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Mechanisms underlying attenuated contractile response of aortic rings to
noradrenaline in fructose-fed mice
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Abstract

We hypothesized that an impairment of endothelial dysfunction and an increased response to a-adrenoceptor agonists may occur in
fructose-fed, insulin-resistant mice. The aim of the present study was to assess the relationship between endothelial dysfunction and
agonist-induced contractile responses in such mice. The acetylcholine-induced relaxation was significantly attenuated in streptozotocin-di-
abetic and fructose-fed mice. The contractile response to noradrenaline was significantly weaker than the control in fructose-fed but not in
streptozotocin-diabetic mice; treatment with N G-nitro-L-arginine effectively restored this response. Incubating aortic rings with nor-

w Ž y. Ž y.xadrenaline increased the NO nitrite NO and nitrate NO level and this level was significantly higher in fructose-fed mice than inx 2 3

control mice. Clonidine induced a dose-dependent relaxation in aortic rings pre-contracted with prostaglandin F that was completely2a

abolished by N G-nitro-L-arginine; this relaxation was markedly enhanced in fructose-fed mice. In both control and fructose-fed mice, the
clonidine-induced relaxation was significantly attenuated and the noradrenaline-induced contraction augmented by pertussis toxin. These
results suggest that endothelial function is attenuated in both fructose-fed and streptozotocin-diabetic mice. It is suggested that the

Ž .decreased noradrenaline contractile response in fructose-fed mice compared to both controls and streptozotocin-diabetic mice may be
due to an increase in nitric oxide formation mediated by endothelial GTP-binding-coupled a -adrenoceptors. q 2001 Elsevier Science2

B.V. All rights reserved.
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1. Introduction

Insulin resistance and the resulting hyperinsulinaemia
are closely related to hypertension in a number of species,

Žincluding humans Lucas et al., 1985; Modan et al., 1985;
Tedde et al., 1989; Brands et al., 1991; Reaven and Chang,

.1991; Sechi and Bartoli, 1997; Abe et al., 1998 . Fructose
feeding in rats results in hyperinsulinaemia, insulin resis-

Žtance, hypertriglyceridaemia and hypertension Hwang et
al., 1987; Verma et al., 1996; Richey et al., 1998; Cosenzi

.et al., 1999 . In general, depending on its type, hyper-
tension may be linked to insulin resistance and hyperinsuli-

Žnaemia Modan et al., 1985; Lucas et al., 1985; Tedde et
al., 1989; Brands et al., 1991; Reaven and Chang, 1991;

.Sechi and Bartoli, 1997; Abe et al., 1998 or not linked to
Žinsulin resistance and hyperinsulinaemia Manolio et al.,

.1990; Cambien et al., 1987 .

) Corresponding author. Tel.rfax: q81-3-5498-5856.
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While the endothelium-dependent relaxation of vessels
induced by acetylcholine is impaired in blood vessels of

Žthe fructose-induced hypertensive rat Verma et al., 1996;
.Richey et al., 1998; Kamata and Yamashita, 1999 , the

contractile responses to vasoactive agents may be un-
Žchanged Kotchen et al., 1991; Verma et al., 1996, 1997;

.Iyer and Katovich, 1996 , although some reports suggest
Ž .attenuation Bunnag et al., 1997; Berger et al., 1998 . It

has been reported that mice lacking the gene for endothe-
Žlial nitric oxide synthase are hypertensive Huang et al.,

.1995 and that insulin resistance plays an essential role in
the hypertension and hypertriglyceridaemia and in the
reduced endothelium-dependent vascular relaxation seen in

Ž .mice lacking insulin-receptor substrate-1 Abe et al., 1998 .
Thus, we hypothesized that an impairment of endothelial
dysfunction and an increased response to a-adrenoceptor
agonists may occur in fructose-fed, insulin-resistant mice.
However, there have as yet been no reports of any change
in such contractile responses in fructose-fed mice. As soon
as we began to investigate changes in noradrenaline-
induced contractile response in fructose-fed mice, we noted
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a marked decline in the concentration-dependent contrac-
tion of aortic rings. In these fructose-fed mice, blood
pressure was significantly increased. We therefore decided
to make a more detailed examination of the decreased
contractile response of aortic rings to noradrenaline and to
compare responses between fructose-fed mice and strepto-
zotocin-induced diabetic mice.

2. Materials and methods

2.1. Experimental design

Male ICR mice aged 5 weeks and weighing 27.8"1.4
Žg were housed under constant climatic conditions temper-
.ature 218–22 8C, relative air humidity 50"5% . The

appropriate diet and water were available ad libitum to
each animal. This study was conducted in accordance with
the Guide for the Care and Use of Laboratory Animals
adopted by the Committee on the Care and Use of Labora-
tory Animals of Hoshi University, which is accredited by
the Ministry of Education, Science and Culture, Japan.

Mice were divided into three groups: controls, fructose-
fed mice and streptozotocin-induced diabetic mice. Start-
ing at 5 weeks of age, male mice were fed a fructose-rich

Ž .diet containing 60% fructose , whereas age-matched con-
trol animals received standard mouse chow. Five-week-old
male ICR mice received a single injection of streptozo-

Ž .tocin 200 mgrkg in the tail vein in order to induce
diabetes. Age-matched controls were injected with a simi-
lar volume of citrate buffer. Streptozotocin-induced dia-
betic mice were fed a normal diet. The experiments de-
scribed here were performed 12 weeks after the start of
fructose feeding or the injection of streptozotocin. Blood
pressure was recorded by the tail-cuff method.

2.2. Treatment with pertussis toxin

Some mice were treated with pertussis toxin for 3 days
prior to the experiment. The mice were anaesthetized with

Ž .an i.p. injection of sodium pentobarbitone 50 mgrkg and
then injected i.v. either with 10 mgrkg pertussis toxin in
0.0125 M Tris buffer containing 25% glycerin and 0.25 M
NaCl or with the buffer alone as a control.

2.3. Measurement of isometric force

At the end of the 12-week feeding period, the age-
matched controls, fructose-fed mice and streptozotocin-in-
duced diabetic mice were anaesthetized with ether, a mid-
line incision was made and blood was obtained from the
abdominal aorta to be used to estimate plasma cholesterol
and glucose levels. The blood was centrifuged at 3000 rpm
for 10 min at 4 8C and the plasma was isolated and stored
at y80 8C. The thoracic aorta was then rapidly dissected
out and placed in ice-cold modified Krebs–Henseleit solu-

Žtion composition in mM: NaCl, 118.0; KCl, 4.7; NaHCO ,3

25.0; CaCl , 1.8; NaH PO , 1.2; MgSO , 1.2; dextrose,2 2 4 4
.11.0 . Each aorta was separated from the surrounding

Ž .connective tissue and cut into rings 3 mm long , special
care being taken not to damage the endothelium. The rings
were then suspended in organ-baths, between a clip and a

Žforce-displacement transducer TB-611T; Nihon Kohden,
.Japan , by means of two stainless-steel wires inserted into

Žthe lumen. A resting tension of 1.5 g determined to be
.optimum in preliminary studies was applied to facilitate

the measurement of isometric force. The organ chamber
was filled with 10 ml of Krebs–Henseleit solution at 37 8C
and gassed with 95% O –5% CO . Following a 1-h2 2

equilibration period, prostaglandin F was added to the2a
Ž y6 y6organ bath at a concentration high enough 10 –3=10

.M to induce contraction. After this contraction had reached
a plateau, 10y5 M acetylcholine was added to the organ
bath to confirm the integrity of the endothelium. The aortic
rings were completely relaxed at this concentration of
acetylcholine. The effects of drugs were then tested. The
tissue was allowed to relax and equilibrate for 40 min
between drug applications. For the relaxation studies, the
aortic rings were precontracted with an equieffective con-

Ž y6 y6 .centration of prostaglandin F 10 –3=10 M . This2a

concentration produced about 95% of the maximal re-
sponse, each ring developing a tension of about 0.8 g
whether it was from a control, streptozotocin-treated, fruc-
tose-fed, or agent-treated mouse. Relaxant agents
Ž .acetylcholine and clonidine were added cumulatively once
the prostaglandin F -induced contraction had reached a2a

Ž y9plateau. For the contraction studies, noradrenaline 10 –
y5 .10 M was added cumulatively to the bath until a

maximal response was achieved. After the addition of
sufficient aliquots of the agonist to produce the chosen
concentration, a plateau response was allowed to develop
before the addition of the next dose of the same agonist.
To investigate the influence of 10y4 M N G-nitro-L-arginine
and 10y6 M yohimbine on the noradrenaline-induced con-
tractile responses, the rings were incubated for 30 min in
the appropriate medium before the cumulative addition of
the agonist.

2.4. Measurement of serum cholesterol and glucose

Plasma cholesterol levels were determined using a com-
Ž .mercially available enzyme kit Wako, Osaka, Japan . The

concentration of glucose in plasma was determined by the
O-toluidine method.

2.5. Measurement of NOy and NOy
2 3

The concentration of nitrite plus nitrate in the effluent
from each type of tissue was assayed by the method

Ž .described by Kamata and Yamashita 1999 . Briefly, the
NOy and NOy in the perfusate were separated on a2 3

reverse-phase separation column packed with polystyrene
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Table 1
Plasma levels of cholesterol, triglyceride, glucose and insulin in control, fructose-fed and streptozotocin-induced diabetic mice

Groups Total cholesterol HDL cholesterol LDL cholesterol Triglyceride Plasma glucose Plasma insulin
Ž . Ž . Ž . Ž . Ž . Ž .mgrdl mgrdl mgrdl mgrdl mgrdl mUrml

Control 148.2"9.3 78.9"5.6 66.7"7.0 110.5"14.6 220.0"13.3 18.5"3.0
a a a b bFructose-fed 209.3"13.0 114.8"7.8 96.3"7.0 249.4"34.7 202.7"10.7 47.7"10.1
a c b b c cStreptozotocin-diabetic 277.8"36.3 131.5"7.4 142.6"30.0 289.4"38.7 882.7"86.7 3.1"0.8

Values are the mean"S.E.M. from 12 animals.
aP-0.01.
bP-0.05.
cP-0.001.

Ž .polymer NO-PAK, 4.6=50 mm; Eicom , after which
NOy was reduced to NOy in a reduction column packed3 2

Ž .with copper-plated cadmium filings NO-RED; Eicom .
The NOy was mixed with Griese reagent, which was2

1.25% HCl containing 5 grl sulphanilamide with 0.25 grl
N-naphthylethylenediamine, to form a purple azo dye in a
reaction coil. The separation and reduction columns and
the reaction coil were then placed in a column oven set at
35 8C. The absorbance of the coloured product at 540 nm
was measured with a flow-through spectrophotometer
Ž .NOD-10; Eicom . The mobile phase, which was delivered
by a pump at a rate of 0.33 mlrmin, was 10% methanol
containing 0.15 M NaClrNH Cl and 0.5 grl 4 Na-ethyl-4

enediaminetetraacetic acid. The Griese reagent was deliv-
ered at a rate of 0.1 mlrmin. For the determination of
NOy and NOy, the samples were collected over a 0- or2 3

40-min period during stimulation with 10y6 M acetyl-
choline or 3=10y7 M noradrenaline. The concentration
of NOy plus NOy in the medium and the reliability of the2 3

reduction column were checked in each experiment.

2.6. Drugs

Clonidine, Na-ethylenediaminetetraacetic acid, N G-
nitro-L-arginine, noradrenaline, pertussis toxin, serotonin,
sodium nitroprusside and streptozotocin were all purchased

Ž .from Sigma St. Louis, MO, USA . Acetylcholine was
Ž .from Daiichi Pharmaceutical Tokyo, Japan and pros-

Ž .taglandin F from Ono Pharmaceutical Osaka, Japan .2a

Prostaglandin F , sodium nitroprusside and acetylcholine2a

were dissolved in 0.9% saline immediately before each
experiment. Isotonic high-Kq solution was prepared by
replacing the NaCl in Krebs–Henseleit solution with KCl.
All drugs were dissolved in saline, except where otherwise
noted. All concentrations are expressed as the final molar
concentration of the base in the organ bath.

2.7. Statistics

Data are expressed as the means"S.E.M. In some
experiments, statistical significance of differences was
evaluated with Dunnett’s test for multiple comparisons
after a one-way analysis of variance, a probability level of

P-0.05 being regarded as significant. Statistical compar-
isons between concentration–response curves were made

Ž .by means of a two-way analysis of variance ANOVA
with a post-hoc Bonferroni correction for multiple compar-
isons. A two-tailed value of P-0.05 was considered
significant.

3. Results

3.1. General

As indicated in Table 1, plasma glucose levels were
significantly elevated above the control in streptozotocin-
induced diabetic mice but not in fructose-fed mice. Plasma
insulin levels were significantly lower than the control in
streptozotocin-induced diabetic mice and significantly
higher in fructose-fed mice. Plasma total cholesterol,
high-density lipoprotein and low-density lipoprotein cho-

Ž .Fig. 1. Changes in blood pressure in fructose-fed mice fructose and
Ž .streptozotocin-induced diabetic mice STZ over the 12-week experimen-

tal period. Each point represents the mean"S.E.M. for eight animals.
aP-0.05, control vs. fructose-fed.
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lesterol levels were all significantly increased in both
streptozotocin-induced diabetic mice and fructose-fed mice.

The blood pressure in the fructose-fed mice was higher
than that of the controls at 3 weeks and thereafter rose

Ž .progressively though more gradually Fig. 1 . In contrast,
the blood pressure of the streptozotocin-diabetic mice was
never significantly different from that of the controls. The
controls for fructose-fed mice and those for streptozoto-
cin-induced diabetic mice were very similar with respect to
blood parameters, blood pressure, acetylcholine-induced
relaxation and noradrenaline-induced contraction. Conse-
quently, we pooled the control groups throughout the
experiments.

3.2. Relaxation responses induced by acetylcholine and
sodium nitroprusside

When the contraction induced by prostaglandin F2a
Ž y6 y6 .10 to 3=10 M had reached a plateau, acetyl-

Ž y9 y5 . Ž y9choline 10 –10 M or sodium nitroprusside 10 –

Fig. 2. Dose–response curves for acetylcholine-induced and sodium
nitroprusside-induced relaxations of aortic rings from age-matched con-

Ž .trols, fructose-fed mice fructose and streptozotocin-induced diabetic
Ž . Ž . Ž .mice STZ . A Acetylcholine-induced relaxation. B Sodium nitroprus-

side-induced relaxation. Each point represents the mean"S.E.M. for
8–10 animals. aP-0.05, control vs. STZ or fructose.

Fig. 3. Dose–response curves for noradrenaline-induced contractions of
Ž .aortic rings from age-matched controls, fructose-fed mice fructose and

Ž . Ž .streptozotocin-induced diabetic mice STZ . A Noradrenaline-induced
Ž .contractile response. B Noradrenaline responses in the presence of

G Ž y4 . Ž .N -nitro-L-arginine 10 M . C Noradrenaline responses in the pres-
Ž y6 .ence of yohimbine 10 M . Note different ordinate scales in A, B and

C. Each point represents the mean"S.E.M. for 8–10 animals. aP-0.05,
control vs. fructose.

y5 .10 M was added cumulatively. The results are sum-
marized in Fig. 2. In aortic rings from control mice,

Ž y9 y5 .acetylcholine 10 –10 M caused dose-dependent re-
laxation. This relaxation was significantly weaker in rings
from both fructose-fed and streptozotocin-induced diabetic

Ž .mice Fig. 2A . The pD values for acetylcholine were2



( )K. Kamata et al.rEuropean Journal of Pharmacology 428 2001 241–249 245

Fig. 4. Dose–response curves for serotonin- and isotonic high-Kq-in-
duced contractions of aortic rings from age-matched controls, fructose-fed

Ž . Ž . Ž .mice fructose and streptozotocin-induced diabetic mice STZ . A
Ž .Serotonin-induced contraction. B Contraction induced by isotonic high-

Kq. Each point represents the mean"S.E.M. for 8–10 animals.

Ž . Ž7.93"0.08, 7.44"0.10 P-0.01 and 7.39"0.09 P-
.0.001 in controls, fructose-fed mice and streptozotocin-di-

abetic mice. In contrast, the aortic relaxation caused by
Ž y9 y5 .sodium nitroprusside 10 ; 10 M did not differ

Ž .among the three groups Fig. 2B , the pD values being2

8.4"0.10, 8.4"0.09 and 8.3"0.08 in controls, fructose-
fed mice and streptozotocin-diabetic mice, respectively.

3.3. Contractile responses induced by noradrenaline, sero-
tonin and isotonic high K q

Fig. 3A shows dose–response curves for the contractile
responses of aortic rings to noradrenaline. The contractile
response of the mouse aorta was slight in comparison with

wthat reported for rat aorta maximal contraction in mouse
Žaorta, 0.5 g; in rat aorta, )1.0 g Kamata and Makino,

.x1997 . In aortic rings from control mice, the dose–re-
Ž y9 y5 .sponse curve to noradrenaline 10 to 10 M was a

bell-shaped. A much smaller dose-dependent contraction

was seen in fructose-fed mice. The pD values for nor-2

adrenaline were 7.45"0.09, 7.53"0.08 and 7.56"0.09
in controls, fructose-fed mice and streptozotocin-diabetic

Ž .mice no significantl differences , respectively. When aor-
G Ž y4tic rings were incubated with N -nitro-L-arginine 10

. Ž y6 .M or yohimbine 10 M the noradrenaline-induced
bell-shaped dose–response curves were changed to sig-
moid-shaped curves and the responses were greatly in-

Ž .creased at all concentrations in all groups Fig. 3B,C . The
pD values for noradrenaline in the presence of N G-nitro-2

L-arginine were 7.79"0.09, 7.61"0.06 and 7.89"0.09
in controls, fructose-fed mice and streptozotocin-diabetic

Ž .mice no significant differences .
The contractile response of aortic rings to serotonin

Ž y9 y6 .10 to 3=10 M was greater than that of the control
Ž .though not significantly in streptozotocin-induced dia-

Ž .betic mice but not in fructose-fed mice Fig. 4A . The pD2

values for serotonin were 6.78"0.08, 6.79"0.06 and
Ž .7.05"0.05 P-0.05 in controls, fructose-fed mice and

streptozotocin-diabetic mice, respectively. In contrast, the
q Ž .isotonic K 60 mM -induced contractile response did not

Ž .differ among the three groups Fig. 4B .

Ž y5 . Ž y3 y7 .Fig. 5. Acetylcholine 10 M - and noradrenaline 10 =10 M -
stimulated release of NOy plus NOy. Each column represents the2 3

mean"S.E.M. for six animals. aP-0.05, control vs. STZ or fructose.
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3.4. Measurement of NOy plus NOy
2 3

Acetylcholine increased the NOy plus NOy level in2 3
Ž .the perfusate from aortic strips Fig. 5A . This response to

Ž y6 .acetylcholine 10 M was weaker in both streptozo-
tocin-induced diabetic mice and fructose-fed mice than in

Ž y7 .the controls. In contrast, the noradrenaline 3=10 M -
stimulated NOy plus NOy level was significantly higher2 3

in fructose-fed mice than in either the controls or the
Ž .streptozotocin-induced diabetic mice Fig. 5B .

Fig. 6. Dose–response curves for clonidine-induced and relaxations of
Ž .aortic rings from age-matched controls, and fructose-fed mice fructose .

Ž . y4A Clonidine-induced relaxation in the absence or presence of 10 M
N G-nitro-L-arginine and in an endothelium-denuded preparation from

Ž .control mice. B Effects of pretreatment of mice with pertussis toxin
Ž .PTX, 10 mgrkg on clonidine-induced relaxations. Each point repre-
sents the mean"S.E.M. for 8–10 animals. aP-0.05, control vs. fruc-
tose.

Fig. 7. Effects of pertussis toxin on dose–response curves for noradrena-
line-induced contractions of aortic rings from age-matched controls, and

Ž . Ž .fructose-fed mice fructose . Pertussis toxin PTX was given to mice at
10 mgrkg. Each point represents the mean"S.E.M. for 8–10 animals.
aP-0.05 control vs. fructose; bP-0.01, controls vs. controls treated
with pertussis toxin; cP-0.01, fructose-fed mice vs. fructose-fed mice
treated with pertussis toxin.

3.5. Relaxation response induced by clonidine

When the contraction induced by prostaglandin F2a
Ž y6 y6 .10 –3=10 M had reached a plateau, clonidine
Ž y9 y5 .10 –10 M was added cumulatively. In aortic rings

Ž y9 y5 .from control mice, clonidine 10 –10 M caused a
dose-dependent relaxation. This relaxation was signifi-

Ž .cantly greater in rings from fructose-fed mice Fig. 6A .
The pD values for the clonidine-induced relaxation were2

7.59"0.06 and 7.63"0.09 in controls and fructose-fed
Ž .mice, respectively not significantly different . When aor-

G Ž y4tic rings were pretreated with N -nitro-L-arginine 10
.M , the clonidine-induced dose-dependent relaxation was

completely abolished in both control and fructose-fed mice
Ž .Fig. 6A . The clonidine-induced dose-dependent relax-
ation was changed to a contractile response when endothe-
lium-denuded, rather than endothelium-intact, aortas from
control mice were examined. In both control and fructose-
fed groups, the clonidine-induced relaxation response was
significantly inhibited in aortic rings from mice pretreated

Ž . Ž .with pertussis toxin 10 mgrkg Fig. 6B .

3.6. Effects of pertussis toxin on noradrenaline-induced
contraction

The noradrenaline-induced dose-dependent contraction
was significantly and markedly increased by pretreatment

Ž .of mice with pertussis toxin 10 mgrkg and, under the
influence of this toxin, the dose–response curve for fruc-
tose-fed mice was comparable to that for control mice
Ž .Fig. 7 . The pD values for noradrenaline were 7.44"2

0.06 and 7.24"0.07 in controls treated with pertussis
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toxin and fructose-fed mice treated with pertussis toxin
Ž .not significantly different .

4. Discussion

The main conclusion to be drawn from the present
results is that the contractile response of aortic rings to
noradrenaline is significantly attenuated in fructose-fed
mice and that this attenuation may be mainly due to an
increased activity of the GTP-binding protein that is cou-
pled to a -adrenoceptors on the endothelium.2

The plasma levels of triglyceride, total cholesterol, low
density lipoprotein cholesterol and high density lipoprotein
cholesterol were all significantly raised in both fructose-fed
mice and streptozotocin-diabetic mice. If these factors
affect blood pressure, the blood pressure of both the
fructose-fed and the streptozotocin-diabetic mice should
have been higher than that of the age-matched controls.
However, only the fructose-fed group had a blood pressure

Ž .above that of the controls see below . The plasma insulin
levels were much lower in the streptozotocin-induced dia-
betics than in the age-matched controls. Furthermore, the
plasma glucose level was markedly elevated in streptozo-
tocin-diabetic mice in comparison with that of the controls.
In contrast to those seen in streptozotocin-diabetic mice,
the plasma glucose levels were similar in controls and
fructose-fed mice even though the plasma insulin level of
the latter was much higher than that of the controls,
suggesting that fructose-fed mice are insulin-resistant. The
main differences between fructose-fed mice and streptozo-
tocin-diabetic mice would seem to be the relative insulin
resistance and high blood pressure of the former group.
Indeed, recent evidence indicates that insulin resistance
plays an essential role in the hypertension and hyper-
triglyceridaemia and the reduced endothelium-dependent
vascular relaxation seen in mice lacking insulin-receptor

Ž .substrate-1 Abe et al., 1998 .
The endothelium-dependent relaxation was attenuated

in both fructose-fed mice and streptozotocin-diabetic mice.
This is consistent with previous observations of a dysfunc-

Žtion of the endothelium in both fructose-fed animals Verma
et al., 1996; Richey et al., 1998; Kamata and Yamashita,

. Ž1999 and streptozotocin-induced diabetic animals Oyama
et al., 1986; Pieper and Gross, 1988; Kamata et al.,
1989a,b, 1996; Cohen, 1993; Poston and Taylor, 1995;
Pieper, 1998; Kamata and Nakajima, 1998; Kobayashi and

.Kamata,1999a,b, Makino et al., 2000 . The noradrenaline-
induced contractile response was markedly increased in all
groups by treatment with N G-nitro-L-arginine, an inhibitor
of nitric oxide synthase, suggesting that the noradrenaline-
induced contractile response is regulated by nitric oxide
released from the endothelium. Since endothelium-depen-
dent relaxation was impaired in both fructose-fed mice and
streptozotocin-diabetic mice, the noradrenaline-induced
contractile response would be expected to be enhanced in

both groups. However, it was significantly attenuated in
fructose-fed mice but no different from the control in
streptozotocin-diabetic mice. The serotonin-induced con-
tractile response was slightly increased in streptozotocin-
diabetic mice and unchanged in fructose-fed mice, while

q Ž .the contractile response to isotonic high K 60 mM did
not differ among the three groups. These results suggest
that the contractility of aortic smooth muscle is not differ-
ent between control and fructose-fed mice and that whether
any changes in contractile responses are seen between
groups depends on the agonist used.

w Ž y.The acetylcholine-stimulated NO nitrite NO andx 2
Ž y.xnitrate NO level was significantly lower in both fruc-3

tose-fed and streptozotocin-induced diabetic mice than in
the controls. This result was consistent with our finding
that the endothelium-dependent relaxation induced by
acetylcholine was attenuated in both groups. In marked
contrast, the noradrenaline-stimulated NO level was sig-x

nificantly raised in fructose-fed mice. It has been reported
that there are functional a -adrenoceptors on the endothe-2

lium and nitric oxide has been shown to inhibit the con-
tractile effects of a-adrenoceptor agonists in vascular

Žsmooth muscle Egleme et al., 1984; Carrier and White,
1985; Martin et al., 1986; Alosachie and Godfraind, 1988;

.Kaneko and Sunano, 1993 . Thus, in mouse aortic rings,
the observed noradrenaline-induced contractile response
may be the result of summation of a contraction mediated
by a -adrenoceptors on the smooth muscle and a relax-1

ation mediated by a -adrenoceptors on the endothelium.2

In the next experiment, therefore, we examined the relax-
ation response to clonidine, an a -adrenoceptor agonist, in2

fructose-fed and control mice. The clonidine-induced re-
laxation response was greater in fructose-fed mice and was
completely inhibited by N G-nitro-L-arginine, a nitric oxide
synthase inhibitor, indicating that the clonidine-induced
relaxation is dependent on nitric oxide release from the
endothelium. The clonidine-induced relaxation was also
inhibited in rings from mice pretreated with pertussis
toxin, an inhibitor of the GTP-binding protein coupled to

Žthe a -adrenoceptor Flavahan et al., 1989; Boulanger and2
.Vanhoutte, 1997 . This suggests that the a -adrenoceptor2

of mouse aorta is coupled to a GTP-binding protein that is
activated in fructose-fed mice. If this is the case, then the
contractile response of mouse aortic rings to noradrenaline
should be enhanced by pertussis toxin, because the nor-
adrenaline-induced contractile response is negatively regu-
lated via a -adrenoceptors on the endothelium. In fact, the2

contraction induced by noradrenaline was markedly en-
hanced by pertussis toxin in both fructose-fed and control
mice. These results suggest that a -adrenoceptor-mediated2

endothelium-dependent relaxation exerts an important
modulating influence over a-adrenoceptor-induced con-
traction. It is interesting that there are of selective dysfunc-
tion of the pertussis-toxin-sensitive release of nitric oxide
in animal models of hyperlipidaemia and atherosclerosis
ŽShimokawa et al., 1989a,b; Flavahan, 1993; Shibano et
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al., 1994; Liao and Clark, 1995; Boulanger and Vanhoutte,
.1997 . In our fructose-fed mice, plasma total cholesterol,

high-density lipoprotein and low-density lipoprotein
cholesterol levels were all significantly increased, indicat-
ing that the animal is hyperlipidaemic. However, as men-

Ž .tioned above, our data suggest i that the activity of the
pertussis toxin-sensitive GTP-binding protein in the aorta

Ž .may be increased in fructose-fed mice, ii that these mice
are not only hyperlipidaemic but also insulin-resistant and
Ž .iii that this insulin resistance may be linked to activation
of GTP-binding protein.

a -Adrenoceptors are closely linked to GTP-binding2
Žprotein Flavahan et al., 1989; Boulanger and Vanhoutte,

.1997 , whereas acetylcholine receptors may not be linked
Žto such a protein Kamata et al., 1996; Lembo et al.,

.1997 . This difference may explain why acetylcoline de-
creased the NOy plus NOy level in fructose-fed mice,2 3

while noradrenaline increased it.
If the activity of the GTP-binding protein on the en-

dothelium is increased in all blood vessels, then the blood
pressure should be lower than normal in fructose-fed mice.
This was not the case in the present study. It has been
reported that mice lacking the gene for endothelial nitric

Ž .oxide synthase are hypertensive Huang et al., 1995 .
Together, the above observations seem to suggest that the
activity of endothelial GTP-binding protein may differ
among blood vessels in fructose-fed mice.

In summary and conclusion, we found that the function
of the endothelium was attenuated in both fructose-fed and
streptozotocin-diabetic mice but that the contractile re-
sponse to noradrenaline was much weaker in the former
than in the latter. It is suggested that the impaired nor-
adrenaline contractile response seen in fructose-fed mice
may be due to an increased activity of the GTP-binding
protein coupled to endothelial a -adrenoceptors.2
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