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Abstract

Wehypothesized that normal vascular reactivity could be re-

stored in vessels from hypercholesterolemic animals by expos-
ing them to L-arginine, the precursor of endothelium-derived
relaxing factor (EDRF). Basilar arteries were harvested from
New Zealand white rabbits fed normal chow or that supple-
mented with 2%cholesterol for 10 wk. Vessels were cannulated
for perfusion at physiologic pressure. Changes in vessel diame-
ter were monitored by videomicroscopy.

In comparison to normal vessels, those from hypercholes-
terolemic animals vasoconstricted more to KC1, endothelin (E),
and 5-hydroxytryptamine (5-HT). Conversely, vasodilation to
acetylcholine (ACh) (but not that to verapamil) was signifi-
cantly impaired in the hypercholesterolemic animals. In vitro
administration of L-arginine (3 mM) for 45 min normalized
vasodilation to ACh and vasoconstriction to E, 5-HT, and KCI
in the isolated vessels from hypercholesterolemic animals. This
effect was stereospecific, since D-arginine had no effect.

To conclude, these data confirm that hypercholesterolemia
attenuates endothelium-derived relaxation, and enhances the
sensitivity of these vessels to vasoconstrictors. In vitro adminis-
tration of L-arginine normalized vascular reactivity of isolated
vessels from hypercholesterolemic animals. Thus, hypercholes-
terolemia induces a reversible endothelial dysfunction that may

be corrected by supplying the precursor of EDRF, L-arginine.
(J. Clin. Invest. 1991. 87:1295-1299.) Key words: L-arginine-
endothelium * cholesterol * endothelium-derived relaxing factor
* basilar artery

Introduction

Hypercholesterolemia induces alterations in vascular reactivity
that may be manifested as an enhanced sensitivity to agonists
of vasoconstriction. Vessels from hypercholesterolemic swine,
monkeys, and rabbits are hyperresponsive to vasoconstrictor
agents (1-6). It is thought that hypercholesterolemia poten-
tiates vasoconstriction by inducing an endothelial impairment.
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Normally, the endothelium exerts a braking influence dur-
ing stimulation of the vessel by vasoconstrictor agonists, in
part, by releasing endothelium-derived relaxing factor
(EDRF)1 (7-10). However, release of endothelium-derived re-
laxing factor is reduced in vessels from hypercholesterolemic
animals (3). For this reason, endothelium-dependent relax-
ation is attenuated, and vasoconstrictor responses are en-
hanced in vessels from hypercholesterolemic animals (1-6).

Current evidence suggests that EDRFis a nitrovasodilator,
possibly nitric oxide, derived from the metabolism of L-argi-
nine (11-14). Wehypothesized that the endothelial impair-
ment and aberrant vascular reactivity in hypercholesterolemic
animals could be acutely normalized by administration of the
precursor of EDRF, L-argnine. To test this hypothesis, the fol-
lowing study was performed.

Methods

Animals
41 New Zealand white rabbits, weighing 2.1 to 2.7 kg, were studied.
Animals were housed individually and water was provided ad libitum.
Rabbits were then separated into two treatment groups: 24 were fed
normal rabbit chow and 15 were fed chow containing 2% cholesterol
for 10 wk (Farmers Exchange, Framingham, MA). These protocols
were approved by the Harvard Standing Committee on Animals and
were performed in accordance with the recommendations ofthe Ameri-
can Association for the Accreditation of Laboratory Animal Care.

On the day of the experiment, the rabbit was given pentobarbital
sodium (30 mg/kg) via the marginal ear vein. Heparin (200 IU) was
administered with the pentobarbital. The basilar artery was then imme-
diately removed using microinstruments under magnification.

Arteriograph
Isolated basilar arteries were mounted in an arteriograph (Living Sys-
tems Instrumentation, Burlington, VT) filled with oxygenated physio-
logic saline solution (PSS) at 370C. The proximal end of the vessel was
cannulated by glass capillary tubing for perfusion with PSSdelivered by
a pressure-servo system to maintain luminal pressure at 60±2 mmHg.
The distal end was clamped allowing luminal perfusion through the
basilar branches. Changes in vessel diameter were monitored by a video
system consisting of a Leitz inverted microscope (E. Leitz Inc., Rock-
leigh, NJ), RCA(Lancaster, PA) video camera, and a video monitor.
The images were recorded and stored on VHStape. Midplane trans-
verse diameters were measured with a caliper directly applied to the
video screen. Vessel diameter was measured distal to the proximal can-
nula, before the first perforating branch of the basilar artery segment.
Absolute calibration was obtained using a micrometer grid placed at
the level of the vessel. With this system, measurements of vessel diame-

1. Abbreviations used in this paper: EDRF, endothelium-derived relax-
ing factor; PSS, physiologic saline solution.
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ter are accurate to within 0.5 gm (15). All drugs were added to the
external bath except for acetylcholine, which was administered intralu-
minally by the pressure-servo syringe through the cannula. L-arginine
was administered concurrently both intra- and extraluminally.

Experimental protocols
1. Vascular reactivity: effects of hypercholesterolemia. After an equili-
bration period (30 min) in the arteriograph chamber, the vessels were
perfused with PSS (at an intraluminal pressure of 60 mmHg)and the
baseline diameter measured. Vessels were exposed to increasing con-
centrations of 5-hydroxytryptamine ( 10-8-10-5 M). After the vasocon-
striction stabilized, increasing concentrations of acetylcholine (101-'
1-' M) were added to the perfusate.

Subsequently, the vessels were rinsed with fresh PSS over a 45-min
period. Vessels were then exposed to endothelin (l0-13-l0-7 M) or
potassium chloride (20-80 mM). When the response stabilized to the
maximum concentration of vasoconstrictor, the vessels were relaxed
by increasing concentrations of verapamil (10-8-10-4 M).

2. Vascular reactivity: effects of L-arginine. The above studies con-
firmed that endothelium-dependent vasodilation was impaired and va-
soconstriction potentiated in vessels from hypercholesterolemic ani-
mals. To determine if supraphysiological concentrations of L-arginine
could normalize vascular reactivity, the following studies were per-
formed. Vessels from hypercholesterolemic animals were exposed to
L-arginine (3 mM) for 45 min. Subsequently, vessels were exposed to
5-hydroxytryptamine, acetylcholine, endothelin, and verapamil, as
outlined above.

3. Mechanism of L-arginine effect. The above studies revealed that
L-arginine potentiated endothelium-dependent vasodilation and nor-
malized vasoconstrictor responses in vessels from hypercholesterol-
emic animals. To determine if the mechanism of this effect was stereo-
specific, the protocol 2 was repeated using D-arginine rather than L-ar-
ginine. To determine if L-arginine affected basal vessel tone or active
tension (induced by 5-hydroxytryptamine), measurements of vessel di-
ameter were made before and during the administration of L-arginine.
To determine if L-arginine augmented endothelial response in normal
vessels, tissues were contracted by 5-hydroxytryptamine and relaxed
with acetylcholine before and after exposure to L-arginine. To deter-
mine if L-arginine had a direct effect on vascular smooth muscle respon-
siveness, in another series of experiments, vessels from normal animals
were denuded of endothelium. The endothelium was removed by per-
fusing the vessels for 1 min with distilled water (1 ml/min). Vessels
were then contracted by 5-hydroxytryptamine or potassium chloride
and relaxed with verapamil before and after exposure to L-arginine.

Drugs
The following drugs were used: 5-hydroxytryptamine creatinine sul-
fate, acetylcholine chloride, verapamil, D-arginine hydrochloride, L-ar-

ginine hydrochloride (Sigma Chemical Co., St. Louis, MO), endothelin
(Peninsula Laboratories, Belmont, CA), and pentobarbitol sodium
(Abbott Laboratories, Chicago, IL). All drugs were soluble in distilled
water or PSS. Stock solutions of hygroscopic acetylcholine chloride
were prepared and stored frozen as previously described ( 16). All other
agents were prepared on the day of the experiment and stored on ice
until use. Drugs were added to the arteriograph chamber or pressure-
servo syringe in volumes less than 75 Ail. Concentrations are expressed
as the final molar concentration in the bath solution or perfusate.

Data analysis
Data are expressed as mean±SE. Each dose-response curve was charac-
terized by determining the EC50, i.e., the dose of the drug inducing a

half-maximal vasoconstriction (or vasodilation), and by determining
the maximal response to the drug. Multiple comparisons were avoided
by comparing only the ECjo and maximal responses. The data were

analyzed using Student's t tests; for multiple group comparisons an
analysis of variance was performed followed by a Newman-Keuls test.

Results

Experimental protocols
1. Vascular reactivity: effects of hypercholesterolemia. The ini-
tial vessel diameter was not different between the control and
cholesterol groups: 764±8.4 ,um, n = 12; vs. 821±10.4,um, n
= 6, respectively.

Endothelium-dependent vasodilation was attenuated in
vessels from hypercholesterolemic animals. The sensitivity to
acetylcholine was reduced with a 150-fold rightward shift in the
dose-response relationship (Table I, Fig. 1 a). The maximal
response to acetylcholine was unaffected. The impairment in
endothelial-mediated vasodilation was not due to a reduction
in the ability of the vascular smooth muscle to relax. Indeed,
vasodilation to verapamil (endothelium-independent) tended
to be greater in the vessels from hypercholesterolemic animals
(Table I, Fig. 1 b).

Vasoconstrictor responses were enhanced in vessels from
hypercholesterolemic animals. Maximum vasoconstriction to
5-hydroxytryptamine was increased by 74%, although the sensi-
tivity (EC50) was unaffected (Table II, Fig. 2 a). The sensitivity
to endothelin was increased, as manifested by a 100-fold left-
ward shift in the dose response relationship, but the maximum
vasoconstriction was not altered (Table II, Fig. 2 b). Similarly,
the sensitivity to potassium chloride was increased, but the
maximum vasoconstriction was unchanged (Table II, Fig. 2 c).

2. Vascular reactivity: effects of L-arginine. The baseline
diameter for the arginine treated vessels was 845±7.6 /Am, n
= 6, which was not different from the other two experimental
groups.

Endothelium-dependent vasodilation was normalized in
vessels from hypercholesterolemic animals exposed to L-argi-
nine (Table I). Vessels from hypercholesterolemic animals ex-
posed to L-arginine were more sensitive to acetylcholine than
those exposed to vehicle, with a leftward shift in the EC, value
of more than two orders of magnitude (Table I, Fig. 3).

Vasoconstrictor responses were also normalized in vessels
from hypercholesterolemic animals exposed to L-arginine.
Maximum vasoconstriction to 5-hydroxytryptamine was not

Table L Endothelium-dependent Vasodilation Is Attenuated
by Hypercholesterolemia and Restored by L-Arginine

Acetylcholine Verapamil

Condition* n EC50t Maxi n EC 0t Maxi

Control 12 9.1±0.9 126%±68 5 5.6±0.7 103%±26
Chol 6 6.9±1.0"1 86%±19 5 6.1±1.0 157%±36
Arg 5 9.7±0.7' 103%±32 5 5.7±0.3 136%±28

* Control, vessels harvested from normal animals; Chol, vessels har-
vested from hypercholesterolemic animals and exposed to vehicle;
Arg, vessels harvested from hypercholesterolemic animals and ex-
posed to L-arginine (3 X 10-' M) in vitro. $ EC.0 for acetylcholine and
verapamil is expressed as dose (-log M) inducing the half-maximal
vasodilation. 0 Max, maximum vasodilation, expressed as a percent-
age of relaxation of the vasoconstriction induced by 5-hydroxytrypta-
mine (acetylcholine data) or endothelin (verapamil data). "l Signifi-
cantly different from control value; P < 0.0 1. ' Significantly different
from Chol group; P < 0.01.
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different from the normal vessels (Table II). The sensitivity to
endothelin was also normalized (Table II, Fig. 4).

3. Mechanism of L-arginine effects. L-arginine did not in-
duce vasodilation directly. Vasoconstriction to 5-hydroxytryp-
tamine (10-s M) was not relaxed when the vessels were per-
fused with saline solution containing L-arginine 3 x 10-3 M
(vessel diameter of 718±79 vs. 712±79 ,gm after perfusion with
vehicle control vs. L-arginine; n = 2, P = NS). In vessels de-
nuded of endothelium, contractions to potassium chloride (n
= 3) and those to 5-hydroxytryptamine (n = 3) and vasodila-
tion to verapamil (n = 6) were not different after exposure to
L-arginine (Table III).

The effect of L-arginine was stereospecific. In vessels from
hypercholesterolemic animals, D-arginine (3 X IO-' M) did not
alter basal diameter, nor did it affect vasoconstriction to 5-hy-
droxytryptamine or vasodilation to acetylcholine (n = 2; data

not shown). The effect of L-arginine was confined to vessels
from hypercholesterolemic animals. L-arginine (3 X 10-3 M)
did not affect vasodilation to acetylcholine in normal tissues (n
= 2; data not shown).

Discussion

Hypercholesterolemia alters vascular reactivity. In isolated ves-
sels and in vivo, responsiveness to vasoconstrictor agonists is
enhanced and endothelium-dependent relaxations are atten-
uated (1-6). Wehypothesized that these abnormalities could
be acutely reversed by administering the precursor of EDRF,
L-arginine. Wetested this hypothesis in this investigation and
found that: (a) hypercholesterolemia impairs endothelium-de-
pendent vasorelaxation and enhances vasoconstrictor re-
sponse; and (b) the in vitro administration of L-arginine poten-
tiates endothelium-dependent relaxation in isolated vessels
from hypercholesterolemic animals and acutely normalizes va-
soconstrictor response. This effect of L-arginine is stereospeci-
fic, since D-arginine did not affect vascular reactivity. The ef-
fect of L-arginine was not due to a direct action on the vascular
smooth muscle, since it had no effect on vasoconstriction or
vasodilation in the absence of endothelium. Furthermore, L-ar-
ginine had no effect on relaxation to verapamil, the action of
which is independent of the endothelium.

L-arginine had no effect on reactivity of vessels from nor-
mal animals. This finding is consistent with other reports that
L-arginine has little or no effect on vascular reactivity of nor-
mal tissue (17-20). These observations would suggest that
under most circumstances, there is sufficient endothelial stores
of L-arginine to saturate the nitric oxide forming enzyme.

However, under certain circumstances, the administration
of L-arginine is critical for restoration of endothelium-depen-
dent relaxation. Endothelial cells cultured in L-arginine-defi-
cient medium release little nitric oxide until the cells are ex-
posed to L-arginine (12). Antagonists of arginine metabolism
attenuate endothelium-dependent vasodilation, reduce the re-
lease of nitric oxide from isolated vessels, and increase vascular
resistance in vivo; these abnormalities are reversed by adminis-
tration of L-arginine (20). L-arginine restores responsiveness in
vascular rings made refractory to endothelial stimulation by
prolonged exposure to calcium ionophore (21).

Wenow report that L-arginine acutely normalizes endothe-
lium-dependent relaxation in isolated vessels from hypercho-
lesterolemic animals. This finding is consistent with our

Table II. Vasoconstrictor Responses Are Enhanced by Hypercholesterolemia and Normalized by L-Arginine

Serotonin Endothelin Potassium chloride

Condition* n ECms Maxf n ECO*t Max# n EC5'," Maxi

Control 12 7.4±0.7 8.4±1.8 4 8.1±0.6 25.8%±3.4 6 42.8±3.5 30.9%±1.8
Chol 6 7.9±0.7 14.6%±2.4' 5 10.1±1.3** 38.4%±3.3 5 27.5±0.04' 41.2%±1.8
Arg 6 7.4±0.9 11.4%±2.0 6 7.9±0.5*t 33.8%±2.6

* Control, vessels harvested from normal animals; Chol, vessels harvested from hypercholesterolemic animals and exposed to vehicle; Arg, vessels
harvested from hypercholesterolemic animals and exposed to L-arginine (3 x 10' M) in vitro. t EC5o for 5-HT and ET is expressed as the dose
(-log M) inducing the half-maximal vasoconstriction. I Max, maximum vasoconstriction, expressed as a percentage of initial vessel diameter.
lECSo for KCl is expressed as dose (mM) inducing the half-maximal vasoconstriction. ' Significantly different from control value, P < 0.05.
** Significantly different from control value, P < 0.01. # Significantly different from Chol group, P < 0.01.
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previous observation that intravenous administration of L-ar-
ginine augments hindlimb blood flow in response to acetylcho-
line in hypercholesterolemic rabbits (22). The data suggest that
exposure to elevated levels of cholesterol reversibly interferes
with the synthesis and/or release of EDRF, just as it interferes
with other synthetic functions of the endothelium (23).

Wealso found that administration of L-arginine normal-
ized responsiveness to vasoconstrictor agonists. Normally, the
endothelium modulates vasoconstriction to aggregating plate-
lets, 5-hydroxytryptamine, norepinephrine, endothelin, and
other vasoconstrictors, in part, by releasing EDRF(7-10). Both
endothelin and 5-hydroxytryptamine are known to release
EDRFas well as to induce contraction of the vascular smooth
muscle (7, 8). Therefore, in normal vessels, the vasoconstric-
tion to endothelin or to 5-hydroxytryptamine is attenuated by
the simultaneous release of EDRF. Since the release of EDRF
is reduced in vessels from hypercholesterolemic animals, this
likely explains the heightened response to endothelin and to
serotonin. These findings are consistent with the work of other
investigators documenting the increased sensitivity to vasocon-
strictors in hypercholesterolemic states (1, 2, 4, 5). Wefound
that administration of L-arginine to vessels from hypercholes-
terolemic animals normalized vasoconstriction to endothelin
and to serotonin. Since L-arginine augmented the release of
EDRFby acetylcholine, it is likely that the release of EDRFby
endothelin or 5-hydroxytryptamine is also augmented. This
would explain the reversal by L-arginine of the heightened va-
soconstrictor response of hypercholesterolemic vessels.

Since the vasoconstrictors were delivered by perfusate flow-
ing through the vessel, it is quite likely that the response to
these agonists was influenced by the effects of flow on the endo-
thelium. Flow is known to induce vasodilation, which appears
to be largely due to the release of EDRF(24, 25). Therefore, in
our system, the release of EDRFby flow should attenuate vaso-
constriction and augment vasodilation. It is not known
whether flow-induced release of EDRFis reduced in hypercho-
lesterolemia, but in the presence of overt atherosclerosis, flow-
mediated vasodilation is reduced in human coronary arteries
(26-28). Therefore, the abnormal vascular reactivity we ob-
served in the vessels from hypercholesterolemic rabbits could
be due to abnormalities in flow-mediated vasodilation. Never-
theless, this interpretation is consistent with our conclusions
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Table III. L-Arginine Has no Effect Upon Vascular Reactivity in Vessels Denuded of Endothelium

Vasoconstriction Vasodilation

5-hydroxytryptamine Potassium chloride Verapamil

Condition* EC Max# EC Maxi EC50"1 Maxi

Control (n = 3) 7.2±0.3 10.8±1.1 32±2.2 28.5±6.6 7.3±0.1 139±6.9
Arg (n = 3) 7.3±0.3 8.9±0.7 43±9.8 30.2±7.0 7.1±0.2 153±12.2

* Control, vessels exposed to vehicle; Arg, vessels exposed to L-arginine 3 X 1O-' Min vitro. * EC50 for 5-HT is expressed as the dose (-log M)
inducing the half-maximal vasoconstriction. EC5o for KCI is expressed as dose (mM) inducing the half-maximal vasoconstriction. § Max(5-HT,
KCI), maximum vasoconstriction, expressed as a percentage of initial vessel diameter. Max (verapamil), maximum vasodilation, expressed as a
percentage relaxation of the vasoconstriction induced by KCI. "l ECjo for verapamil is expressed as dose (-log M) inducing the half-maximal
vasodilation.

that the abnormal vascular reactivity we observed is due to an
endothelial dysfunction, which is corrected by exposure to L-
arginine.

In summary, we find that endothelium-dependent vasodi-
lation is impaired and vasoconstriction is enhanced in the basi-
lar artery of hypercholesterolemic rabbits. These abnormalities
are acutely reversed by the administration of L-arginine, the
precursor of EDRF. The data suggest that the abnormal vascu-
lar responses in hypercholesterolemic animals are due to a re-
versible reduction in intracellular arginine availability or me-
tabolism.
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