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Introduction

The insulin-resistant state is commonly observed prior 
to essential hypertension (1), hyperlipidemia, and diabetes; 
and each lifestyle-related disease is an established risk 
factor for coronary artery disease (2) and atherosclerosis 
(3). To protect against or delay such vascular disorders, 
the insulin-resistant state is an appropriate target for the 
medical treatment. The insulin-resistant state is generally 
accompanied with elevation of blood pressure and plasma 
levels of insulin, cholesterol, and triglyceride. At the 

vasculatures, endothelial dysfunction, and increase in 
oxidative stress due to imbalance of nitric oxide (NO) 
and superoxide anion (O2

−) generation have been found 
(4). We have reported that insulin resistance may be a 
pathogenic factor for endothelial dysfunction through 
impaired endothelial nitric oxide synthase (eNOS)  
activity caused by the enhanced formation of superoxide 
anion due to uncoupled eNOS (5), which is caused  
by relative deficiency of tetrahydrobiopterin (BH4) in 
vascular endothelial cells. Increase in BH4 at vascular 
tissues by oral supplementation of BH4 (6), by a gene 
transfer of GTP cyclohydrolase (CH) 1 cDNA (7), or by 
treatment with statins (8) increased eNOS activity as well 
as decreased in endothelial O2

− production, and restored 
the impaired endothelium-dependent arterial relaxation 
in insulin-resistant rats. However, these treatments to 
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restore endothelial dysfunction failed to normalize blood 
pressure in the insulin-resistant rats (6 – 8). The remain-
ing high blood pressure after these treatments may pull 
the trigger on the development of atherosclerosis in the 
future.

Calcium antagonists, effective anti-hypertensive 
agents, are known to induce vasodilatation by inhibition 
of L-type calcium channels located at vascular smooth 
muscle cell membranes, and some of them were reported 
to increase eNOS activity (9, 10). Therefore, combina-
tion therapy of statins and calcium antagonists may  
induce synergistic actions on vascular disorders in the 
lifestyle-related diseases.

Recently, combination therapy of atorvastatin and 
amlodipine has been extensively studied in cardiovas
cular disorders in vivo (11 – 15), and its effectiveness 
has been reported to have advantages compared with 
mono-therapy in patients with coronary heart disease (12) 
and hypertension (13 – 15), but the vascular mechanisms 
of their actions have not been well analyzed.

In the present study, we therefore compared the vas
cular effect of atorvastatin, amlodipine, and their combi-
nation in the rats fed high levels of fructose (fructose-fed 
rats), an acquired animal model of insulin-resistance, in 
order to elucidate the underlying mechanisms for the 
ameliorative effects of these treatments.

Materials and Methods

Materials
The following materials were purchased from the 

company shown in parentheses: acetylcholine (ACh; 
Daiichi-Sankyo, Tokyo), superoxide dismutase (SOD), 
l-phenylephrine and indomethacin (Sigma, St. Louis, 
MO, USA), sodium nitroprusside (SNP; Nacalai Tesque, 
Kyoto), calcium ionophore A23187 (Boehringer  
Ingelheim, Ingelheim, Germany), papaverine hydro
chloride (Nichi-iko, Toyama), NG-nitro-l-arginine (l-
NA) and angiotensin II (Ang II) (Peptide Institute,  
Minoh), l-arginine (Kanto Chemical, Tokyo).

Experimental animals
The Animal Care and Use Committee at Shiga Univer-

sity of Medical Science approved the use of rat aortas in 
accordance with the experimental protocols of this study. 
Five-week-old male Sprague-Dawley rats (Japan SLC, 
Shizuoka) were housed in an environmentally controlled 
room with a 12-h light/dark cycle and free access to a 
laboratory diet and water. The animals were divided into 
eight groups and fed ad libitum on one of the following 
diets for eight weeks: 1) standard chow (Control),  
2) standard chow supplemented with 10 mg·kg−1·d−1 
amlodipine (AM), 3) standard chow supplemented with 

10 mg·kg−1·d−1 atorvastatin (AT), 4) standard chow 
supplemented with 10 mg·kg−1·d−1 amlodipine and  
10 mg·kg−1·d−1 atorvastatin (AM + AT), 5) a diet high in 
fructose (F), 6) a diet high in fructose with 10 mg·kg−1·d−1 
amlodipine (F + AM), 7) a diet high in fructose with  
10 mg·kg−1·d−1 atorvastatin (F + AT), 8) a diet high in 
fructose with 10 mg·kg−1·d−1 amlodipine and 10 mg·kg−1·d−1 
atorvastatin (F + AM + AT). The normal chow (Oriental 
Yeast) consisted of 58% carbohydrate (no fructose),  
12% fat, and 30% protein (N/N). The high-fructose  
diet (Oriental Yeast) consisted 67% carbohydrate (of 
which 98% was fructose), 13% fat, and 20% protein  
by energy percent. The high fructose–fed rats were used 
as an animal model for the common type of insulin  
resistance with endogenous hyperinsulinemia (16).

At the end of the 8-week feeding, food was not given 
for 12 h, and the animals were weighed and anesthetized 
intraperitoneally by injection of sodium pentobarbital 
(50 mg/kg). Venous blood was taken for measurement of 
plasma glucose, insulin, total cholesterol, and triglyceride. 
Aortas were removed for measurement of eNOS and 
NADPH oxidase activity, O2

− production, biopterin 
content, GTPCH1 activity, and protein content.

Measurement of blood pressure
Blood pressure was measured the day before the  

experiment, and the rats were trained to the apparatus 
three times before measurement. Systolic blood pressure 
in the tail region was measured using an electrosphyg-
momanometer after the rats were pre-warmed for 15 min.

Isometric tension studies
The animals were administered an intraperitoneal in-

jection of sufficient sodium pentobarbital for anesthesia 
and intravenous injection of sufficient heparin before 
they were killed. The thoracic aorta (0.6 – 0.8-cm outside 
diameter) was isolated and cut into strips with special 
care to preserve the endothelium. The specimens were 
suspended in organ chambers (10-ml capacity) and the 
resting tension was adjusted to 2.0 g, which is optimal  
for inducing the maximal contraction, as previously de-
scribed (17). Isometric contractions and relaxations of 
aortic strips were recorded. Firstly, the contractile  
response to KCl (30 mM) was obtained and this was 
taken as 100% contraction. To prevent synthesis of 
prostaglandins, the following experiments were per-
formed in the presence of 10 mM indomethacin. The 
strips were exposed to cumulative concentration of l-
phenylephrine (10−9 to 10−6 M). Ang II (10−9 to 10−6 M)  
was added directly to the bathing media at a single  
concentration to avoid the development of tachyphylaxis. 
In another series of experiments, the strips were partially 
precontracted with l-phenylephrine (1 – 3 × 10−7 M). 
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After a plateau was attained, the strips were exposed to 
ACh (10−9 to 10−5 M), the calcium ionophore A23187 
(10−9 to 10−7 M), or SNP (10−11 to 10−6 M) to construct 
dose–response curves. At the end of each experiment, 
100 mM papaverine was added to induce maximal relax-
ation, which was taken as 100% for relaxation induced 
by agonists. In some strips, the endothelium was removed 
by gently rubbing the intimal surface with a cotton ball. 
Endothelium removal was verified by abolition or 
marked suppression of the relaxations caused by 10−6 M 
ACh. The effect of SOD (200 U/ml) was also examined 
in some strips with endothelium.

Measurement of NO synthase activity in aortic endo
thelial cells

eNOS activity was measured by the conversion of  
l-(3H)arginine to l-(3H)citrulline as previously described 
(18).

Measurement of ex vivo aortic O2
− production and 

NADPH oxidase activity
O2

− production in aortic segments was measured using 
the lucigenin-enhanced chemiluminescence method as 
described previously (19). Lucigenin counts were ex-
pressed as counts per minute per milligram of dry weight 
of vessel. More than 80% of the chemiluminescence was 
inhibited by the pretreatment of arterial segments with 
100 U/ml SOD.

To measure the vascular NADPH oxidase activity, the 
vessel was homogenized in 400 ml homogenizing buffer 
(50 mM phosphate buffer and 0.01 mM EDTA, pH 7.8), 
and the homogenate was centrifuged at 1,000 × g for  
10 min. A 20-ml aliquot of the supernatant was then 
added to glass scintillation vials containing lucigenin  
(50 mM) in 2 ml homogenizing buffer and the chemilu-
minescence value was measured. NADPH (500 mM)  
was added to the incubation medium as a substrate for 
O2

− production.

Measurements of pteridine derivatives levels and GTP-
CH1 activity

Aortic tissues were homogenized in 25 mM triethanol-
amine-HCl Measurements of biopterin content were 
performed by high-performance liquid chromatography 
(HPLC) analysis as previously described (6, 20, 21). 
GTP-CH1 activity was assayed using the HPLC method 
by measurement of neopterin, which was released from 
dihydroneopterin triphosphate after oxidation and phos-
phatase treatment (22).

Protein assay
Protein content was determined by the method of 

Bradford (23) with bovine serum albumin as a standard.

Statistical analysis
The results are expressed as the mean ± S.E.M. Statis-

tical analyses were made by Student’s t-test for two 
groups and Tukey’s method after one-way analysis of 
variance (ANOVA) for more than three groups. P-values 
less than 0.05 were considered to be significant.

Results

Metabolic characteristics and blood pressure of the rats
As shown in Table 1, all 8 groups gained weight to a 

similar extent over the study period without any signifi-
cant difference. Blood glucose levels also did not differ 
among the groups. On the other hand, plasma insulin 
levels were significantly higher in the fructose-fed rats 
than those in the rats fed the standard chow. Fructose-fed 
rats also showed a significant elevation of plasma total 
cholesterol and triglyceride levels and blood pressure 
compared with normal diet–fed rats. These charac
teristics of fructose-fed rats used in the present study 
were almost the same as those in the fructose-fed insulin-
resistant rats in the previous study (5). Treatment with 
amolodipine and/or atorvastatin did not affect the insulin 
levels among the rats fed either the normal or high- 
fructose chow. Amlodipine did not affect the lipid  
levels in either rats receiving the normal chow or rats 
receiving the high-fructose chow. Atorvastatin signifi-
cantly lowered plasma cholesterol and triglyceride levels 
in the fructose-fed rats, but did not affect them in the  
rats fed the standard chow. These plasma lipid levels in 
the fructose-fed rats treated with both amlodipine and 
atorvastatin were significantly lower than those in fruc-
tose-fed rats treated with amlodipine alone.

Atorvastatin did not significantly affect blood pressure 
in either the rats fed the standard chow or those fed the 
high fructose chow. Amlodipine significantly lowered 
blood pressure in the fructose-fed rats, but did not affect 
that in the control rats. Blood pressure in the fructose-fed 
rats treated with both amlodipine and atorvastatin was 
significantly lower than that in fructose-fed rats treated 
with atorvastatin alone.

NO-dependent vascular relaxation in rat aorta
The addition of ACh at concentrations of 10−9 to  

10−5 M produced a dose-dependent relaxation in aortic 
strips with endothelium, which was abolished by treat-
ment with NO synthase inhibitors (data not shown) or 
removal of the endothelium (Fig. 1A). The ACh-induced 
relaxation was significantly reduced in the fructose-fed 
rats compared with that in control rats. The addition  
of SOD restored the reduced relaxation caused by  
ACh in the fructose-fed rats, which was not significantly  
different from that in the control rats (Fig. 1A).
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Treatment with amlodipine did not affect the ACh- 
induced relaxation in the fructose-fed rats, whereas treat-
ment with atorvastatin significantly potentiated the endo-
thelium-dependent relaxation. Combined treatment with 
amlodipine and atorvastatin also significantly potentiated 
the relaxation in the fructose-fed rats (Fig. 1B). Similar 
results were also obtained for the relaxation induced by 
A23187, a receptor-independent endothelium-derived 
relaxing factors–releasing substance (Fig. 1C). On the 
other hand, vasodilator responses to SNP were compa-
rable among the 5 groups. Amlodipine treatment tended 
to potentiate the relaxation induced by SNP, but the  
difference was statistically insignificant (Fig. 1D).

Vascular reactivity in response to l-phenylephrine and 
Ang II

The contractile responses of aortic strips to l-phenyl-
ephrine and Ang II are shown in Fig. 2. The contraction 
induced by l-phenylephrine in the fructose-fed rats was 
similar to that in control rats. By contrast, contraction in 
response to Ang II was markedly increased in fructose-
fed rats compared with that in control rats. Treatment 
with amlodipine did not affect the aortic contraction  
induced by Ang II or phenylephrine, whereas treatment 
with atorvastatin caused a lesser contractile response  
to Ang II, but not to l-phenylephrine, in fructose-fed rats. 
Combined treatment with amlodipine and atrovastatin 
also caused similar results in fructose-fed rats.

O2
− production from aortic segments
As shown in Table 2, basal O2

− production by endo
thelium-intact aortic segments from fructose-fed rats 

were twofold higher than that of control rats. Endothelial 
removal produced a slight reduction of O2

− levels in  
vessels from control rats, while marked reduction of O2

− 
production was found in endothelium-denuded vessels 
from fructose-fed rats. Thus, after removal of the endo-
thelium, the O2

− production rates between the two groups 
were no longer different. The O2

− production was signifi-
cantly increased by ACh in all groups and the increase 
was significantly greater in the fructose-fed rats than in 
the control rats. Treatment with amlodipine did not affect 
the O2

− production in the fructose-fed rats, whereas treat-
ment with atorvastatin significantly decreased both basal 
and ACh-stimulated O2

− production in the fructose-fed 
rats. Combined treatment with amlodipine and atorvas-
tatin also significantly reduced the O2

− production in the 
fructose-fed rats. The increase of O2

− production in the 
fructose-fed rats was abolished, resulting in basal-level 
production after incubation with l-NA.

Activity of eNOS and NADPH oxidase in the aorta
Fructose-fed rats (23.9 ± 2.5 pmol−1∙min−1∙mg protein−1, 

n = 6) showed significant reduction of eNOS activity 
compared with control rats (64.4 ± 3.3 pmol−1∙min−1∙mg 
protein−1, n = 6). Administration of atorvastatin to the 
fructose-fed rats significantly elevated the enzyme activ-
ity (49.7 ± 2.6 pmol−1∙min−1∙mg protein−1), whereas that 
of amlodipine did not influence the enzyme activity 
(26.2 ± 3.5 pmol−1∙min−1∙mg protein−1). Combined treat-
ment with amlodipine and atorvastatin also significantly 
increased the enzyme activity (48.5 ± 4.3 pmol−1∙min−1∙mg 
protein−1).

Consistent with increased O2
− production under the ex 

Table 1.  Metabolic characteristics and blood pressure in the rats

Control AM AT AM + AT

Body weight (g) 492 ± 9 489 ± 10 490 ± 7 484 ± 7
Glucose (mg/dl) 94.6 ± 2.3 95.3 ± 2.4 94.3 ± 3.0 94.3 ± 3.5
Insulin (pg/ml) 568 ± 28 549 ± 27 552 ± 35 498 ± 32
Total cholesterol (mg/dl) 51.5 ± 3.7 52.0 ± 4.5 49.8 ± 3.8 48.8 ± 5.1
Triglycerides (mg/dl) 63.4 ± 2.3 66.9 ± 4.9 64.3 ± 9.5 66.4 ± 6.5
Systolic blood pressure (mmHg) 120 ± 4 120 ± 5 122 ± 4 121 ± 3

F F + AM F + AT F + AM + AT

Body weight (g) 494 ± 6 488 ± 12 491 ± 11 502 ± 13
Glucose (mg/dl) 97.3 ± 2.9 93.7 ± 3.1 92.4 ± 2.8 91.4 ± 2.2
Insulin (pg/ml) 1601 ± 62* 1450 ± 48* 1542 ± 72* 1430 ± 60*
Total cholesterol (mg/dl) 82.3 ± 3.8* 79.3 ± 4.5* 58.6 ± 3.0#,¶ 56.2 ± 2.5#,¶

Triglyceride (mg/dl) 169.4 ± 6.3* 171.7 ± 6.3* 91.4 ± 4.3#,¶ 90.5 ± 5.1#,¶

Systolic blood pressure (mmHg) 142 ± 5* 119 ± 3# 129 ± 6 118 ± 4#

Rats were fed the normal or high-fructose diet with or without drug for 8 weeks. After 8 weeks, body weight measurement 
and blood sampling were performed. Blood pressure was measured on the day before the experiment. AM, amlodipine  
(10 mg·kg−1·d−1); AT, atorvastatin (10 mg·kg−1·d−1); F, High-fructose diet. n = 8 for each group, *P < 0.05 vs. Control, 
#P < 0.05 vs. F, ¶P < 0.05 vs. F + AM.
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vivo condition, O2
− production derived from NADPH 

oxidase (n = 5, per group) in aortic homogenates from 
the fructose-fed rats (21723 ± 2192 cpm/mg protein)  
was 1.6-fold higher (P < 0.05) than those from control 
rats (13282 ± 1226 cpm/mg protein). Treatment with 
amlodipine had no effect on the NADPH oxidase activity 
(19102 ± 1303 cpm/mg protein), while treatment with 
atorvastatin significantly reduced the enzyme activity 
(12977 ± 1385 cpm/mg protein, P < 0.05). Combined 
treatment with amlodipine and atorvastatin also reduced 
the enzyme activity significantly (13299 ± 1908 cpm/mg 
protein, P < 0.05).

Biopterin content and GTP cyclohydrolase I activity in 
the aorta

The BH4 content of aorta in the fructose-fed rats was 
significantly lower than that in control rats (Fig. 3A).  
In contrast, fructose-fed rats showed 2.8-fold increase of 
7,8-BH2 + biopterin in the aorta compared with control 
rats (Fig. 3B). The ratio of BH4 to 7,8-BH2 + biopterin 
was significantly lower in the fructose-fed rats than that 
in control rats (Fig. 3C). The fructose-fed rats treated 
with amlodipine did not show significant changes in 
these values compared with the fructose-fed rats without 
the treatment. On the other hand, the atorvastatin-treated 

Fig. 1.  Relaxant responses of rat aortic strips. Aortic segments were isolated and their functions were assessed in organ chamber 
experiments. Data are expressed as means ± S.E.M. (n = 8). A: Effect of acetylcholine (ACh) in the aorta with [E(+)] or without 
[E(−)] endothelium of control (C, normal diet) and fructose-fed (F) rats. The experiments were also performed in the presence of 
superoxide dismutase (SOD, 200 U/ml). B: Comparison of ACh-induced relaxations among the various groups. Control, normal 
diet–fed rat; Fructose (F), high fructose diet–fed rat; AM, amlodipine; AT, atorvastatin). C: Comparison of A23187-induced relax-
ations among the various groups. Control, normal diet–fed rat; Fructose (F), high fructose diet–fed rat; AM, amlodipine; AT, 
atorvastatin. D: Comparison of sodium nitroprusside (SNP)-induced relaxations among various groups. Control, normal diet–fed 
rat; Fructose (F), high fructose diet–fed rat; AM, amlodipine; AT, atorvastatin. A: *P < 0.05 vs. C E(+), #P < 0.05 vs. F E(+);  
B – D: *P < 0.05 vs. Fructose.
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fructose-fed rats demonstrated a significant elevation of 
BH4 level as compared with control rats, whereas  
atorvastatin treatment significantly lowered the content 
of 7,8-BH2 plus biopterin (Fig. 3: A, B). Combined treat-
ment with amlodipine and atorvastatin also significantly 
increased the BH4 content and decreased 7,8-BH2 plus 
biopterin compared to those in the fructose-fed rats with 
or without treatment with amlodipine.

As shown in Fig. 3D, GTP-CH1 activity in the aortas 
of the fructose-fed rats was significantly lower than that 
of control rats. The atorvastatin-treated fructose-fed rats 
showed a significant elevation of the enzyme activity 
compared to fructose-fed rats, whereas the activity in  
the amlodipine-treated fructose-fed rats was not affected. 
Combined treatment with amlodipine and atorvastatin 
also showed a significant elevation of the enzyme  
activity compared to that in the fructose-fed rats with  
or without treatment with amlodipine.

Discussion

Oral administration of atorvastatin combined with 
amlodipine effectively prevented both endothelial dys-
function and elevation of blood pressure observed in the 
insulin-resistant rats. The administration of atorvastatin 
alone prevented the endothelial impairment, but did  
not significantly prevent the blood pressure elevation, 
whereas the administration of amlodipine alone pre-
vented the elevation of blood pressure, but not the im-
pairment of endothelial function in the insulin-resistant 
rats.

The mechanism underlying the prevention of endo
thelial dysfunction by atorvastatin is due in part to the 
inhibition of NADPH oxidase activity and uncoupled 
eNOS-dependent O2

− production. Indeed, we found  
that atorvastatin treatment enhances eNOS activity (l- 
citrulline formation) in vivo. We think that enhancement 

Table 2.  Effects of AM, AT, and AM + AT treatments on superoxide anion production in vascular segments

Endothelium Incubation condition
Vascular superoxide production (cpm × 103 / mg dry tissue weight)

Control Fructose (F) F + AM F + AT F + AM + AT

- Buffer alone 15.1 ± 1.0 22.2 ± 1.4* 24.1 ± 1.0 19.2 ± 1.1 22.5 ± 1.2
+ Buffer alone 23.5 ± 1.3 41.6 ± 1.8* 43.4 ± 2.7 29.8 ± 1.9# 30.7 ± 1.8#,¶

+ ACh 31.9 ± 2.8 123.1 ± 5.9* 131.4 ± 4.0 49.1 ± 2.4# 44.6 ± 1.3#,¶

+ ACh + l-NA 23.9 ± 1.3 46.1 ± 4.1* 39.4 ± 2.1 24.3 ± 1.2# 28.9 ± 2.4#,¶

Rats were fed the normal or high-fructose diet with or without drug for 8 weeks. After 8 weeks, the thoracic aorta of each rat was isolated, and 
O2

− production in aortic segments was measured using the lucigenin-enhanced chemiluminescence method. AM, amlodipine (10 mg·kg−1·d−1); AT, 
atorvastatin (10 mg·kg−1·d−1); F, High-fructose diet. n = 8 for each group, *P < 0.05 vs. Control, #P < 0.05 vs. F, ¶P < 0.05 vs. F + AM.

Fig. 2.  Contractile responses of rat aortic strips. Aortic segments were isolated and their functions were assessed in organ  
chamber experiments. Data are expressed as means ± S.E.M. (n = 8). A: Comparison of phenylephrine-induced contractions 
among various groups. Control, normal diet–fed rat; Fructose (F), high fructose diet–fed rat; AM, amlodipine; AT, atorvastatin. B: 
Comparison of angiotensin II (Ang II)-induced contractions among various groups. Control, normal diet–fed rat; Fructose (F), 
high fructose diet–fed rat; AM, amlodipine; AT, atorvastatin. *P < 0.05 vs. Fructose.
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of eNOS activity by statin is one of the initial and funda-
mental steps for the observed beneficial effects of statin 
treatment in the insulin-resistant state. BH4 was formerly 
suggested to be an important allosteric cofactor of NOS 
via stabilization of dimeric NOS, the active form of  
the enzyme, and thus may play an essential role in  
the control of NO and O2

− production in vivo (24).  
BH4 insufficiency leads to the uncoupled state of eNOS, 
resulting in decreased NO production and increased  
formation of oxygen radicals by NOS in vitro (25, 26). 
The excess amount of O2

− reacts with NO and further 
limits the biological activity of eNOS (27). In vascular 
endothelial cells, BH4 is synthesized from GTP via a de 
novo pathway. The rate-limiting enzyme in this pathway 
is GTP-CH1 (28). Augmented BH4 biosynthesis in  
hyperglycemic human aortic endothelial cells by gene 
transfer of GTP-CH1 restored eNOS activity (29). Zheng 
et al. (30) performed ex vivo gene transfer of human 

GTP-CH1 to the arteries of deoxycorticosterone acetate 
(DOCA)-salt rats and demonstrated an improvement  
of endothelium-dependent relaxation accompanied by 
increased tissue BH4 levels. We also have reported  
that long-term oral BH4 supplementation (6) and intra
muscular GTP-CH1 gene transfer improve endothelial 
dysfunction and oxidative stress in the aorta of insulin-
resistant rats (7). Thus enhancement of GTP-CH1 activ-
ity by atorvastatin treatment in the vascular wall may 
normalize eNOS activity through augmentation of endo-
thelial BH4.

Rats fed a diet containing atorvastatin showed a sig-
nificant increase of vascular BH4 level as compared  
with the fructose-fed rats not given this statin, whereas 
atorvastatin treatment significantly lowered the content 
of 7,8-BH2 plus biopterin. Evidence indicates that elevated 
O2

− production causes an enhanced oxidation of BH4 to 
7,8-BH2, which has been shown to inhibit the stimulatory 

Fig. 3.  Pteridine derivative levels and GTP cyclohydrolase I (GTP-CH1) activity in aortic tissue. Tissue levels of tetrahydro
biopterine (BH4) (A) and 7,8-dihydrobiopterine (BH2) + biopterin (B), the ratio of BH4 to 7,8-BH2 plus biopterin (C), and GTP-
CH1 activity (D) were compared among the various groups. C, Control rats; F, Fructose-fed rats; AM, amlodipine; AT, atorvas-
tatin. Data are expressed as means ± S.E.M. (n = 5). *P < 0.05 vs. C, #P < 0.05 vs. F, ¶P < 0.05 vs. F + AM.
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effects of BH4 on eNOS (31). It has been reported that 
addition of 7,8-BH2 in the presence of 10 mM BH4  
dose-dependently inhibits eNOS activity and stimulates 
eNOS-mediated O2

− production (32). Direct effects of 
statin treatment on arterial redox state and nitric oxide 
bioavailability via BH4-mediated eNOS coupling has 
also been reported in humans (33).

Partial improvement of plasma lipids and blood pres-
sure in the fructose-fed rats treated with atorvastatin is 
probably associated with restored endothelial function. 
Atorvastatin treatment of fructose-fed rats normalized 
Ang II–induced vasoconstriction and endothelium-de-
pendent relaxation induced by ACh and A23187, but did 
not influence the endothelium-independent relaxation by 
sodium nitroprusside. Our previous study demonstrated 
that HMG-CoA reductase inhibitors can specifically 
downregulate AT1-receptor expression that was enhanced 
in insulin-resistant rats (8). The precise mechanism by 
which AT1-receptor expression is upregulated in the  
insulin-resistant state is not clear. It appears that oxida-
tive stress and/or a redox-sensitive transcription factor 
such as NFkB in the expression of AT1 receptors may 
play a role, but this remains to be clarified. In addition, 
the atorvastatin treatment normalized vascular BH4  
content, and activities of GTP-CH1, NADPH oxidase, 
and eNOS in the fructose-fed rats. A previous study  
has demonstrated that manipulation of intracellular BH4 
levels by statin can stimulate an NO-mediated cGMP 
increase in cultured endothelial cells (34). Furthermore, 
decreased ACh-induced vasodilation persists in hyper-
tensive patients after treatment with antihypertensive 
drugs designed to normalize blood pressure (35). These 
findings suggest that statin can modulate in vivo NO 
production by improving endothelial dysfunction, but 
may not be enough to normalize blood pressure.

In contrast, the elevation of blood pressure observed in 
the fructose-fed rats was effectively prevented by oral 
administration of amlodipine alone, but this treatment 
was unable to restore the endothelium-dependent vaso
dilation induced by ACh or A23187. Decreased vascular 
BH4 levels and activities of both GTP-CH1 and eNOS 
and increased O2

− generation and NADPH oxidase activ-
ity in the vascular wall observed in the fructose-fed  
rats were unaffected by treatment with amlodipine. 
Moreover, enhanced vasoconstriction by Ang II were 
also unaffected by amlodipine treatment. Therefore, the 
mechanism underlying the prevention of blood pressure 
elevation caused by amlodipine in the insulin-resistant 
rats is neither due to improvement of endothelial dys-
function nor down-regulation of AT1 receptors, but  
due to inhibition of L-type calcium channels located in 
the vascular smooth muscle cells. Amlodipine has been 
reported to increase NO production by stimulation of 

eNOS mRNA expression (36) or by phosphorylation of 
eNOS (10). However, in the present study, effects of 
amlodipine on the endothelial function was not observed 
in our fructose-fed, insulin-resistant rats. Treatment with 
amlodipine, rather, tended to potentiate endothelium- 
independent relaxation by sodium nitroprusside. Calcium-
dependent superoxide production in vascular smooth 
muscle cells may be involved in this phenomenon (37). 
Beneficial effects of amlodipine mono-therapy in the 
insulin-resistant state have been demonstrated in the  
inherited (38) and drug-induced animal models (39). 
Whether or not the discrepancy in the beneficial effect of 
amlodipine is due to the nature of animal models of  
insulin resistance remains to be clarified. Failure of  
amlodipine to improve endothelium-dependent vasodila-
tion has been reported in a clinical study (40). In the 
present study, amlodipine treatment did not affect the 
radical balance between O2

− and NO in the vascular wall. 
A similar phenomenon has been reported in hypertensive 
patients (41).

In conclusion, long-term treatment by atorvastatin  
together with amlodipine prevented both endothelial 
dysfunction and elevation of blood pressure observed  
in the insulin-resistant rats. The combined treatment  
did not cause potentiating or synergistic effects, but 
showed additive effects, since it did not interfere with the 
beneficial effect of each drug. The present study strongly 
suggests that combined therapy of HMG-CoA reductase 
inhibitors and calcium antagonists could prevent func-
tional vascular disorders in the insulin-resistant state, 
possibly resulting in the protection against or delay  
development of hypertension, vascular dysfunction in 
diabetes mellitus, and thereafter atherosclerosis.
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