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Table 4

Blood Pressure Levels and Carotid Atherosclerosis in Groups Distributed by C(—1652)T Genotypes

Male cC CcT T P

n (%) 519(47.1%) 438(39.7%) 146( 13.2%)

SBP {(mmHg) 1293 £ 0.7 1288 £ 0.8 1293 £+ 14 0.850
DBP (mmHg) 814 &+ 05 80.6 & 0.5 80.8 £ 0.9 0.355
%Hypertension 414 390 356 0.419
IMT (mm) (.898 + 0.005 0.903 + 0.005 0.892 £+ 0.009 0.896
Max-IMT (mm) 1.729 £ 0,035 1.745 + 0.038 1.650 & 0.067 0.492
Plaque Score 46 £ 02 49+ 02 45 £ 03 0,981
Female cC CT TT P

n (%) 579(48.0%) 481(39.9%) 146(12.1%)

S$BP (mmHg) 1291 £ 0.7 128.8 £ 0.8 1275+ 15 0.405
DBP (mmHg) 790+ 04 79.1 £ 05 785 £ 0.8 0.727
% Hypertension 356 36.0 349 0.973
MT (mm) 0.846 £ 0.004 0.852 £ 0.004 0.8348 £ 0.008 (.601
Max-IMT (mm) 1.332 £ 0.021 1.368 + 0.023 1.371 + 0.042 0.257
Plaque Score 24 £ 0.1 26 £ 0.1 27£02 0.143

SBP: systolic blood pressure, DBP: diastolic blood pressure, IMT: intima-media thickness, Valves are mean + SE.

3.2, Study population

Table 1 shows the clinical characteristics of the present
subjects by sex. Most variables (i.e., age, body mass index,
diastolic blood pressure, percentage of current alcohol drink-
ing, smoking, diabetes, and hypertension) were significantly
higher in men than in women, but percentage of dyslipi-
demia, serum total cholesterol and HDL cholesterol levels
were significantly higher in women than in men. There were
no significant differences in systolic blood pressure.

3.3. Association of three polymorphisms with blood
pressure and carotid arterioscleorsis

We investigated the possible association of three SNPs
in the human HGF gene with blood pressure and carotid

atherosclerosis in a population-based sample (the Suita
Study) that consisted of 2412 participants. The frequen-
cies of each genotype are described in Tables 4-6. The
genotype frequencies of all analyzed polymorphisms were
consistent with Hardy-Weinberg equilibrium. There were
no significant differences in the genotype frequencies of
polymorphisms for either sex. Tables also show systolic
and diastolic blood pressure levels, and carotid IMT and
Plaque Scores in each genotype of the three polymor-
phisms.

After full adjustment of all confounding factors (age, body
mass index, current smoking status, alcohol consumption,
presence of diabetes mellitus and dyslipidemia), there was
no significant association between the three genotypes and
bleod pressure levels or the prevalence of hypertension in
all subjects and in each sex.

Table 5

Blood Pressure Levels and Carotid Atherosclerosis in Groups Distributed by A43839T Genotypes

Male AA AT T P
n(%) 555(59.8%) 304(32.8%) 69(7.4%)

SBP (mmHg) 1292 + 0.7 1284 + 0.9 130.6 4 2.0 0.981
DBP (mmHg) 813 X 04 80.2 £ 0.6 8l.7L£ 12 0.550
%Hypertension 380 41.1 34.3 0.522
IMT(mim) 0,897 & 0,005 0.896 + 0.006 (1,888 = 0.013 0.643
Max-IMT (mm) 1.733 £ 0.034 1.691 £ 0.046 1.743 £ 0,098 0.703
Plague Score 48 +£ 02 44 £ 02 45 =05 0.200
Female AA AT TT P
(%) 636(61.5%) 340(32.9%) 5H5.7%)

SBP (mmHg) 1293 £ 0.7 1274 £ 10 1312 £ 23 0.578
DBP (mmHg) 790+ 0.4 787 £ 05 789 £ 1.3 0.790
%Hypertension 36.6 321 44,1 0.135
IMT (mm) 0.854 £ 0.004 0.842 4 0.005 0.837 £ 0.012 0.039
Max-IMT (mm) 1.390 + 0.021 1.310 + 0.028 1.232 &+ 0.065 0.003
Plague Score 27+£01 23402 13 &+ 04 0.002

SBP: systolic blood pressure, DBP: diastolic blood pressure, IMT: intima-media thickness, Values are mean + SE.
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Table 6
Blood Pressure Levels and Carotid Atherosclerosis in Groups Distributed by C644222T Genotypes
Male cC Ccr T P
n (%) 7(0.7%) 194(19.1%) 817(80.3%)
SBP (mmHg} 1257 £ 6.2 1287 £ 1.2 1293 4+ 06 0.547
DBP (mmHg) 80.0 + 3.9 812 £ 07 805 + 04 0.780
%Hypertension 142 38.1 40.3 0.334
IMT (mm) 0.895 £ 0.039 0.885 £ 0.008 0.500 £ 0.004 0.096
Max-IMT (mm) 2.066 £ 0.287 1.690 + 0.057 1.732 & 0.028 0.856
Plaque Score 24 +09 24£02 25+ 01 0.414
Female CC CT T P
n (%) 11(1.0%) 207(18.6%) 897(20.5%)
SBP (mmHg) 1302 £ 5.3 1282 +£ 12 129.1 + 0.6 0.616
DBP {mmHg) 800 £ 3.0 78.2 4 0.7 790 £ 0.3 0.439
%Hypertension 364 31.9 370 0.383
IMT (mm) 0.825 £+ 0.030 0.841 £ 0.007 0.850 £+ 0.003 0.161
Max-IMT (mm) 1317 £ 0.162 1.362 + 0.036 1,349 £+ 0.017 0.844
Plague Score 6215 44 03 48 + 0.1 0.414

SBP: systolic blood pressure, DBP: diastolic blood pressure, IMT: intima-media thickness. Values are mean & SE.

Although no association was found between carotid IMT,
Plaque Scores and A43839T genotype in male subjects,
women with the A allele showed significantly thicker IMT
and greater Plaque Scores than those with the T allele
(Table 5). There was no association between carotid IMT,
Plaque Scores and genotypes of the two SNPs, C(-1652)T
and C442227, in both male and female subjects (Tables 4
and 6).

4, Discussion

Although a number of reports have suggested a strong
association between the severity of hypertension and serum
HGF levels, there have been few reports that investigated the
association between cardiovascular disease and HGF gene
polymorphisms by direct sequencing. Of those identified sin-
gle nucleotide polymorphisms, 11 were not deposited in the
public database. We have performed a large genetic epidemi-
ological study of the Japanese general population regarding
three candidate SNPs in the promoter and intron of the HGF
gene. There was no significant association between the three
HGF SNPs and blood pressure or the prevalence of hyper-
tension. Interestingly, female subjects with the A allele of
A43839T in intron 8 had more severe carotid atherosclerosis
than those with the T allele,

4.1. HGF and hypertension, atherosclerosis

Clinical studies have demonstrated a positive correlation
between serum HGF concentrations and blood pressure.
These studies have gone on to show that serum HGF concen-
trations in hypertensive patients were significantly higher
than those seen in normotensive control subjects [5,6]. In
an experimental setting, serum HGF concentrations were
significantly increased in spontaneous hypertensive rats
compared to Wistar-Kyoto rats at any age, and there was a

positive association between serum HGF concentration and
blood pressure level [17].

A number of reports have also suggested that serum HGF
concentrations are increased in proportion to the develop-
ment of hypertensive target organ damage. The circulating
level of HGF was elevated in patients with myocardial in-
farction [18] and peripheral arterial disease [9,19,20]. Fur-
thermore, serum HGF concentrations were significantly cor-
related with the hyperemic response of forearm blood flow
and pulse wave velocity [21]. Alternatively, it is apparent
that endothelial cell dysfunction may promote abnormal vas-
cular growth, and this vascular remodeling clearly plays an
important role in the pathophysiology of atherosclerosis. In
normotensive subjects, serum HGF was suggested to main-
tain the vascular structure and stimulate tissue regeneration
in an autocrine-paracrine manner [19,22]. In patients with
hypertension or diabetes mellitus, this local HGF system was
disturbed by transforming growth factor-B or angiotensin II
with the resultant development of abnormal vascular smooth
muscle cell growth [17,23].

4.2. HGF SNPs, hypertension, and atheroscleorosis

Polymorphisms of several growth factor genes have been
investigated because they may potentially play a key role in
the maturation of atheromatous lesions. Among these growth
factors, HGF was of particular interest because it could have
cardiovascular protective effects in several disorders includ-
ing hypertension, diabetes mellitus, and cardiovascular dis-
eases.

In the present study, we identified 21 SNPs in the HGF
gene, and determined the genotype of three of these poly-
morphisms in more than 2000 individuals. Qur resulis
showed that there were no significant associations between
HGF genotypes and blood pressure levels or the prevalence
of hypertension. However, the A allele of A43839T in in-
tron 8 was significantly associated with increased severity
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of carotid atherosclerosis in females. The reason for this
sex-specific effect in our study subjects is unclear. The in-
teraction of HGF with angiotensin II and/or transforming
growth factor B could contribute to some of the difference
seen in our patients population. Although still controver-
sial [24], renin-angiotensin system related genetic variation
tends to appear in male individuals in Japanese [13] and
Caucasians [25,26]. Additionally, a T — C transition at
nucleotide 869 of the transforming growth factor B gene
has been reported to be one of the candidate susceptibility
loci for hypertension only in the female Japanese popula-
tion [27]. We assume that there might exist some link or
interaction between HGF and the genetic variation of these
two growth factors. ,

Our results suggest that the HGF gene located at chro-
mosome 7q11.2-g21 is a candidate susceptibility locus for
atherosclerosis in Japanese women. The polymorphism con-
ferring increased susceptibility for atherosclerosis was lo-
cated in the intron region without amino acid substitution.
Thus, it is possible that the A43839T polymorphism in in-
tron 8 of the HGF gene is in linkage disequilibrium with
some other polymorphisms which are actually responsible
for the development of atherosclerosis. To elucidate the ex-
act mechanisms and clinical implications of the association,
further functional and linkage disequilibrium analyses are
required.

In conclusion, we identified 21 SNPs in the HGF gene
including 11 SNPs that have never been reported. The
present study provides the first evidence that HGF may be
a candidate susceptibility loci that affects the progression
of atherosclerosis in Japanese subjects.
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Abstract

Several studies have suggested that hypertriglyceridemia is a common risk factor for coronary heart disease.
Although increasing serum levels of triglyceride correlate with hypercoagulability, little is known about the
contribution of hypertriglyceridemia to vascular function. We successfully segregated two lines of rabbits with
genetically-determined severely high (TGH; 2764 + 413 mg/dl) and moderately high (TGL; 191 £ 12 mg/dl)
levels of triglyceride, but with comparable levels of total cholesterol, from Watanabe heritable hyperlipidemic
rabbits. To determine whether hypertriglyceridemia was involved in alterations of vascular function, we
conducted isometric tension studies and analyzed protein expression on thoracic acrtic rings isolated from young’
(3—4 month) TGH, TGL and Japanese White rabbit (JW). No difference in percentage of plague area jn the
thoracic aorta was found between TGH and TGL. Relaxing responses, evoked by sodium nitroprusside were
similar in JW, TGL and TGH, but endothelium-dependent relaxation fo acetylcholine was impaired in TGH
compared with JW or TGL (maximal relaxation in JW; 83.5 + 2.7%, TGL; 79.9 £ 5.3%, TGH; 59.1 % 5.7%,
p<0.05). Relaxation to A23187 was also attenuated in TGH compared with JW, but not significantly different
between TGL and JW. Endothelium-independent relaxation elicited by isoproterenol in TGH was significantly
decreased compared with JW or TGL (maximal relaxation in JW; 952 + 2.6% TGL; 91.0 + 4.9%, TGH; 75.1
+ 5.2%, p<0.05). Protein expression of angiotensin II type-1 receptor was increased in TGH and that of nitric

* Corresponding author. Tel.: +81-23-628-5302; fax: +81-23-628-5305.
E-mail address: tshishid@med.id.yamagata-u.ac.jp (T. Shishidoc).

0024-3205/$ - see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/).1£5.2003.08.018
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oxide synthases-3 was attenuated in TGH compared with TGL. This is the first study showing that endothelium-
dependent and -independent vascular refexation under the condition of combined hyperlipidemia was severely
impaired as compared to that under only hypercholesterolemia. These results suggest that hypertriglyceridemia
aggravates functional impairment induced by hypercholesterolemia in endothelial and smooth muscle cells.

© 2003 Elsevier Inc. All rights reserved.

Keywords: Hypertriglyceridemial; Combined hyperlipidemia; EDRF; Isoproterenol; Vascular relaxation; Endothelial
dysfunction; WHHL; NOS3; Angiotensin II

Introduction

Hyperlipidemia has been implicated as a common risk factor for cardiovascular disease (Gordon et al.,
1977; Hulley et al., 1980). Although elevated TG levels are predictive of subsequent occurrence of
coronary heart disease and mortality in healthy persons, adjustment for HDL cholesterol and fasting
serum glucose eliminates the independent relationship between serum TG levels and cardiovascular
events (Castelli et al., 1977). However, recent epidemiological studies have demonstrated that hyper-
triglyceridemia is identified as one of the potential risk factors for coronary heart disease (Egger et al.,
1999; Rosenson et al., 1999). Lines of evidence have shown that hypercholesterolemia induces
endothelial dysfunction, smooth muscle cell proliferation, enhanced vascular reactivity to some
contractile agonists, infiltration of monocytes into vessel walls, and production of reactive oxygen
species (Ross, 1993). Studies using Watanabe heritable hyperlipidemic (WHHL) rabbits, an animal model
with deficient low-density lipoprotein (LDL) receptors, have demonstrated that hypercholesterolemia
causes progression of atherosclerosis and fatty streak formation in the vascular wall, which correlates with
reduced endothelium-dependent relaxation (Tagawa et al., 1991, 1993). However the contribution of
chronic hypertriglyceridemia to endothelial and medial smooth muscle function is largely undefined (de
Man et al., 2000; Inoue et al., 1998). Several studies have demonstrated that flow-mediated vasodilatation
is impaired in patients with hypertriglyceridemia (Lundman et al., 2001a; Lupattelli et al., 2000). It has
been reported that aortic rings pre-incubated with triglyceride-rich fat emulsion attenuates endothelial-
dependent vasodilation (Lundman et al., 2001b). However, little is known about the potential mechanisms
for vascular dysfunction induced by chronic hypertriglyceridemia.

In order to elucidate the different roles of cholesterol and triglyceride in vascular dysfunction, we
successfully segregated two lines of heritable hypercholesterolemic rabbit models with high (TGH) and
low (TGL) levels of triglyceride (Takasaki et al., 1999). The aim of the present study was to use these
animal models to clarify the role of hypertriglyceridemia in the alteration of vascular function. We
examined differences in vasoconstrictor and relaxing function of thoracic aortic rings isolated from TGH
and TGL rabbits.

Methods'
Materials

The pharmacological agents used in the present study were acetylcholine chloride, calcium ionophore
A23187, isoproterenol, sodium nitroprusside, angiotensin II, and phenylephrine hydrochloride. Krebs-
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Henseleit sohution contained (mM) NaCl 118, KC1 4.7, CaCl, 2.5, MgS0, 1.2, NaHCO; 24.9, KH,PO,
1.2, glucose 11.1, and ascorbic acid 0.057. All chemicals were purchased from Sigma Chemical Co. (St
Louis, MO, USA).

Animals

The experimental procedures conform to the guiding principles of the animal core and use in
Yamagata University School of Medicine. Male WHHL rabbits, which were segregated into two
lines of severely high triglyceride (TGH, n = 12) and moderately high TG level (TGL, n =
11), and Japanese White rabbits (JW, n = 19) aged 3-4 months were used in the present
study. All animals were housed individually in a controlled environment with unlimited access
to water and were fed standard rabbit chow (120 g/day, Labo R Grower, Nihon Nosan Kogyo,
Ltd., Tokyo, Japan). The animals were anesthetized with an intravenous administration of 30
mgkg sodium pentobarbital, and segments of the descending thoracic aorta were carefully
removed and immediately immersed in ice-cold Krebs-Henseleit solution for isometric tension
studies. :

Isometric tension recording

After the connective tissue was carefully removed, the rings from the lower thoracic aorta (3
mm width) were mounted on two stainless steel triangular clips and placed into organ baths filled
with 10 ml oxygenated (95% O,, 5% CO,) Krebs-Henseleit solution maintained at 37 °C. The
endothelium was gently removed in some rings by .rubbing with a small wooden stick in order that
the endothelium-independent relaxation and contractile responses in denuded rings could be
studied. Isometric tension was monitored continuously using transducers (T7-15-240, Orientec
Co, Tokyo, Japan) connected to a data acquisition system (RJ1000, San-ei, Tokyo, Japan). The
rings were equilibrated under a resting tension of 2 g for 60-90 minutes, and the buffer was
changed every 15 minutes (Tagawa et al,, 1991, 1993). The rings were pre-contracted with
phenylephrine (1 pM) and relaxed with acetylcholine (1 pM) to test endothelial integrity (Dam et
al., 1997). After 60 minutes of equilibration, high potassium solution (66.7 mM) was added with
intervals during which the resting tension was re-adjusted to 2 g (Hirata et al., 1992). High
potassium solution was prepared by replacing NaCl with equimolar KClL. The cumulative
contractile responses of the aortic ring to angiotensin I and phenylephrine were studied in the
absence and presence of endothelium. Contraction was expressed as percentage of the maximal
contraction by high potassium solution. To assess relaxation, cumulative concentration response
curves were obtained with endothelium-dependent vasodilators, acetylcholine and calcium iono-
phore A23187, and endothelium-independent vasodilators, sodium nitroprusside and isoproterenol.
Endothelium denuded rings were used to study endothelium-independent relaxation. Relaxation was
expressed as a percentage of the pre-contractile tension induced by phenylephrine at levels of 30—
50% of maximal contraction by high potassium solution (Kolodgie et al., 1990; Tagawa et al.,
1991). ECsp was defined as the concentration of agonist at which 50% of the maximal response
was obtained.

After completion of each experiment, some rings were washed with Krebs-Henseleit solution and
removed from the apparatus, cut open, and were stained with Sudan III. Finally the stained strips were
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photographed, and the total surface and atherosclerotic plaque areas were assessed quantitatively using
NIH Image (version 1.55). Results were expressed as the percentage of the arterial surface covered by
atherosclerotic lesions (Tagawa et al., 1993).

Microscopic analysis of atherosclerotic lesion

Descending thoracic aortas obtained from TGL and TGH (n = 5 in each) were fixed in 10%
formaldehyde, and embedded in paraffin. Quantitative analysis of lesion composition was
performed as previously described (Shiomi et al., 1994). Elastica-Goldner staining was performed
to determine intimal thickening. Cell components of the plaque that were quantitatively evaluated
included macrophages, smooth muscle cells, and collagen. Immunochistochemical staining was
performed using RAM-11 (Dako A/S, Glastrup, Denmark) and monoclonal antibody against a-
smooth muscle actin (Dako A/S, Glastrup, Denmark). Immunostaining was carried out with a
Vectastain ABC kit (Vector Laboratories Inc., Burlingame, CA, USA) according to the
manufacturer’s instructions. The area of macrophages and smooth muscle were expressed as
the percentage of the total intimal lesion area in each section reacting positively with
diaminobenzidine (Shiomi et al., 1994), Collagen was defined as fibers staining cobalt blue
with Azan-Mallory stain. The medial thickening, total cell number, and percentage of fractional

fibrosis in the aortic media of vessel sections without atheroma were also determined (Fujit et
al., 1999).

Lipid analysis

Blood samples were taken from a marginal ear artery 18 hr after the last feeding. All blood samples
were centrifuged at 4 °C, and the plasma was stoted at — 80 °C until assay. Plasma concentrations of
total cholesterol, trigiyceride and glucose were measured by enzymatic methods using a SPOTCHEM-
EZ (ARKRAY Co, Kyoto, Japan).

Protein extraction and assay

Aortic samples were homogenized in a lysis buffer containing 25 mM Tris-HCI, 50 mM NaCl,
2% NP-40, 0.5% Na-deoxycholate, 0.2% SDS, 200 pM NaVOs, 100 mM NaF and protease inhibitor
mixture, and then centrifuged at 14,000 g for 15 min at 4 °C. The supematant was collected, and
the protein concentration of each sample was measured using BCA protein assay reagents (Pierce
Chemical Co., Rockford, IL, USA). For SDS—PAGE, equal amounts of protein were added on 8-
12% polyacrylamide gel, electrophoretically separated, and transferred to PVDF membrane. After
blocking with a buffer containing 5% non-fat milk and 0.2% Tween-20 for 1 hr at room
temperature, the membrane was incubated with either anti-nitric oxide synthase (NOS)-3 (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) or anti-angiotensin Il type-1 receptor (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) antibody. After washing three times with PBS, the
membranes were incubated with horseradish peroxidase-conjugated anti-rabbit IgG (Promega Co.,
Madison, W1, USA) for | hr at room temperature. The membrane was washed again and the signals

were visualized by enhanced chemiluminescence (Amersham Biosciences Corp., Piscataway, NI,
USA).
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Statistical analysis

The data are expressed as mean + SEM for the isometric tension studies. Statistical analysis was
performed with one factor ANOVA for vascular relaxation, lipid profile, body weight and protein
expression, and other parameters were analyzed by a two-way ANOVA followed by an appropriate post-
hoc test. A value of P <0.05 was considered significant.

Results
Body weight and plasma levels of cholesterol, triglyceride and glucose

Body weights of TGL and TGH were significantly lower than those of JW, but there was no
difference between TGH and TGL (Table 1). Total cholesterol levels in TGH and TGL were
remarkably higher than in JW, however there was no significant difference in total cholesterol level
between TGL and TGH (Table 1). Plasma triglyceride levels of TGH were markedly higher compared
with JW and TGL (Table 1). The plasma levels of fasting glucose were not different among the three
groups.

Macroscopic evaluation of fatty streak formation

No plaques were observed in the rings from JW rabbits. In the descending thoracic aortic rings
from WHHL, fatty streaks were formed, but there was no significant difference in the percentages of
the plaque areas between TGH (32.5 + 1.4%, n = 71 rings) and TGL (288 * 1.5%, n = 61
rings).

Microscopic evaluation of fatty streak formation

We made microscopic comparisons of smooth muscle cell proliferation, macrophage infiltration, and
collagen deposition in atheroma of TGL and TGH. The percent area in atheroma of smooth muscle

Table 1
Body weight and plasma levels of total cholesterol, triglyceride and glucose in W, TGL and TGH
W TGL . TGH

Body weight (kg) 253 + 058 (n=19) 2.2% + 0.07* (n=11}) 208 + 007** (n=12)
Total cholesterol (mp/dl) 59 + 5 (n=10) 1081 + 59* (n=11) 1465 + 167" (n=12)
Triglyceride (mg/dl} 63 + 8 (n=10) 191 £ 12 (n=11) 2764 + 413% (n=12)
Fasting glucose (mg/dl} 160 + 16 (n=10) 149 + 4 (n=11) 149 + 8 (n=12})
Values are mean = SEM.

*P<0.05.

*#*p<0.01.

#p<0.0001 vs. JW.
t p<0.0001 vs. TGL.
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Fig. 1. Phenylephrine-induced contraction of thoracic aortic rings from JW (circles), TGL (squares) and TGH (triangles). Filled
symbols and open symbols indicates aortic rings with intact and denuded endothelium, respectively, Contraction was expressed
as percentage of the maximal contraction produced by high potassium. Each conceniration-response curve was plotted by taking
the respective mean + SEM vilues from at least 8 separate experiments for each group. E, endothelium. oo, significant
difference compared with endothelium-intact rings (P <0.05). *, significant difference compared with aortic rings from IW
(P<0.05). ‘
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cells, macrophage and collagen were similar in TGL and TGH (smooth muscle cell; 21.9 + 2.1% vs.
17.3 + 1.7%; macrophage, 20.0 + 3.4% vs. 15.1 £ 2.1%, collagen, 31.9 + 2.0% vs. 27.8 + 1.6%
in TGL and TGH, respectively). Total cell numbers of the media were similar in TGL and TGH (2580
+ 120 /mm® and 2580 + 60 /mm? respectively). There was no significant difference in medial
thickness between TGL and TGH (251 % 12 um and 252 + 10 um, respectively). Furthermore, total
fractional fibrosis in the media was not different in TGL and TGH (34.2 + 0.5% and 28.4 + 0.3%,
respectively).

Comparison of contractile response to phenylephrine

No differences in contraction induced by high potassium solution were detected among JW, TGH
and TGL. In JW, the contractile response to phenylephrine was significantly augmented in denuded
rings compared with intact rings (Fig. 1A and Table 2). However in TGH and TGL, there was no
difference in phenylephrine-induced contraction between endothelium-denuded and -intact rings. The
cumulative concentration-response curve to phenylephrine in TGH was shifted to the right compared
with JW in both endothelium-intact and -denuded rings, respectively (P <0.05) (Fig. 1B and C). In
endothelium-denuded rings, the ECso value of phenylephrine-induced contraction was also lower in

TGH than JW (Table 2). However, there was no significant difference in the ECsq values between JW
and TGL.

Table 2
Contractile and relaxing responses in JW, TGL and TGH
Stimulations E W TGL TGH
Phenylephrine Hydrochloride max contraction (%) + 1163 + 3.7* 130.5 + 3.8 1223 £ 48
EC30 (107 M) ¥ 12 £ 02 32 £ 1.0 32 &+ L.I*
max conlraction (%) - 1286 = 2.2 1359 & 49 1322 £+ 5.6
ECS50 (10”7 M) - 1.0 £ 0.2 5 £ 03 24 + 0.5*
Angiotensin 11 max contraction (%) + 73.2 £ 67 37.0 + 7.1%* 244 & 5.8%*
EC50(10~° M) + - 21 £ 10 33+ 14 3.7 + 0.6
max contraction (%) - 855 £ 23 T482 + 6.4%* 351 £ 6.5%*
EC 50 (10~° M) - 09 + 03 30 £ 09 39 £ 1.o*
Acetylcholine max relaxation (%) + 835 + 27 799 + 53 50.1 £ 5.7t
) EC50 (10~ % M) + 38 + 06 39 + 09 63 + 16
A23187 max relaxation (%) + 96.0 £ 2.0 914 + 47 745 £ 6.5*
EC 50 (10-° M) + 27 + 1.6 78 + 3.7 2.6 = 0.6
Sodium Nitroprusside max relaxation (%) - 106.8 £ 2.5 105.0 + 2.1 1040 + 1.7
EC50¢10™° M) - 135 £ 55 46 £ 1.3 49 + 1.2
Isoproterenol max relaxation (%) - 952 + 26 91.0 + 4.9 75.1 & 410
' EC50(10~% M) - 1.5 + 0.3 21 + 04 42 £ 1.5

Values are reported as mean = SEM. E, endothelium.
" P<0.05 vs. endothelium-denuded rings.
*P<0.05.
¥ P <001 vs. JW,
tp<0.05 vs, TGL.
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Comparison of contractile responses to angiotensin II

In JW, TGL and TGH, contraction elicited by angiotensin II were similar in endothelium-denuded and
-intact rings (Fig. 2 and Table 2). Contractile responses to angiotensin II were significantly impaired in
TGH and TGL compared to JW, while there was no significant difference in angiotensin II-induced
contraction between TGH and TGL (Fig. 2 and Table 2).

Comparison of endothelium-dependent relaxation to acetylcholine and calcium ionophore A23187

Endothelium-dependent relaxation to acetylcholine was attenuated in aortas from TGH compared
with those from JW and TGL, but there was no difference between JW and TGL (Fig. 3A). In
the aortic segments obtained from TGH, maximal relaxation to acetylcholine was markedly

%
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90 - _m-ToLE+ II
—A— TGHE-
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Fig. 2. Angiotensin 1l-induced contraction of thoracic aortic rings from JW, TGL and TGH. Contraction was expressed as
percentage of the maximal contraction produced by high potassium. The results are mean * SEM values from at least 8
separate experiments in each group. Abbreviations and symbols are the same as in Fig. 2. { and 11, significant difference
compared with aortic tings from TGL (P <0.05 and P<0.01, respectively). * and **, significant difference compared with
aortic rings from TGH (P<0.05 and P <0.01, respectively).
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Fig. 3. Acetylcholine (A) and calcivm ionophore A23187 (B)-induced relaxing responses in thoracic aortic rings with intact
endothelium from JW, TGL, and TGH. Data are mean + SEM values from at least 8 separate experiments. * and **,
significant difference compared with aortic rings from JW (P <0.05 and P<0.01, respectively). 1 and t1, significant difference
compared with aortic rings from TGL (P <0.05 and P<0.01, respectively).

attenuated compared with those from TGL and JW (Table 2). Responses to another endothelium-
dependent vasodilator, calcium ionophore A23187, were also reduced in TGH compared to those
in JW (Fig. 3B). The level of maximum relaxation by calcium ionophore A23187 in TGH was
significantly lower than that in JW, but there was no significant difference between TGL and JW
(Table 2).

Comparison of endothelium-independent relaxation to sodium nitroprusside

To determine whether decreased response to NO was involved in diminished endothelium-dependent
relaxation in TGH, we compared concentration-response curves evoked by the NO donor, sodium
nitroprusside. Relaxing responses elicited by sodivm nitroprusside were similar in JW, TGL and TGH
(Fig. 4A and Table 2).
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Fig. 4. Sodium nitroprusside (A)- and isoproterenol (B)-induced relaxing responses in thoracic aortic rings withont endothelium
from JW, TGL and TGH. Abbreviations and symbols are the same as in Fig. 4.

Comparison of endothelium-independent relaxation in response to isoproterenol

The nonselective B agonist, isoproterenol, produced concentration-dependent relaxation of intact
rings. The relaxing response induced by isoproterenol was significantly attenuated in TGH compared
with JW and TGH (Fig. 4B). Maximal relaxation induced by isoproterenol in TGH was significantly
diminished compared to those in JW and TGL, while there was no significant difference between JW and

TGL (Table 2).
Protein expressions of angiotensin Il type-1 receptor and NOS3

Protein expressions of angiotensin II type-1 receptor and NOS3 were examined. The expression of
angiotensin II type-1 receptor was increased 1.5- and 2.6- fold in TGL and TGH, respectively, compared
with JW. The expression of angiotensin II type-] receptor was significantly increased only in TGH,
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Fig. 5. Representative Western blots and densitometric data of angiotensin II type-1 (AT1) receptor and NOS3 in JW, TGL and
TGH. *, significant difference compared with JW (P<0.05). 1, significant difference compared with TGL (P <0.05).

when compared with JW (Fig. 5). NOS3 expression in aorta was significantly increased in TGL
compared with JW, while in TGH it was significantly attenuated compared with TGL (Fig. 5).

Discussion

In this study, isometric tension studies using isolated aortic rings with comparable areas of
atherosclerotic plaque demonstrated that hypertriglyceridemia attenuated endothelium-dependent relax-
ation which was associated with decreased EDRF release, and impaired medial smooth muscle cell
function accompanied by decreased NOS3 and increased angiotensin II type-1 receptor expression.

Many lines of evidence suggest that hypertriglyceridemia is a marker of increased risk for coronary
heart disease (Egger et al., 199%; Rosenson, 1999). Many studies have shown that very low-density
liopoprotein (VLDL) produces remnant lipoprotein or small dense LDL, and triglyceride-rich lip-
oproteins accumulate in endothelial cells (Rosenson, 1999). Hypertriglyceridemic VLDL causes down-
regulation of tissue plasminogen activator and surface localized-plasmin generation, and increases
plasminogen activator inhibitor-I (Stiko-Rahm et al., 1990). Thus, hypertriglyceridemia causes a
prothorombotic state, which can contribute to induction of the atherogenic state in vascular wall (Dichtl
et al., 1999; Nagomev and Rabinovich, 1998), Growing evidence has demonstrated that flow-mediated
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vasodilatation is impaired in patients with hypertriglyceridemia (de Man et al., 2000; Egger et al., 1999;
Inoue et al,, 1998; Lupattelli et al., 2000). However, the potential mechanisms for vascular dysfinction
induced by chronic hypertriglyceridemia have yet to be defined.

We successfully segregated two lines of WHHL with severely high (TGH) and moderately high
(TGL) levels of serum triglyceride. Plasma levels of total cholesterol were not significantly different
between TGH and TGL, and plasma levels of glucose were similar in JW, TGL and TGH. In this study,
plaque qualities such as smooth muscle cell infiltration, macrophage infiltration, and collagen deposition
were similar between TGL and TGH. Moreover in our pilot study, in the young state, there was no
significant difference between TGH and TGL in coronary stenosis. This study is the first to report that
more prominent vascular dysfunction occurs in the presence of combined hyperlipidemia as compared
with hypercholesterolemia alone, as was shown in combined hyperlipidemic rabbit.

In this study using aged 3 to 4 month old rabbits, it was found that endothelium-dependent relaxation
to acetylcholine was attenuated in TGH compared with JW and TGL. Moreover, relaxation to the more
potent endothelium-dependent vasodilator, calcium jonophore A23187 (Kolodgie et al., 1990), was also
attenuated in TGH compared to JW. Several studies have demonstrated that hypercholesterolemia
induces endothelial dysfunction (Habib et al., 1986; Verbeuren et al., 1986); however, in this study,
endothelium-dependent relaxation was similar in JW and TGL. One possible explanation for this
difference is that WHHL are hyperlipidemic from birth and may have adapted to high cholesterol
environment (Kolodgle et al., 1990). It has been reported that NOS3 expression in both mRNA and
protein levels in WHHL aortas are increased (Kanazawa et al,, 1996). Thus, increased expression of
NOS3 was contributed to preservation of endothelium—dependent relaxation in TGL. In our present
study, endothelium-mediated vasodilatation was decreased in TGH, whereas relaxation evoked by
sodium nitroprusside, an endothelium-independent vasodilator, was similar in JW, TGL and TGH. These
results indicated that the response to NO was similar in JW, TGL and TGH, but production of EDRF was
attenuated in TGH. Moreover, at an eatly stage of atherosclerosis, hypertriglyceridemia in addition to
hypercholesterolemia is necessary to induce vascular endothelial dysfunction that is involved in
vasorelaxation (Hirono et al,, 1996; Lundman et al., 2001a; Ross, 1993; Tagawa et al., 1991).

Both decreased (Dam et al., 1997) and enhanced (Yang et al., 1998) contractions elicited by
angiotensin Il in hypercholesterolemic rabbits have been reported. One possible explanation for these
contrasting results is that vascular size and/or percentage of plaque area vary among the various studies.
In the present study, responses to angiotensin II were similarly attenuated in TGH and TGL, suggesting
that in TGH and TGL medial smooth muscle cells were impaired by hypercholesterolemia. However, the
expression of angiotensin II type-1 receptor in aorta was increased in TGH compared with JW, and
contraction to phenylephrine was attenuated only in TGH, but not TGL, compared to JW. It has been
reported that expression of angiotensin II type-1 receptor is increased in the aorta of hyperlipidemic
animals (Yang et al., 1998), and angiotensin 1I type-1 receptor mediated-signaling pathways contributed
to vascular dysfunction. These results indicated that hypertrigtyceridemia also evokes smooth muscle
cell dysfunction more prominently. The angiotensin II type-2 receptors are thought to have an effect
opposite to that of angiotensin II type-1 receptors and play a pivotal role in anti-neointimal formation
(Akishita et al., 2000) and vascular relaxation (Israel et al., 2000) through, in part, NO productmn The
angiotensin II type-2 receptors are expressed in fetal COndltIOl’l and are re-expressed in certain
pathological conditions such as inflammation and vascular injury (Akishita et al., 2000). Therefore,
changes in angiotensin II type-2 receptor expression may be one explanation for the impairment of
contraction evoked by angiotensin II in TGL and TGH.



T. Shishido et al. / Life Sciences 74 (2004) 1487-1501 1499

We found that relaxation elicited by isoproterenol was reduced in rings from TGH compared with JW
and TGL, but there was no significant difference between JW and TGL. Recently, cAMP-dependent NO
release pathways have been reported in the endothelium (Zhang and Hintze, 2001). Since in the present
study we used denuded rings to investigate relaxation evoked by isoproterenol, the reduced relaxation to
isoproterenol in TGH may represent a medial smooth muscle dysfunction. Several studies demonstrated
that the cAMP-mediated vasodilator mechanism was not altered in WHHL (Hirata et al., 1992). However
in aortic smooth muscle cells obtained from hypercholesterolemic rabbits, basal and NaF-stimulated
cAMP generation were decreased, and induction of oxidized LDL in rabbits inhibited cAMP-mediated
vasodilatation (Galle et al., 1992; Schmidt et al., 1993). These data suggest that hypertriglyceridemia also
impairs smooth muscle cell function. Similar to endothelial dysfunction, hypercholesterolemia alone did
not induce al- and B-adrenergic dysfunction, and combined dyslipidemia was necessary to induce them
in aortas from young rabbits.

In conclusion, our studies using aortas from TGH demonstrated that both endothelium-dependent and
-independent relaxation responses were impaired, and smooth muscle contractile responses were also
attenuated. These vascular dysfunctions were the first to appear in the atherogenic state. These
observations support the concept that hypertriglyceridemia accelerates functional impairment of
endothelial and smooth muscle cells induced by hypercholesterolemia.
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Lo RBBBERICBA L =2— 1L XY, NOAREREEETH 5 Nenitro-L-
arginine methyl ester (L-NAME) ##&5 L, MEORFHEERE LT,

JW TiL, B LEXBROWThOBE T, 2 BIRE{LRE 2RO Rbo T,
—7%., TGH TIRXBRZTICEELRBIRELRE LR, EHELEZ, JW &
TGH ORICHARAE R ok, LML, TGH DIRER. JW LD bERIKE o
Teo Eio, NO RRRHEMERETH S L-NAME OREIZ L > T, JW, TGH WThiz
WTHMERFEICER Lz, L L, L-NAME 5% 0 0E EFRiTiX, JW & TGH
DEIZALPREFRD bhizdote, BEOKERMS, TGH OKREIR TIIBIARE L
PERLTVWHZE, THICL Y AEEOEEETEE L URESEREEEIZ ERR
i,

F—T—F . BEiSdE. IR, BIREL, E. NO

BIRIEEREE « FBHE (UBRZPESNEERFHEHREHLHED) T00-0585 LEHAEE2 — 2



