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vessels.> Porphyria cutanea tarda is commonly associated
with HCV infection, and other disorders have been loosely
associated with the virus, including secondary Sjogren’s
syndrome, Moorhen’s corneal ulcer, hyper- and hypothy-
roidism, and myositis.*> The pathogenesis of these extrahe-
patic complications is not well understood.®

The myocardium is involved in a variety of viral infec-
tions. Myocarditis may be the primary disorder or may be
part of a systemic disease. Enteroviruses, coxsackievirus
B in particular,7 adenovirus,® and parvovirus,g’”’ have
been most often implicated in myocarditis. However, de-
spite extensive laboratory investigations, a suspected viral
etiology of clinically overt myocarditis often remains
unconfirmed, the evidence is only circumstantial, and a
direct irrefutable proof of cardiac involvement is not
established.''™*> On the other hand, a link between viral
myocarditis and the eventual development of dilated car-
diomyopathy is becoming more and more apparent.'* ¢

The importance of HCV in patients with myocarditis
and dilated cardiomyopathy has recently been noted.'’*?
In pursuit of this observation, this study was performed to
examine the prevalence of HCV infection among patients
enrolled in the Myocarditis Treatment Trial,”® and to see
whether myocarditis with HCV infection was associated
with biomarkers of myocardial injury.

Patient Population and Methods

The design of the trial, methods of random treatment assign-
ments, patient characteristics, and histopathologic techniques
used to diagnose myocarditis have been described previously.”'24
Briefly, consenting patients were eligible to enter the trial if they
had (1) suffered from heart failure of undetermined etiology for up
to 2 years, (2) an ejection fraction below 45% by radionuclide left
ventriculography, (3) myocarditis proven by endomyocardial biop-
sy, and (4) no contraindications to immunosuppressive therapy.
Endomyocardial biopsy was performed by standard techniques
according to local institutional practices, and the specimens
were fixed in formalin before being processed, sectioned, and
stained with hematoxylin and eosin. The initial histopathologic di-
agnosis of myocarditis was made at each enrolling institution. The
biopsy samples was then reviewed by a panel of 7 expert pathol-
ogists, and the diagnosis of myocarditis was confirmed according
to the Dallas criteria.” The Institutional Review Boards had ap-
proved, and study participants agreed to, the investigative use of
all biopsy and blood specimens.

Analyses of Anti-HCV Antibody, HCV RNA, HCV
Grouping, and Cardiac Troponins { and T,
and N-Terminal Pro-Brain Natriuretic Peptide

Sera from 1,355 patients were available among 2,233 enrolled.
Anti-HCV antibody was measured by AxSYM HCV Dynapack-1I
(Abbott Laboratories, Abbott Park, IL). HCV RNA was quantified
by AMPLICOR (Roche Molecular Systems, Inc., Pleasanton,
CA). HCV grouping was performed by polymerase chain reaction
assay.?® Circulating cardiac troponin I was measured by AxSYM
Troponin I (Abbott Laboratories). A cardiac troponin I equal to or
above 2.0 ng/ml was defined as abnormal. Cardiac troponin T and

N-terminal pro-brain natriuretic peptide (NT-proBNP) were mea-
sured by Elecsys (Roche Diagnostics, Tokyo, Japan).

Statistical Analysis

The chi-square test was applied to examine qualitative differ-
ences. Student’s t-test was used for comparisons of quantitative
variables. Linear regression analysis was performed for compar-
isons between cardiac troponins I and T. Values are expressed
as means * standard error. A P value <.05 indicates statistical
significance.

Resulis

Anti-HCV antibodies were present in 59 of 1355 patients
(4.4%), including 6 of 102 patients (5.9%) with biopsy-
proven myocarditis, and 53 of 1253 patients (4.2%) whose
biopsy specimens did not satisfy the Dallas criteria (Table
1). This prevalence of HCV infection was higher than
that estimated by the Centers for Disease Control and Pre-
vention (1.8%) in the general US population (P < .01).2
The widely variable prevalence of positive HCV antibody
among medical centers, between 0% and 15.4%, is shown
in Table 2.

Among 59 patients with HCV antibody, HCV genomes
were found in the sera of 29 patients (49%). Group 1
HCV was detected in 23, group 2 in 1, and unclassifiable
HCV in 5 patients. The mean concentration of circulating
HCV was 159 * 37 kU/mL (range 1-800 kU/mL., Table
3). Cardiac troponin I concentrations, measured in the
sera of patients with positive HCV antibody (Table 3)
were greater than 2.0 ng/mL in 17 of 56 patients (30%),
and c¢TnT was detectable (=0.01 ng/mL) in 28 of 59 pa-
tients (48%) with HCV antibodies, suggesting the persis-
tence of ongoing myocardial injury. A positive correlation
was found between circulating concentrations of ¢Tnl and
¢TnT (y = 37x + 0.084, = 0.59, P < .0001). We also
measured cardiac troponins I and T in the sera from 50 ran-
domly selected patients presenting with myocarditis with-
out HCV antibody. Cardiac troponin I tended to be higher
in patients with than patients without HCV antibody (1.9
*+ 0.6 versus 1.4 = 0.2 ng/mL, P = .2). Cardiac troponin
T was slightly higher in patients with, than in patients with-
out HCV infection (0.047 %= 0.013 versus 0.039 = 0.013,
P = .55), though the difference was not statistically

Table 1. Prevalence of Hepatitis C Virus Infection in
the Myocarditis Treatment Trial

Myocarditis - Positive/Total (Number of Patients)  Frequency
Present 6/102 5.9%*
Absent 53/1253 42%'
Total 59/1355 4.4%!

Comparison with prevalence of 1.8% in the general US population
(n = 21,241)>

*Chi-square = 9.5, P < .0l.

Chi-square = 36.9, P < .001.

Chi-square = 43.5, P < .001.
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Table 2. Prevalence of Hepatitis C Virus Infection at Individual Institutions Participating in the Myocarditis Treatment Trial

Myocarditis
Total Present Absent
Institution +/Total % +/Total % +/Total %
Beth-Israel Medical Center, New York 2/13 154 171 100.0 1/12 8.3
University of Cincinnati 6/64 9.5 1/4 25.0 5/60 8.3
University of Connecticut, Farmington 10/107 9.4 0/5 0.0 10/102 8.7
University of Tennessee, Memphis 5/60 8.3 0/2 0.0 5/58 8.6
Oregon Health Science Center, Portland 2121 7.4 1/4 25.0 1/23 4.4
University of Michigan, Ann Arbor 4/60 6.7 1/6 16.7 3/54 5.6
University of Ottawa, Canada 1/15 6.7 0/1 0.0 1/14 7.1
Loyola University, Maywood, IL 2/34 5.9 2/19 10.5 0/15 0.0
St. Louis University, MO 1720 5.0 0/0 None 1/20 5.0
University of Pennsylvania, Philadelphia 2/43 4.7 0/6 0.0 2/37 5.4
Winthrop University, Mineola, SC 6/131 4.6 0/10 0.0 6/121 5.0
University of Utah, Salt Lake City 2/53 3.8 077 0.0 2/46 4.4
Beth Israel Hospital, Boston 3/84 3.6 0/3 0.0 3/81 37
Massachusetts General Hospital, Boston 6/173 35 0/8 0.0 6/165 3.6
University of California, San Diego 1/29 35 0/0 None 129 35
Cleveland Clinic, Cleveland, OH 1/32 3.1 0/2 0.0 1/30 33
University of California, Los Angeles 2/71 2.8 0/3 0.0 2/68 2.9
Toronto General Hospital, Toronto, Canada 2/139 1.4 0/9 0.0 2/130 1.5
Ohio State University, Columbus 1/89 1.1 0/4 0.0 1/85 1.2
Baylor College of Medicine, Houston, TX 0/8 0.0 0/7 0.0 0/1 0.0
Mt Sinai Hospital, New York 0/13 0.0 0/0 None 0/13 0.0
New York City College, New York 0/36 0.0 0/0 None 0/36 0.0
University of Nebraska, Omaha 0/19 0.0 0/0 None 0/19 0.0
University Hospital, London, Canada 0/1 0.0 0/1 0.0 0/0 None
University of Pittsburgh 0/25 0.0 0/0 None 0725 0.0
Tulsa Heart Institute, OK 0/2 0.0 0/0 None 0/2 0.0
Minneapolis Heart Institute, MN 0/7 0.0 0/0 None 0/7 0.0
Total 59/1,355 4.4 6/102 59 53/1,253 42

+/Total = number of patients with positive HCV antibodies/number of patients studied at that institution.

significant. Cardiac troponin I tended to be higher in 6 pa-
tients with (2.5 ® 1.3) than in 53 patients without biopsy-
proven myocarditis (1.8 = 0.7 ng/mL, P = .75). Cardiac
troponin T was similar in both groups (0.04 * 0.02 versus
0.05 = 0.01 ng/mL, P = .84).

The concentrations of NT-proBNP were elevated (=55
pg/mL) in 42 of 42 patients (100%) with HCV antibodies,
(10,000 %= 5860 pg/ml.), a mean value significantly greater
than in 1276 patients without HCV antibody (2508 * 160
pg/mL, P < .0001).

Discussion

Evidence accumulated in the past few years indicates
that the immune system clears the virus from the blood-
stream during the initial infection in 15% to 25% of individ-
uals infected with HCV, whereas in the remaining 75% to
85%, the disease becomes chronic. Hepatocytes killed by
the HCV are replaced by fibrotic tissue, ultimately resulting
in cirrhosis in 10% to 20%, or in hepatocellular carcinoma
in 1% to 5% of chronically infected patients. However, the
majority of patients develop none of these complications as
late as 20 years after the onset of infection.! Approximately
two thirds of patients suffer from minimal, nonspecific
changes or from mild chronic persistent hepatitis, whereas
approximately 20% develop chronic active hepatitis.

Predictors of more severe or more rapidly progressive dis-
ease are older age, immunodeficiency, concurrent alcohol
abuse, and certain HCV strains and high degrees of genetic
heterogeneity.’

We were able to identify anti-HCV antibodies, HCV
RNA, NT-proBNP, and cardiac troponin I and T in sera
stored for up to 17 years and found the antibodies to be
more prevalent in patients with myocarditis than in the gen-
eral US population. The amounts of HCV RNA recovered
varied widely among patients. Furthermore, whereas the
prevalence of HCV infection in patients with active myo-
carditis and biopsy specimens that met the Dallas criteria
tended to be higher than in patients without active myocar-
ditis, the latter also had a higher prevalence of infection
than the general population. It appears that, as observed
with liver disease, the severity and time course of myocar-
ditis associated with HCV infection is highly variable.

In an initial study, we evaluated 31 patients with cardio-
myopathy and myocarditis by polymerase and found HCV
RNA in 6 patients with dilated cardiomyopathy (19.4%)."”
In a collaborative research project of the Committees for
the Study of Idiopathic Cardiomyopathy in Japan, HCV
antibody was found in 42 of 663 patients with dilated
cardiomyopathy (6.3%), significantly higher than the
2.4% prevalence in age-matched volunteer blood donors
in Japan.?®
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Table 3. Quantification of Hepatitis C Virus RNA and
Classification of Hepatitis C Virus, NT-proBNP, and
Cardiac Troponin I and T in Sera of Patients With
Positive Antibody Against Hepatitis C Virus

ProBNP Troponin-I  Troponin-T HCV-RNA HCV

(pg/mL) (ng/mL) (ng/mL) (kU/mL)  group Dx
217907 5.5 0.05 20 — (=)
122766 1 0.27 560 1 (=)
20285 2.1 0.1 800 i (-)
13692 0.3 0.08 130 1 (=)
8537 0.7 0 <0.5 —_— (=)
4982 1.9 0.04 <0.5 1 )
3276 0 0 120 1 ()
2570 353 0.58 <0.5 — (=)
2499 0 0 <0.5 — (=)
2455 5.4 0.1 130 1 (=)
1751 0 0 14 1 (+)
1713 0.4 0 15 1
1700 7.8 0.17 8.9 1 (=)
1563 1.5 0.04 <0.5 — )
1558 11 0.03 210 1 (=)
1368 ND 0.06 <05 1 (=)
1168 0 0 <05 1 (=)
992 3 0.06 <05 -
940.1 0.6 0.38 210 1 (=)
881 0 0 120 )
854.1 0 0 130 1+
838.2 14 0.01 150 i (=)
680.2 0.3 0.04 <0.5 (=)
677.1 2 0 <05 I (=)
633.9 0 0 <05 )
585.7 2.1 0.05 <0.5 1 (=)
528.4 1 0 51 1 )
493 15 0 26 1+
477.6 8.3 0.12 <0.5 — ()
471.6 2.3 0.09 <0.5 2 (=)
471.1 0 0 1 |
4132 0 0 <0.5 — (9
394.6 0 0.01 <0.5 — (=)
391.6 ND 0 <0.5 1 (G
3733 13 0 8.9 — (=)
3255 0.4 0 170 1 (-
2242 2.6 0 410 1 (=
2239 0 0 19 — (=)
196.7 0.5 0 <0.5 — ()
140.2 4 0.1 120 1 ()
91.57 2.1 0 <0.5 — (=)
59.86 1.6 0.02 18 2 (=)
ND 0.6 0 610 1 )
ND 0 0.01 230 -
ND 0 0 180 — (=)
ND 0.2 0 110 1 =)
ND 0.2 0 36 1 (=)
ND 24 0.09 65 1 (=)
ND 24 0.11 <0.5 — ()
ND 21 0 <05 — (=)
ND 2 0.06 <05 — (+)
ND 1.6 0.04 <0.5 -
ND 0.1 0 <05 —_ (=)
ND 0 0.06 <05 1 (A
ND ND 0.04 <0.5 — (=)
ND 0.3 0 <05 - )
ND 0.2 0 <0.5 — (=)
ND 0.1 0 <05 — ()
ND 0.1 0 <05 - (=)

—) = myocarditis absent; biopsy specimens satisfied Dallas criteria.
+) = myocarditis present; biopsy specimens did not satisfy Dallas
criteria.

ND = not done.

—~—~

In a collaborative multicenter study conducted by the
Scientific Council on Cardiomyopathies of the World Heart
Federation, we recovered HCV genomes in the hearts from
2 of 11 patients with dilated cardiomyopathy and myocar-
ditis from Italy (18%), and in the hearts of 4 of 11 patients
from the US (36%), 2 of whom suffered from myo-
carditis and 2 from arrhythmogenic right ventricular cardio-
myopathy.*?

Okabe et al have reported the recovery of positive and
negative strands of HCV RNA in paraffin-embedded cardi-
ac tissue blocks from patients with chronic active myo-
carditis.'® In a previous study, we found both B-actin
gene and HCV RNA in a heart autopsied in 1979, confirm-
ing that HCV genomes are preserved for at least 19 years,
and that HCV RNA can be detected in tissue specimens
preserved for many years.”® Both positive and negative
strands of HCV genomes were detectable, suggesting that
HCYV replicates in the myocardium.

We also analyzed postmortem specimens from patients
with dilated cardiomyopathy obtained from the University
of Utah, and found HCV RNA in 8 of 23 hearts (35%)
with positive actin genes.22 However, there were wide var-
iations in the rates of HCV genomes detection among dif-
ferent cities. HCV genomes were detected in none of 24
hearts from St. Paul’s Hospital in Vancouver, Canada.??
This suggests that the frequency of cardiomyopathy caused
by HCV infection varies among different regions or differ-
ent populations. A negative association between HCV
infection and dilated cardiomyopathy has been reported
by European investigators,”®3® although these discordant
results may be due to inappropriate controls, incomplete
clinical investigations, or regional or ethnic differences.

Progress has been made recently in the identification of
new serum markers of myocyte injury.®’ Cardiac troponin
I, which regulates the calcium-mediated interaction be-
tween actin and myosin, is a sensitive and highly specific
serum marker of cardiac injury.>? Because most of the car-
diac troponin I is physically associated with the myocyte
contractile apparatus, it is released slowly into the serum
and can be detected for up to 14 days after cardiac injury.
This provides a wider window to detect cardiac injury
than was previously available with markers such as creatine
kinase-MB. In a previous substudy of the Myocardial Treat-
ment Trial, cardiac troponin I was elevated in patients with
myocarditis and its measurement identified reliably patients
who had histologic findings consistent with this diagno-
sis.> In this study, elevated concentrations of cardiac tropo-
nin I and T were found in significant numbers of patients,
suggesting the persistence of ongoing myocardial injury.
Because the activity of antibodies against HCV and the
structure of cardiac protein such as troponin I and T may
be partly lost during prolonged storage, the true prevalence
may be higher than measured in this study. High serum
concentrations of cardiac troponin I and T are prognostic
markers of poor prognosis in patients with heart failure.>*>°
Serial measurements of serum concentrations of cardiac
troponins seem reliable to monitor myocyte injury, and
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we have hypothesized that, in patients with cardiomyopathy
and heart failure, therapeutic interventions which improve
the long-term prognosis should be associated with a fall
in cardiac troponin T. Increased concentrations of circulat-
ing NT-proBNP have been proposed as a marker of symp-
tomatic cardiac dysfunction and a prognostic marker in
heart failure,3*3% and NT-proBNP has been shown to be
the most sensitive marker of myocardial dysfunction and
the most powerful prognostic factor in the specific form
of cardiomyopathy from amyloidosis. In our study, NT-
proBNP concentrations were increased in all patients with
HCYV antibody, and the increases were greater than in pa-
tients without HCV antibody. In patients with heart failure
from HCV myocarditis, NT-proBNP is a more sensitive
marker of myocardial injury than cardiac troponins.

Because NT-proBNP can be measured in serum as well
as in plasma, the measurements of NT-proBNP can be per-
formed more broadly in specimens from previous studies
stored as sera instead of plasma. Measurements of a serum
marker highly sensitive and specific for cardiac myocyte in-
jury, such as NT-proBNP or cardiac troponin I or T, at the
time of evaluation of patients with HCV infection may be
an important first step toward the design of new methods
to diagnose HCV-induced myocarditis.

Because HCV infection is a newly recognized and impor-
tant cause of myocarditis, we propose the establishment of
a collaborative global network to more precisely measure
the prevalence of its cardiac involvement, and to conduct
a therapeutic trial.
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Overexpression of endothelial nitric oxide synthase
accelerates atherosclerotic lesion formation in
apoE-deficient mice

Masanori Ozaki,! Seinosuke Kawashima,! Tomoya Yamashita,! Tetsuaki Hirase,’
Masayuki Namiki,! Nobutaka Inoue,! Ken-ichi Hirata,! Hiroyuki Yasui,?
Hiromu Sakurai? Yuichi Yoshida,® Masahiro Masada,® and Mitsuhiro Yokoyama!

IDivision of Cardiovascular and Respiratory Medicine, Department of Internal Medicine,

Kobe University Graduate School of Medicine, Kobe, Japan
2Department of Analytical and Bicinorganic Chemistry, Kyoto Pharmaceutical University, Kyoto, Japan
3Laboratory of Biochemistry, Faculty of Horticulture, Chiba University, Chiba, Japan

Nitric oxide (NO) derived from endothelial NO synthase (eNOS) is regarded as a protective factor
against atherosclerosis. Therefore, augmentation of eNOS expression or NO production by phar-
macological intervention is postulated to inhibit atherosclerosis. We crossed eNOS-overexpressing
(eNOS-Tg) mice with atherogenic apoE-deficient (apoE-KO) mice to determine whether eNOS over-
expression in the endothelium could inhibit the development of atherosclerosis. After 8 weeks ona
high-cholesterol diet, the atherosclerotic lesion areas in the aortic sinus were unexpectedly increased
by more than twofold in apoE-KO/eNOS-Tg mice compared with apoE-KO mice. Also, aortic tree
lesion areas were approximately 50% larger in apoE-KO/eNOS-Tg mice after 12 weeks on a high-cho-
lesterol diet. Expression of eNOS and NO production in aortas from apoE-KO/eNOS-Tg mice were
significantly higher than those in apoE-KO mice. However, eNOS dysfunction, demonstrated by
lower NO production relative to eNOS expression and enhanced superoxide production in the
endothelium, was observed in apoE-KO/eNOS-Tg mice. Supplementation with tetrahydrobiopterin,
an NOS cofactor, reduced the atherosclerotic lesion size in apoE-KO/eNOS-Tg mice to the level com-
parable to apoE-KO mice, possibly through the improvement of eNOS dysfunction. These data
demonstrate that chronic overexpression of eNOS does not inhibit, but accelerates, atherosclerosis
under hypercholesterolemia and that eNOS dysfunction appears to play important roles in the pro-
gression of atherosclerosis in apoE-KO/eNOS-Tg mice.

J. Clin. Invest. 110:331-340 (2002). doi:10.1172/JCI200215215.

Introduction

Nitric oxide (NO), constitutively produced by endothe-
lial nitric oxide synthase (eNOS), is a potent powerful
vasodilator and possesses various vasoprotective effects
such as inhibition of platelet aggregation, suppression
of adhesion of leukocytes or monocytes on the
endothelial surfaces, and inhibition of proliferation
and migration of vascular smooth muscle cells. Because
of these biological actions, eNOS-derived NO is regard-
ed as an antiatherogenic facror. The observation of
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impaired endothelium-dependent vasorelaxation in
hypercholesterolemia indicates that the loss of NO
bioactivity is an early feature of atherosclerosis (1, 2).
Therefore, preservation of NO bioactivity in the vessel
walls might be one of the therapeutic strategies to
inhibit the development of atherosclerosis. Indeed,
administration of NO precursor L-arginine is demon-
strated to restore the depressed endothelium-depend-
ent vasodilatation in hypercholesterolemic rabbits and
humans (3, 4). In addition, chronic administration of
L-arginine is exhibited to cause the regression of preex-
isting intimal lesions through the restoration of NO
bioactivity (5) and to inhibit the progression of ather-
osclerosis in cholesterol-fed rabbits and LDL recep-
tor-deficient mice (6, 7). Therefore, upregulation of
eNOS expression or restored NO bioactivity has been
expected to inhibit the development of atherosclerosis.

Recently, the gene therapy of NOS was designed to
increase or restore vascular NO production under the
pathological situations in which the bioactivity of NO
is reduced. In vivo gene transfer of eNOS or neuronal
NOS is demonstrated to improve or augment NO-
mediated vasorelaxation in atherosclerotic arteries (8).
Furthermore, the gene transfer of eNOS could reduce
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adhesion molecule expression and inflammatory cell
infiltration in carotid arteries of cholesterol-fed rabbits
(9). Accordingly, the gene transfer of NOS has been
expected as a favorable candidate of therapy for the pre-
vention or inhibition of atherosclerosis. However, these
beneficial effects are examined only in the short term
by using a pharmacological approach or transient gene
transfer. Furthermore, NOS itself produces superoxide
anions in the absence of its substrate L-arginine or
cofacrors (10, 11). The long-term outcomes of gene
delivery of NOS remain unclear, and its effects on vas-
cular structures are undetermined. From these view-
points, the actual roles of eNOS in the development of
atherosclerosis should be examined by using the model
that chronically overexpresses eNOS at the vessel walls.

In this study, we aimed to investigate the long-term
effects of eNOS overexpression in the endothelium on
the development of atherosclerosis by using genetical-
ly engineered mice. eNOS transgenic (eNOS-Tg) mice,
which chronically overexpress eNOS in the vascular
endothelium, show various vasoprotective effects on
different vascular injury models by overproducing
endothelium-derived NO (12-14). ApoE-deficient
(apoE-KO) mice, a well-known animal model of ather-
osclerosis whose lesion development is similar to that
observed in humans (15), were crossed with eNOS-Tg
mice to generate eNOS-overexpressing apoE-KO
(apoE-KO/eNOS-Tg) mice. We found promotion of
atherosclerosis in apoE-KO/eNOS-Tg mice in compar-
ison with apoE-KO mice, possibly due to the dysfunc-
tion of overexpressed eNOS in the endothelium that
resulted in decreased NO bioactivity and enhanced pro-
duction of superoxide. Supplementation with a NOS
cofactor tetrahydrobiopterin (BHg) reversed eNOS dys-
function and inhibited atherosclerotic progression.
Our study provides evidence that the preservation of
eNOS function rather than eNOS expression is essen-
tial for the prevention of atherosclerosis.

Methods

Materials. Diaminofluorescein-2 diacetate (DAF-2 DA)
and 2-methyl-6-(4-methoxyphenyl)-3, 7-dihydroimida-
zol [1, 2-a] pyrazin-3-one-hydrochloride (MCLA) were
purchased from Daiichi Pure Chemicals Co. (Tokyo,
Japan) and Tokyo Kasei Kogyo Co. (Tokyo, Japan),
respectively. Sapropterin hydrochloride, chemically syn-
thesized BH,, was obtained from Suntory Ltd. (Kyoto,
Japan). The following Ab’s were used: a rabbit polyclon-
al anti-eNOS Ab (Transduction Laboratories, Lexing-
ton, Kentucky, USA); a rat monoclonal anti-mouse
monocyte/macrophage Ab (MOMA-2; Biosource Inter-
national, Camarillo, California, USA); 2 monoclonal
anti-o, smooth muscle actin Ab (DAKO A/S, Glostrup,
Denmark). All other chemicals were obtained from
Sigma-Aldrich (St. Louis, Missouri, USA).

Animal preparation. Homozygous apoE-KO mice (50%
CS57BL/6], 50% 129SVj) (16) were backcrossed at least
four times to C57BL/6] mice (93.8% C57BL/6], 7.2%
1298V]). eNOS-Tg mice (99.9% C57BL/6]) overexpress-

ing bovine eNOS under the control of preproendothe-
lin-1 promoter have been described previously (12). Het-
erozygous eNOS-Tg mice were crossed with apoE-KO
mice to yield double-heterozygous mice (96.9%
C57BL/6], 3.1% 129SV]). These heterozygous litter-
mates were bred with apoE-KO mice to establish
apoE-KO/eNOS-Tg mice. The animals used in this
experiment were offspring of an intercross between
apoE-KO/eNOS-Tg mice and apoE-KO mice (96.9%
C57BL/6], 3.1% 129SV]). PCR was performed for geno-
typing for apoE (16) and the eNOS transgene (12).

Experimental design. ApoE-KO mice (» = 86) and
apoE-KO/eNOS-Tg mice (n = 92) were weaned at 4
weeks of age onto a high-cholesterol diet (1.25% cho-
lesterol, 7.5% cocoa butter, 7.5% casein, 0.5% sodium
cholate; Oriental Yeast Co., Tokyo, Japan) (17) and
maintained the diet for 8 or 12 weeks. In separate
experiments, apoB-KO mice (# = 21) and apoE-
KO/eNOS-Tg mice (1 = 36) were maintained on a high-
cholesterol diet supplemented with 10 mg/kg/day BH,
as described previously (18). eNOS-Tg mice (99.9%
C57BL/6]) were used in the experiments of im-
munoblotting for eNOS expression (# = 6) and NOS
activity (n = 6). Their lictermate wild-type (WT) mice
were used for a control group in the experiments of
immunoblotting for eNOS expression (n = 6), NOS
activity (#» = 6), and in situ superoxide detection
(n = 14). Animals were provided the diet and warer ad
libitum and were maintained on a 12-hour light/dark
cycle. All animal experiments were conducted accord-
ing to the Guidelines for Animal Experiments at Kobe
University Graduate School of Medicine.

Histological analysis of atherosclerotic lesions. The apoE-KO
and apoE-KO/eNOS-Tg mice were euthanized at the age
of 12 or 16 weeks, respectively (8 or 12 weeks on the
high-cholesterol diet, respectively), and the atheroscle-
rotic lesions were analyzed as described previously (19,
20). After mice were anesthetized with pentobarbital
sodium (80 mg/kg intraperitoneally; Abbot Laborarto-
ries, Abbott Park, Illinois, USA), the aorta was perfused
with normal saline containing 10 U/ml heparin. Then
the aortic sample was dissected from the middle of left
ventricle to the iliac bifurcation and fixed in 4%
paraformaldehyde overnight. The samples were cut in
the ascending aorta, and the proximal samples con-
taining the aortic sinus were embedded in OCT com-
pounds (Tissue-Tek; Sakura Finetechnical Co., Tokyo,
Japan) and sectioned (10-iim thickness). Five consecu-
tive sections, spanning 550 wm of the aortic root, were
collected from each mouse and stained with Sudan III
and Masson’s trichrome. For quantitative analysis of
the atherosclerosis, the total lesion area of five sections
from each mouse was measured with the NIH 1.61
Imaging Software by modifying the method reported
previously (17). The distal part of the excised aorta
(from aortic arch to iliac bifurcation) was dissected free
from surrounding tissues, opened longirudinally, and
pinned onto a silicon-coated dish. Image analysis was
performed on Sudan Ill-stained aortas with the NIH
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1.61 Imaging Software. The amount of aortic lesion for-
mation in each animal was measured as the percentage
of lesion area per rotal area of the aorta (20).

Immunobistochemistry. Immunohistochemical staining
for MOMA-2 and a-smooth muscle actin in athero-
sclerotic lesions in the aortic root were performed by
the labeled strepravidin biotin method as described
previously (12, 13). Quantitative analysis was shown as
a percentage of the positive-stained area in the total
atherosclerotic lesion area as described previously (21).

Hemodynamic analysis. Systemic blood pressure and
heart rate were measured in WT, eNOS-Tg, apoE-KO,
and apoE-KO/eNOS-Tg mice at 16 weeks of age under
the conscious and unrestrained conditions as described
previously (12). Blood pressure and heart rate were con-
tinuously measured and recorded on a Macintosh com-
puter with MacLab system (Bioresearch Center, Nagoya,
Japan) at least 4 hours after recovery from anesthesia.

Plasma lipid analysis. After mice were deprived of food
for atleast 12 hours, blood was collected by the cardiac
puncture into heparin-coated tubes. Plasma was
obtained through centrifugation of the blood for 15
minutes at 5,500 g at 4°C and stored at -80°C until
each assay was performed. Concentration of total cho-
lesterol and triglyceride were determined using an
automated clinical chemistry analyzer. HDL-choles-
terol levels were quantified by enzymatic reaction using
a commercially available kit (Wako Pure Chemicals
Industries, Osaka, Japan).

Protein analysis for eNOS. The protein samples were
extracted from the mice at the age of 12 weeks. The
expression of eNOS in aortas was analyzed by
immunoblotting, and Ca?*-dependent NOS enzymatic
activity was determined by conversion of [3H]-L-argi-
nine to [*H]-L-citrulline as described previously (12).
Enzyme activity was expressed as citrulline production
in picomoles per milligram of protein per minute.

In situ fluorescent signal detection and quantitative meas-
urements of NO in aortas. NO production from aortas in
situ was detected with fluorescence indicator DAF-2 DA
(22-24). The fluorescent images of NO were obtained
with a luminograph (LB981, NightOWL imaging sys-
tem; EG&G Berthold, Bad Wildbad, Germany) as
described previously (25). Briefly, the aorta containing
aortic arch to iliac bifurcation was excised from 12-
week-old animals, and adventitial tissues were dissected
promptly in PBS (pH 7.4). The specimen was pinned
onto a black-colored dish filled with 0.1 mol/l phos-
phate buffer (pH 7.4) containing 1.5 mmol/1 calcium
chloride and placed in a light-tight box to prevent inter-
ference by external light. DAF-2 DA was then added into
the solution to yield the final concentration of 10
wmol/l, After 5 minutes of incubation, the sample was
excited by blue light through the filter (485 nm). The
emitted fluorescent image caused by the reaction of
DAF-2 DA with NO was obtained by the luminograph
with a band-pass filter (center of 532 nm), and its signal
intensity was measured at the wavelength of 515 nm for
1second. The aortic tissue was subsequently incubated

in the presence of 1 pmol/l acetylcholine for 5 minutes,
and the fluorescent signal image was again measured.
After each experiment, the examined samples were
stained with Sudan III to discriminate the atheroscle-
rotic plaque from nonplaque areas.

The output data of fluorescent signal intensity due
to NO was recorded and quantitatively analyzed by
WinLight 32 software (the NightOWL-imaging system)
for nonplaque areas of aorta. To exclude the interfer-
ence of nonspecific emission and reflection from aor-
tic collagen fibers, the background image was sub-
tracted from each of the light-emission images after
DAF-2 DA reaction. At least ten areas in the aorta
(0.0005-0.001 cm?) were randomly selected, and the
fluorescent signals were measured in every area. The
amounts of NO production were expressed as pico-
watts per centimeter square. NO production from the
endothelium was estimated by subtracting the fluores-
cent signal under the basal condition from that under
the acetylcholine-stimulated condition.

In situ detection and quantitative measurements of superox-
ide in aortas. Spatial distribution and quantitative
determination of superoxide production was examined
by chemiluminescent detection with a sensitive and
specific probe, MCLA, which is a Cypiridina luciferin
analogue (25-27). The chemiluminescent images were
obtained by the NightOWL luminograph at the wave-
length of 465 nm (25). Briefly, aortas excised from 12-
week-old animals were dissected free from the sur-
rounding tissues and mounted in a black-colored
silicon dish filled with PBS at pH 7.4. After the samples
were placed in a light-tight box to prevent interference
by external light, MCLA was applied to the chamber
(final concentration: 20 wmol/l). The light emission
due to the in situ MCLA reaction with superoxide
anion was measured for 5 minutes, and the measure-
ment was repeated three times to confirm the repro-
ducibility. The last signal image was used for the quan-
titative analysis. Subsequently, the endothelium was
removed, and the chemiluminescent signal image was
repeatedly obtained. The chemiluminescence due to
superoxide was identified by application of Cu/Zn-
SOD (400 U/ml) at the end of each measurement. The
examined samples were then stained with Sudan IIL

The output data of light emission was recorded as
images of a nonlinear gray scale that were converted
to the pseudocolor. The chemiluminescence signal
intensities due to superoxide production were quanti-
tatively analyzed with WinLight 32 software. Quan-
tification of superoxide production was evaluated sep-
arately in approximately ten randomly selected sites
(0.0012-0.002 cm?) of either plaque or nonplaque area
in aortic vessels that were discriminated by Sudan III
staining. Measurements from each area were averaged
in plaque or nonplaque area per animal after subtrac-
tion of the background signal. Quantification of
superoxide production was expressed as the ratio (fold
increase) to the average values obtained from WT
mice. The reduced superoxide levels by endothelial
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removal were expressed as a percentage of the reduced
signal intensities to those before denudation.

BH, contents in aortas. Biopterin contents in aortas
were measured by HPLC analysis as described previ-
ously (18, 28). The amount of BH, was calculated from
the difference between the total (BH, plus BH, plus oxi-
dized biopterin) and alkaline-stable biopterin (BH,
plus oxidized biopterin).

Statistical analysis. Data were expressed as mean plus
or minus SD. An unpaired Srudent ¢ test was used to
detect significant differences when two groups were
compared. One-way ANOVA was used to compare the
differences among three or four groups, with Bonfer-
roni’s test for post hoc analysis. P values less than 0.05
were considered statistically significant.

Results

Accelerated atherosclerosis by eNOS overexpression in apoE-KO
mice. After 8 weeks on a high-cholesterol diet (at the age
of 12 weeks), atherosclerotic lesion formation was
observed in the aortic sinus of apoE-KO mice (Figure 1a).
In apoE-KO/eNOS-Tg mice, unexpectedly, the athero-
sclerotic lesions were markedly promoted compared
with apoE-KO mice (Figure 1b). As shown in Figure 1c,
the lesion size was significantly increased 2.6-fold in
male and twofold in female apoE-KO/eNOS-Tg mice
compared with apoE-KO mice. In histological examina-
tion, the atherosclerortic plaque areas were remarkably
greater in apoE-KO/eNOS-Tg mice than in apoE-KO
mice (Figure 2). The percentage of MOMA-2-stained
area in the plaque was not significantly different between
the two groups (apoE-KO mice: 64% + 14%; apoE-
KO/eNOS-Tg: 61% + 12%, P = NS). The a-smooth mus-
cle actin-positive cells were few or hardly detectable (data
not shown), and fibrotic changes were only partly dis-

Figure 1

Atherosclerotic lesions in the aortic sinus. (a and b) Representative
photographs of Sudan Ili-stained aortic root sections from apoE-KO
and apoE-KO/eNOS-Tg mice fed on a high-cholesterol diet for 8
weeks. Sections were taken at the same level of aortic valves (original
magnification x15). (¢) Quantitative analysis of atherosclerotic
lesion size in males and females of apoE-KO and apoE-KO/eNOS-Tg
mice. Total lesion area of five sections in the aortic root from each
mouse was quantified morphometrically as described in Methods.
Each symbol represents the lesion area measurement from an indi-
vidual mouse, with the mean per group indicated by a horizontal line.
After 8 weeks on a high-cholesterol diet, the atherosclerotic lesion
areas were significantly increased in apoE-KO/eNOS-Tg compared
with apoE-KO mice. *P < 0.001 vs. male apoE-KO mice; **P < 0.01
vs. female apoE-KO mice.

tributed in the plaque lesions of both apoE-KO and
apoE-KO/eNOS-Tg mice (Figure 2, c and d). Thus, the
atherosclerotic lesions were more extended in apoE-
KO/eNOS-Tg mice, whereas the cellular composition
was not changed between the two groups.

The mean lesion areas in the aortic tree statistically
did not differ between apoE-KO and apoE-KO/eNOS-
Tg mice after 8 weeks on a high-cholesterol diet (per-
centage of lesion area: 8.8% + 3.0% in male apoE-KO
mice; 10.4% + 2.4% in male apoE-KO/eNOS-Tg;
8.3% £ 2.8% in female apoE-KO mice; 10.8% + 2.3% in
female apoE-KO/eNOS-Tg; P = NS). For this reason,
we extended the cholesterol feeding period for an
additional 4 weeks. After 12 weeks on a high-choles-
terol diet, the lesion formation in the aortic tree was
also markedly progressed in apoE-KO/eNOS-Tg mice
compared with apoE-KO mice (Figure 3, a and b).

Figure 2

Histological examination of atherosclerotic lesions in the aortic root.
(a and b) Photographs are representative of immunostaining for
MOMA-2 in the atherosclerotic lesions, which showed no difference
in the distribution between apoE-KO (a) and apoE-KO/eNOS-Tg
mice (b) fed on a high-cholesterol diet for 8 weeks. (¢ and d) Fibrot-
ic changes were detected with Masson’s trichrome in the aortic root
sections from apoE-KO (c) and apoE-KO/eNOS-Tg mice (d) fed a
high-cholesterol diet. Fibrosis was only partly distributed in the
plaque lesions of both mice (original magnification X75).
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The quantitative analysis showed significant increas-
es in the lesion area of 1.5 times in males and 1.4 times
in females compared with apoE-KO mice (Figure 3c).
Thus, atherosclerotic development was significantly
accelerated by eNOS overexpression in the endotheli-
um in the early stage of atherosclerosis.

Plasma lipids levels and hemodynamics. Plasma cholesterol
levels were remarkably elevated by a high-cholesterol feed-
ing in both apoE-KO and apoE-KO/eNOS-Tg mice; how-
ever, there was no significant difference berween the two
groups (Table 1). In contrast, triglyceride levels were not
affected by a high-cholesterol diet in both groups (Table
1). Mean systemic blood pressure in apoE-KO/eNOS-Tg
mice was 83.2 + 7.4 mmHg (» = 8), which was approxi-
mately 20 mmHg lower than that in apoE-KO mice
(103.5 £ 5.6 mmHg; n =7, P < 0.01). As reported previ-
ously (12), eNOS overexpression in the endothelium sig-
nificantly decreased blood pressure in apoE-KO mice.

Expression of eNOS and NOS activity in aortas. As shown
in Figure 4, a and b, eNOS expression in aortas from
eNOS-Tg mice was significantly greater than in WT

Figure 3

Atherosclerotic lesions in aortas. (a2 and b) Sudan lli-stained, longitu-
dinally opened aortas from apoE-KO (a) and apoE-KO/eNOS-Tg mice
(b) at the age of 16 weeks. (¢) Quantitative analysis of atherosclerotic
lesion size in 16-week-old mice. After 12 weeks on a high-cholesterol
diet, the lesion size in apoE-KO/eNOS-Tg mice was significantly greater
than that in apoE-KO mice. Percentage of lesion area is the lesion area
per total area of aorta. *P < 0.0001 vs. apoE-KO males; **P < 0.001
vs. apoE-KO females.

mice. The protein levels of eNOS in apoE-KO/eNOS-Tg
mice were also 10.8 times and 3.6 times greater than in
WT mice and apoE-KO mice, respectively. Interestingly,
in accordance with the report of Laursen et al. (29), each
protein level of eNOS in apoE-KO or in apoE-KO/eNOS-
Tg mice was slightly, but significantly, increased com-
pared with WT or eNOS-Tg mice, respectively.

Ca?*-dependent NOS activity in aortas was 1.8 times
higher in eNOS-Tg mice than in WT mice (eNOS-Tg;
2.73 £ 0.61 pmol/mg protein/min vs. WT: 1.51 £ 0.12
pmol/mg protein/min; P < 0.05, n = 6 for each group).
ApoE-KO/eNOS-Tg mice also showed a significant
increase in NOS activity compared with apoE-KO
mice (apoE-KO/eNOS-Tg: 3.05 + 0.31 pmol/mg pro-
tein/min vs. apoE-KO: 2.10 # 0.51 pmol/mg pro-
tein/min; P < 0.05, # = 6 for each group). However,
NOS activity in apoE-KO/eNOS-Tg mice did not dif-
fer from that in eNOS-Tg mice.

NO production in aortas. The fluorescent signal inten-
sities due to acetylcholine-stimulared NO production
were not significantly different between WT and
apoE-KO mice (WT mice: 35,680 + 8,920 pW/cm?,
apoE-KO mice: 32,330 + 3,890 pW/cm?% P = NS). In
apoE-KO/eNOS-Tg mice, the endothelium-derived NO
production was 1.5 times higher than that in apoE-KO
mice (Figure 4, c-g). However, the NO bioactivity in
apoE-KO/eNOS-Tg mice was relatively lower than that
assumed from the increase in eNOS protein levels.

Increased superoxide production in aortas from apoE-
KO/eNOS-Tg mice. To investigate the spatial distribu-
tion and the quantitative determination of superoxide
production in the atherosclerotic vessels, in situ super-
oxide detection was performed with MCLA. As shown
in Figure 5, a and d, the chemiluminescent signal due
to superoxide production was hardly detectable in aor-
tas from WT mice. On the other hand, the clear chemi-
luminescent signal was detected in the atherosclerotic

Table 1
Plasma lipids in apoE-KO mice and apoE-KO/eNOS-Tg mice

WT (C57BL/6) ApoE-KO ApoE-KO/eNOS-Tg
Male Female Male Female
Number ' 7 7 6 8 7
T-CHO mg/dl 64.0+9.0 2059.8 £ 89.34 1959.3 £94.34 1841.0 £ 81.4* 1981.7 + 55.44
HDL-C mg/dl 31.6+4.3 66.2 £ 15.2 43.2+9.9 61.8+11.1 457 +11.3
Triglyceride mg/dl 9.2+1.2 6.2+1.5 7.5+1.0 3.8+0.8 11.0+£1.7

ApOE-KO and apoE-KO/eNOS-Tg mice were fed on a high-cholesterol diet for 8 weeks, Animals were fasted for at least 12 hours and bled, and plasma total choles-
terol, HDL cholesterol, and triglycerides were determined as described in Methods. AP < 0.01 vs. WT mice. T-CHO, plasma. total cholesterol; HDL-C, HDL cholesterol.
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