJ, Daughters GH, et al. Limitations of comparing

left ventricular volumes by two dimensional echocardiography, myocardial
markers and cineangiography. Am J Cardiol 1982;50:512-8.

Gordon EP, Schnittger I, Fitzgerald PJ, Williams P, Popp RL. Reproduc-
ibility of left ventricular volumes by two dimensional echocardiography.
J Am Coll Cardiol 1983;2:506-13.

. Keren G, Bier A, Strom JA, Laniado S, Sonnenblick EH, Lejemtel TH.

Dynamics of functional mitral regurgitation during nitroglycerin therapy.
Am Heart J 1986:112:517-25.

. Keren G, Katz S, Strom JA, Sonnenblick EH, Lejemtel TH. Dynamic mitral

regurgitation: an impact determinant of the hemodynamic response to load
alterations and inotropic therapy in severe heart failure. Circulation 1989;
80:306-13.

. Lewis L, Kuo LC, Nelson JG, Limacher MC, Quinones MA. Pulse Doppler

echocardiographic determination of stroke volumes and cardiac output:
clinical validation of two methods using the apical window. Circulation
1984;70:425-32.

. Imaizumi T, Hirooka Y, Masaki H, et al. Effects of L-arginine on forearm

vessels and responses to acetylcholine. Hypertension 1992;20:511-7.

. Kanno K, Hirata Y, Emori T, et al. L-arginine infusion induces hypotension

and diuresis/natriuresis with concomitant increased urinary excretion of
nitrite/nitrate cyclic GMP in humans. Clin Exp Pharmacol Physiol 1992;19:
619-25.

. Calver A. Collier J, Vallance P. Dilator actions of arginine in human

peripheral vasculature. Clin Sci 1991;81:695-700.

. Addicks K. Bloch W, Feelish M. Nitric oxide modulates sympathetic

neurotransmission at the prejunctional level. Microsc Res Tech 1994;29:161-
168.

*8. Huramatsu T, Forbess JM, Miura T, Mayer JE Jr. Effects of L-arginine and

L-nitro-arginine methyl esther on recovery of neonatal lamb hearts after cold
ischemia. Evidence for an important role of endothelial production of nitric
oxide. J Thorac Cardiovasc Surg 1995;109:81-6.

. Tao S, McKenna TM. In vitro endothoxin exposure induces contractile

dysfunction in adult rat cardiac myocytes. Am J Physiol 1994;267:H1745-52.

. Myers J, Froelicher VF. Hemodynamic determinants of exercise capacity in

chronic congestive heart failure. Ann Intern Med 1991;115:377-86.

. Packer M. The neurohumoral hypothesis: a theory to explain the mechanism

of disease progression in heart failure. J] Am Coll Cardiol 1992;20:248-54.

2. Franciosa JA, Park M, Levine TB. Lack of correlation between exercise

capacity and indexes of resting left ventricular performance in heart failure.
Am J Cardiol 1981;47:33-9.

Szlachic J, Massie BM, Kramer BL, Topic N, Tubau J. Correlates and
prognostic implication of exercise capacity in chronic congestive heart
failure. Am J Cardiol 1985;55:1037-42.

. Pfeffer MA. Braunwald E. Ventricular remodelling after myocardial infarc-

tion: experimental observations and clinical implications. Circulation 1990;
81:1161-72.



1256

35.

36.

37.

38.

39.

40.

41.

KOIFMAN ET AL.
L-ARGININE IN HEART FAILURE

Katz AM. Cardiomyopathy of overload: a major determinant of prognosis in
congestive heart failure. N Engl J Med 1990;322:100-10.

Francis GS, Benedict CR, Johnstone DE, et al. Comparison of neuroendo-
crine activation in patients with left ventricular dysfunction with and without
congestive heart failure. Circulation 1990;82:1724-9.

Swedberg K, Eneroth P, Kjekhus J, Wilhelmsen L. Hormones regulating
cardiovascular function in patients with severe congestive heart failure and
their relation to mortality. Circulation 1990:82:1730-6.

Goldsmith SR, Francis GS, Cowley AW, Levine TB, Cohn JN. Increased
plasma arginine vasopressin levels in patients with congestive heart failure.
J Am Coll Cardiol 1983;1:1385-90.

Margulies KB, Hildebrand FL, Lerman A, Perrella MA, Burnett JC. Increased
endothelin in experimental heart failure. Circulation 1990;82:2226-~30.

Kato T, Iwama Y, Okumura K, Hashimoto H, Ito T, Satake T. Prostaglandin
H, may be the endothelium derived contracting factor released by acetyl-
choline in the aorta of the rat. Hypertension 1990;15:475-81.

Stewart DJ, Cernacek P, Costello KB, Rouleau JL. Elevated endothelin 1 in

43.

44.

46.

JACC Vol. 26, No. §
November 1, 1995:1251-6

heart failure and loss of normal response to postural change. Circulation
1992;85:510-7.

. Furchgott RF, Zawadki JV. The obligatory role of endothelial cells in the

relaxation of arterial smooth muscle by acetylcholine. Nature 1980;288:
373-6.

Katz SD, Schwartz MD, Yuen J, Lejemtel TH. Impaired acetylcholine
mediated vasodilation in patients with congestive heart failure. Circulation
1993:88:55-61.

Drexler H, Zeiher A, Meinzer K, Just H. Correction of endothelial dysfunc-
tion in coronary microcirculation of hypercholesterolemic patients by
L-arginine. Lancet 1991;338:1546-50.

. Spencer KT, Lang RM, Neuman A, Borow KM, Shroff S. Doppler and

electromagnetic comparisons of instantaneous aortic flow characteristics in
primates. Circ Res 1991;68:1369-77.

Cholley BP, Shroff SG, Sandelski J, et al. Differential effects of chronic oral
antihypertensive therapies on systemic arterial circulation and ventricular
energetics in African-American patients. Circulation 1995;91:1052-62.





