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S

everal epidemiological studies (1–3) indicate a
close relationship between plasma insulin level
and cardiovascular diseases, supporting the idea of
hyperinsulinemia as an atherogenic factor (4,5). In
1969, Stout (5) raised the possibility that chronic hyperinsulinemia may contribute to the development of atherosclerosis by a direct effect of insulin on the artery. However, regarding the mechanisms of insulin-induced atherogenesis, considerable controversy exists, and hyperinsulinemia has been
questioned as a causative factor for atherosclerotic disease
(6,7). Because hyperinsulinemia is often associated with
insulin resistance in both type 1 diabetic and nondiabetic
subjects, the association between high plasma insulin level
and atherosclerosis may be due to insulin resistance but not
insulin concentration per se. We have recently shown that
insulin resistance promotes the development of vasospastic
angina (8) as well as obstructive coronary artery disease (9)
in nondiabetic subjects. Laakso et al. (10), using the euglycemic insulin clamp technique, first demonstrated the presence of insulin resistance in patients with asymptomatic atherosclerosis (stenotic lesion) in the femoral or carotid arteries. In addition, abnormalities in endothelium-dependent
arterial relaxation are also described in several insulin-resistant states, including hypertension (11) and obesity (12).
These findings argue against the idea that insulin is a factor
of increasing cardiovascular morbidity and suggest that
endogenous and exogenous hyperinsulinemia have qualitatively different effects on atherogenic processes. However, the
mechanisms responsible for the association between the
insulin-resistant state and impaired endothelium-dependent
vasodilatory response are poorly understood, and to date, no
studies have addressed this question directly.
There are now several lines of evidence linking excess vascular oxidative stress to the impairment of nitric oxide (NO)
action in patients with diabetes or hypertension (13,14).
Endothelial nitric oxide synthase (eNOS) constitutively produces both NO and superoxide anion radical (O2–), suggesting
that the effective release of NO from the vascular endothelium
depends on the relative concentrations of these two species
(15). Furthermore, evidence indicates that (6R)-5,6,7,8tetrahydrobiopterin (BH4), which is an important allosteric
effector of NOS (16) through stabilization of the dimeric
active form of the enzyme (17), may play a key role for the con2437
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To investigate underlying mechanisms responsible for
the impaired nitric oxide (NO)-dependent vascular
relaxation in the insulin-resistant state, we examined
production of both NO and superoxide anion radical
(O2–) and those modulating factors in aortas obtained
from normal (CTR), insulin-treated (INS), or high fructose-fed (FR) rats. FR rats showed insulin resistance
with endogenous hyperinsulinemia, whereas INS rats
showed normal insulin sensitivity. Only FR aortic strips
with endothelium elicited impaired relaxation in
response to either acetylcholine or calcium ionophore
A23187. Endothelial NO synthase (eNOS) activity and
its mRNA levels were increased only in vessels from INS
rats (P < 0.001), whereas eNOS activity in FR rats was
decreased by 58% (P < 0.05) when compared with CTR
rats. NO production from aortic strips stimulated with
A23187 was significantly lower in FR than CTR rats. In
contrast, A23187-stimulated O2– production was higher
(P < 0.01) in FR than CTR rats. These differences were
abolished when aortic strips were preincubated in the
media including (6R)-5,6,7,8-tetrahydrobiopterin (BH4),
an active cofactor for eNOS. Furthermore, as compared
with CTR rats, aortic BH4 contents in FR rats were
decreased (P < 0.001), whereas the levels of 7,8-dihydrobiopterin, the oxidized form of BH4, were increased,
with opposite results in INS rats. These results indicate
that insulin resistance rather than hyperinsulinemia
itself may be a pathogenic factor for decreased vascular relaxation through impaired eNOS activity and
increased oxidative breakdown of NO due to enhanced
formation of O2– (NO/O2– imbalance), which are caused
by relative deficiency of BH4 in vascular endothelial
cells. Diabetes 48:2437–2445, 1999
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RESEARCH DESIGN AND METHODS
Materials. The insulin pellet was obtained from Linshin Canada (Ontario,
Canada). Acetylcholine chloride was provided by Dai-ichi Pharmaceutical
(Tokyo). Papaverine hydrochloride was obtained from Dainippon (Osaka, Japan).
Concanavalin A (Con A)-sepharose was obtained from Amersham Pharmacia
Biotech (Buckinghamshire, U.K.). L-[3H]Arginine and [32P]dCTP were purchased
from New England Nuclear Research Products (Boston, MA). In vitro transcription kits (MAXIscript) and RNase protection assay kits (HybSpeed RPA) were purchased from Ambion (Austin, TX), and pCRII vector was from Invitrogen (San
Diego, CA). 7,8-Dihydrobiopterin was obtained from Cayman Chemical (Ann
Arbor, MI). Nitrate ion standard solution was obtained from Kanto Chemical
(Tokyo). All other materials were reagent grade and purchased from Sigma (St.
Louis, MO).
Animals. Male Sprague-Dawley rats (Japan SLC, Shizuoka, Japan) weighing 150 g
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 three
groups and fed ad libitum on one of the following diets for 4 weeks: 1) a normal
diet (normal diet–fed), 2) a normal diet with insulin infusion (insulin-treated), or
3) a diet high in fructose (fructose-fed). The normal diet (Oriental Yeast, Tokyo)
consisted of 58% carbohydrate (no fructose), 12% fat, and 30% protein (energy percent of diet). The high-fructose diet (Oriental Yeast) contained 67% carbohydrate
(98% of which was fructose), 13% fat, and 20% protein by calorie. The high fructose–fed rats were used as an animal model for the common type of insulin resistance with endogenous hyperinsulinemia (22). For continuous delivery of insulin,
an incision was made in the midscapular region, and one piece of insulin pellet
(release rate 1.0 U/day for 4 weeks) was implanted in the back of the rats.
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 and diastolic blood pressure in the tail region were measured
using an electrosphygmomanometer after the rats were prewarmed for 15 min.
Assessment of in vivo insulin action. Insulin sensitivity was measured by the
steady-state plasma glucose (SSPG) method with the use of somatostatin, originally
described by Harano et al. (23). Rats were administered with infusate containing
somatostatin (120 µg · kg–1 · h–1), glucose (1.0 g · kg–1 · h–1), and insulin (2.0 U · kg–1 ·
h–1; Human Actrapid, Novo Nordisk) at a flow rate of 2.8 ml/h for 120 min. The SSPG
levels and steady-state plasma insulin (SSPI) levels were measured at 120 min after
the infusion. Plasma glucose and serum total cholesterol, triglyceride, and free fatty
acid concentrations were measured by the standard enzymatic methods, and
insulin was measured by radioimmunoassay using anti-rat insulin antibody.
Isometric tension studies. 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 as previously described (24). To prevent
synthesis of prostaglandins, the following experiments were performed in the
presence of 10 µmol/l indomethacin. The strips were partially precontracted with
–7
L-phenylephrine (1–3 3 10 mol/l). After a plateau was attained, the strips were
exposed to acetylcholine (10–9 to 10–5 mol/l), the calcium ionophore A23187 (10–9
to 10–7 mol/l), or sodium nitroprusside (10–11 to 10–6 mol/l) to construct doseresponse curves. At the end of each experiment, 100 µmol/l papaverine was added
to induce maximal relaxation, 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
2438

or marked suppression of the relaxations caused by 1 µmol/l acetylcholine.
Measurement of NO synthase activity in aortic endothelial cells. eNOS
activity was measured by the conversion of L-[3H]arginine to L-[3H]citrulline as previously described (25). Segments of thoracic aorta (40 mm) were isolated as
described above and cut longitudinally. The endothelial cells were removed with
a plastic scraper and then homogenized in buffer (pH 7.4) containing 50 mmol/l
Tris, 3.2 mmol/l sucrose, 1 mmol/l dithiothreitol, 10 µg/ml leupeptin, 10 µg/ml soybean trypsin inhibitor, and 2 µg/ml aprotinin using a glass homogenizer. The Ca2+dependent enzyme (eNOS) activity was determined as the difference between the
3
L-[ H]citrulline generated from control samples without EGTA and those containing
3 mmol/l EGTA. Values were corrected by the amount of protein present.
Assessment of eNOS mRNA. Total RNA was prepared from thoracic aorta using
the method of Chomczynski and Sacchi (26). eNOS mRNA content was determined
by a RNase protection assay using an eNOS probe. A partial cDNA corresponding to nucleotides 1–189 of rat eNOS was subcloned into the pCRII vector (27).
This was linealized with HindIII and labeled antisense riboprobe made with T7
RNA polymerase with [32P]dCTP using the in vitro transcription kit. RNase protection assay was done with a direct protect lysate assay kit (Ambion). After
autoradiography, the relative density of each band was determined using laser densitometry. The density of each band was normalized to rat b-actin mRNA content.
Measurement of NO. The concentration of NO in the aortic tissues was determined with a highly sensitive NO measurement system (FES-450; Scholar-Tec,
Osaka, Japan) (28). Detection of NO with this system is based on observing chemiluminescence (660–900 nm) produced by the reaction of NO with ozone. For measurement of nitrite (NO2–) plus nitrate (NO3–) (oxidation products of NO) contents, NO3– was reduced to NO2– with a 0.2 U/ml Aspergillus nitrate reductase in
the presence of 0.1 µmol/l flavin adenine dinucleotide and 10 µmol/l NADPH. An
isolated open vascular ring was placed in the sampling tube with 2.0 ml fresh, phenol red–free Hanks’ balanced salt solution (HBSS) (pH 7.4) containing (in
mmol/l) NaCl 136, KCl 5.40, CaCl2 1.27, MgSO4 0.83, Na2HPO4 7H2O 0.33, NaHCO3
4.16, KH2PO4 0.44, MgCl2 6H2O 0.49, and glucose 5.6, and incubated at 37°C for
1 h in the presence or absence of 10 µmol/l A23187. The experiment was also performed after incubation for 1 h with either 1 µmol/l BH4 or 10 µmol/l NG-nitro-L arginine methyl ester (L-NAME) in HBSS. Then, the nitrite was reduced to NO
by adding the 2-ml solution saturated with ascorbic acid into 1.0-ml sample
solutions. The absolute concentration of NO in the sample was determined by
a reference standard solution of nitrate ion.
Measurement of ex vivo aortic O2– production. O 2– production in aortic segments was measured using the lucigenin-enhanced chemiluminescence method
(29,30) and confirmed by the cytochrome c method (31). Segments of thoracic
aorta (20 mm) were isolated as described above and placed in modified
Krebs/HEPES buffer (pH 7.4) containing (in mmol/l) NaCl 99.01, KCl 4.69, CaCl2
1.87, MgSO4 1.20, K2HPO4 1.03, NaHCO3 25, Na-HEPES 20, and glucose 11.1, and
allowed to equilibrate for 30 min at 37°C. After 5 min of dark adaptation, scintillation vials containing 2 ml Krebs/HEPES buffer with 50 µmol/l lucigenin were
placed into a scintillation counter (TRI-CARB1500, Packard Instrument, Meriden,
CT) switched to the out-of-coincidence mode. Lucigenin counts were expressed
as counts per minute per milligram of dry weight of vessel. Background counts
were determined by vessel-free incubations and subtracted from the readings
obtained using vessels.
To confirm the validity of the lucigenin chemiluminescence method, vascular
O2– production was also measured by superoxide dismutase inhibitable reduction
of succinoylated cytochrome c, according to Kuthan and Ullrich (31). The rate of
O2– production was calculated on the basis of the molar extinction coefficient of
succinoylated cytochrome c and the portion that was inhibited by Cu,Zn-SOD (400
U/ml). The reduction of succinoylated cytochrome c was monitored in a spectrophotometer using the wavelength pair 550 minus 557 nm with the cuvette
compartment maintained at 25°C. The calculation was based on an absorption
coefficient of Em = 21 mmol · l–1 · cm–1.
Biopterin content and GTP cyclohydrolase I activity in vascular tissues.
Aortic tissues with or without endothelium were homogenized in 25 mmol/l triethanolamine-HCl buffer (pH 7.4), and measurements of biopterin content in
aortic extract were performed by high-performance liquid chromatography
(HPLC) analysis as previously described (32–34). Because the quinonoid form of
dihydrobiopterin (qBH2) is quite unstable and rapidly rearranged nonenzymatically to the more stable 7,8-BH2 (34), the amount of BH4 was estimated from the
difference between the total (acid oxidized biopterin level = BH4 + BH2 + oxidized
biopterin) and alkaline-stable biopterin (alkaline oxidized biopterin level = BH2 +
oxidized biopterin). GTP cyclohydrolase I activity was assayed using the HPLC
method by measurements of neopterin, which was released from dihydroneopterin triphosphate after oxidation and phosphatase treatment (33).
Protein assay. Protein content was determined by the method of Bradford (35)
with bovine serum albumin as a standard.
Statistical analysis. All values are presented as means ± SE. The dose-dependent vascular relaxation in response to either acetylcholine, A23187, or sodium
DIABETES, VOL. 48, DECEMBER 1999
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trol of endothelial NO and O2– production in vivo. In fact, it has
been demonstrated that blood vessels depleted of BH4 produce
O2– because of uncoupled oxygen activation (18). In contrast,
BH4 has been used to reverse vascular dysfunction induced by
diabetes (19) and hypercholesterolemia (20), suggesting that
BH4 levels are compromised in these conditions. In fact, in
adrenal glands, insulin stimulates BH4 synthesis through activation of GTP cyclohydrolase I, the rate-limiting enzyme in de
novo synthesis of BH4, and BH4 synthesis is suggested to be
decreased in the insulin-deficient state (21).
Thus, we hypothesized that decreased NO-dependent
vasodilation in the insulin-resistant state could be related to relative deficiency of BH4, resulting in the aforementioned functional disturbance of eNOS and impaired endothelium-dependent relaxation. To test our hypothesis, we investigated the
endothelial function, production of both NO and O2–, and contents of BH4 and 7,8-dihydrobiopterin, an inactive oxidized
form of BH4, with the use of isolated thoracic aortas obtained
from exogenous and endogenous hyperinsulinemic rats.

K. SHINOZAKI AND ASSOCIATES

TABLE 1
Metabolic characteristics and blood pressure levels of the rats
Fructose-fed

Insulin-treated

320 ± 6
5.43 ± 0.18
119.1 ± 7.9
1.70 ± 0.09
1.33 ± 0.19
0.15 ± 0.02
117 ± 2
71 ± 3

337 ± 6
5.40 ± 0.09#
253.9 ± 10.0†**
2.06 ± 0.06*i
3.34 ± 0.39§**
0.46 ± 0.08‡#
140 ± 4‡#
84 ± 2‡#

332 ± 11
4.36 ± 0.26‡
462.8 ± 73.1§¶
1.62 ± 0.11
0.67 ± 0.11
0.21 ± 0.03
119 ± 3
73 ± 6

7.10 ± 0.38
4,570 ± 631

10.8 ± 0.94†¶
5,044 ± 358

6.71 ± 0.27
5,618 ± 559

Data are means ± SE. *P < 0.05, †P < 0.01, ‡P < 0.001, §P < 0.0001 vs. normal diet–fed rats. iP < 0.05, ¶P < 0.01, #P < 0.001, **P <
0.0001 vs. insulin-treated rats.

nitroprusside was compared among three groups using repeated-measures analysis of variance (ANOVA). Vascular responses were compared among three groups
with two-way ANOVA. Comparisons for metabolic data, blood pressure, chemiluminescence, superoxide scavenging activity, and NO synthase activity were performed using ANOVA with a post hoc Scheffe’s comparison. P values <0.05 were
considered significant.

RESULTS

Metabolic characteristics and blood pressure of the
rats. As shown in Table 1, all three treatment groups gained
weight to a similar degree over the study period without any
significant difference. Animals receiving insulin infusion (1.0
U/day) for 4 weeks demonstrated a significant reduction in
plasma glucose levels when compared with either normal
diet–fed or fructose-fed rats. Both insulin-treated and fructosefed rats had significant increases in plasma insulin levels
compared with normal diet–fed rats. Fructose-fed rats also
showed a significant elevation of plasma total cholesterol,
triglyceride, free fatty acid levels, and blood pressure com-

pared with either normal diet–fed or insulin-treated rats,
respectively. The fructose-fed rats exhibited a significant
increase in SSPG level when compared with the other groups
without difference in SSPI levels.
NO-dependent vascular relaxation in rat aorta. The
addition of acetylcholine at concentrations of 10–9 to 10–5
mol/l produced a dose-dependent relaxation in aortic strips
with endothelium (Fig. 1). In the aorta isolated from normal
diet–fed and insulin-treated rats, the maximal relaxation to
acetylcholine and 50% of maximal effective dose (ED50) values did not significantly differ (Table 2). On the other hand,
the maximal response was significantly reduced, and the
ED50 values were increased in the aorta derived from fructosefed rats as compared with those in the aortas from the other
groups. The dose-response curve was also significantly
shifted to the right in the fructose-fed rat aorta (Fig. 1). Similar results were also obtained for the relaxation induced by
A23187, a receptor-independent endothelium-derived relaxing factors–releasing substance, among the three rat groups

FIG. 1. Vasodilator responses to acetylcholine (ACh) (A), calcium ionophore A23187 (B), or sodium nitroprusside (SNP) (C) in aortic strips
with endothelium from normal diet–fed (j; n = 7), fructose-fed (m; n = 7), and insulin-treated (d; n = 7) rats. The strips were partially precontracted with L-phenylephrine. Relaxation induced by 100 µmol/l papaverine was taken as 100%. Data are expressed as means ± SE. Significantly different from the value in the strips from normal diet–fed rats: *P < 0.05, **P < 0.001, ‡‡P < 0.0001. Significantly different from the
value in the strips from insulin-treated rats: ‡P < 0.05, ¶P < 0.01, §P < 0.0001. Conc., concentration of each drug.
DIABETES, VOL. 48, DECEMBER 1999
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Baseline data (n = 9 for each group)
Weight (g)
Glucose (mmol/l)
Insulin (pmol/l)
Total cholesterol (mmol/l)
Triglyceride (mmol/l)
Free fatty acid (mmol/l)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Insulin sensitivity test (n = 3 for each group)
SSPG (mmol/l)
SSPI (pmol/l)

Normal diet–fed

INSULIN RESISTANCE AND NITRIC OXIDE

TABLE 2
Endothelium-dependent and -independent vasorelaxation in aortic segments with endothelium from normal diet–fed, fructose-fed,
and insulin-treated rats

Acetylcholine
ED50 (nmol/l)
Maximal relaxation (%)
A23187
ED50 (nmol/l)
Maximal relaxation (%)
Sodium nitroprusside
ED50 (nmol/l)
Maximal relaxation (%)

Normal diet–fed

Fructose-fed

Insulin-treated

70.4 ± 22.3
87.3 ± 1.5

193.8 ± 36.5†i
66.6 ± 3.2‡¶

51.3 ± 19.9
90.3 ± 1.4

15.3 ± 1.6
77.8 ± 8.4

26.1 ± 4.2*§
56.3 ± 1.5*§

17.1 ± 3.0
72.7 ± 4.9

0.84 ± 0.16
100

0.81 ± 0.17
99.0 ± 0.6

0.90 ± 0.37
100

(Table 2). On the other hand, vasodilator responses to
sodium nitroprusside were comparable among the three
groups (Fig. 1). Treatment with 100 µmol/l L-NAME as well as
removal of the endothelium abolished the acetylcholineinduced relaxation in endothelium-intact aortic strips
obtained from all three groups (data not shown).
In the aortic strips with the intact endothelium obtained
from normal diet–fed and insulin-treated rats that were prein-

cubated with 200 U/ml Cu,Zn-SOD for 30 min, relaxation in
response to acetylcholine and A23187 was slightly enhanced,
and a greater enhancement of the response by Cu,Zn-SOD
was observed in the aortas from fructose-fed rats (Fig. 2 and
Table 3). In the presence of Cu,Zn-SOD, the magnitudes of
relaxation to either acetylcholine or A23187 was similar
among the three groups. However, vasodilator responses to
sodium nitroprusside were not affected by the pretreatment of

FIG. 2. Effect of SOD on relaxation induced by acetylcholine (ACh) (A) or calcium ionophore A23187 (B) in aortic strips with endothelium
obtained from normal diet–fed (n = 7), fructose-fed (n = 7), and insulin-treated (n = 7) rats. The vessels from each group were pre-exposed
for 30 min to bathing medium either with (d) or without (s) SOD (200 U/ml). The strips were partially precontracted with L-phenylephrine.
Relaxations induced by 100 µmol/l papaverine were taken as 100%. Data are expressed as means ± SE. Significantly different from the value
in the presence of SOD: *P < 0.05, §P < 0.01, ¶P < 0.001, ‡P < 0.0001. Conc., concentration of each drug.
2440
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Data are means ± SE. n = 7 for all groups. ED50 is a concentration that produces 50% of the maximal response to each drug. Maximal relaxation is expressed as a percentage of relaxation induced by 10–4 mol/l papaverine. *P < 0.05, †P < 0.01, ‡P < 0.0001 vs. normal diet–fed rats. §P < 0.05, iP < 0.001, ¶P < 0.0001 vs. insulin-treated rats.
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TABLE 3
Effects of SOD on ED50 and maximal relaxations to acetylcholine and A23187
Normal diet–fed
SOD–
SOD+
Acetylcholine
ED50 (nmol/l)
Maximal relaxation (%)
A23187
ED50 (nmol/l)
Maximal relaxation (%)
Sodium nitroprusside
ED50 (nmol/l)
Maximal relaxation (%)

Fructose-fed
SOD –
SOD+

Insulin-treated
SOD–
SOD +

56.1 ± 18.6
88.2 ± 1.6

52.1 ± 18.6
98.1 ± 1.1§

192.4 ± 37.6
65.3 ± 2.9

60.1 ± 16.7†
95.5 ± 4.5§

52.2 ± 17.3
90.1 ± 1.6

38.5 ± 3.6
95.4 ± 2.4*

14.8 ± 1.5
73.9 ± 7.7

11.6 ± 1.8
82.9 ± 4.5

25.0 ± 4.7
57.1 ± 1.4

12.9 ± 4.1†
86.5 ± 2.6‡

19.2 ± 3.6
70.8 ± 4.3

13.2 ± 3.3
85.9 ± 2.0*

0.86 ± 0.15
100

0.84 ± 0.18
99.6 ± 0.5

0.83 ± 0.17
99.1 ± 0.5

0.82 ± 0.21
100

0.92 ± 0.34
100

0.88 ± 0.19
100

Cu,Zn-SOD in any groups, and the responses in the presence
of SOD were comparable among the three rat groups (Table 3).
NO synthase activity and its mRNA levels in aortic
endothelium. The activity of the Ca2+-dependent NO synthase from aortic endothelium in insulin-treated rats was 2.9and 6.8-fold higher (P < 0.0001) than that of normal diet–fed
and fructose-fed rats, respectively (Fig. 3A). In contrast, the
enzyme activity in fructose-fed rats was significantly
decreased when compared with normal diet–fed rats (P <
0.05). There was no significant difference in Ca2+-independent
NO synthase activity in endothelial homogenate among the
three rat groups.
We also determined eNOS mRNA levels in the aorta using
RNase protection assay (Fig. 3B and C). eNOS mRNA levels
of insulin-treated rats were 2.5- and 1.9-fold higher than those
of normal diet–fed and fructose-fed rats, respectively (P <
0.01). Interestingly, the mRNA level in fructose-fed rats was
not significantly higher than that of normal diet–fed rats.
However, eNOS mRNA was not detected in endotheliumdenuded samples (data not shown).
NO production and its regulation through tetrahydrobiopterin, a cofactor of eNOS. The basal NO release from
aorta in insulin-treated rats was 2.2- and 3.9-fold higher than
that of normal diet–fed and fructose-fed rats, respectively.
After stimulation with A23187, NO production in fructose-fed
rats was significantly lower than that in either normal
diet–fed or insulin-treated rats, respectively (Fig. 4). Neither
basal nor A23187-stimulated NO release were affected after
incubation with 200 U/ml Cu,Zn-SOD. However, after preincubation of the vessels with 10 µmol/l L-NAME, A23187-stimulated NO production was inhibited to the basal level and the
differences among the three groups disappeared.
To determine factors that regulate NO production in the
insulin-resistant state, we measured NO release in the presence of 1 µmol/l BH4, an active cofactor for NOS (Fig. 4). In
normal diet–fed rats and insulin-treated rats, exogenous BH4
and 6-methyl-5,6,7,8-tetrahydropterin (MH4), the lipid-soluble
analog of BH4, did not significantly stimulate NO production.
However, in fructose-fed rats, addition of BH4 and MH4
increased NO production approximately threefold (P < 0.01),
and there were no differences between normal diet–fed and
DIABETES, VOL. 48, DECEMBER 1999

fructose-fed rats in terms of NO production. In contrast, in
insulin-treated rats, addition of BH4 did not further increase
NO production. In contrast, addition of 10 µmol/l 7,8-BH2, an
inactive oxidized form of BH4, did not affect A23187-stimulated NO production in either normal diet–fed or fructose-fed
rats, but significantly (P < 0.01) inhibited the NO release in
insulin-treated rats (Fig. 4). Addition of 1 µmol/l vitamin C or
1 µmol/l glutathione did not affect the A23187-stimulated NO
release in the three groups (Fig. 4). Furthermore, after
removal of the endothelium, the rate of NO production was
markedly depressed and was no longer different among the
three groups.
Superoxide anion generation from aortas with or
without endothelium. As shown in Table 4, basal O2– production by aortic segments from either insulin-treated or
fructose-fed rats was significantly higher than that from normal diet–fed rats (P < 0.05). Endothelial removal produced
34% reduction of O2– levels in vessels from normal diet–fed
rats, while 72% reduction of O2– production was found in the
endothelium-denuded vessels obtained from both fructose-fed
and insulin-treated rats. Thus, after removal of the endothelium, the O2– production rate among the three groups no
longer differed. After stimulation with A23187, O2– production
in all three groups significantly increased, whereas the magnitude of the increment in fructose-fed rats was 183% of the
basal, which was significantly greater (P < 0.01) than that of
either normal diet–fed (58% of the basal) or insulin-treated rats
(52% of the basal). Incubation of intact aortic strips with
Cu,Zn-SOD significantly attenuated the lucigenin signal. O2–
production stimulated by A23187 was not affected after incubation with either L-NAME or BH4 in both normal diet–fed and
insulin-treated rats. However, in fructose-fed rats, A23187stimulated O2– production was significantly decreased to its
basal level after incubation with either L-NAME or BH4.
To confirm the validity of the lucigenin method for measurement of O2– in our systems, we also measured vascular
basal O2– production by the cytochrome c method. O2– production by aortic segments (n = 4) from insulin-treated rats
(2.49 ± 0.16 nmol · min–1 · mg–1 of dry weight of vessel, P <
0.05) and fructose-fed rats (3.57 ± 0.32, P < 0.01) was significantly higher than that of normal diet–fed rats (1.48 ± 0.28).
2441
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Data are means ± SE. n = 6 for all groups. ED50 is a concentration that produces 50% of the maximal response to each drug. Maximal relaxation is expressed as a percentage of relaxation induced by 10–4 mol/l papaverine. *P < 0.05, †P < 0.01, ‡P < 0.001, §P <
0.0001 vs. the corresponding vessels with endothelium incubated in buffer alone (SOD–). In the presence of SOD, there were no significant differences in either ED50 or maximal relaxation among the three groups analyzed by multiple comparison test using ANOVA
with a post hoc Scheffe’s comparison.
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DISCUSSION

FIG. 3. A: eNOS activity and mRNA expression in aortas from normal
diet–fed, fructose-fed, and insulin-treated rats. The activity is
expressed as picomoles per minute per milligram protein. Data are
expressed as means ± SE of duplicated determinations from five
different experiments. B: A set of samples from three different rats.
Protected bands corresponding to eNOS and b-actin are indicated.
C: The results of the RNase protection assay expressed as eNOS
versus b-actin ratio: 10 µg of RNA from each aorta was analyzed by
a RNase protection assay as described in RESEARCH DESIGN AND METHODS . As a control, 10 µg of rat b-actin was also analyzed. The results
are expressed as means ± SE of four different experiments. †P < 0.05,
*P < 0.001, §P < 0.0001 vs. normal diet–fed rats. ¶P < 0.01, ‡P < 0.0001
vs. fructose-fed rats.

These results were comparable to the results obtained by the
lucigenin method.
Biopterin levels in aortic tissue. In the presence of
endothelium, the BH4 level of insulin-treated rats was 1.9-fold
(P < 0.001) higher than that of normal diet–fed rats, whereas
the level in fructose-fed rats was 10% (P < 0.001) lower than
that of normal diet–fed rats (Fig. 5A). In contrast to the
results for BH4, the tissue level of biopterin plus 7,8-BH2, an
oxidized form of BH4, in fructose-fed rats was 2.4-fold (P <
2442

The central hypothesis of our laboratories is that insulin
resistance but not insulin concentration per se induces
endothelial dysfunction and promotes the development of
atherosclerosis (8,9). In the present study, high fructose–fed
rats, which are known to demonstrate impaired insulin
action in both skeletal muscle and liver (22), showed a significant impairment of endothelium-dependent vasodilatation
when compared with either normoinsulinemic rats or
insulin-treated rats with exogenous hyperinsulinemia. However, the responsiveness of vascular smooth muscle cells to
endothelium-derived NO is not impaired in high fructose–fed
rats, since the vasodilatory response to sodium nitroprusside
did not differ among the three groups. Consistent with our
results, it has been reported that insulin receptor substrate
(IRS)-1–deficient mice and Otsuka-Long-Evans Tokushima
Fatty (OLETF) rats with insulin resistance also show a similar impairment of endothelium-dependent vasorelaxation
(36,37). However, the underlying mechanisms responsible
for the relationship between insulin-resistant state and
endothelial dysfunction are not known.
Interestingly, the present study indicated that endothelium-dependent vasodilation was restored by a scavenger of
O2– in these insulin-resistant rats. In the present study,
L-NAME not only inhibited the generation of NO, but also suppressed the increased O2– production in fructose-fed rats.
Thus, in this insulin-resistant model (endogenous hyperinsulinemia), the reduced endothelium-dependent relaxation is
explained by mechanisms of a reduced NO production due to
decreased NO synthase activity as well as accelerated degradation of NO by O2– within the vascular wall. Endothelial
BH4 levels in fructose-fed rats were significantly decreased,
and BH4 administration restored NO production as well as
reduction of O2– production in the presence of A23187. Furthermore, despite its strong O2– scavenging activity, 1 µmol/l
vitamin C did not affect NO production (Fig. 4). These findings suggest that exogenously added BH4 increases NO generation as well as normalizes eNOS-dependent O2– production
mainly through activation of eNOS in the BH4-depleted conditions rather than by serving as a “reducing agent.” During
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0.01) and 7.3-fold (P < 0.001) higher than that of either normal diet–fed or insulin-treated rats, respectively (Fig. 5B).
Thus, total biopterin content in normal diet–fed rats was
significantly less than that of either fructose-fed or insulintreated rats (Fig. 5C). The ratio of BH4 to 7,8-BH2 plus
biopterin of intact vessels was significantly lower in fructose-fed rats than in normal diet–fed or insulin-treated rats
(Fig. 5D). Endothelial removal produced a significant reduction of biopterin levels in each group of vessels (68–73% less
than that in the intact vessel). The ratio of BH4 to 7,8-BH2 plus
biopterin of endothelium in normal diet–fed, fructose-fed,
and insulin-treated rats was calculated to be 5.83 ± 0.02, 1.56
± 0.01, and 23.9 ± 0.02, respectively.
We measured the activity of GTP cyclohydrolase I, the
rate-limiting enzyme in the de novo synthesis of BH4, in vascular tissues. The enzyme activity of insulin-treated rats
(5.48 ± 0.19 pmol/mg protein) was significantly higher than
that of normal diet–fed rats (4.79 ± 0.10 pmol/mg protein, P <
0.05), whereas the activity in fructose-fed rats (3.31 ± 0.11
pmol/mg protein, P < 0.001) was significantly lower than that
of normal diet–fed rats.

K. SHINOZAKI AND ASSOCIATES

BH4 deficiency, eNOS has been shown to produce, besides
NO, a disproportionate amount of O2– by transferring electrons
to molecular oxygen (38). This may be a reason for our findings that impaired BH4 metabolism was closely associated
with abnormalities in NO and O2– release in endothelium of
insulin-resistant rats.
We first demonstrated that rats with chronic exogenous
hyperinsulinemia had significantly increased levels of eNOS
activity as well as release of NO, as suggested by the rapid stimulatory effect of insulin on NO-dependent vasodilation
(11,12). Consistent with these results, we also found that
eNOS mRNA content was increased in aortic endothelial cells
in those rats. These results clearly contrast the results from
endogenous hyperinsulinemic rats with insulin resistance.

Endothelial BH4 content and GTP cyclohydrolase I activity were significantly decreased, whereas the levels of 7,8-BH2
plus biopterin were markedly increased in aortas of insulinresistant rats. In contrast to these findings, endothelial BH4
content and GTP cyclohydrolase I activity were markedly
increased, whereas the levels of 7,8-BH2 plus biopterin were
decreased in exogenous hyperinsulinemic rats. Therefore, it
appears that insulin stimulates BH 4 synthesis by activation of
GTP cyclohydrolase I, and this insulin effect was impaired in
the insulin-resistant state (39,40). In mammalian cells, BH4 is
synthesized via two distinct pathways: a de novo synthetic
pathway that uses GTP as a precursor and regeneration of BH4
from BH2 through a biopterin salvage pathway (41). Regardless of the decreased activity of GTP cyclohydrolase I, the

TABLE 4
Effect of Cu,Zn-SOD, L-NAME, and tetrahydrobiopterin on superoxide anion production by eNOS

Group

Endothelium

Incubation condition

A23187

A
B
C
D
E
F

–
+
+
+
+
+

Buffer alone
Buffer alone
Buffer alone
+ Cu,Zn-SOD (100 U/ml)
+ L-NAME (10 µmol/l)
+ BH4 (1 µmol/l)

–
–
+
+
+
+

Vascular superoxide production
(cpm 3 103/mg of dry weight of vessel)
Normal diet–fed
Fructose-fed
Insulin-treated
21.4 ± 3.2†
32.2 ± 9.7
50.8 ± 12.8*
28.3 ± 4.1§
45.7 ± 11.1
60.7 ± 16.7*

20.8 ± 2.1‡
73.4 ± 20.3#
207.6 ± 37.3* **
47.0 ± 17.7i
62.4 ± 14.3i
70.8 ± 14.1§

24.8 ± 1.8‡
48.4 ± 16.6
73.8 ± 6.8*††
36.4 ± 8.3§¶
64.8 ± 9.3
71.5 ± 10.3

Data are means ± SE (n = 5). Basal concentrations were measured without stimulation of eNOS with calcium ionophore A23187 (10
µmol/l) in the absence (group A) or presence (group B) of endothelium. Vascular superoxide production was measured after stimulation with A23187 (group C) as well as in the presence of 100 U/ml Cu,Zn-SOD (group D), 10 µmol/l L-NAME (group E), or 1 µmol/l
tetrahydrobiopterin (BH4) (group F). *P < 0.05, †P < 0.01, ‡P < 0.0001 vs. corresponding vessels of group B. §P < 0.05, iP < 0.01 vs.
corresponding vessels of group C. ¶P < 0.01 vs. insulin-treated rats of group E. #P < 0.05, **P < 0.01 vs. the corresponding values
of normal diet–fed rats, using the unpaired Student’s t test. ††P < 0.01 vs. the corresponding values of fructose-fed rats, using unpaired
Student’s t test. Statistical analysis among the three groups was analyzed by multiple comparison test using ANOVA with a post hoc
Scheffe’s comparison.
DIABETES, VOL. 48, DECEMBER 1999

2443

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/48/12/2437/364071/10580434.pdf by guest on 25 May 2022

FIG. 4. Production of NO after stimulation with A23187 (10 µmol/l) in the presence of 1 µmol/l BH4, 1 µmol/l MH4 (a lipid-soluble analog of
BH 4), 10 µmol/l BH2, 1 µmol/l vitamin C, or 1 µmol/l glutathione. *P < 0.01 vs. corresponding values of stimulation with A23187 alone. Data are
expressed as means ± SE (n = 4).

INSULIN RESISTANCE AND NITRIC OXIDE

marked increment of 7,8-BH2 relative to BH4 was observed in
insulin-resistant rats. These results suggest that BH4 content
might be compensated through unknown mechanisms
related to activation of these recycling enzymes (21). Concerning the biological significance of 7,8-BH2, an inactive
cofactor of NO synthase, it has been suggested that 7,8-BH2
acts as a competitive antagonist of BH4 binding (42) and
inhibits GTP cyclohydrolase I and hence de novo synthesis
of BH4 (43).
In conclusion, the present study is the first to demonstrate
that insulin resistance per se, by modification of biopterin levels, impairs the NO-mediated vasodilation of rat aortas. More
importantly, decreased insulin action insufficiently produces
BH4, thereby allowing eNOS to become a source of O2–.
These results indicate that impaired insulin action (insulin
resistance) rather than excessive plasma insulin concentration (exogenous hyperinsulinemia) may be a pathogenic fac2444

tor for abnormal regulation of vascular tones through imbalance of NO and O2– production, which may be associated with
the development of hypertension and systemic atherosclerosis in the insulin-resistant state.
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