out with a computer program (StatView 4.5, Abacus Con-
cepts, Cupertino, CA, USA).

‘Results

Body weight and food intake during Ginkgo
administration

The effects of 30 days of feeding with a Ginkgo-containing diet
on the body weight and food intake in WKY and SHR are
shown in Table 1. The dose of Ginkgo was also calculated.
Addition of Ginkgo (0.05%-0.5%) to the diet of WKY and
SHR did not significantly influence body weight or food intake.

Effect of a Ginkgo-containing diet on blood
pressure

Figure 1 shows the systolic blood pressure of WKY and SHR
after 15 and 30 days on the 0.5% Ginkgo diet. Systolic blood
pressure in SHR increased with age and was significantly
higher than that in WKY. This increase was significantly sup-
pressed by the 30-day administration of Ginkgo. A Ginkgo-
containing diet did not affect systolic blood pressure in WKY
over the 30-day administration period.

Effect of a Ginkgo-containing diet on
vasorelaxation

Figure 2 shows the influence of 30 days of a Ginkgo-contain-
ing diet (0.05-0.5%) on relaxation induced by acetylcholine
(ACh) in WKY and SHR aortic rings precontracted with
noradrenaline (107" m). Ginkgo significantly enhanced the
maximum relaxation induced by ACh in a dose-related man-
ner. The EC50 values of relaxation for ACh in SHR aortic
rings were significantly decreased by administration of a
0.5% Ginkgo diet, as shown in Table 2. In contrast, 30 days
of a 0.5% Ginkgo diet did not affect ACh-induced relaxation
in WKY (Figure 2, left panel). In the control diet groups of
SHR, ACh-induced maximum relaxation (88.8+1.2%) was
significantly lower than that observed in WKY (94.6 £ 1.5%).
In the aortas of SHR fed 0.1% or 0.5% Ginkgo for 30 days,
maximum relaxation induced by ACh was significantly
increased relative to that in the control diet groups of SHR
(Figure 2, right panel). In other words, Gingko completely
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restored the relaxation of SHR aortas to that of WKY aortas.
Sodium nitroprusside-induced relaxation was not changed
after 30-day administration of a Ginkgo-containing diet in
either SHR or WKY (Figure 3).

Effects of a Ginkgo-containing diet on the
ACh-induced increase in intracellular Ca?* level

Figure 4 shows typical changes in intracellular calcium level
induced by ACh in the endothelial layer of aorta isolated from
SHR. The left panel is a phase-contrast microscopic image of
the endothelial layer in the absence of drugs. Parts of the
stainless steel wire inserted to the arterial lumen are observed
in the top and bottom of the image. As shown in the middle
panel, the distance between the wires was shortened by con-
traction induced by noradrenaline. This distance was length-
ened by the vasorelaxant action of ACh (right panel).
Furthermore, the intensity of Calcium Green fluorescence
was increased in the presence of ACh. This ACh-induced
increase in intracellular calcium ion level was enhanced in the
endothelial layer of SHR fed with a 0.5% Ginkgo diet for 30
days (Figure 5).

Discussion

Ginkgo is a well-defined plant extract. Its main constituents
are terpenoids (such as bilobalide and ginkgolides A, B, and
C) and 30 types of flavonoids (such as quercetin and rutin)
(Kleijnen & Knipschild 1992). Our previous study (Kubota
etal 2001) demonstrated that Ginkgo produced dose-depend-
ent vasodilation via the nitric oxide pathway in the isolated
Wistar rat aorta and suggested that one of the principal ingre-
dients of Ginkgo responsible for this vasodilation was querce-
tin. This evidence suggested that Ginkgo may produce a
hypotensive effect. Sasaki etal (2002) have shown that the
age-related increase in blood pressure observed in SHR was
suppressed significantly by Ginkgo at 60-120mgkg™ each
day for three weeks. Umegaki et al (2000) have already found
that Ginkgo produced antihypertensive effects in deoxycorti-
costerone acetate-salt hypertensive rats. However, this hypo-
tensive action was observed on systolic blood pressures of
120-140 mmHg, but was not observed on systolic blood pres-
sures more than 140 mumHg. Thus, Ginkgo seemed to improve
mild hypertension. Indeed, Jezova etal (2002) suggested that

Table 1 Effects of 30-day treatment with Ginkgo biloba extract (Ginkgo) on body weight, food intake, and dose of Ginkgo in Wistar Kyoto rats
(WKY) and spontaneously hypertensive rats (SHR)

WKY SHR

Control 0.5% Ginkgo Control 0.05% Ginkgo 0.1% Ginkgo 0.5% Ginkgo
Body weight (g)* 260.5+2.6% | 254.5+4.8% 278.4+3.3 276.0+£3.7 276.6+5.8 281.1£1.6
Intake of diet (g/day)® 14.3+0.2* 14.8+0.3*% 17.3£0.3 17.0+02 173102 17.2£03
Dose of Ginkgo (mg/day)© 0 737+1.3 0 8.5+0.1 17.3£0.2 863+14

*The average body weight after 30 days. ®The average intake of each diet per day for 30 days. “The average dose of Ginkgo per day for 30 days. Each

value is the mean +s.e.m. for six rats. *P <0.05 vs each control.
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Figure 1 The effect of 0.5% Ginkgo biloba extract (Ginkgo) diet on
systolic blood pressure in normotensive Wistar Kyoto rats (WKY) and
spontaneously hypertensive rats (SHR). The ordinate denotes systolic
blood pressure, while the abscissa indicates the time course (days) after
control diet (A, WKY; @, SHR) and 0.5% Ginkgo diet (A, WKY; O,
SHR). Each point represents the mean *s.e.m. (n=6). *P <0.05 vs con-
trol SHR.
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Ginkgo inhibited a rise in blood pressure by cortisol release
during stress in healthy volunteers. In this study, 30-day
administration of Ginkgo caused a significant inhibition of
any increase in blood pressure in SHR, but had no effect on
normotensive WKY. These results indicated that Ginkgo
inhibited the development of hypertension.

It is well known that vascular resistance is regulated by the
endothelium via the synthesis and secretion of a variety of
vasoactive substances, such as nitric oxide, prostacyclin,
endothelium-derived hyperpolarizing factors, and endothe-
lium-derived contracting factor. The stable balance of these
factors released from the endothelium is disturbed in diseases
such as hypertension, atherosclerosis, and diabetes. In hyper-
tension, endothelium-dependent relaxation induced by a vari-
ety of vasodilator agents, such as ACh, is markedly impaired;
this has been documented by various investigators (Lockette
etal 1986; Linder etal 1990; Jameson etal 1993; Taddei etal
1993; Vanhoutte & Boulanger 1995). The overproduction of
vasoconstrictor prostanoids (Diederich etal 1990; Vanhoutte &
Boulanger 1995) and super oxide anions generated in this patho-
logic process have been proposed as factors that contribute to
the impaired relaxation of vessels to endothelium-dependent
vasodilators (Fu-Xiang etal 1992; Jameson etal 1993).
Akpaffiong & Taylor (1998) suggested that either excess pro-
duction of oxidants or deficiency of antioxidant systems may
have contributed to high blood pressure and vascular
endothelial impairment in SHR.

In these in-vitro experiments, diminished relaxation in
response to ACh was confirmed in SHR aorta, and relaxation
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Figure 2 The effect of Ginkgo biloba extract (Ginkgo) diet on relaxation induced by acetylcholine in aortic rings preconstricted with noradrenaline
(1077 M) isolated from normotensive Wistar Kyoto rats (WKY) and spontaneously hypertensive rats (SHR). The ordinate indicates the ratio of relaxa-
tion (%) to maximum relaxation in response to papaverine at 107% M and the abscissa shows the concentration of acetylcholine (M) in rats fed the con-
trol diet (A, WKY; @, SHR), the 0.05% Ginkgo diet (X, SHR), the 0.1% Ginkgo diet (O, SHR), and the 0.5% Ginkgo diet (A, WKY; O, SHR). Each
point represents the mean £s.e.m. (n=6). #P <0.05 0.1% Ginkgo vs control. *P <0.05 0.5% Ginkgo vs control.



Table 2 Effects of Ginkgo biloba extract (Ginkgo) treatment on EC50
of relaxation produced by acetylcholine in the aortic rings preconstricted
with noradrenaline (10”7 M) of spontaneously hypertensive rats

Diet EC50 (nm)
Control 215126
Ginkgo 0.05% 16.2+3.4
Ginkgo 0.1% 17.9%2.5
Ginkgo 0.5% 12.6 £1.0*

Each value is the mean % s.e.m. for six rats. *P <0.05 vs control.
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Figure 3 The effect of 0.5% Ginkgo biloba extract (Ginkgo) diet on
relaxation induced by sodium nitroprusside in aortic rings preconstricted
with noradrenaline (10”7 M) isolated from normotensive Wistar Kyoto rats
(WKY) and spontaneously hypertensive rats (SHR). The ordinate indicates
the ratio of relaxation (%) to maximum relaxation in response to papaverine
(10‘6 M) and the abscissa denotes the concentration of sodium nitroprusside
(M) in rats fed the control diet (A, WKY; @, SHR) or the 0.5% Ginkgo diet
(A, WKY; O, SHR). Each point represents the mean+s.em. (n=6).
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was restored by long-term administration of a Ginkgo-con-
taining diet. This effect of Ginkgo was not observed in WKY.
However, a significant decrease in EC50 values was observed
only with 0.5% Ginkgo diet and a significant increase in max-
imum relaxation values was observed only with 0.1% and
0.5% Ginkgo diets. These results indicated that ACh-induced
relaxation at 10710 M concentrations was enhanced by
0.1% and 0.5% Ginkgo diets in SHR. Furthermore, relaxation
in response to mitric oxide, such as sodium nitroprusside-
induced relaxation, was not affected by a Ginkgo-containing
diet in either SHR or WKY. These findings suggested that
enhanced relaxation resulting from Ginkgo administration
wag due to increased nitric oxide production/release from the
endothelium or to greater nitric oxide bioavailability.
Flavonoids are considered important dietary antioxidants
(Robak & Gryglewski 1988). Ginkgo also has antioxidant
properties (Haramaki etal 1994; Koc etal 1995; Miyajima
etal 1997; Pietri etal 1997). Sasaki etal (2002) reported that
Ginkgo produced antioxidant effects, increased nitric oxide
metabolites, and increased the expression of endothelial nitric
oxide synthase mRNA in stroke-prone SHR. One of the
major active ingredients of Ginkgo is considered to be quer-
cetin. Indeed, quercetin was reported to inhibit hypoxanthine-
xanthine oxidase activity and scavenge superoxides, hydroxy
radicals, and peroxynitrite in-vitro (Rice-Evans & Packer
1998). Moreover, metabolites of orally administered querce-
tin have been demonstrated to retain the antioxidant proper-
ties of the parent compound (Manach etal 1998). Duarte etal
(2001a, b) demonstrated that while quercetin reduced ele-
vated blood pressure and restored the endothelium-dependent
vasodilation in response to ACh in SHR, no such effects were
apparent in WKY. They suggested that the effects of querce-
tin were associated with a reduced oxidant status due to its
antioxidant properties. Superoxide is generally recognized to
impair endothelium-dependent vasodilation via inactivation
of synthesis and/or release of nitric oxide and consequently to
elevate blood pressure (Taniyama & Griendling 2003). Taken
together, these findings suggested that the antioxidant proper-
ties of the flavonoids within Ginkgo, such as quercetin, may
have participated in the effects of Ginkgo on blood pressure
and endothelium-dependent relaxation observed in this study.

Figure 4 The effect of acetylcholine on intracellular calcium ion level in aortic endothelium isolated from spontaneously hypertensive rats (SHR).
Left panel: phase-contrast microscopic image of the endothelial layer. Stainless steel wires are identified in the top and bottom of the image. The
degree of vasoconstriction can be estimated from the distance between these two wires. The remaining panels show fluorescent confocal images of
intracellular calcium ion level in the endothelial layer of the aorta precontracted with noradrenaline (10‘6 M) in the absence (middle panel) and pres-

ence (right panel) of acetylcholine (10‘6 M).
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Figure 5 The effects of 0.5% Ginkgo biloba extract (Ginkgo) diet on
the intracellular calcium ion increase induced by acetylcholine (ACh) in
the aortic endothelium isolated from spontaneously hypertensive rats
(SHR) fed with control and 0.5% Ginkgo diets. The ordinate shows the
intracellular calcium ion level (F/Fp) (fluorescence intensity was the
peak fluorescence intensity (F) divided by fluorescence intensity at the
beginning of each experiment (Fp)). Each column represents the
mean+s.em. (n=6). *P <0.05 vs each baseline value. *P <0.05 vs con-
trol acetylcholine.

Indirect and direct experimental evidence demonstrated
that the entry of extracellular Ca®" and the liberation of Ca?*
from intracellular stores could contribute to an increase in
free cytoplasmic Ca®* concentration in endothelial cells,
which was an essential step in the synthesis and release of
nitric oxide (Rubanyi & Vanhoutte 1988). Endothelial nitric
oxide synthase is constitutively expressed in endothelial cells
lining the blood vessels and heart. Its activity is tightly con-
trolled by an intramolecular auto-inhibitory element that hin-
ders calmodulin binding and this molecular hindrance is
removed by elevated intracellular Ca* levels (Wu etal 2002;
Fleming & Busse 2003). Thus, many studies have indicated
that the release of nitric oxide must require an increase in
cytoplasmic Ca®" within endothelial cells. Pogan etal (2001)
have shown that the Ca®* signalling process in SHR endothe-
lial cells was affected by increased oxidative stress, resulting
in 2 depletion of releasable CaZ* from inositol 1,4,5-trisphos-
phate-sensitive and -insensitive Ca®* pools. They suggested a
possible beneficial action of antioxidants on Ca?" signalling in
endothelial cells from models of hypertension. In our study, a
greater ACh-induced increase in intracellular Ca?* level was
observed in endothelial cells of the aorta isolated from SHR
that had been fed a Ginkgo-containing diet than in those iso-
lated from control SHR. This accelerated response may have
been caused by recovery of an intracellular Ca?" mobilization
mechanism in endothelial cells resulting from the antioxidative
action of Ginkgo flavonoids. However, further study is neces-
sary to elucidate the site of action and mechanism of Ginkgo.

In conclusion, the results confirmed that Ginkgo reduced the
elevation of blood pressure and improved the dysfunction of the
endothelial nitric oxide synthase/nitric oxide pathway in the

endothelium in SHR. Ginkgo enhanced the increase in intracel-
lular Ca®* level to ACh in endothelial cells. This acceleratory
influence of Ginkgo on intracellular Ca?* mobilization may have
participated in the restoration of endothelium-dependent vasodi-
lation in response to ACh. To our knowledge, this was the first
study to have investigated the influence of long-term Gingko
administration on intracellular calcium mobilization in vascular
endothelium.” The pharmacological activity was considered to
contribute to the possible beneficial properties of Ginkgo in clin-
ical practice, including the regulation of hypertension.
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We previously demonstrated that Ginkgo biloba extract (GBE) produced vasodilation via the nitric oxide
synthesis and release by increasing the intracellular calcium level in vascular endothelial cells of rats. The pres-
ent study aimed to clarify the effects of dietary administration of GBE on the blood pressure and vascular tone
of hypertensive Dahl salt-sensitive (Dahl) rats in order to evaluate its therapeutic actions and availability. Dahl
rats were fed an 8.0% NaCl diet or an 8.0% NaCl plus 0.5% GBE diet for 24 d. The feeding of GBE did not
change the heart rate, but significantly decreased systolic blood pressure. After 24 days’ administration, the ef-
fects of GBE on the atria and aorta isolated from Dahl rats were examined. The GBE-containing diet did not af-
fect the negative and positive actions of isolated atria that were produced by acetylcholine and isoproterenol, re-
spectively. In the aortic preparations, the relaxation in response to acetylcholine was significantly potentiated by
a GBE-containing diet. Sodium nitroprusside-induced relaxation was unchanged by GBE-containing diet. These
results demonstrated that GBE reduced salt-related elevation of blood pressure and restored the impaired acetyl-

choline-induced vasodilation in aortic segments.

Key words

Ginkgo biloba extract (GBE), which is the leaf extract of
Ginkgo biloba, has many pharmacological effects. For exam-
ple, preventing ischemia-induced oxidation,'™® improving
cerebral blood flow? and antagonizing the action of platelet-
activating factor” have been reported. GBE and its con-
stituents, especially terpenoids and flavonoids, are also re-
ported to possess vasorelaxant properties.” These findings
have Ied us to consider the possibility that GBE might have
protective effects in cardiovascular disease. However, few re-
ports have clarified the effect of GBE on blood pressure,
using an animal model of hypertension. Dahl salt-sensitive
(Dahl) rats develop high blood pressure when fed salt, and
are therefore similar to a subgroup of humans with hyperten-
sion.®” In this study, we analyzed the effects of daily-term
oral GBE treatment on blood pressure, heart and vascular
function in Dahl rats.

MATERIALS AND METHODS

Animals and Materials Experiments were performed in
accordance with Guiding Principles for the Care & Use of
Laboratory Animals approved by The Japanese Pharmaco-
logical Society and Mukogawa Women’s University. The
GBE powder was supplied by Tama Biochemical Co., Ltd.
(Tokyo, Japan) and contained 24.2% flavonoids and 9.4%
terpenes; similar to that of EGb 761%'? used in European
countries. Male 6-week-old Dahl salt-sensitive rats (n=12)
were obtained from Japan SLC, Inc. (Shizuoka, Japan). Rats
were initially fed a control diet (8% NaCl addition MR stock
(Japan SLC, Inc.) diet without GBE) for 7d. After that, the
animals received 8% NaCl addition MR stock diet (control
-group, n=6) or §% NaCl plus 0.5% GBE addition MR stock
diet (GBE group, n=6) for 24 d. The animals had free access
to drinking water in the experiment. Rats were then anaes-
thetized with pentobarbital sodium (60 mg/kg, i.p.), blood
was taken from the abdominal aorta, and the heart and tho-
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racic aorta were rapidly removed. Heart rate and blood pres-
sure were measured by the tail-cuff method (Model MK-
2000, Muromachi Kikai Co., Ltd., Tokyo, Japan) in unanaes-
thetized rats between 13.00 and 17.00h, at 23—25°C.

Materials Acetylcholine chloride, R(—)-isoproterenol
(+)-bitartrate salt and noradrenalin were obtained from Dai-
ichi Pharmaceutical Co. (Tokyo, Japan), RBI (Natick, MA,
U.S.A.) and Sankyo Co. (Tokyo, Japan). Other reagents used
were purchased from Nacalai Tesque, Inc. (Kyoto, Japan).

Chronotropic and Inotropic Effects on Isolated Rat
Atria The isolated heart was immediately placed in a
Krebs—-Henseleit solution of the following composition (mm):
NaCl 118.4, KC1 4.7, MgSO, 1.2, CaCl, 2.5, NaHCO, 25.0,
KH,PO, 1.2 and glucose 10.0. After excess blood vessels and
the ventricle were removed from the heart, the atria prepara-
tion which consists of auricular nodes and left-right atrium
were mounted in a Sml organ bath filled with Krebs—Hense-
leit solution. The chronotropic and inotropic changes were
measured with a force-displacement transducer (Model T-7,
NEC San-ei Instruments, Ltd., Tokyo, Japan) coupled to a
PowerLab/800 (ADInstruments Pty Ltd., NSW, Australia)
under a resting tension of 1.0 g. The bath solution was main-
tained at 32 °C to avoid the exhaustion condition of the atria
and bubbled with a 95% 0,-5% CO, gas mixture. Each
preparation was allowed to equilibrate for at least 60 min
prior to initiation of experimental procedures, and during this
period the incubation medium was changed every 20 min.
After the equilibration period, acetylcholine or isoproterenol
were cumulatively added to the bath solution.

Relaxation Studies on Isolated Rat Aorta The thoracic
aorta was immediately placed in a Krebs—-Henseleit solution
of the following composition (mm): NaCl 118.4, KCI 4.7,
MgSO, 1.2, CaCl, 2.5, NaHCO, 25.0, KH,PO, 1.2 and glu-
cose 10.0. After removing periaortic fat and connective tis-
sue, the aorta was cut into ring segments of approximately
3 mm length. Each ring preparation was mounted vertically

© 2006 Pharmaceutical Society of Japan
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under a resting tension of 1 g in a Sml water jacketed organ
bath filled with Krebs—Henseleit solution and attached to a
force-displacement transducer (Model T-7, NEC San-ei In-
struments, Ltd., Tokyo, Japan). The bath solution was main-
tained at 37°C and bubbled with a 95% O,-5% CO, gas
mixture. Each preparation was allowed to equilibrate for at
least 60 min prior to the initiation of experimental proce-
dures, and during this period the incubation media were
changed every 10min. After this equilibration period, the
ring preparation was contracted with noradrenaline (1077 m)
before cumulatively adding putative relaxing agents. The re-
laxation response was expressed as a percentage of the maxi-
mal relaxation developed by papaverine (107 m). '

Statistics  All values are presented as the means*S.E.M.
Data were evaluated for statistical significance using the Stu-
dent’s f-test. When the variances of two groups were differ-
ent, the Welch test was used. A probability of less than 0.05
was considered significant. Statistical analyses were carried
out with a computer program (StatView 5.0, SAS Institute
Inc., Cary, NC, US.A.).

RESULTS

Effect of GBE Diet on Blood Pressure and Heart Rate
Figure 1 shows systolic blood pressure and heart rate in Dahl
rats during 24 days’ administration of control or GBE-con-
taining diets. Systolic blood pressure in control Dahl rats sig-
nificantly increased with age (after days 0, 8, 16 and 24 the
systolic blood pressures were 129.2:5.1, 142.3+2.9, 158.6+
2.3 and 166.3%3.6 mmHg, respectively). This increase was
significantly suppressed by administration of GBE (after
days 0, 8 16 and 24 the systolic blood pressures were
132.9+4.3, 120.5+3.0, 130.6%=2.8 and 145.5+3.5mmHg,
respectively). However, GBE-containing diet did not affect
heart rate over the 24 d administration period.

Effect of GBE Diet on Isolated Rat Atria Figure 2
compares the effects of acetylcholine and isoproterenol on
the atria isolated from Dahl rats receiving GBE-diet with
those from Dahl rats receiving the control diet. The heart rate
and contractile force in atria isolated from Dahl rats receiv-
ing GBE diet were not significantly different from those from
control rats. Acetylcholine-induced negative chronotropic
and inotropic actions in atria of GBE rats were not signifi-
cantly different from those of control rats. Also, isopro-
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Fig. 1. Effects of 0.5% Ginkgo biloba Extract (GBE) Diet on Systolic

Blood Pressure and Heart Rate in Dahl Rats

The ordinate denotes systolic blood pressure (left) and heart rate (right), while the
abscissa indicates the time course (d) after control (@) and 0.5% GBE (Q) diets. Each
point represents the mean®S.EM. (n=6). ** p<<0.01 vs. control. #4#p<0.05, 0.01 vs.
each control (0d).
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terenol-induced positive chronotropic and inotropic effects in
atria of GBE rats were not significantly different from those
of control rats.

LEffect of GBE Diet on Isolated Rat Aorta Figure 3
shows the influence of GBE-containing diet on relaxation in-
duced by acetylcholine and sodium nitropurusside in the aor-
tic rings pre-contracted with noradrenaline (1077 m). In the
aorta of Dahl rats fed GBE-containing diet for 24 d, the max-
imum relaxation by acetylcholine (87.0+2.4%) was signifi-
cantly larger than that observed in Dahl rats fed the control
diet (74.35.3%). Sodium nitropurusside-induced relaxation
was not changed after 24 days’ administration of GBE-diet.
The contractile force with noradrenaline (1077M) was not
significantly different after 24d of GBE-containing diet
(0.63%£0.03 g) compared with control diet (0.69%0.03 g).

150 150
9
<100 + W 3§ 100 F
X
Y ~6 |
g 2
§ 5
@ 50 Esot
Q
(&)
0 1 1 1 1 | i 1 0 ] 1 )] 1 1 i 1
0 10 9 8 7 6 5 0 10 9 8 7 6 5
Acetylcholine (-logM) Acetylcholine (-logM)
200 200
150 |- g1s0 -
S g
e £
8100 2100
@ it
& £
50 [ S 50k
0 )i L i d H 5 | 1 0 I 1] ] L | ) I i 1

0 10 9 8 7
Isoproterenol (-logM)

0 10 9 8 7
Isoproterenol (-logM)

Fig. 2. The Effects of 0.5% Ginkgo biloba Extract (GBE) Diet on
Chronotropic and Inotropic Actions Induced by Acethylcholine and Isopro-
terenol in the Atria Isolated from Dahl Rats .

The ordinate denotes the ratio of beat rate (left) and contractile force (right), and the

abscissa indicates the concentration of acethylcholine (upper) and isoproterenol (lower)
after control (@) and GBE (O) diets, Each point represents the mean*S.E.M. (n=6).
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ation Induced by Acethylcholine and Sodium Nitropurusside in the Aortic
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The ordinate denotes the ratio of relaxation (%) to maximum relaxation in response
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point represents the mean*=S.E.M. (n=6). * p<<0.05 vs. control.
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DISCUSSION

GBE contains approximately 30 kinds of flavonoids and
their derivatives, plus terpenoids such as ginkgolide A,
ginkgolide B, ginkgolide C and bilobalide.'” Our previous
study'? demonstrated that GBE produced dose-dependent
vasodilation via nitric oxide (NO) synthesis and release by
increasing the intracellular calcium level in vascular endothe-
lial cells of rats. We have also suggested that one of the prin-
cipal ingredients of GBE for bringing about vasodilation is
quercetin, which has already been reported to exert antihy-
pertensive effects in spontaneously hypertensive rats (SHR)
when administered orally on a long-term basis."® Sasaki
et al.'® have shown that the age-related increase in blood
pressure observed in SHR was suppressed significantly by
GBE at 60—120mg/kg each day for 3 weeks. Umegaki
et al." have already found that GBE produced antihyperten-
sive effects in deoxycorticosterone acetate-salt hypertensive
rats. In the present study, 24 days’ administration of GBE
caused a significant hypotensive effect in Dahl rats. It is well
known that vascular resistance is regulated by the endothe-
lium via the synthesis and secretion of a variety of vasoactive
substances, such as nitric oxide, prostacycline, endothelium-
derived hyperpolarizing factors (EDHF) and endothelium-de-
rived contracting factor (EDCF). The stable balance of these
factors released from the endothelium is disturbed in dis-
eases such as hypertension, atherosclerosis, and diabetes. In
hypertension, the endothelium-dependent relaxation induced
by a variety of vasodilator agents, such as acetylcholine, is
markedly impaired, and this has been documented repeatedly
by various investigators.'*™'® The overproduction of vaso-
constrictor prostanoids’*'®) and super oxide anions generated
in this pathologic process have been proposed as factors that
contribute to the impaired relaxation of vessels to endothe-
lium-dependent vasodilators.'**® Akpaffiong and Taylor?"
have also suggested that either excess production of oxidants
or deficiency of antioxidant systems may contribute to high
blood pressure and vascular endothelial impairment in SHR.
Recently, Sasaki et al.'? reported that the anti-oxidant effects
of GBE were increased by measurement of urinary 8-hy-
droxy-2'-deoxyguanosine.

In our in vitro experiments, relaxation of aortae isolated
from Dahl rats in response to acetylcholine was potentiated
by long term administration of a GBE-containing diet, Re-
laxation in response to NO, e.g. sodium nitropurusside-in-
duced relaxation was not affected by treatment with GBE in
Dahl. In the aorta of Dahl rats fed on a high-sodium diet,
endothelium-dependent relaxations in response to various va-
sodilators are impaired, while the relaxations in response to
the endothelium-independent agonist, sodium nitropurusside,
are only slightly impaired.?»* These findings suggest that
enhanced relaxation resulting from GBE administration is
due to increased or restored NO production/release from the
endothelium or to greater NO bioavailability.

Flavonoids are considered important dietary antioxi-
dants.?® GBE also has antioxidant properties'™?% and one
of its major active ingredients is considered to be quercetin,
Indeed, quercetin was reported to inhibit hypoxanthine-xan-
thine oxidase activity and scavenge super oxide, hydroxyl
radicals, and peroxynitrite in vitro.”® Moreover, metabolites
of quercetin after oral administration have also been found to
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retain the antioxidant properties of the parent compound.?”
Superoxide is generally recognized to impair endothelium-
dependent vasodilation via inactivation of synthesis and/or
release of NO and consequently to elevate blood pressure.?®
Taken together, these findings suggest that the antioxidant
properties of the flavonoids within GBE, such as quercetin,
may participate in the effects of GBE on blood pressure and
endothelium-dependent relaxation observed in the present
study. However, further study will be necessary to elucidate
the site of action and mechanism of GBE.

In conclusion, the present data demonstrate that GBE re-
duces the elevation of blood pressure and improves the dys-
function of the NO pathway in the endothelium of Dahl rats.
These pharmacological activities are considered to contribute
to the possible beneficial properties of GBE in clinical prac-
tice, including the regulation of hypertension.
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Abstract

Metabolic syndrome is a cluster of metabolic abnormalities, including hypertension, hyperlipidemia, hyperinsulinemia, glucose intolerance and
obesity. In such lifestyle-related diseases, impairment of nitric oxide (NO) production or bioactivity has been reported to lead to the development
of atherogenic vascular diseases. Therefore, in the present study we investigated changes in the NO/cyclic guanosine monophosphate (cGMP)
system in aortas of SHR/NDmor-cp (cp/cp) rats (SHR-cp), a model of the metabolic syndrome. In aortas of SHR-cp, endothelium-dependent
relaxations induced by acetylcholine and endothelium-independent relaxations induced by sodium nitroprusside were significantly impaired in
comparison with Wistar-Kyoto rats. Furthermore, protein levels of soluble guanylyl cyclase and cGMP levels induced by sodium nitroprusside
were significantly decreased. In contrast, protein levels of endothelium NO synthase and cGMP levels induced by acetylcholine were significantly
increased, and plasma NO, plus NO; levels were also increased. The levels of lipid peroxide in plasma and the contents of 3-nitrotyrosine, a
biomarker of peroxynitrite, in aortas were markedly increased. These findings indicate that in the aortas of SHR-cp, NO production from the
endothelium is augmented, although the NO-induced relaxation response is impaired. Enhanced NO production may be a compensatory response

to a variety of factors, including increases in oxidative stress.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Endothelium; Metabolic syndrome; Nitric oxide; Vascular smooth muscle; Vasorelaxation

Introduction

The vascular endothelium, the thin cell layer that covers the
inner wall of blood vessels, regulates the tonus of underlying
smooth muscle cells by releasing vasorelaxing factors such as
nitric oxide (NO) (Furchgott and Vanhoutte, 1989). NO causes
vasorelaxation via the NO/cyclic guanosine monophosphate
(cGMP) pathway, which is the essential pathway of the
relaxation response in the vascular system (Murad, 1986;
Hanafy et al, 2001). NO also has an important role of
protecting against atherogenesis by causing vasodilation and
inhibiting growth and migration of vascular smooth muscle
cells, platelet aggregation and thrombosis, monocyte adhesion,
inflammation, and lipoprotein oxidation (Maxwell et al., 1998).
Therefore, impairment of NO production or bioactivity

* Cormresponding author. 11-68 Koshien Kyuban-cho, Nishinomiya 663-8179,
Japan. Tel./fax: +81 798 45 9944,
E-mail address: skagota@mwu.mukogawa-u.ac.jp (S. Kagota).
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promotes the development of atherosclerosis (Schulz et al,
2004).

Metabolic syndrome is a cluster of metabolic abnormalities,
including obesity, hyperinsulinemia, hyperglycemia, hyperlip-
idemia, and hypertension, with underlying insulin resistance.
The coexistence of these disorders has been increasingly linked
with atherogenic vascular diseases (Reaven, 1993; Lteif and
Mather, 2004; Hsueh et al., 2004). There has been increasing
evidence of a parallel progression between insulin resistance
and endothelial dysfunction (Hsueh et al., 2004; Lteif and
Mather, 2004). For instance, impairment of endothelium-
dependent relaxations has been reported in insulin resistant
subjects, with the development of obesity, hypertension and
hyperlipidemia (Steinberg et al.,, 1996), in animal models of
metabolic syndrome (Zanchi et al.,, 1995; McNamee et al.,
1994; Karagiannis et al., 2003). In contrast, unchanged or even
enhanced endothelium-dependent relaxations have been
reported in obese Zucker rats, an animal model of metabolic
syndrome, which develop insulin resistance associated with
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marked hyperinsulinemia, dyslipidemia and hypertension
(Auguet et al., 1989; Sexl et al., 1995; Subramanian and
MacLeod, 2003). In addition, a recent study has demonstrated
that endothelial NO synthase (eNOS) expression and post-
translation regulation do not diminish in the obese Zucker rats
(Fulton et al., 2004). Furthermore, it is known that in the
pathophysiology of atherosclerosis, hypertension and diabetes,
the upregulation eNOS often represents a compensatory
mechanism accompanying increased production of superoxide
and other reactive oxygen species (Li et al., 2002b). Thus,
vascular responses may change with animal species and age.
Therefore, the present study was aimed at elucidating whether
or not vasorelaxation responses via the NO production of the
endothelium actually deteriorate in the metabolic syndrome.
We investigated the NO production and vasorelaxation
response via the NO/cGMP pathway in thoracic aortas isolated
from obese spontaneously hypertensive rats,. SHR/NDmcr-cp
(cp/cp) rats (SHR-cp) in comparison with their lean littermates,
SHR/NDmer-cp (+/+) rats (SHR) and normotensive Wistar-
Kyoto rats (WKY). The SHR-cp is an inbred subline of SHR/
N-corpulent rats (SHR/N-cp), which have the corpulent (cp)
gene (Koletsky, 1975), and has been shown to spontaneously
develop obesity, hypertension, hyperlipidemia, hyperglycemia,
and hyperinsulinemia, the so-called metabolic syndrome.

Materials and methods

Experimental animals

Male SHR-cp, SHR and WKY established by the Disease
Model Cooperative Research Association (Hamamatsu, Japan)
at 7, 18, 23 and 36 weeks of age (n=6 for each age group)
were purchased from Japan SLC, Inc. (Hamamatsu, Japan). In
another experiment, male SHR-cp, SHR and WKY at 18-23
weeks of age (n=3-6 for each age group) were used. Rats of
each strain were maintained on a standard diet and given water
ad libitum in an air-conditioned room. The systolic blood
pressure was determined in conscious rats by the indirect tail—
cuff method (MK-2000, Muromachi, Tokyo, Japan). The study
protocols were performed according to the Guideline Principles
for the Care and Use of Laboratory Animals approved by The
Japanese Pharmacological Society.

Relaxation studies

Thoracic aortas were removed and immediately placed in
Krebs—Henseleit solution (118.4 mM NaCl, 4.7 mM KC]J, 2.5
mM CaCl,2H,0, 1.2 mM KH,PO,, 1.2 mM MgS0,7H,0,
25.0 mM NaHCOj;, 11.1 mM glucose). The vessels were
cleaned of their adherent tissue and cut into 3-mm rings, taking
care not to damage the endothelium. The rings were mounted
isometrically at an optimal resting tension of 1.0 g in a 10-mL
organ bath filled with the solution (37 °C, pH 7.4) described
above. The bath solution was continuously aerated with a gas
mixture of 95% O, and 5% CO, and the rings were then
allowed to equilibrate for 60 min before the start of the
experiments. Isometric tension change was measured with a

force-displacement transducer (Model t-7, NEC San-Ei, Tokyo,
Japan) coupled to a dual channel chart recorder (Model 8K21,
NEC San-Ei). The aortic rings were preconstricted with 0.1—
0.3 uM phenylepherine to generate approximately 80% of the
maximal contraction. Once a stable contraction was obtained,
acetylcholine (0.1 nM-1 puM), sodium nitroprusside (0.1 nM—
1 pM), nitroglycerin (0.1 nM-1 puM) or 8-(4-chloro-phe-
nylthio)-cGMP (8pCPT-cGMP, 0.01-100 pM) were cumula-
tively added to the bath. The relaxation response obtained was
expressed as a percentage of the maximal relaxation caused by
100 uM papaverine.

Determination of cGMP level

Aortic rings from three strains were removed and placed in
Krebs—Henseleit solution bubbled with a gas mixture 0£95% O,
and 5% CO,. The rings were mounted isometrically at an
optimal resting tension of 1.0 gin a 10-mL organ bath filled with
the solution (37 °C, pH 7.4) described above. After preincuba-
tion for 20 min with 1 uM zaprinast, a ¢cGMP-dependent
phosphodiesterase inhibitor, the rings were constricted with
phenylepherine (0.1 pM) for 5 min and then stimulated with
acetylcholine (0.03 pM) or sodium nitroprusside (0.01 uM) for 1
or 3 min, respectively. The tissues were immediately frozen in
liquid nitrogen and then homogenized in a glass/glass homog-
enizer in ice-cold 6% trichloroacetic acid.- The homogenates
were centrifuged at 3000 g for 15 min at 4 °C. The supernatants
were extracted three times in five volumes of ether, and the
aqueous phase was lyophilized. The ¢cGMP content was
determined with an enzyme immunoassay kit (cGMP enzyme
immunoassay Biotrak EIA system, Amersham Biosciences,
Buckinghamshire, UK). Protein in the precipitates was deter-
mined using a bicinchoninic acid protein assay kit (Pierce,
Rockford, IL, USA). The amount of cGMP was expressed in
picomoles cGMP per milligram protein of the sample.

Western blot analysis

The thoracic aortas were homogenized in a glass/glass
homogenizer in lysis buffer [50 mM Tris—HCI buffer (pH 7.5),
containing 0.15 M NaCl, 10 mM EDTA, 0.1% Tween-20,
0.01% (v/v) protease inhibitor cocktail (Sigma Chemical Co.,
St Louis, MI, USA) and 1 mM dithiothreitol]. The protein
concentration was determined for each sample using a
bicinchoninic acid protein assay kit (Pierce, Rockford, IL,
USA). An equivalent amount of total arterial protein (20 pg)
was loaded on the SDS-PAGE (PAG Mini DAIICHI 6/9,
Daiichi Pure Chemicals Co., Ltd. Tokyo, Japan) and then
blotted onto nitrocellulose. The membrane was incubated
overnight at 4 °C with mouse monoclonal antibodies to
endothelium NO synthase (eNOS) (Transduction Laboratories,
KY, U.S.A)), inducible NOS (iNOS) (Transduction Laborato-
ries), beta-actin (Sigma Chemical, Co.) or alpha-actin (Progen,
Heidelberg, Germany) protein, and with a rabbit antibody to
soluble guanylyl cyclase (sGC) protein (Alexis Biochemicals,
CA, U.S.A)). The blots were washed, then incubated for 2 h at
room temperature with peroxidase-conjugated anti-mouse IgG
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Table 1 )
Body weight, systolic blood pressure and plasma levels of triglyceride, total cholesterol and glucose in WKY, SHR and SHR-cp at 7, 18, 23 and 36 weeks of age
7 weeks 18 weeks 23 weeks 36 weeks
Body weight (g) WKY 179+7 36414 387%5 46219
SHR 20948 35848 37216 46119
SHR-cp 259 £ 8*# 479+ 15%# 550+ 13%# 697 13%#
Systolic blood pressure (mm Hg) WKY 123+5 1243 1303 134+1
SHR 143+£7* 186+4* 200+4* 21143*
SHR-cp 15243% 167+6%# 1941 7* 21745*
Triglycerides (mg/100 mL) WKY 84.4+3.9 72.1£2.6 78.5+4.5 78.246.5
SHR 77.2£3.1 78.715.6 94.6+4.9 76.0£3.5
SHR-cp 205+£21%# 707+ 82%# 973 £ 116%# 796+62%#
Cholesterol (mg/100 mL) WKY 87.9+2.0 10214 1055 1035
SHR 55.4£1.9*% 79,242 3% 82.1+£3.4* 75.0£3.4%
SHR-cp 101 £4%# 159+ 8*# 183 +6%# 149+ 5%#
Glucose (mg/100 mL) WKY 12348 1265 127£6 13319
SHR 14547 12414 15246 14016
SHR-cp 194 £18*%# 207+ [2%# 2314 15%# 155£3%

Results are expressed as the mean+S.EM. (2=6 for each group). *P <0.05, as compared with the WKY group, *P<0.05, as compared with the SHR group.

(Vector Laboratories, CA, U.S.A.), or anti-rabbit IgG (Trans-
duction Laboratories). Subsequent detection of the specific
proteins was achieved with enhanced chemiluminescence
(Western blotting luminal reagent, Santa Cruz Biotechnology
Inc., CA, U.S.A.) on X-ray film for 1 to 3 min. The X-ray film
was scanned into Adobe Photoshop (Ver. 3.0.5) with a scanner
(hp psc 2310 all-in-one, Hewlett—Packard Company, CA,
U.S.A.) and transferred to the Macintosh NIH-Image program
(Ver. 1.63). The density of the bands was measured using NIH-

Image gel macros. The signals were obtained as the eNOS/
beta-actin or sGC/alpha-actin ratio.

Determination of glucose, triglycerides, total cholesterol,
thiobarbitureic acid reactive substances (TBARS) and NO3
plus NO5 (NO,) levels in plasma

Blood was drawn from the abdominal aorta under anesthesia
with pentobarbital sodium (60 mg/kg, i.p.) into tubes contain-
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Fig. 1. Changes in endothelium-dependent relaxations in response to acetylcholine in aortic rings from SHR-cp, SHR and WKY at 7 (A), 18 (B), 23 (C) and 36 (D)
weeks of age. The relaxation response was expressed as a percentage of the maximal relaxation caused by 100 pM papaverine. Results are expressed as the

meantS.EM. (n=6 for each group). *P <0.05, as compared with the WKY.
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Table 2

Values of pECsp and Ryax of relaxation responses to acetylcholine and sodium
nitroprusside in thoracic aortas from WKY, SHR and SHR-cp at 7, 18, 23 and
36 weeks of age

Group 7 weeks 18 weeks 23 weeks 36 weeks

Acetylcholine

pECsp- WKY 7.85£0.07 7.97+£0.03 7.95+0.05 7.87£0.05
SHR 7.86+£0.10 7.74£0.09* 7.79£0.06* 7.54+0.13*
SHR-cp 7.91£0.05 7.85+0.07 7.80£0.05* 7.60x0.11*

Rinax WKY 89.8£3.5 95.4+1.3 91.0£2.2 95.6+0.9
SHR 85.9+3.0 81.7+3.6* 78.145.1* 77.144.1%
SHR-cp 84.8%3.6 92.5+2.6* 77.1£2.6* 68.5£4.2%

Sodium nitroprusside

pECsp WKY 8.53£0.10 8.93+0.27 8.55£0.09 8.7410.08
SHR 8.47+0.07 821£0.07* 8.19+0.06% 8.32:0.04*
SHR-cp 8.46+0.11  8.19£0.08* 8.09+0.06* 8.28%0.16*

Rinax WKY 96.3%1.0 96.4+£1.0 95.8+1.1 93.7%2.1
SHR 90.0£1.6 93.4+2.1 93.31.8 85.9+4.3

_SHR-cp 89.5%2.6 94.5+1.2 93.6+1.8 86.2+2.9

Results are expressed as the mean=S.E.M. (n=6 for each group). *P <0.05, as
compared with the WKY group, #P <0.05, as compared with the SHR group.

ing EDTA at a final concentration of 1 mg/mL for antic-
oagulation. The plasma was separated by centrifugation at
3000 g for 10 min. Glucose, triglyceride and total cholesterol
levels in plasma were determined using commercial kits
(Glucose C Il-test Wako, Cholesterol E-test Wako, and
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Triglyceride E-test Wako, respectively, Wako Pure Chemical
Ind., Ltd., Osaka, Japan). Lipid peroxide levels in plasma were
estimated by assaying TBARS, using the fluorometric method
described by Yagi (1976). The plasma NO, plus NO; (NO,)
levels, as an index of generalized NO production, were
determined using a commercial kit (NO,/NO; Assay Kit-C,
Dojindo Laboratories, Kumamoto, Japan) based on the Griess
reaction.

Determination of 3-nitrotyrosine in aortas

The lipids of each aortic sample were extracted with
chloroform:methanol (2:1, v/v), and then the residues were
hydrolyzed with 6 M hydrochloric acid for 24 h at 110 °C.
After removal of hydrochloric acid from the hydrolysate, the
residue was dissolved in distilled water. The determination of
3-nitrotyrosine in aortas was performed by HPLC with
coulometric electrochemical array detection as described
previously (Yamaguchi et al., 2002).

Drugs

The drugs used in the present experiments were as follows:
acetylcholine chloride (Daiichi Pharmaceutical Co., Ltd.,
Tokyo, Japan); phenylepherine, zaprinast and sodium 8pCPT-
c¢GMP (Sigma Chemical Co., U.S.A.); sodium nitroprusside
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Sodium nitroprusside (-log M)

Fig. 2. Changes in endothelium-independent relaxations in response to sodium nitroprusside in aortic rings from SHR-cp, SHR and WKY at 7 (A), 18 (B), 23 (C) and
36 (D) weeks of age. The relaxation response was expressed as a percentage of the maximal relaxation caused by 100 uM papaverine. Results are expressed as the

mean+S.E.M. (=6 for each group). *P<0.05, as compared with the WKY.
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and papaverine hydrochloride (Nacalai Tesque Inc., Kyoto,
Japan); nitroglycerin (Millisrol; Nihon Kayaku Co., Ltd,,
Tokyo, Japan). Other chemicals of analytical reagent grade

were purchased from Nacalai Tesque Inc. (Kyoto, Japan). All

other compounds were dissolved in distilled water.

Data analysis

Data are expressed as means*S.E.M. Individual concentra-
tion—response curves were characterized by detenmining the
pECso (negative logarithm molar concentration of agonist
required to produce 50% of the maximal response) and the
Rinax (maximum relaxation response). The pECso values and
Rumax Were calculated using Graph Pad Prism software (Ver. 4,
San Diego, CA, USA). Statistical analysis was performed using
the analysis of variance (ANOVA) followed by the Bonfer-
roni~Dann test (Stat View software, Ver. 5.0, SAS, CA, USA).
Differences were considered significant at P <0.05.
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Results

Body weight, blood pressure and plasma lipid and glucose
levels

SHR/NDmer-cp (cp/cp) rats (SHR-cp) have been shown to
develop spontaneous obesity, hyperinsulinemia, hyperglyce-
mia, hyperlipidemia, and hypertension (Nangaku et al., 2003).
In the present study, we also checked body weight, systolic
blood pressure levels and plasma triglyceride, cholesterol and
glucose levels of the experimental rats at each age.

As shown in Table 1, SHR-cp at 7 weeks of age weighed
145% and 124% more than WKY and SHR, respectively. The
increased weight level, approximately 1.4-fold higher than
those of WKY and SHR, was observed until 36 weeks of age.

The systolic blood pressure in SHR-cp and SHR was
markedly higher in all age groups than that of WKY through
the experiment. Only at 18 weeks of age, the systolic blood
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Fig. 3. Changes in protein levels of endothelial nitric oxide synthase (eNOS) (A and C) and soluble guanylyl cyclase (sGC) (B and D) in aortas from SHR-cp, SHR
and WKY at 18 (A and B) and 23 (C and D) weeks of age. Lanes 1-5, lanes 6—10 and lanes 11— 16 represent the typical pattern of each enzyme protein expression
obtained from the aortas of five or six animals in each group. The eNOS protein signals were normalized using the corresponding signals of beta-actin, and the sGC
protein signal by that of alpha-actin. The relative protein levels are expressed as the mean* S.E.M. (n=5~6 for each group). *P<0.05, as compaied with the WKY,
#P<0.05, as compared with the SHR.
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pressures in SHR-cp were slightly but significantly lower than
those in SHR. The diastolic blood pressure was also significantly
lower in SHR-cp than in SHR at the same age (SHR-cp,
90.5£2.5: SHR group, 129+5 mm Hg). However, there was no
significant difference between SHR-cp and SHR at 23 weeks of
age (SHR-cp, 134£6: SHR group, 140+9 mm Hg).

The plasma triglyceride levels in SHR-cp were approxi-
mately 10-fold higher in all age groups than those of WKY and
SHR. The total cholesterol levels in SHR-cp were significantly
higher at 7 weeks of age than those of WKY and SHR, and the
increment was maintained until 36 weeks of age. The plasma
glucose levels in SHR-cp were 1.6-fold and 1.3-fold higher at 7
weeks of age than those in WKY and SHR, respectively, and
SHR-cp exhibited hyperglycemia until 36 weeks of age.

Changes in vasorelaxation in aortas

Endothelium-dependent relaxations

In the present study, we chose aortas of SHR-cp to
determine changes in the vasorelaxation response via the NO/
c¢GMP pathway in metabolic syndrome, because the endothe-
lium-dependent relaxation in rat aortas is mediated by NO
alone. Fig. | shows the relaxation in response to acetylcholine
in aortic rings isolated from SHR-cp, SHR and WKY at 7, 18,
23 and 36 weeks of age, respectively. Table 2 shows the values
of pECsq and the R, of relaxation responses to acetylcholine
in thoracic aortas from rats of each strain. The contractile
response to phenylepherine, i.e. the level of preconstruction of
each ring, was not significantly different among rats of the
three strains in all age groups (data not shown).

Acetylcholine-induced endothelium-dependent relaxation
was equivalent in rats of three strains at 7 weeks of age (Fig.
1A). At 18 weeks of age, relaxations in response to acetylcho-
line in the aortic rings of SHR were significantly impaired
compared with WKY. However, there was no significant
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difference in the relaxation between SHR-cp and WKY (Fig.
1B). On the other hand, impaired relaxations in response to
acetylcholine were observed in both SHR-cp and SHR at 23 and
36 weeks of age, and the degrees of the impairment were the
same (Fig. 1C and D). Similarly, there was no significant
difference in endothelium-dependent relaxations in response to
adenosine 5'diphosphate between SHR-cp and WKY at 18
weeks of age, but the relaxations were equally reduced in both
SHR-cp and SHR at 23 weeks of age (data not shown).

Endothelium-independent relaxations

Fig. 2 and Table 2 show the endothelium-independent
relaxation in response to sodium nitroprusside in aortic rings
isolated from SHR-cp, SHR and WKY at 7, 18, 23 and 36
weeks of age. There was no significant difference among the
three groups at 7 weeks of age (Fig. 2A and Table 2). At 18
weeks of age, however, the relaxations were impaired in both
SHR-cp and SHR compared with WKY, with the degree of
impairment being the same between the two strains (Fig. 2B, C
and D). Similarly, endothelium-independent relaxations in
response to nitroglycerin were equally reduced in both SHR-
cp and SHR (data not shown).

Changes in the NO/cGMP pathway in aortas of SHR-cp

Protein levels of eNOS and sGC

Fig. 3 shows the protein levels of eNOS (A and C) and sGC
(B and D) in the aorta from rats of three strains at 18 (A and B)
and 23 (C and D) weeks of age. The protein levels of eNOS
significantly increased by approximately 1.5-fold in SHR-cp
compared with SHR and WKY at 18 weeks of age (Fig. 3A),
but the degree of the increment was reduced at 23 weeks of age
(Fig. 3C). The protein levels in SHR were slightly but
significantly increased at 23 weeks of age. On the other hand,
the protein levels of sGC did not change in any strains at 18
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Fig. 4. Changes in cGMP levels induced by acetylcholine (0.03 pmol/L, 1 min) (A) and sodium nitroprusside (0.01 pmol/L, 3 min) in aortic rings from SHR-cp, SHR
and WKY at 18 and 23 weeks of age. Results are expressed as the meantS.EM. (n=6 for each group). *P<0.05, as compared with the WKY, #p<0.05, as

compared with the SHR,
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Fig. 5. Changes in relaxations in response to 8pCPT-cGMP, a membrane permeable stable analog of cGMBP, in aortic rings from SHR-cp, SHR and WKY at 18 (A)
and 23 (B) weeks of age. Results are expressed as the mean:S.E.M. (n=6 for each group).

weeks of age (Fig. 3B), and significantly decreased in SHR-cp
and SHR compared with WKY at 23 weeks of age (Fig. 3D).

Production of cGMP

As shown in Fig. 4A, the ¢cGMP levels induced by
acetylcholine significantly increased in SHR-cp compared with
those in WKY and SHR at 18 weeks of age. The levels in SHR-
cp at 23 weeks of age showed a tendency to increase. On the
other hand, the cGMP levels induced by sodium nitroprusside in
both SHR-cp and SHR decreased at 18 and 23 weeks of age
compared with WKY (Fig. 4B). However, the levels in SHR-cp
were not significantly different from those in WKY at 18 weeks
of age.

Relaxation in response to cGMP

To investigate the effect of endogenous ¢cGMP on the
relaxation response in smooth muscle cells, we examined
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relaxation in response to membrane-permeable stable analogs
of cGMP, 8pCPT-cGMP in the aorta from three strains at 18
(Fig. 5A) and 23 (Fig. 5B) weeks of age. The 8pCPT-cGMP-
induced relaxation was not significantly different among the
three strains at 18 weeks of age. At 23 weeks of age, the
relaxation in SHR-cp showed a tendency to decrease compared
with that in WKY.

NO, and TBARS levels in plasma

We determined the plasma levels of NO, and TBARS, as
an index of generalized NO production and oxidative stress,
respectively. As shown in Fig. 6A, the plasma NO, levels
were increased in SHR-cp compared with WKY at both 18
and 23 weeks of age, and a tendency toward increasing
plasma NO, levels was observed in SHR. The plasma
TBARS levels were markedly increased in SHR-cp com-
pared with SHR and WKY at both 18 and 23 weeks of age
(Fig. 6B).
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Fig. 6. Plasma levels of NO, (NO; plus NOs) (A) and TBARS (B) in SHR-cp, SHR and WKY at 18 and 23 weeks of age. Results are expressed as the mean+ S.E.M.
(n=6 for each group). *P<0.05, as compared with the WKY, #P<0.05, as compared with the SHR.
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Fig. 7. Contents of 3-nitrotyrosine in aortas from SHR-cp, SHR and WKY at 20
weeks of age. Results are expressed as the mean+S.E.M. (n=3 for each group).
*P<0.05, as compared with the WKY, *P<0.05, as compared with the SHR.

Protein levels of iNOS in aortas

The protein expression of iNOS was not detected in the
aortas of not only WKY but also SHR-cp and SHR at 20 weeks
of age (data not shown).

Contents of 3-nitrotyrosine in aortas

Peroxynitrite is a reactive oxidant species produced from
NO and superoxide anion, and its involvement is evidenced by
formation of 3-nitrotyrosine. Therefore, we determined the 3-
nitrotyrosine levels in aortas of three strains at 20 weeks of age
as an index of oxidative stress in the vascular wall. The 3-
nitrotyrosine levels in aortas of SHR-cp significantly increased
compared with SHR and WKY (Fig. 7).

Discussion

The metabolic syndrome is characterized by the coexistence
of atherogenic risk factors, including obesity, hyperinsuline-
mia, hyperglycemia, hyperlipidemia, or hypertension, com-
bined with underlying insulin resistance. The SHR-cp has been
reported to simultaneously display early-onset obesity, hyper-
insulinemia, hyperglycemia, hyperlipidemia and hypertension
(Nangaku et al., 2003), and we confirmed these characteristics
in the present study. Thus, SHR-cp seems to be a suitable
animal model of the metabolic syndrome. Endothelium-
dependent relaxations have been reported to be impaired in
the metabolic syndrome (Steinberg et al., 1996; Zanchi et al,,
1995). In some case, reduced endothelium-independent relaxa-
tions occur simultaneously (Karagiannis et al., 2003). In the
present study, we also demonstrated that in aortas from the
SHR-cp as well as SHR, both endothelium-dependent and -
independent relaxations are impaired with increasing age when
compared with normotensive WKY, Furthermore, SHR-cp and
SHR showed decreases in sGC expression and ¢cGMP levels
produced by sodium nitroprusside, an NO donor, when
compared with WKY, indicating the relaxation hypofunction
of the vascular smooth muscle. A molecular target downstream
of ¢cGMP is likely to be involved in the vascular dysfunction,
because the membrane-permeable stable analog of cGMP-
induced relaxation showed a tendency to decrease in the SHR-

cp with ageing. However, only at 18 weeks of age, SHR-cp but
not SHR showed about the same relaxation response and a
significant increase in cGMP level produced by acetylcholine,
and significantly enhanced eNOS expression in comparison
with WKY. At'the same time, a significant increase in plasma
levels of NO,, as an index of generalized NO production, was
also exhibited in SHR-cp. These changes with the exception of
the relaxation response continued until 23 weeks of age. On the
other hand, expression of the inducible NOS isoform was not
observed in aortas of SHR-cp. Our findings indicate that in the
aortas of SHR-cp, NO production in the endothelium consid-
erably increases, although the NO-mediated relaxation re-
sponse in the smooth muscle cells is impaired. The increased
NO production probably antagonizes the decreased NO-
mediated relaxation response at 18 weeks of age, and with
aging, impairment of vascular reactivity to NO may greatly
exceed the function of the endothelium.

Obese Zucker rats also spontaneously - display obesity,
hyperlipidemia and hyperinsulinemia, and the aged animals
develop hypertension. Impairment of endothelium-dependent
relaxations has been reported in the mesenteric and basilar
artery of an animal model of the metabolic syndrome, obese
Zucker rats, compared with age-matched lean heterozygous
and control Zucker rats (Zanchi et al., 1995; Karagiannis et al.,
2003). On the other hand, as demonstrated in the present study,
considerably enhanced endothelium-dependent relaxation in
response to acetylcholine and carbacol has been reported in the
aorta of obese Zucker rats compared to the lean littermates
(Auguet et al., 1989; Subramanian and MacLeod, 2003). The
JCR:LA-corpulent rats have the cp gene, as well as SHR-cp,
and animals homozygous for the c¢p gene develop obesity,
hyperlipidemia, and hyperinsulinemia, but are normotensive. In
the aorta from the JCR:LA-corpulent rats, both endothelium-
dependent and -independent relaxations are not dramatically
different compared to those in the lean rats at 7-24 weeks of
age (Brunner et al., 2000; McKendrick et al., 1998; McNamee
et al., 1994). Thus, alteration of vascular responsiveness may
differ with animal species or age, and enhancement of
endothelial NO production in SHR-cp can be enough to
develop in parallel with the onset of the metabolic syndrome.

At present, the mechanisms for enhancement of endothelial
NO production in SHR-cp remain unclear. eNOS is a
constitutively expressed enzyme, but its expression is contin-.
ually regulated by a number of biophysical, biochemical, and
hormonal stimuli, both under physiological and pathophysio-
logical conditions (Li et al., 2002a). For instance, insulin and
leptin have been shown to stimulate NO release in endothelial
cells via the activation or an increase in protein expression of
eNOS (Li et al., 2002b; Vecchione et al.,, 2002). A marked
increase in the plasma levels of these hormones is already
known in SHR-cp (Nangaku et al., 2003) and SHR/N-cp, the
original strain of SHR-cp (Velasque et al,, 2001). Besides
hormonal stimuli, upregulation of eNOS from increased
oxidative stress has also been reported for various pathologic
conditions, including hypertension, hyperlipidemia and diabe-
tes (Taniyama and Griendling, 2003; Li et al.,, 2002b). The
present study showed a dramatic increase in the plasma lipid



S. Kagota et al. / Life Sciences 78 (2006) 11871196 1195

peroxide levels in SHR-cp compared with SHR as well as
WKY. Furthermore, peroxynitrite, produced from NO and
superoxide anion, is assumed to be present in the aortas of
SHR-cp. Thus, it seems likely that eNOS upregulation
observed in SHR-cp is caused by increased oxidative stress,
probably resulting from the concomitant disease. This finding
leads to the hypothesis that enhanced NO production may be a
compensatory response to increases in oxidative stress as well
as insulin and leptin levels in the metabolic syndrome. On the
other hand, paradoxically, it is known that upregulation of
eNOS expression causes the release of other products such as
superoxide anion instead of NO, i.e. due to uncoupling of
eNOS (Miinzel et al., 2000). The expression pattern of eNOS
depends on the stage, severity, and duration of the diseases,
including hypercholesterolemia, atherosclerosis, hyperglyce-
mia or diabetes (Li et al., 2002b). On the other hand, increased
eNOS protein expression has been shown in the aorta from
SHR both before and after the onset of hypertension (Vaziri et
al.,, 1998). Tt remains unclear whether upregulation of the
vascular NO production in aortas of SHR-cp depends on the
genetic background of the strain. Further studies are needed to
clarify the mechanism underlying enhanced NO production and
the effect on the arterial wall.

Impairment of endothelium-independent relaxation response
in the aortas of SHR-cp may, in part, result from hypertension,
because a similar dysfunction was found in SHR. The
vasodilator dysfunction in SHR-cp was observed despite
unchanged sGC protein levels, suggesting that decreased sGC
activity may precede reduction of its protein levels. With
increasing age, SHR show progressive decreases in smooth
muscle ¢cGMP levels (Shirasaki et al., 1988) and sGC
expression and activity (Kojda et al,, 1998; Ruetten et al.,
1999). These suggest that downregulation of the sGC/cGMP
pathway also occurs in aortas of SHR-cp, possibly secondary to
hypertension. The modulatory pathways of sGC expression and
functionality have been shown, e.g. the long-term effects of NO
itself on sGC or cross-talk regulation by cAMP (Andreopoulos
and Papapetropoulos, 2000). Cyclic AMP, which is a product of
cyclooxygenase-2 pathway, may play an important role in
regulation of the NO/cGMP pathway under inflammatory
conditions. On the other hand, NO is known to not only act
as a stimulator of sGC but also has the potential to downregulate
sGC expression (Andreopoulos and Papapetropoulos, 2000).
We have recently proposed that downregulation of sGC is
compensated by upregulation of eNOS, i.e., cross-talk occurs
between the eNOS and sGC signaling pathways (Kagota et al.,
2004). Thus, the possibility remains that the enhanced NO
production in SHR-cp is partly involved in the downregulation
of sGC activity or expression. Furthermore, it is noteworthy that
increased oxidative stress downregulates the sGC protein
expression (Mollnau et al., 2002; Courtois et al., 2003). Further
studies, such as using drugs to modify blood pressure, are
necessary to demonstrate that changes in the sGC/cGMP
pathway are simply due to the increase of blood pressure.

In conclusion, the present study has demonstrated that in
aortas of SHR-cp, a temporary increase in NO production from
the endothelium occurs, although the NO/sGC/cGMP pathway

in the smooth muscle cells is impaired. The upregulation of
endothelial NO production may result from a variety of factors,
including increases in oxidative stress as well as insulin in the
metabolic syndrome, and may be a compensatory response to
the decreased relaxation function in the vascular smooth
muscle. On the other hand, dysfunction of the NO-mediated
relaxations may be due to a decrease in sGC activity and
expression, probably resulting from hypertension.
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Abstract . A previous report has revealed that dental caries is an infectious disease caused by a localized
infection with specific oral streptococci. Dental-caries-associated oral streptococci are called the mutans
streptococci (MS), with Strepfococcus mutans and Streptococcus sobrinus being the most prevalent caries-
associated organisms in humans. When searching for a control method against caries, effective measures are
required at each of the following three phases of infectious disease : (1) eliminating the source of contagion,
(2) blocking the infection route, and (3) lowering host susceptibility. In order to eliminate the source of con-
tagion, we conducted a follow-up clinical test using a passive immunization method in which teeth were
coated with anti-S. muians specific antibodies. A subsidiary finding was made during the course of the test,
in that physicochemical control methods were more effective than specific antibodies. Based on this finding,
we have adopted a new caries-control method designated as the dental drug delivery system (3DS), and we
have released an associated clinical manual (3DS unit).

In order to effectively eliminate MS from the oral cavity, however, we need to inhibit its initial adhesion
as well as eliminating the source of contagion. Antibodies may be effective in the prevention of recoloniza-

tion of MS.

Introduction

Mutans streptococci (MS), such as Streptococcus
mutans and S. sobrinus, play an important role in the
incidence of the dental caries epidemic. A previous
reportl) has revealed that dental caries is an infec-
tious disease caused by a localized infection with MS.
The preventive process of dental caries can be catego-
rized into three phases : (1) eliminating the source of
contagion, (2) blocking the infection route, and (3)
lowering host susceptibility. Therefore, a combination
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of effective measures for each of the three phases is
required to develop a comprehensive dental caries-
control method. Currently prevailing methods such as
sucrose restriction and fluoride application are effec-
tive for phases (2) and (3) respectively. The use of
a sugar substitute is useful in blocking the route of
MS infection®¥. The use of fluoride to lower the criti-
cal pH of dental enamel! also helps lower host
susceptibility¥. Eliminating the source of contagion
(1) is at the least advanced stage of the dental caries
control methods being used against the three phases
of risk factors. Although clinical evaluations, such as
research on the prevention of mother-to-infant trans-
mission of MS® have been conducted, MS elimination
measures have not been established in general prac-





