
SUMMARY

1. Angiotensin-converting enzyme (ACE) inhibitors have
been shown to improve insulin-resistance both experimentally
and clinically. We therefore investigated the effects of quinapril,
which has high tissue specificity for ACE, regarding the contri-
bution of insulin to vascular contractions, as well as insulin 
sensitivity in a dietary rat model of insulin resistance.

2. Male Sprague-Dawley rats were divided into three groups:
(i) rats fed normal chow (normal diet group); (ii) rats fed 
fructose-rich chow containing 40% fructose and 7% lard 
(fructose diet group); and (iii) rats fed fructose-rich chow plus
quinapril (10 mg/kg per day; quinapril-treated group).

3. After 2 weeks, we evaluated systolic blood pressure,
insulin sensitivity as assessed by steady state plasma glucose
(SSPG) levels, response of aortic rings to phenylephrine (10–9 to
10–6 mol/L) in the presence or absence of insulin and the response
of aortic rings to acetylcholine.

4. Feeding rats fructose-rich chow resulted in an elevation of
blood pressure (P < 0.01) and SSPG levels (P < 0.01). Quinapril
treatment significantly prevented increases in both blood pres-
sure and SSPG, with a return to the levels seen in the normal
diet group.

5. In the absence of insulin, the maximal contractile response
to phenylephrine did not differ between the three groups.
However, in the presence of insulin (100 mU/mL), the contrac-
tile response to phenylephrine (10–6 mol/L) was reduced by 
22.8 � 1.2% in the normal diet group, although no insulin effects
were observed in the fructose diet group (P < 0.01). Quinapril
restored the inhibitory effect of insulin on phenylephrine-
induced contractions.

6. In addition, the reduction in relaxation induced by acetyl-
choline in the fructose diet group was significantly reversed by
quinapril treatment.

7. It is concluded that the fructose diet impairs the vasodilator
effects of insulin as well as acetylcholine-induced relaxation in
rat thoracic aortas. Quinapril prevented deterioration in the
responses of the aortic rings, suggesting that ACE inhibitors may
be useful for treating vascular insulin resistance.
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INTRODUCTION

Impairment of insulin action (insulin resistance) is centrally
involved in diseases such as type 2 diabetes mellitus, obesity, hyper-
tension and cardiovascular disease.1–3 However, the precise mechan-
isms linking insulin resistance to hypertension are not understood.
In addition to its effects on glucose metablism, insulin has been
demonstrated to be a vasodilator.4 Insulin resistance states have also
been reported to be associated with defective insulin-mediated
vasodilation.5 In recent years, angiotensin-converting enzyme
(ACE) inhibitors, antihypertensive agents, have been reported to
improve insulin resistance in both hypertensive subjects and several
rat models of hypertension.6–9 Therapy with ACE inhibitors has been
shown to improve vascular function in a range of subjects with 
diabetes mellitus,10 congestive heart failure11 and smoking habitus.12

So far, however, there have been few reports on vascular responses
to insulin as a result of ACE inhibitor treatment.

Insulin resistance and hyperinsulinaemia have been induced 
in normotensive Sprague-Dawley rats by sucrose or fructose 
feeding.13,14 This rat model is characterized by hypertriglyceridaemia
and mild hypertension, similar to characteristics of syndrome X 
in humans. In previous studies, the fructose-hypertensive rat model
has been used to study the interrelationship between insulin resis-
tance and hypertension.15,16 In the present study, we investigated
whether quinapril treatment improves vascular responses to insulin
in thoracic aortic rings from fructose-hypertensive rats with insulin
resistance.

METHODS

Animals and treatments

Male Sprague-Dawley rats (approximately 180 g; aged 6 weeks) were used.
Rats were divided into three groups according to diet: (i) a normal diet group
fed normal chow; (ii) a fructose diet group fed fructose-rich chow (containing
40% fructose as a percentage of calories and 7% lard);17 and (iii) a quinapril-
treated group fed fructose-rich chow plus quinapril at 10 mg/kg per day 
(n = 12 for each group) for 2 weeks. The mineral, protein, fat and vitamin
content in the three groups was matched. Quinapril was suspended in 
distilled water (0.2 mL) and was administered at a dose of 10 mg/kg per 
day orally by gastric gavage in the morning. Both the normal diet and 
fructose-fed groups were administered vehicle. Rats were allowed free access
to the assigned diet and to water and were maintained on a 12 h light–dark
cycle. All procedures were approved by the animal ethics committee of
Nagoya University.

Blood pressure measurement procedures

Two weeks after the start of the special diet, systolic blood pressure (SBP)
was determined in each animal 1 day prior to death. The tail-cuff method

QUINAPRIL TREATMENT RESTORES THE VASODILATOR 
ACTION OF INSULIN IN FRUCTOSE-HYPERTENSIVE RATS

Takanori Uchida,* Kenji Okumura,* Takayuki Ito,† Hiroki Kamiya,* Yasuhiro Nishimoto,* 
Michiharu Yamada,* Takahito Tomida,* Hideo Matsui* and Tetsuo Hayakawa*

*Department of Internal Medicine II and †Health Sciences, Nagoya University School of 
Medicine, Nagoya, Japan

Correspondence: Dr Kenji Okumura, Department of Internal Medicine II,
Nagoya University School of Medicine, 65 Tsurumai-cho, Showa-ku, Nagoya
466-8550, Japan. Email: kenji@med.nagoya-u.ac.jp

Received 19 June 2001; revision 17 October 2001; accepted 17 October
2002.

Clinical and Experimental Pharmacology and Physiology (2002) 29, 381–385



382 T Uchida et al.

was used to determine SBP with a photoelectric tail cuff detection system
(Softron BP-98A; Softron, Tokyo, Japan) after external preheating for 5 min
at 50�C.

Steady state plasma glucose and steady state plasma
insulin measurements

Two weeks after the start of the diets, we determined the steady state plasma
glucose (SSPG) and steady state plasma insulin (SSPI) levels according to
the method of Mondon and Reaven18 in the three groups (n = 6 in each group).
In brief, rats anaesthetized with pentobarbital received a continuous infusion
(1 mL/h) of adrenaline (0.08 �g/kg per min), propranolol (1.7 �g/kg per min),
glucose (8 mg/kg per min) and insulin (1.25 mU/kg per min) through a
catheter inserted into a femoral vein. Two hours after the start of infusion,
blood samples were collected from the abdominal aorta for the measurement
of plasma glucose levels and insulin concentrations in order to determine
SSPG and SSPI levels.

Preparation of thoracic aortas

After rats were decapitated, the thorax was opened and the thoracic aorta
was then removed rapidly and placed immediately in an ice-cold
Krebs’–Henseleit solution of the following composition (in mmol/L): 
NaCl 118; KCl 4.7; CaCl2 2.55; MgSO4 1.18; NaHCO3 24.88; glucose 
11.1; EDTACa-2Na 0.026. Fat and connective tissue on the aortic surface
were removed and the aorta was then cut into rings (5 mm in length) with
scissors. After two stainless-steel wires were inserted into the aortic lumen,
the aortic ring was suspended in an organ bath filled with 30 mL
Krebs’–Henseleit solution plus 0.05% albumin-containing antifoam agents
(0.02%), with one of the wires connected to a force transducer (model 
TB-612T; Nihon Kohden, Tokyo, Japan) to measure isometric tension 
using a Flatbed Recorder (model FBR-252A; TOA Electronics, Tokyo,
Japan). The buffer was maintained at 37�C and bubbled with a mixture 
of 95% O2–5% CO2. During these procedures, maximum care was taken to
not apply unnecessary tension to the rings or to damage their luminal 
surface. Rings were allowed to equilibrate for 60 min at a resting tension 
of 1.0 g.

Response of aortic rings to phenylephrine in the 
presence or absence of insulin

In the first step, cumulative concentration–response curves to phenylephrine
(10–9 to 10–6 mol/L) in the absence of insulin were constructed and the rings
were then washed with buffer. After washing, each ring was incubated with
buffer for 60 min. Human insulin (Humulin R; 100 mU/mL; Eli Lilly Japan,
Kobe, Japan) was then added to the medium and rings were further incubated
for 30 min. In the second step, cumulative concentration–response curves
to phenylephrine (10–9 to 10–6 mol/L) were constructed in the presence or
absence of insulin (100 mU/mL). Contraction responses were expressed as
a percentage of the maximum contraction to 10–6 mol/L phenylephrine in
the absence of insulin.

Response of aortic rings to acetylcholine

Aortic rings were precontracted with 10–7 mol/L L-noradrenaline bitartrate.
After the contractions reached a plateau, the rings were relaxed by acetyl-
choline (10–9 to 10–5 mol/L) and relaxation responses were recorded.

Relaxation responses were expressed as a percentage of the tension devel-
oped in response to 10–7 mol/L noradrenaline. The concentrations used in
the present study are in accordance with those used in other studies.19,20

Statistical analysis

Results are expressed as the mean�SEM. Statistical differences were deter-
mined by one-way analysis of variance (ANOVA) for repeated measurements
followed by the Student’s modified t-test with Bonferroni’s correction for
multiple comparisons. P < 0.05 was considered statistically significant.

Table 1 Bodyweight, blood pressure and pulse rate in rats fed a normal diet, a fructose-rich diet and a fructose-rich diet with quinapril treatment

Normal diet group Fructose diet group Quinapril-treated group

Bodyweight (g) 255 � 7 253 � 6 224 � 5*
Systolic blood pressure (mmHg) 112 � 5 123 � 4† 109 � 7**
Pulse rate (b.p.m.) 374 � 17 379 � 19 378 � 19

Data are the mean�SEM. *P < 0.01 compared with the normal diet and fructose diet groups; **P < 0.01 compared with the fructose diet group; †P < 0.01
compared with the normal diet group.

Fig. 1 (a) Steady state plasma glucose (SSPG) and (b) steady state plasma
insulin (SSPI) levels in rats fed either a normal diet (�), a fructose-rich diet
(�) or a fructose-rich diet with quinapril treatment ( ). The fructose diet
group exhibited a significant increase in SSPG levels, but there was no 
difference in SSPI levels among the three groups (n = 6 in each group). 
Data are the mean�SEM. *P < 0.01.
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RESULTS

General features of animals

Bodyweight was significantly lower for the quinapril-treated group
than for the other two groups (Table 1). Fructose-rich chow raised
SBP to a small, but significant (P < 0.01), extent. The administration
of quinapril completely prevented the rise in blood pressure induced
by the feeding of a high-fructose diet (P < 0.01). There were no 
differences in SBP between the normal diet and quinapril-treated
groups. There were no differences in pulse rate between the three
groups (Table 1).

SSPG and SSPI levels

The fructose-fed group exhibited a significant increase in SSPG 
levels (20.2 � 0.8 vs 15.8 � 0.6 mmol/L in the normal diet group;
P < 0.01), but there was no difference in the SSPI levels between
the two groups (Fig. 1). These results are consistent with previous
results13,16 indicating that the feeding of a high-fructose diet signifi-
cantly impairs insulin activity; that is, it causes insulin resistance.
The administration of quinapril reduced the increased SSPG levels
to those seen in the normal diet group (15.3 � 0.9 mmol/L; P < 0.01),
although there was no difference in SSPI levels. Quinapril treatment
improved the insulin sensitivity impaired by the feeding of a high-
fructose diet.

Response of aortic rings to phenylephrine in the 
presence or absence of insulin

Figure 2a shows the response of aortic rings to phenylephrine in the
presence of insulin. Insulin reduced the contractile response to
phenylephrine (10–6 mol/L) by 22.8 � 1.2% in the normal diet group,
whereas it had no effect in the fructose diet group. Quinapril 

Fig. 2 Response of aortic rings to phenylephrine in the (a) presence or (b) absence of insulin (100 mU/mL). Contraction is expressed as a percentage of
the maximum contraction in response to 10–6 mol/L phenylephrine in the absence of insulin. Insulin reduced the phenylephrine-induced contractile response
in rats fed a normal diet (�) and quinapril-treated rats fed a fructose-rich diet (�), whereas it had no effect in rats fed the fructose diet only (�). Data are
the mean�SEM (n = 6 in each group). *P < 0.01 compared with the normal diet and quinapril-treated groups.

Fig. 3 Response of aortic rings to acetylcholine. Relaxation is expressed
as a percentage of the tension developed in response to 10–7 mol/L
noradrenaline. Fructose-rich chow (�) reduced acetylcholine-induced
relaxation, which was reversed by quinapril treatment (�). *P < 0.01 com-
pared with the the normal diet (�) and quinapril-treated groups; †P < 0.01
and P < 0.05 compared with the normal diet group and the quinapril-treated
group, respectively.
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treatment of rats fed fructose-rich chow restored the vasodilator
action of insulin on phenylephrine-induced contractions.

Figure 2b shows the response of aortic rings to phenylephrine 
in the absence of insulin. The maximum contractile response to
phenylephrine did not differ among the three groups. The results
shown in Fig. 2 indicate that quinapril treatment reverses the attenu-
ation of contraction induced by insulin in aortas in response to
phenylephrine in fructose-hypertensive rats.

Response of aortic rings to acetylcholine

Fructose-rich chow reduced acetylcholine-induced relaxation 
(82.9 � 3.2 and 59.8 � 5.4% relaxation in the normal and fructose
diet groups, respectively; P < 0.01), effects that were nearly com-
pletely reversed by quinapril treatment (79.4 � 4.5% relaxation; 
P < 0.01; Fig. 3).

DISCUSSION

In the present study, fructose-fed rats became insulin resistant, as
manifested by significantly higher SSPG levels. In addition, a mild
but significant rise in blood pressure was observed, although no 
obesity was observed in fructose-fed rats. These results are in 
accordance with those of previous studies.13,21 The ACE inhibitor
quinapril prevented the rise in blood pressure and the elevation 
in SSPG levels observed in the fructose diet group, suggesting 
that quinapril is useful for treating insulin resistance in fructose-
hypertensive rats.

Insulin has a specific physiological action; namely, it vasodilates
skeletal muscle vasculature in humans.22,23 Insulin indirectly 
attenuates vascular contraction via enhancement of endothelium-
dependent vasodilation.24 In addition, it has recently been found that
insulin vasodilation contributes, in part, to an inhibition of voltage-
operated Ca2+ channels.25 According to studies using aortas from 
rats fed a high-fructose diet, the responsiveness of vascular smooth
muscles is not impaired because the vasodilator response to sodium
nitroprusside is not decreased in insulin resistance.26 The impair-
ment of vasodilation induced by acetylcholine, which was repro-
duced in the present study, appears to be due to the decreased effects
of nitric oxide, presumably via excess vascular oxidative stress.26

In humans, obese/insulin-resistant subjects are characterized by
endothelial dysfunction and endothelial resistance to the effects 
of insulin on the enhancement of endothelium-dependent vaso-
dilation.27

Insulin resistance and the resultant hyperinsulinaemia are causally
related to hypertension.28,29 It has been demonstrated that insulin
resistance, but not hyperinsulinaemia, induces endothelial dysfunc-
tion resulting in hypertension.30,31 In the present study, insulin
reduced the contractile response of aortic rings to phenylephrine in
the normal diet group, implying that insulin does have vasodilator
effects, as mentioned above, in thoracic aortic rings contracted by
phenylephrine, although insulin produces no significant change in
the basal tonus of rings (data not shown). This finding is in agree-
ment with those of previous studies in which insulin has suppressed
the vasoconstrictor actions of noradrenaline, phenylephrine and
angiotensin II in isolated arteries and veins.32–34 In addition, we
observed that insulin does not reduce this contractile response to
phenylephrine in fructose-hypertensive rats, indicating that the 
fructose diet significantly impairs the vasodilator effects of insulin

in precontracted aortas. With regard to this phenomenon, Verma 
et al. have already observed that the vasodilator effects of insulin
disappear in fructose-hypertensive rats because insulin does not
reduce the contractile response to angiotensin II in rat aortas.35

Furthermore, the present study indicates that quinapril amelio-
rates vascular insulin resistance and inhibits the elevation of blood
pressure in fructose-hypertensive rats. Quinapril itself is an anti-
hypertensive drug and upregulates nitric oxide.36 Angiotensin-
converting enzyme inhibitors have also been reported to directly
mediate vasodilation.37 A prevention of the rise in blood pressure
may be attributed to ameliorated insulin resistance38,39 rather than
the antihypertensive effects of quinapril, because the SSPG levels
in quinapril were as low as those in the normal diet group and
endothelium-derived nitric oxide plays an important role in main-
taining basal blood pressure.38 In fact, in the present study, quinapril
improved the relaxation induced by acetylcholine, presumably via
effects of nitric oxide, in noradrenaline-precontracted aortas.
Recently, Feldman and Schmidt have shown that chronic quinapril
therapy enhances vascular sensitivity to insulin without a signifi-
cant change in blood pressure in subjects with borderline or mild
hypertension.40 However, the mechanism by which quinapril
improves vascular insulin resistance in fructose-hypertensive 
rats was not revealed in the present study. Treatment of genetic
hypertensive rats with insulin resistance with quinapril, not angio-
tensin II receptor antagonists, is known to enhance vascular sensi-
tivity to insulin and to improve insulin resistance involving
hypertension.9 In the same way, chronic quinapril treatment
enhances �-adrenoceptor-mediated relaxation,40 but its effects 
are not associated with the endothelium. We did not evaluate 
�-adrenoceptor-mediated vasodilation in the present study. Based
on our findings, it seems that the improvement of endothelial func-
tion, as indicated by the response to acetylcholine, may, at least in
part, improve vascular insulin resistance. Further investigation of
the mechanisms involved in the beneficial effects of quinapril
remains to be performed.

In conclusion, the fructose diet significantly impaired the
vasodilator effects of insulin and attenuated acetylcholine-induced
relaxation in rat thoracic aortas. Quinapril prevented the develop-
ment of these impaired responses, suggesting that ACE inhibitors
may be useful for treating vascular insulin resistance.
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