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Abstract

The purpose of this study was to determine if chronic adminis-
tration of L-arginine, the precursor of endothelium-derived re-

laxing factor (EDRF), normalizes endothelium-dependent re-

laxation and decreases atherosclerosis in hypercholesterolemic
animals. Male rabbits were fed (a) normal rabbit chow; (b) 1%
cholesterol diet; or (c) 1% cholesterol diet supplemented by
2.25% L-arginine HCI in drinking water. Arginine supplemen-
tation doubled plasma arginine levels without affecting serum

cholesterol values. After 10 wk, the thoracic aorta was har-
vested for studies of vascular reactivity and histomorphometry.

Endothelium-dependent relaxations (to acetylcholine and
calcium ionophore A23187) were significantly impaired in tho-
racic aortae from animals fed a 1% cholesterol diet. By con-

trast, vessels from hypercholesterolemic animals receiving L-
arginine supplementation exhibited significantly improved
endothelium-dependent relaxations. Responses to norepineph-
rine or nitroglycerin were not affected by either dietary inter-
vention. Histomorphometric analysis revealed a reduction in
lesion surface area and intimal thickness in thoracic aortae
from arginine-supplemented animals compared to those from
untreated hypercholesterolemic rabbits.

This is the first study to demonstrate that supplementation
of dietary L-arginine, the EDRFprecursor, improves endothe-
lium-dependent vasorelaxation. More importantly, we have
shown that this improvement in EDRFactivity is associated
with a reduction in atherogenesis. (J. Clin. Invest. 1992.
90:1168-1172.) Key words: endothelium-derived relaxing fac-
tor * nitric oxide * atherosclerosis * vasodilation * cholesterol

Introduction

Atherogenesis is a complex process that appears to be initiated
by an endothelial injury or alteration ( 1). Elevated serum cho-
lesterol, specifically the low density lipoprotein fraction, ap-
pears to play a major role in the process. One of the first endo-
thelial alterations induced by LDL cholesterol is an attenua-
tion of endothelium-dependent vasodilation (2-4). This
endothelial dysfunction occurs before any pathological evi-
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dence of atherogenesis. Indeed, isolated vessels from normal
animals manifest a reduction in endothelium-dependent vaso-
dilation within minutes of exposure to oxidized LDL (5-6).
This phenomenon appears to be caused by a reduced synthesis
and/or increased degradation of endothelium-derived relaxing
factor (EDRF)' (7-12).

EDRFis now known to be nitric oxide or a molecule elab-
orating nitric oxide, and is derived from the metabolism of
L-arginine ( 13-15). This endogenous nitrovasodilator also in-
hibits platelet adherence and aggregation (16-18), smooth
muscle proliferation ( 19), and endothelial cell-leukocyte in-
teractions (20, 21 ), all of which are key events in atherogenesis.
For this reason, one might speculate that the reduction in
EDRFactivity induced by hypercholesterolemia may be an
important endothelial alteration contributing to the athero-
genic process.

Wehypothesized that atherogenesis may be inhibited by
chronically restoring EDRFactivity in hypercholesterolemic
animals. Wehave previously shown that intravenous adminis-
tration of pharmacologic doses of L-arginine could acutely im-
prove endothelium-dependent vasodilation (7, 8, 10). The
present study was designed to determine if long-term, modest
supplementation of dietary arginine could improve endothe-
lium-dependent vasodilation, and to determine if this improve-
ment in EDRFactivity would be associated with an antiathero-
genic effect.

Methods

Animals
Male NewZealand White rabbits (n = 54) were assigned to one of three
treatment groups: 16 were fed normal rabbit chow for 10 wk (Control);
18 received chow enriched with 1%cholesterol (Chol); and 20 received
1% cholesterol diet supplemented with 2.25% L-arginine HCI in the
drinking water (Arg) throughout the course of the study. Normal rab-
bit chow contains 0.9% L-arginine by weight. Supplementation with
2.25% L-arginine HCI in drinking water results in a sixfold increase in
daily L-arginine intake (based on the average water and food intake of
the animals). This amount of L-arginine supplementation was chosen
after preliminary studies demonstrated that this dose was well tolerated
and resulted in a twofold increase in plasma free arginine levels
(0.32±0.02 vs 0.16±0.02; Arg (n = 3) vs Control (n = 6)).

After 10 wk of the dietary intervention, animals were lightly sedated
with acepromazine maleate solution (Ayerst Laboratories, NewYork)
3 mgsubcutaneous injection and the central ear arteries were cannu-
lated for measurement of intraarterial blood pressure, followed by col-
lection of blood samples. Blood pressure was measured through the
arterial cannula after the animal was allowed to rest quietly for a mini-

1. Abbreviations used in this paper: EDRF, endothelial-derived relax-
ing factor; PSS, physiological saline solution.
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mumof 10 min. Subsequently, the animals were killed and the thoracic
aortae were harvested for studies of vascular reactivity and histology.
These protocols were approved by the Administrative Panel on Labora-
tory Animal Care of Stanford University and were performed in accor-
dance with the recommendations of the American Association for the
Accreditation of Laboratory Animal Care.

Biochemical studies
Before the initiation of the diet, and after 5 and 10 wk of treatment,
blood samples were collected from animals in each group for measure-
ment of plasma free arginine and serum chemistries, including total
cholesterol. Plasma was deproteinized with 2% sulfosalicylic acid and
analyzed for free arginine with an automated amino acid analyzer
(Model 6300; Beckman Instruments Inc.; Spinco Division, Palo Alto,
CA), as described previously (22-24). Serum chemistries were per-
formed on an automated analyzer (Monarch Chemistry System; In-
strumentation Laboratory, Inc., Lexington, MA).

Vascular reactivity studies
After harvesting the thoracic aortae, the tissues were placed into warm
(37°C) oxygenated physiological saline solution (PSS) of the following
composition (mM): NaCl 118.3, KCI 4.7, CaCI2 2.5, MgSO4 1.2,
KH2PO4 1.2, NaHCO325, calcium disodium edetate 0.026, and glu-
cose 1 1.1. The vessels were cleaned of adherent connective tissue, and
the aortae were cut into rings (4 mmin length) for study in the organ
chamber. The vascular rings were then suspended in organ chambers
filled with 25 ml PSS(37°C aerated with 95%02/5% C02). Rings were
connected to force transducers, and changes in isometric force were
recorded continuously. During a 60-min period, the vascular rings
were stretched to the optimal point of their length-tension relation
(determined previously to be 4 g). Subsequently, in all rings, the EC50
(concentration of drug inducing the half-maximal response) to norepi-
nephrine was determined by exposing the tissues to increasing concen-
trations of norepinephrine added to the organ chamber in half-log in-
crements in a cumulative manner. After a maximal response to norepi-
nephrine was obtained, the vascular rings were washed repeatedly with
fresh PSS until tension returned to the previous baseline value. To
study vasodilating agents, rings were then contracted by the EC50 con-
centration of norepinephrine. After a stable contraction was obtained,
the tissue was exposed to cumulative increases in concentration of the
vasodilator in half-log increments.

Histomorphometry
Measurement of lesion surface area. In six animals from each group,
thoracic aortae were harvested (from the left subclavian artery to the
diaphragm). Adventitial tissue was dissected free and any remaining
blood was rinsed clean. Aortae were bisected longitudinally and placed
on a glass plate for photography of intimal lesions before and after
oil-red 0 staining. These samples were stained in oil-red 0 (0.3% wt/
vol) in 60% (vol/vol) isopropyl alcohol for 5 min, rinsed in 60% iso-
propyl alcohol, and then stained for 1 min in Harris' hematoxylin
solution. Measurements of lesion surface area and total aortic surface
area were made by planimetry of the photographic images.

Measurement of intimal thickness. In some animals, measure-
ments of intimal and medial cross-sectional areas were made on seg-
ments taken from three sites in the thoracic aorta defined as follows:
(a) A 5-mmsegment proximal to the left subclavian artery; (b) a 5-mm
segment equidistant from the left subclavian artery and the diaphragm;
and (c) a 5-mm segment at the level of the diaphragm (proximal to the
celiac artery). These three segments are referred to as the proximal,
middle, and distal thoracic aorta, respectively. The segments were fixed
in 10%buffered formalin, embedded in paraffin, sectioned, and stained
with an elastic Van Giesen stain for light microscopy and histomorpho-
metric measurements. Measurements of intimal and medial cross-sec-
tional areas (mm2) were made by a skilled observer blinded to the
treatment groups. An eyepiece grid with 100 counting points (line in-
tersections), each 0.4 mmapart, was used (25, 26). Total grid area
(mm2) was determined by measurement of grid dimensions with a

stage micrometer at the same microscope magnification used for point
counts. Total area of the intima (or media) was defined as the number
of grid points overlying the intima (or media). Area of each was calcu-
lated by the formula 0.01 (P) x grid area, where P is the number of
points counted over the intima (or media). Six cross-sections from
each vascular segment were analyzed, and the values were averaged.

Drugs
The drugs used were acetylcholine chloride, L-arginine hydrochloride,
norepinephrine bitartrate, calcium ionophore A23 187, (Sigma Chemi-
cal Co., St. Louis, MO), and nitroglycerin (DuPont Pharmaceuticals,
Inc., Wilmington, DE). Drugs were dissolved in distilled water except
for calcium ionophore A23187, which was dissolved in 2% DMSO
(Sigma). All drug solutions were prepared on the day of the experiment
and stored on ice until use. Drugs were added to the organ chambers in
volumes of < 150 y1. Concentrations are expressed as the final molar
concentration in the bath solution.

Data analysis
Data are expressed as mean±SEM. Dose-response curves were con-
structed by expressing contractions as a percentage of the maximal
response to norepinephrine; relaxations were expressed as a percentage
of the tension induced by exposure to norepinephrine (EC50 dose).
Each dose-response curve was characterized by determining the EC50
value (the dose of the drug inducing a half-maximal response), and by
determining the maximal response to the drug. Multiple comparisons
were avoided by comparing only the EC50 and maximal responses.
Comparisons between two means were analyzed using the Student's
unpaired t test; P < 0.05 was considered significant. Measurements of
intimal thickness were analyzed using a multivariate analysis of vari-
ance to determine if there was an overall difference between the Chol
and Arg groups. A modified Bonferonni correction was made for multi-
ple comparisons between the groups.

Results

Biochemical and physiological measurements. There was a
twofold elevation in plasma arginine levels in hypercholestero-
lemic animals maintained on oral L-arginine supplementation
(Arg) in comparison to animals on a normal (Control) or 1%
cholesterol (Chol) diet alone; the elevation in plasma arginine
was maintained throughout the course of the study (Fig. 1).
Serum cholesterol measurements were elevated equally in both
groups receiving the 1% cholesterol diet, and were both signifi-
cantly different (P < 0.001 for both comparisons) from ani-
mals receiving normal chow (50±6 vs. 1629±422 vs.

0.6 0.07 Figure 1. Plasma argi-
m nine values. Measure-

E P 0.05 ments were made in an-
UJ 0.4 imals fed a normal diet,z
z a 1% cholesterol diet, or
5 ~~~~~~~~~~a1% cholesterol diet

0.2- supplemented withX _ cE - c BL-arginine (Control,
Xc _ g - X Chol, and Arg groups,

o.o- _ X *% respectively). L-arginine

5 WEEKS 10 WEEKS supplementation
(2.25% L-arginine HCI

in drinking water) elevated the plasma concentration of this amino
acid; the elevation was sustained throughout the course of the study.
Measurements were made during weeks 5 and 10 of the dietary in-
tervention. n = 6 in each group. o, Control; m Chol; o Arg.
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1852±356 mg/dl, respectively for Control (n = 10), Chol (n
= 13), and Arg (n = 14). After 10 wk of treatment, hypercho-
lesterolemic animals receiving L-arginine supplementation had
slightly elevated blood urea nitrogen measurements ( 14.6±1.2
vs. 17.0±1.8 vs 22.3±1.2 mg/dl, respectively, for Control,
Chol, and Arg; P < 0.05, Arg vs. other groups).

There were no significant differences in hemodynamic mea-
surements between the groups, although both groups receiving
the 1% cholesterol diet tended to have elevated mean arterial
pressures (73±9 vs. 89±7 and 91±4 mmHgin the Control (n
= 4), Chol (n = 9), and Arg (n = 12) groups, respectively).

Studies of vascular reactivity
Endothelium-independent responses. The maximal tension in-
duced by norepinephrine was not different between the groups,
with 15.1±1.1, 15.0±0.7, and 13.9±0.6 g for Control, Chol,
and Arg animals, respectively. The sensitivity to norepineph-
rine was not different between the groups, with EC50 (-log m)
values of 6.5±0.1, 6. 1±0. 1, and 6.0±0. 1, respectively for Con-
trol, Chol, and Arg animals. Similarly, there were no differ-
ences between the groups in sensitivity or maximal response to
nitroglycerin with EC50 values of 7.8±0.1, 7.5±0.1, and
7.6+0. 1, and maximal vasodilation of 98±3.1, 91+3.4, and
84±4.6 for Control, Chol, and Arg, respectively.

Endothelium-dependent responses. A multivariate analysis
of variance revealed a significant difference between the groups
in maximal relaxation to acetylcholine (P < 0.0003). Post-hoc
unpaired comparisons between the groups revealed the maxi-
mal response to acetylcholine in the Chol group to be signifi-
cantly less than that of both the Arg and the Control groups
(61±5 vs. 73±3 vs. 89+2%, Chol vs. Arg vs. Control, respec-
tively; P < 0.05; (Fig. 2). Whereas the maximal response to
ACh of the Arg group was significantly greater than that of the
Chol group, it was also less than that of the Control group (P
< 0.05). There were no differences between the groups in sensi-
tivity to ACh, with EC50 values of 7.1±0.2, 7.4±0.1, and
7.5±0.1 (Chol, Arg, and Control, respectively).

The maximal relaxation to calcium ionophore was not dif-
ferent between the groups, with maximal responses of 73±1.8,
76±4.0, and 87±3.5 (Chol vs. Arg vs. Control, respectively; P
< 0.01). Post-hoc unpaired comparisons between the groups
revealed that the sensitivity to calcium ionophore in the Chol
group was significantly less than that of both the Arg and the
Control groups, with EC50 values of 6.8±0.1, 7.6±0.1, and
7.4±0.3 (Chol vs. Arg vs. Control, respectively; P < 0.05).

Figure 2. Endothelium-
dependent relaxation
in thoracic aortae. En-
dothelium-dependent
relaxation to acetylcho-
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Figure 3. Planimetry of lesion surface area. The descending thoracic
aortae from untreated hypercholesterolemic animals (Chol) and argi-
nine-supplemented hypercholesterolemic animals (Arg) were photo-
graphed for planimetry before and after oil-red 0 staining to assess
intimal lipid accumulation. Lesion surface area was significantly re-
duced in the Arg group (P < 0.05). The numbers in the bars refer
to the number of animals in each group.

Histologic studies
Surface area of intimal lesions. The thoracic aortae of control
animals (n = 6) had no evidence of atheromatous lesions by
visual inspection before or after staining with oil-red 0. Plani-
metric analysis by a blinded observer revealed that in the hy-
percholesterolemic animals (n = 6), - 40%of the surface area
of the thoracic aorta was affected by intimal lipid accumulation
(Fig. 3). By contrast, in the arginine-treated hypercholesterole-
mic animals (n = 6), < 10% of the thoracic aorta was affected.

Intimal thickness. A blinded histomorphometric analysis
revealed that medial cross-sectional areas were not different
between the groups (data not shown). By contrast, the intimal
cross-sectional area of vessels from hypercholesterolemic ani-
mals receiving L-arginine supplementation was reduced in com-
parison to those from animals receiving the cholesterol diet
alone. The reduction in intimal thickness in the Arg group was
most pronounced in the distal thoracic aorta (with reductions
in intimal thickness of 45%, 64%, and 86% in the proximal,
mid, and distal thoracic aorta, respectively; Fig. 4).

Discussion

This study provides the first evidence that the EDRFprecursor,
L-arginine, possesses antiatherogenic properties. In this study,
chronic oral administration of modest doses of L-arginine to
hypercholesterolemic rabbits decreased the surface area and
reduced intimal thickness of atheromatous lesions in the tho-
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Figure 4. Histomorpho-
metric measurements.
Multivariate analysis of
variance reveals an
overall difference be-
tween the groups (P
< 0.05). Unpaired t
tests with a modified
Bonferonni correction
were performed be-
tween the groups. Prox,
proximal; mid, middle.
*, Chol; i, Arg.
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racic aorta. This antiatherogenic effect was associated with an
improvement in endothelium-dependent relaxation, in the ab-
sence of any change in serum cholesterol. Wepropose that this
normalization of vascular reactivity is caused by increased syn-
thesis and release of EDRF. Wefurther propose that this aug-
mentation of EDRFactivity is responsible for the antiathero-
genic effect.

EDRFis not only a potent vasodilator, but also has inhibi-
tory effects on platelet adherence and aggregation, as well as
vascular smooth muscle proliferation (16-19). Nitric oxide
also inhibits leukocyte-endothelial cell interactions. After re-
perfusion injury, sodium nitrite inhibits adherence and infiltra-
tion of neutrophils into the vessel wall (20). Monocyte adher-
ence to cultured endothelial cells is also inhibited by nitric ox-
ide (27). These phenomena may be caused by a direct effect of
nitric oxide upon expression of glycoprotein adhesion mole-
cules mediating endothelial cell-leukocyte interaction (21 ). In-
teraction of the vessel wall with circulating blood elements and
disturbances of vascular smooth muscle growth are key events
in atherogenesis. Our study suggests that endothelium-derived
nitric oxide plays a major role in regulating these processes.
However, this study does not exclude the possibility that nitric
oxide derived from other cells may be contributing to the an-
tiatherogenic effect. It is also possible that the effect of L-argin-
ine on vascular structure is mediated by direct actions upon
monocyte adherence or infiltration, platelet reactivity, or other
key processes in atherogenesis. Nevertheless, our observation
that L-arginine supplementation has antiatherogenic effects is
novel, provocative, and of potential clinical importance.

Wehave heretofore demonstrated that acute intravenous
administration of L-arginine improves endothelium-depen-
dent vasodilation in hypercholesterolemic animals and man.
These effects were induced by pharmacological doses of the
amino acid ( 10 mg/kg per min during 40 min) that elevated
plasma arginine levels 30-fold. The present study reveals that
chronic oral administration of modest doses of L-arginine
achieves a similar improvement in endothelial response with
only a twofold increase in plasma arginine levels. Indeed, in
preliminary studies (n = 3) it appears that a much smaller
increment in dietary L-arginine (0.45% L-arginine in drinking
water rather than the 2.25% used in the present study) during a
10-wk course is sufficient to induce this effect. Chronic alter-
ations in dietary arginine of this magnitude should be achieve-
able in man; studies are underway to determine if such a di-
etary intervention will induce similar augmentation ofendothe-
lial response in hypercholesterolemic human subjects.

Wepreviously investigated the mechanism by which L-ar-
ginine improves endothelium-dependent vasodilation. Intrave-
nous administration of L-arginine augments hind limb blood
flow in response to acetylcholine in hypercholesterolemic rab-
bits (7). Similarly, thoracic aortae isolated from hypercholes-
terolemic rabbits receiving intravenous L-arginine exhibit an
improvement in endothelium-dependent relaxation in vitro
(8). In both cases, the intravenous arginine infusion did not
alter endothelium-independent responses to sodium nitroprus-
side. Thus, the beneficial effect of L-arginine is not caused by a
direct action on vascular smooth muscle relaxation. Further-
more, this effect is stereo-specific, since D-arginine did not
mimic the action of its enantiomer in either study (7, 8). Ad-
ministration of L-arginine has other systemic consequences,
most notably its ability to release insulin from pancreatic islet
cells (28). However, we have shown that endothelium-depen-

dent vasodilation can be improved in basilar arteries isolated
from hypercholesterolemic rabbits and perfused in vitro with
solutions containing L-arginine. These data provide strong evi-
dence against other in vivo effects of the amino acid as an
explanation for its action (9). A similar effect of L-arginine to
reduce the endothelial dysfunction associated with reperfusion
injury has recently been reported (29).

Vascular rings from normal rabbits exposed in vitro to oxi-
dized low density lipoprotein rapidly develop an endothelial
impairment that is reversible by the addition of L-arginine to
the bath solution (30), a finding that is consonant with our
previous studies in hypercholesterolemic animals and in man.
By contrast, Mugge and Harrison find that the endothelial dys-
function manifested by atherosclerotic rabbit aorta is not re-
versible in vitro ( 31 ). An important difference in their experi-
mental model is the length of cholesterol feeding (4 mo), by
which time the thoracic aorta demonstrates significant pathol-
ogy. The opposing conclusion derived from this study may be
reconciled if the reversibility of endothelial dysfunction is de-
pendent upon the chronicity or severity of the disease process.
A selective dysfunction in endothelial response is observed
early in hypercholesterolemic states. Later, endothelium-de-
pendent relaxation to most stimuli becomes progressively ab-
normal (32, 33). Evidence that the reversibility of endothelial
dysfunction depends on the degree ofattendant vascular pathol-
ogy may be found in a recent report by Drexler et al. (34).
These investigators observed that acetylcholine-induced vaso-
dilation of epicardial coronary arteries and coronary resistance
vessels was attenuated in hypercholesterolemic human sub-
jects. After intracoronary administration of L-arginine, there
was no improvement in epicardial coronary artery response. In
contrast, there was a marked improvement in coronary blood
flow response to acetylcholine, reflecting an improvement in
endothelial function at the level of the resistance vessels. We
have observed the same phenomenon in the coronary circula-
tion of cardiac transplant recipients (unpublished studies).
This difference in response to arginine might be explained by
the observation that hypercholesterolemia induces greater en-
dothelial pathology in the conduit arteries than the resistance
vessels.

In the present study we tested the hypothesis that a chronic
augmentation of EDRFactivity in hypercholesterolemic ani-
mals would have antiatherogenic effects. Weshow that modest
supplementation of dietary arginine improves endothelium-
dependent vasorelaxation. This improvement in EDRFactiv-
ity is associated with a reduction in lesion surface area and
intimal thickening in hypercholesterolemic animals. The mech-
anisms of these intriguing phenomena remain to be fully eluci-
dated.
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