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EXPERIMENTAL STUDIES - 

Arginine Restores Nitric Oxide Activity and Inhibits Monocyte 
Accumulation After Vascular Injury in Hypercholesterolemic Rabbits 
BING-YIN WANG, MD, PHD, ROBERT C. CANDIPAN, MD, PHD, MEHRDAD ARJOMANDI, BS. 
PAUL T. C. HSIUN, BS, PHILIP S. TSAO, PHD, JOHN P. COOKE, MD, PHD, FACC 
Stanford, California 

f&ectives. This study sought to determine whether the alter- 
ations in vascular function and struchuw after balluoo htjury in 
bypercbolesterolemk rabbits could be inhibited by dktary argi- 
nine. 

BociLgmund. Administratioa uf arglnine (the nitrk oxide [NO] 
precursor) restores vascular NO actIvity in hypercbolestemlemk 
animals. We and otber investigators ltave sbom that enhance 
meat of vascular NO activity CM inhibit myulntlmal bypeqdasla 
after vascular h+ry in nonuocbuksterokmk animals. 

hfefhls. Twentyhgbt New Zealand Wbik rabbits received 
either normal rabbit chorr, 0.5% t?lwkaddietorO.s%Qoks- 
ted diet plus t4rglnh hydrochloride (225% wthol) in tbe 
drinking water. After 6 weeks of dietary intervwtlon, the kft l&c 
artery of each anlmal was subjected to a b&ma injury. Four 
-weeks later, the iliac arteries wem hanested for vascular reactiv- 
ity studies and immunuhlstochemkal analysis. 

Coronary angioplasty is frequently complicated by restenosis. a 
vascular response to injury that is, in part, secondary to 
myointimal hyperplasia. Myointimal hyperplasia is a lesion that 
is largely composed of phenotypically altered vascular smooth 
muscle cells and matrix proteins secreted by these cells (l-3). 
The proliferation of these cells is under the intluence of 
paracrine substances, such as fibroblast growth factor (4) and 
plateletderived growth factor released by vascular smooth 
muscle cells and adherent platelets at the site of injury (5-7). 
These paracrine growth factors are normally counterbalanced 
by endothelial factors, such as nitric oxide (NO), which sup- 
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I&&s. Vas+zular injury iuduced intimal thkkenhg that was 
largely composed of vascular smooth muscle cells and extncellu- 
Iar mahix. In the setting of hypercbhsterokmiq vascular iqjwy 
induced an exubemnt myointhnal lesion that was augmented by 
the accumulation of lipid-laden mserophages. Dktaq arginh 
reduced intimal tbkkening in tbe iajamd vessels of hypFcboks- 
terolemk animals and substantially inhibited tbe acc~~~~alatioa of 
~~hrsesintheksiw(tramZSabtoS%oftheksioaueqp< 
0.001). 

ConcLrdons. We tvpod that lesioas induced by vascular iqjary 
inhypercMesterokmkanimalsaremahdlyreduudbyonl 
adnllnlstmtion of arglniw. Mtweover, ae find that the natun? of 
tbtksionisPltlird,dthastriLingrrdpetiwintbcpmra~of 
macropbages comprisiug the lesiuu. 

(J Am Gall Gwdid 19%;28:1573- 9) 

press .ascular smooth muscle proliferation (8). This endothe- 
lial influence is transiently lost after a denuding injury. Even 
when the endothelium regenerates it remains dysfunctional, as 
manifested by an attenuation of endotheliumdependent relax- 
ation (9,lO). This deficit is more profound when the injury 
occurs in the setting of hyperlipidemia (11). The impairment in 
endotheliumdependent relaxation is thought to be secondary 
to a reduced elaboration or increased degradation of 
endotheliumderived NO (12,13). 

In addition to its role as a vaxxlilator, NO suppresses 
vascular smooth muscle growth (B), inhibits platelet adherence 
and aggregation (14-16) and reduces monocyte adherence 
(17). Because these are key processes involved in the cellular 
response to injury in hypercholesterolemic states, we hypoth- 
esized that the loss of NO activity may promote lesion forma- 
tion. Conversely, restoration of NO activity should hmit intimal 
proliferation. 

l$sdar NO activity em he restored acutely in hypercho- 
lesterolemic animal models and humans by intravenous admin- 
istration of the precursor L-arginine (12,18). Long-term oral 
administration of argmine induces a sustained improvement in 
vascular NO activity that is associated with a downregulation of 
endothelial adhesiiness for monocytes (19) and a striking 
inhibition of monocyte accumulation in the vessel wall (20.21). 

In normocholestemlemic animal models, oral arginine en- 
hances the vasodilator function of regenerating endothelium 
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Abbreviations and Acmnyms 

cGMP = cyclic guanclsinc mwwphosphatc 
DCM = Sbnford Dcpiirlmefll iIf Compnrarw WJitinc 
EC,,, = mdian cffccliw c0nccnlriltion 
HDL = high Jrnsity lipoprofcin 
1;M = inlimal.‘mcJial ratio 
NC = norcpincphrinc 
NO -- nitric oxide 
PSS = physiolo$c salinr solution 

and inhibits myointimal hyperplasia after vascular injury (22 
24). The effect of arginine is blocked by antagonism of NO 
synthase (22). However, it is not known whether dietary 
nrginine will restore vascular function and inhibit lesion for- 
mation after vascular injury in the setting of hypercholesterol- 
emia. The present investigation was designed to determine 
whether dietary L-arginine would reduce macrophage or vas- 
cular smooth muscle accumulation, or both, in the intimal 
lesion formed after balloon catheter injury in the hypercholes- 
terclcmic rabbit. 

Methods 
Animals. Male New Zealand White rabbits weighing 2.5 to 

3.0 kg (n = 28) were entered into the study after a l-week 
period of acclimation in the housing facilities of the Stanford 
Department of Comparative Medicine (DCM), during which 
time the animals were fed normal rabbit chow and received 
water ad libitum. All rabbits were inspected before the study by 
the DCM veterinarian and monitored daily by DCM techni- 
cians and the investigators. All experimental protocols were 
approved by the Administrative Panel on Laboratory Animal 
Care of Stanford University and were performed in accordance 
with the recommendations of the American Association for the 
Accreditation of Laboratory Animal Care. 

Animals received either normal rabbit chow (n = 9), 0.5% 
cholesterol diet (Dyets) (n = 9) or 0.5% cholesterol diet plus 
t..-arginine hydrochloride (2.25% wt/vol) in the drinking water 
(n = 10). This dose represents a sixfold increase in the daily 
L-arginine intake, and in previous studies from this laboratory 
(20,21) was associated with a doubling of the plasma arginine 
concentration. 

After 6 weeks of dietary intervention, the left iliac artery of 
each rabbit was subjected to balloon injury, as previously 
described (25). Rabbits were anesthetized using a mixture of 
ketamine (5 mgIkg body weight) and Rompun (35 mg/kg). The 
level of anesthesia was continuously monitored during the 
procedure, and additional anesthesia was given as needed. The 
left superficial femoral artery was exposed and isolated,, and 
the distal portion wasligated-with a small surgical clip:A 2F 
Fogarty arterial embolectomy catheter (Baxter Healthcard) 
was inserted into the artery and advanced proximally into the 
iliac artery, past the bifurcation into the aorta. The balloon was 
inflated with 0.5 ml of saline, then withdrawn distally into the 

iliac artery while irflatcd to a point just proximal to the 
insertion site. then d&ted and readvanced. Three successive 
passes were made with the intlated halloJr,. The proximal 
portion of the superficial femoral artery w.ts then ligated and 
hemostasis achieved. 

Serum chemistp. Blood ciamples after 5 weeks of dietary 
intewention and at the end of the stud:/ were collected from 
rabbits in each group for determination Jf cholesterol, high 
density lipoprotein (HDL) and plasma free arginine levels. 
Arginine was measured using an automated amino acid ana- 
IyzLr. as described previously (20). Serum cholesterol and 
HDL were analyzed using a modification of the enzymatic 
method of Allain et al. (26). 

Vascular reactivity. Twenty-eight days after the balloon 
injury, rabbits were killed with an overdose of intravenous 
pentobarbital. Both iliac arteries were removed and immedi- 
ately placed into oxygenated physiologic saline solution (PSS) 
at 37°C composed of the following (mmol/liter): 118.3 NaCI. 
4.7 KCI, 2.5 CaCI,, 1.2 MgSO<, 1.2 KHzPO,, 25.0 NaHCO,, 
11.1 glucose. Adherent fat and connective tissue were re- 
moved, and the iliac arteries were cut into 3- to 4-mm wide 
rings. Two vascular rings from the uninjured iliac artery were 
mounted horizontally on stainless steel stirrups through the 
lumen and connected to force transducers. Vascular reactivity 
studies were technically ditficult to perform on the balloon- 
injured iliac arteries; the intimal lesions significantly reduced 
the lumen diameter and made it difficult to mount the rings 
without damaging the endothelium. Therefore, the uninjured 
right iliac artery was used in each case in the bioassay to assess 
the effect of the dietary interventions on the activity of 
endothelium-derived NO. 

The vascular rings were suspended in organ chambers filled 
with oxygenated PSS at 37°C. Over a period of 60 min, rings 
were progressively stretched to the optimal point of their 
length-tension relation (determined previously to be 2 g). 
Subsequently, the median effective concentration (EC,,,) of 
norepinephrine (NE) was determined by exposing the tissues 
to increasing doses of NE (in half-log increments from 1O-9 to 
10m4 mohliter). Once a maximal response was obtained, the 
rings were washed repeatedly with fresh PSS for 60 min until 
the tension returned to the previous baseline value. Response 
to vasodilators was studied after precontracting the rings with 
the E&r of NE. After a stable contraction was obtained, the 
rings were exposed to increasing doses of the vasodilator. 

Histologic studies. On completion of the vascular reactivity 
studies, the iliac rings were fixed in 10% buffered formalin, 
embedded in paraffin, sectioned and stained with an elastic van 
Gieson stain for light microscopy and histomorphometric 
measurements. Measurements of intimal and medial cross- 
sectional areas (mm’) were made by a skilled observer (B.W.) 
who had no knowledge of the treatment groups. An eyepiece 
grid with 100 counting points (line intersections),-each 0.4 mm 
apart; was used (X),27,28). Total. grid area (mm2) was deter; 
mined by measurement of grid dimensions with a stage micro- 
meter at the same ‘microscope magnification used for point 
counts. Total area of the intima (or media) was defined as the 



Table 1. Bitzhcmiral hlcawrsmcnts 
----- -__ 

s \VCd.I III Wcch 
__- -___ 

Control C’hol Arc Cnmrol C’hol .$! 
(n -9) (n =- 0) (n .= IIQ ifl = 0) (P = 9) In ; IOl 

Total chokctcrnl (mg’s.11) 27.1 f 4.4 fiV.3 x 115. 7ftS.5 5 3.5 jr.' - lh.7 ‘I0.h f I15.J’ 6Yl.h + 3.5. 
HDL (mgtil) 22.Y -e 3.9 31,s x 3.4 Il.6 2 h.5 31,’ -- y ‘) 43 z x.4 3s T 7.4 
Argininc (mmol:litcr) 0.21 f 0.01 0.10 x o.cr2 0.4-I t Nllh ICI :. u.02 ll.l$I CIW II.44 2: rr.r1r 
- -- 

‘Significantly di5crcnt from control at the same time points. Data prcwntcd arc mean UIUC. ? SEM. Aq = f3.5’; ch~~lc~tcrol chw wpplcmcnlcd uilh I-qininc; 
Chnl = 0.V; cholesterol chow: Control = normal rahbit chow: HDL = high den+ liyyrcwin. 

number of grid points overlying the intima (or media). Area of 
each was calculated by the formula 0.01 (P) X grid area. where 
P is the number of points counted over the intima (or media). 
At least six cross sections from each vascular segment were 
analyzed and the values averaged. 

ImmunohistocbemU analysis. lmmunohistochemical anal- 
ysis was performed on tissue fixed in formaldehyde and 
embedded in paraffin, as previously described. Antibodies 
against rabbit macrophage (RAM 11, Dako Corp.) and alpha- 
actin (Sigma Chemical c0.j were used to identify macrophage 
and smooth muscle cells. Sections were incubated with the 
primary antibody for 1 h at room temperature, anti-rabbit 
immunoglobulin G (biotin conjugate) for 30 min and avidin 
peroxidase for 20 min. Peroxidase was visualized with chroma- 
gen (Zymed Laboratories Inc.). 

Regions of the arterial cross sections stained for macro- 
phages or actiu were quantified using the method of Ameli et 
al. (29). Measurements were made from projected photo- 
graphs of the immunostained tissue. The total area occupied by 
macrophages or by cells staining for actin was quantified by 
videomicroscopy (using computer-assisted planimetry) by an 
observer with no knowledge of the treatment groups. Area of 
the vessel wall was defined by the iniimal plus medial areas and 
the percent of the vessel stained for macrophages or actin- 
positive cells as determined by the previous method. 

Drugs. Ail solutions were prepared in distilled water, made 
fresh the day of the experiment, and stored on ice. Norepi- 
nephrine bitartrate, acetylcholine chloride and L-arginine hy- 
drochloride were purchased from Sigma Chemical Co. and 
nitroglycerin from DuPont Chemicals. 

Data analysis. Results are expressed as mean value ? 
SEM. Dose-response curves to norepinephrine are expressed 
as contractions in grams above the rest tension. The dose- 

response curves to acetylcholine or nitroglycerin arc expressed 
as the percent of tension attained by prccontraction with 
norepinephrine. To analyze dose-response curves, we deter- 
mined the maximal response (expressed as percent relaxation 
of the contraction in response to norepinephrine) and the 
median effective dose (expressed ar -log M) for each do!,+ 
response curve. These results are given as mean value 2 SEM. 
and comparisons between the three experimental groups were 
made by analysis of variance. Significance was accepted at the 
958 confidence interval. 

Results 
Sorum chemistry. At the 5 and IO-week time points, the 

plasma cholesterol level was markedly elevated in each of the 
two groups receiving the cholesterol diet compared with that in 
the rabbits receiving normal chow (Table 1). Dietary L-arginine 
did not have a significant effect on the plasma cholesterol level. 
Plasma HDL levels were similar in all three treatment groups. 
Plasma arginine levels were increased twofold in the group 
receiving L-arginine supplementation. 

Vascular reactivity. Vasoconstriction of the noninjured 
vessel in response to norepinephrine was not significantly 
different between the three treatment groups (data not shown). 
Vasodilation in response to nitroglycerin was not different 
between the three groups (Table 2). By contrast, vasodilation 
in response to the endotheliumdependent vasodilator acetyl- 
choline was attenuated in rabbits given the cholesterol diet 
compared with that in the group given normal chow. Arterial 
rings from hypercholesterolemic rabbits supplemented with 
L-arginine tended to have improved endotheliumdependent 
relaxation, although this difference from the other hypercho- 
lesterolemic group failed to achieve statistical significance 

Tabte 2. Endothelium-Dependent and Endothelium-Independent Vasodilator Responses of 
Noninjured Rabbit Iliac Arteries 

Ccmt 
(n = 9) 

EC,,, t-h W Maximal Relaxation (5 J’ 

Cont Ar. 
(“?!I, (20) (It = 9) (n?, (n = 10) 

Acetykboline 73 t 0.1 ‘7.2 2 0.1 7.0 2 0.2 72 2 5 31’+ 6t 46 4 3t 
Nitroglycerin 6.4 2 0.2 6.4 ? 03 6.3 z 0.3 92r2 !++2 97?1 

*Percentage of initial tension in respo& to nnrepinephrine. tp 2 0.05 versus mntroi (tint). Data presented are, 
mean value 2 SEM. Other abbreviations as in Table 1. 
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Figure 1. Endothelium-dcpendcnt relaxation of noninjured iliac !rtrry 
segments. Endnfhelium-dependent relaxation in response to acetyl- 
choline (Ach) is reduced in cholesterol-fed r&bits (squares) corn- 
pared with that in rabbits fed normal chow (triangles). Endotheiium- 
dcpcndcnt relaxation is partially restored in the hypercholcstrrolemic 
rabbits rccciving L-arginine supplementation (circles). 

(Fig. 1). Although the results are directionally similar to our 
previous work, the present study may have lacked the power to 
detect a significant difference. 

Histomorphometric analysis. There was only minor inti- 
mal thickening of the noninjured iliac arteries from rabbits 
given the cholesterol diet or the cholesterol diet plus L-arginine 
(intimal/medial [l/M] ratio 0.014 + 0.009 vs. 0.015 2 0.011, 
respectively, p = NS). Four weeks after balloon injury, the 
normocholesteroiemic rabbits developed typical lesions of 
myointimal hyperplasia. In contrast, injury in the hypercholes- 
terolemic animals produced a lesion that was quantitatively 
and qualitatively different. The mean intimal area after balloon 
injq in the hypercholesterolemic rabbits was 0.69 mm2 versus 
0.28 mm2 for those given the normal diet (p < 0.01) (Table 3). 
The intimal thickness of the injured iliac arteries from the 
cholesterol-fed group was markedly increased compared with 
that in the injured iliac arteries from the normocholester- 
olemic group (I/M ratios 1.67 2 0.36 vs. 0.90 -C 0.24, p < 0.01). 

In the 10 hypercholesterolemic rabbits supplemented with 
L-arginine, intimal lesion formation was significantly reduced 
compared with that in the 9 hypercholesterolemic animals 
given vehicle, (0.34 vs. 0.69 mm’, p < 0.01) and was not 
significantly different from that of injured vessels from the 
normocholes!ero!emic rabbits (Table 3). The mean I/M ratio 
of injured arteries from the group given arginine supplemen- 
tation was also reduced compared with that in the vehicle- 

Table 3. Histomorphometric Measurements of Injured Iliac Arteries 

Diet 
Intima Media 
(mm’) (mm’) I/M Ratio 

Control (II = 9) 0.28 + 0.09 0.32 ? 0.05 0.90 ~‘0.24 
ChnI (II = 9) 0.69 f 0.12’. 0.46 2 0.04’ 1.67 -t 0.36’ 
Arg (n =’ 10) ,0.34 t 0.08t. 0.42 + 0.03’ 0.92 f, 0.26t 

‘Significantly different from Control group. tSignificantly different from 
Chol group. Data presented are mean value 2 SEM. I/M = intimaI/medial; other 
abbreviations as in Table 1. 

treated group (iLO I!I 0.25 vs. 1.67 t 0.35. respectively, p < 
1l.01) (Fig. 1). 

lmmunohistochemical analysis. The injured iJiac arteries 
from normocholcstcrolrmic animals manifested intimdl lesions 
that were composed primarily of smooth muscle cells as 
demonstrated by staining for alpha-actin, with onl! rare stain- 
ing for macrophages. 

Noninjured iliac arteries from rabbits given the 0.5% cho- 
lestcrcl diet displayed minimal thickening largely due to 
intIm,, ,nacrophage infiltration. In the contralateral iliac ar- 
teries that had undergone injury. a marked increase in intimal 
thickening was noted. These lesions were composed of vascular 
smooth muscle cells and macrophages. There was also intense 
macrophage infiltration of both the media and adventitia (Fig. 
2, top). An analysis of the cross-sectional area of macrophage 
staining in relation 10 total vessel area revealed that 28% of the 
vessel wall stained for macrophage versus only 2.9% in the 
lesions of injured vessels from normocholesterolemic rabbits 
(Fig. 3). 

The addition of L-arginine to the cholesterol diet signifi- 
cantly reduced macrophage accumulation in the injured iliac 
arteries. In hypercholesterolemic rabbits given arginine, there 
was a sixfold reduction in the percentage of the lesion that was 
composed of macrophages (5% vs. 28% p < 0.001) (Fig. 3). 
The macrophapes were largely confined to the intima, in 
contrast to the generalized involvement of the vessel wall 
observed in lesions from injured arteries of hypercholester- 
olemic animals given vehicle (Fig. 2, bottom). 

Discussion 
Salient findings. The salient findings of this investigation 

were as follows: 
1. Vascular injury in the setting of hypercholesterolemia 

produces a lesion that is quantitatively and qualitatively differ- 
ent from that observed in normocholesterolemic rabbits. These 
lesions are more exuberant and are composed of intimal 
vascular smooth muscle cells as well as macrophages infiltrat- 
ing the entire thickness of the vessel wall; 

2. To our knowledge, we report for the first time that the 
lesions induced by vascular injury in hyprcholesteroiemic rabbits 
are markedly reduced by oral administration of arginine. 
Moreover, we find that the nature of the lesion is altered, with 
a striking reduction in the percentage of macrophages com- 
prising the lesion. 

3. We speculate that this effect of arginine is mediated by 
its metabolism to NO. We and other investigators (19-21) 
have shown that arginine administration enhances vascular NO 
activity, reduces endothelial adhesiveness for monocytes and 
inhibits intimal lesion formation in hypercholesterolemic rab- 
bits. .We suspect that a similar mechanism is operative in the 
present’study, although we did not measure NO activity in the 
injured ,vessels. 

Vascular iqjny: effecti 00’ structure and fbction. The 
response to balloon injury in both normocholesterolemic and 
hypercholesterolemic states has been previously described 
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Fire 2. Photomicrographs of representative 
cross sections of iliac arteries ohtaincd 4 
seek< after balloon injury. Sections were 
stained for macrophage with a monoclonal an- 
tihodv to rabbit macrophage (RAM-II). Top, 
cholesterol-fed rabbit. Both intimal and medial 
thickening are observed, with foam cell infiltra- 
tion. There is diffuse staining for masrophage. 
Bottom, cholesterol-fed rahbit supplemented 
with L-arginine. There is a reduction in intimal 
lesion, with a marked reduction of staining 
against macrophage. 

. . . I -_ 

(9-11). In the absence of mechanical injury, long-term admin- 
istration of a hvpercholesterolemic diet produces an arterial 
lesion that is characterized by lipid-laden macrophages, or 
“foam cells.” By contrast, the lesion produced by vascular 
injury in normocholesterolemic rabbits is composed primarily 
of smooth muscle cells and a connective tissue matrix. In these 
vessels, the denuded endothelial layer eventually regenerates, 
but the endothelial cells may be irregularly sized, polygonal 
and not aligned with flow. When.vascular injury occurs in the 
setting of hypercholesterolemia, a quantitatively and qualita- 
tively different lesion is obseeed. This combination of vascular 
insults produces an exuberant myointimal lesion that is char- 
acterized by an intenti infiltiation of mononuclear cells,, 
largely macrophages. 

These alter&ions in vascular structure are atizited with 
changes in vascular function. Even after the endothelial 
monolayer has regenerated weeks after a vascular injury, 

endotheliumde-pendent relaxation is attenuated (9.10). This 
reduction in endotheliumderived NO activity that occurs after 
vascular injury is exacerbated by hyperlipidemia (11). 

These endotheliumdependent relaxations are largely due 
to NO, which is formed during the metabolic conversir? of 
L-nrginine to L-citrulline by NO synthaw (30$1). The aL&ty 
of NO is reduced in hypercholestemlemic animals and humans 
and is manifested by impaired endotheliumdependent vasodi- 
lation (32-36). This endothelial vasodilator dysfunction is 
rapidly reversed by intravenous admmistration of L-arginine 
(bui not o-arginine, which canno; be utilized by NO synthase) 
(12.18). The reversal of endothelial vasodilator dysfunction by 
exogenous arginine is paradoxic in that ‘the Michaelis constant 
(Km) of NO synthase is in the micromolar rulge, whereas 
plasma arginine levek, are in the 0.1 mmoUli!cr range (and 
intracellular levek are even higher). An explanation for this 
paradox may have been pravided by recent finding5 (37) that 
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Figure 3. Mxrophagc (hlP) L~m~cnt in ilk ;lrtcricc 4 c.c~‘ks ;Ittcr 
txdloon injur). D;~t;l arc cxprrswl il< a purrcnt of the WSWI (inrid 
plus mcdiul xw) that ronGns rnamph;lys (,mcan arc;1 -- SEXI). 
HAloon isjury in h~~rchl,)~st~rr~l~mic rahhib f(‘ll!!l-) rcwh\ iid .I 

tnilrl;cd inrlca\c in art&l m;lcrclphagc ctJ.llcnt compilrctl with that in 
injured iliac ;Irtcrics trl,m r;lbhit+ fed normal chw (NJ. hlxroph I~C 
ckmtcnt in iliac artcries from il!~rcholc~tcrol~niic rahhits rccc ving 
I.-argininc (ARC) is +gnificantly rcduccd ron?p::~d v,ith th;lt in thr: 
CHOL. group. .‘p .-r: (1.111. ARG group versus N group. 

the plasma Ievcl ~jf the cndogcno~s inhibitor of NO synthase. 
asymmetric dimcrhyl argininc. is elcvatcd in hypercholrstcr- 
olemic labhits. 

In ;tddibon to its vasodilator properties. NO !‘s known to 
inhihit a variety of processes that are involved in athorogcnesis. 
including platclct adherence and aggregation. vascular smooth 
muscle proliferation and monocyte adherence (13-17). Evi- 
dence from our laboratory and others (3d-JO) indicates that 
NO downrcgulatcs the endothclial expression of monocytc 
chcmotactic protein (MCP-I) and vascular cell adhesion mol- 
ecule (VCAM). which play critical roles in monocyte- 
rndothelial cell interaction. Nitric oxide may exert these effects 
in pal t bj inhibiting the activation of oxidant-responsive tran- 
scriptional pathways that mediate the expression of adhesion 
molecule:, and chemokines (38-42). Therefore, it seems plau- 
sible that the impairment of vascular NO activity observed in 
hypercholesterolemia could promote atherogenesis through a 
mechanism in which monocyte-endothelial cell interactions 
are increased. Restoration of NO activity would then be 
predicted to inhibit atherogenesis. a. 

Arginine restores NO activity. Indeed. in hypercholester- 
olcmic rabbits, arginine administration enhances NO elabora- 
tion (as documented by bioassay and chemilumincscence), 
reduces endothelial adhesiveness for monocytes and inhibits 
accumulation of monocytes in the vessel wall (19-21). By 
contrast, inhibition of endothelial NO synthase augments 
cadotheliai adhesiveness for monocytes and accelerates 
atherogenesis (19,43). 

The results of the present study are concordant with this 
hypothesis. Indeed; administration of L-arginine reduced mac- 
rophage accumulation in the injured vessel wall by’w)% in 
hyperchQlesierolemic rabbits. It ‘is possible that the saluta)ry 
effects of arginine in this study were in part mediated by NO 
synthase expressed.by vascular cells in the media. Normally, 
NO synthase is not expressed by vascular smooth muscle cells. 

%\\.cwr. ;Iflcr b;tll~wn injuc in ;tnimal model\, NO <!,nthasc 
ih inducer.1 locnlly in ~hc vascular smooth MJSCIC. its mcusured 
hy hilXl\\il~ and rcvcrcc transcription-pc)l~nleriI~~ &in reac- 
tion (4-l. 15). Tbc production of NO by vascular s;qoo!h muscle 
not oni! atfccts its co&,tctilily. hul appcarc to Nuppress its 
proliferation. Earlier obscmations by Garg and iiassid (18) 
rc\caIcd that NO donors supprcsl;ed the proliferation of 
v;lscular smooth muscle ccllh in culture. This effect of NO 
donors may bc due in part to clcsations in intracellular L?/clic 
guanosinr: monophosphate (cGMP) because analogue., of 
cGMP. as well as other agonists of this pathway (Le.. atrial 
nltriurctic peptide) have similar effects. 

Dicta? arginine suppresses ncointimal formation in the 
halloon-injured iliac artery of non~lcv.~lrcks/r~~/~/~~t~li~ New Zca- 
land White rabbits (22-24). It is not known whether this effect 
is due to an enhancement of the Yc) synthasc paihway in the 
regenerating endothelium or vascular smooth muscle, or both. 
Recently. H’S used a more direct method to determine whetber 
activation of the NO synthase pathway in vascular smooth 
muscle cells could inhibit their proliferation in vivo after 
balloon injury (#I). The common carotid artery of rats was 
subjected to halloon injury. then transfected with a control 
vector or a plasmid construct containing the corrr’smentary 
DNA for the constitutive isoform of NO synthase. CL-otid 
arteries transfected with the NO synthasc construct expressed 
significantly more NO svnthase and elaborated nearly normal 
amounts of NO. The increased expression and activity of NO 
synthase in the vessel wall was associated with a 75% reduction 
in intimal thickening 2 weeks after the injury. 

Conclusions. WC demonstrated that in the setting of hy- 
percholesterolemia, vascular injury products an exuberant 
lesion composed of macrophager (which infiltrate the entire 
thickness of the vessel wall), as well as vascular smooth muscle 
cells. Dietary supplementation with L-arginine quantitatively 
and qualitatively alters the lesion, with a marked reduction in 
intiltrating macrophages. The effect of I.-arginine is most likely 
rliidiated by its metabolism to nitric oxide, which is an 
antagonist of vascular smooth muscle cell proliferation and a 
potent inhibitor of adhesive inte:actions of circulating blood 
elements with the vessel wall. 

References 
I. Mandcrron JA. Mow PR. Sahratrom JA. ct al. fkdltwm cathctcr injury to 

rahhit cwoGd artcry. 1. Change in smwh muscle phcntrtypc. Artsrio&- 
rohis 19X9:9:2X9-9X. 

2. Hank 21. Slrohschncidcr T. ObcrlwfT .M. ct al. Time muw of rmtmlh 
murk ccl1 prolifcrakm in the intima and media of ark+ following 
rupcrimcntal angioplasl!. Circ Rcs lYYll;67:6S1-‘5. 

3. Liu MW. Rouhin GS. King SB. Rcstcnosis after coronmv angioplasty. 
Potential hiolwtic dctcrminants and role of intimrl hvwrulask. Circulation 
19XY;79:1374-i7. 198Y;79:1374-i7. 

s. . s. . 

4. Lindnir V. Rcidy MA. Prolifcwkm of smooth musk culls aher vascular 4. Lindnir V. Rcidy MA. Prolifcwkm of smooth musk culls aher vascular 
injury i, inhihited ,b an antitx* aidinst basic fihrohlast grwth factor. Prtr injury i, inhihited ,b an antitx* aidinst basic fihrohlast grwth factor. Prtr 
NatI Acad SC1 USA lYYl:xX:3739-43: NatI Acad SC1 USA lYYl:xX:3739-43: 

5. Fintwlc J. Johnson R. Ckwcs AW, et al. Rolr of plrlelcls in smooth muscle 5. Fintwlc J. Johnson R. Ckwcs AW, et al. Rolr of plrlelcls in smooth muscle 
ccliprolifcraticm and migntiin after vawdar iijury in rat cdmtid artery. 
Prtx Nat1 Acdd sci USA 19X9$fxWl?-h. 

b. Ferns GA, Raincs EW. Sprugcl KH. et al. Inhihitinn of neointimal smooth 



J.‘,‘.c’C‘ ‘...:!. 2% vr, ‘. ..G_ ., 
.%trxmtw Ii. l!M~:~.ii.~ ‘I 

mu.5cle ;Iccumul;llion ;If!cr ;mgu~pl.~$ h! .tn ;mlitrcd! tra 1’1 )(;I-. kicna 
I’rYI:353:1 I?‘)-3. 

7. %jcsky MW. Rcidl MA. U.wn-I+lpc III‘. t’l ;II. mw liqnd ;IWI rcccphv 
gcnc crprruic~n durmg repair I$ :xIcri;ll inju?. J C’cil Bill1 IY%‘xI:ll I:?l?J-5h. 

A. G;rrg UC. Haeid A. Sitric clridc-pencrating wodilbwr and h-brlmnn?& 
gumwsinc nor!oph~~~phaIc inhibit miI+wIc+ , xl proltfcrarion of b:Liturcd 
rat vascular ~rnwIh muscle cells. J Clin In\,,1 1YHY:b.i:1774-7. 

9. Shimokwa H. Aarhur LL. ;‘anhowc PM. Porcine corcmq xtcric\ wh 
rcgrncraIcd cndot!wlium h.w 3 rcducsd cntlo~hrlium rqwnsi\cn~e 11, 
aggrcgatinb pl&le~z and wnrIonin. Circ Rc* lY~i:hl:%-31. 

IO. Wridingcl FF. McLcnath;ln JXI ‘~yhulrk~ MI. CI 31. Pcr&snI d~4uncIiun 
of rqcncr&d cnduthclium aftul halh~m ancillpl;rrl! of Ihc rahl~i1 ilix 
ancry. Circulalion IwO:I(l :lM17-79. 

I I. Wcidingcr FF. McLcnxhan JM. C!huhk! MI. e1 al. Hy~rch~~lc*~~r~ilcmia 
cnhanccs macrophacc rcrruifment and d!sfunc!ion of rcgencrsIrd coduthc- 
lium afIcr halltwn inju? of the rabbit itix artcp. CirculaIwn lY91:?;-1:755- 
67. 

I?. C‘cloke JP. tindon NA. Circrd XJ. Hirsch AT. Crrvgrr MA. Argininc 
rcsIorcs cholincrgic rclaualion of hy~rchulc~tenrlcmic r&i1 Ibracic anrt;~. 
Circulation IYY I:K3:IlL’17-h!. 

13. Minor RL Mken PR. Gucrm R. Bales JN. Harriam DG. Diebinduccd 
athcrosclcrtnis incrcascr the rc!ruw of nitroyrn o\-idc, from nhhit so,&. 
J Clin Inwt IY9llzt&:!IIR-lh. 

14. Ratimski MW. Palmer RMJ. Mwcada S. Comparahw pharmacvl~~~ rlf 
cn.lolhclium-drrivud rclawng facbr. nitric olidc. and prtntqclin in plalc- 
lets. Br J Pharmacol 19X7:92:IXI-7. 

1.5. Yao S. Ohcr JC. Kriahnawami .4K ~‘1 al. Endopwu\ nitic t&k pniird. 
agains plarelct aggregation And cyclic lb variation> in \Icmncd ;mJ 
ctnlothelium-injured anrria. Circulalion lW!:sh:l3ll2-Y. 

16. Stamlcr JS. McndclwhI, ME. AmaranIc P. CI ai. N-accI~lc+inc polcnlialcr 
platelet inhibition b cnduthclium-dcriwd r&xing brtor. Circ Rcb 19S955: 
7!49-95. 

17. BaIh PMW. Ha41 DG. Gladwin A-M. Palmer RMJ. Ydrtin Jb \itric 
cxidc and prostaqclin: divrrgencc of inhibitory cffcct* on mcmtr?Ic chcmo- 
taxis and adhesion IO cndoIhclium in vitro. 4rtsricar!rr Thromh IyYi. I I: 
%-6ll. 

IW. Crcqcr MA. Gallqhcr SJ. Gircrd XJ. cl al. L-Arzininr improw 
cndothchum-dcpcndcm \asndilaIion in h!~rchc1l~cI~rolcmic human-. 
J Clin InvcrI IW?RI:I3X-33. 

19. TUO PS. McEwy LM Drcxler H. BuIchcr EC. Cwkc JP. Enhanwl 
cndothclial adhcsivcness in hyp~rchulc\t~rtilemin is alrcnuatcd hy 
L-argininc. Circulr*inn IY!J1:RY:217h-82. 

20. Cooke JP, Singer AH. Two P. Zcr;l P. Rtmrn M. Billingham ME. 
AnlinIhcroqic clfccts of L-argininc in Ihc hypwholcsIcrolcmic r&it. 
J Clin Invest I’w?:Yli:I If&72. 

?I. Wang B. Singer AH.Tsao P. Drcslcr H. Kox’k 1. Ctxlc JP. DirIac arginins 
?rcvcnIl; &*rogcncsis in Ihc corona? srtcy d Ihc hypcrcholc~wolrmic 
ratbit. J Am Coil Cardinl l9Yj:Z3:452-X. 

2. McNaman DB. Bcdi B. Aurora H. CI al. L-Argininr inhibits halloon 
cathctcr-induced inIimal hypcrplaria. Biwhcm Biophys Rcs Comm IW?: 
193:3l-6. 

2.3. Tarry WC. Yakhoul RG. I.-Argininc Improw cndnIhclium-drp‘ndrnt 
vawrclaxa~iun and rcduccs intimal hypcrphsia after halltwn an~iopla$. 
ArIcritwlcr Thromb IW4:14:93X-43. 

24. Hamon M. Vallrt B. Baurws B. ~1 al. Long-Icrm oral admini.rIraIian of 
L-arginine rrduccs inlimal thickening and enhancer ncwndorhrlium- 
dcpcndcnl accIylcholine-induced relaxation sfier arterial injuc. Circulalilm 
199kYtlJ57-hZ. 

25. Candipan RC. Hsiun PK. Pm11 RE. Ctxikc JP. Vaxular injury auFnicms 
rdrcncqic nrurorransminion. Circula6m lWUY:777-.U. 

2h. Allain CA: Pwn Ls. Ghan CSG. Richmond W. Fu PC. En~malic dulcrmi 
nation of I&II swum cholesterol laklrsctl. Clin Chem 11)74%4711-S. 




