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1 The biosynthesis of endothelin-1 is increased in the diabetic state. So this peptide may cause
diabetic vascular complications. We tested this possibility by chronically administering J-104132, a
potent orally active mixed antagonist of endothelin A and B (ETA/ETB) receptors to streptozotocin
(STZ)-induced diabetic rats and focusing on changes in endothelial function.

2 The acetylcholine (ACh)-induced endothelium-dependent relaxation was impaired in diabetic rats
and this impairment was signi®cantly attenuated following chronic administration of J-104132
(10 mg kg71, p.o., daily for 4 weeks).

3 In an in vitro experiment using aortae from diabetic rats, the ACh-induced relaxation was not
changed by the presence of J-104132 (361079 M).

4 The expression levels of the mRNA for endothelial nitric oxide synthase was comparable among
aortae from the three groups (control, diabetic and chronically J-104132-treated diabetic).

5 The amount of superoxide anion was signi®cantly greater in aortae from diabetic rats than in
controls. Chronic J-104132 treatment signi®cantly decreased the level of superoxide anion in diabetic
rats.

6 The expression of the p22phox mRNA for the NADH/NADPH oxidase subunit was signi®cantly
increased in STZ-induced diabetic rats and this increase was completely prevented by chronic
administration of J-104132.

7 These results suggest that in STZ-induced diabetic rats, ET-1 may be directly involved in
impairing endothelium-dependent relaxation via increased superoxide-anion production.
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Introduction

Endothelin-1 (ET-1), a vasoconstrictor peptide secreted from

endothelial cells, is thought to play a pathological role in a
number of vascular diseases (Goto et al., 1996). Plasma ET-1
levels are increased in the diabetic state (Takahashi et al.,

1990; Makino & Kamata, 1998; 2000; Makino et al., 2001)
and the plasma concentration of big endothelin-1, the
precursor of ET-1, is elevated in patients with diabetes

mellitus (Tsunoda et al., 1991). Thus, although ET-1 may
also contribute to the normal maintenance of vascular tone, a
pathogenetic role is implied by its overproduction in patients
with diabetes (Takahashi et al., 1990; Haak et al., 1992).

An accumulating body of evidence indicates that the
relaxation responses induced in aortic strips by endothelium-
dependent agents are weak in streptozotocin (STZ)-induced

diabetic rats (Oyama et al., 1986; Kamata et al., 1989; Poston &

Taylor, 1995; Pieper, 1998; Kamata & Kobayashi, 1996;
Kobayashi & Kamata, 1999a, b; 2001; Kobayashi et al.,
2000; De Vriese et al., 2000; Hink et al., 2001). Thus,

endothelial dysfunction is likely to play a key role in the
pathogenesis of diabetic vascular disease (De Vriese et al.,
2000). Since the plasma ET-1 level is increased in diabetic rats,

the impairment of the endothelium may conceivably be related
to this level. If this is indeed the case, chronic administration of
an endothelin antagonist to diabetic rats should improve
endothelial function. However, another possible explanation

for the endothelial dysfunction seen in the diabetic state is that
it is a consequence of the stress placed on endothelial cells by
such diabetes-related phenomena as the increased plasma

glucose, oxidative stress and/or the increased plasma levels
of low-density lipoprotein (LDL), oxidized LDL and
triglyceride. If this is indeed the case, use of an endothelin
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antagonist will not improve endothelial function in diabetic
rats. By chronically administering the endothelin antagonist
J-104132, a potent orally active mixed antagonist of

endothelin A and B (ETA/ETB) receptors (Nishikibe et al.,
1999; Ikeda et al., 1999), we tested the idea that the increase
in ET-1 seen in streptozotocin-induced diabetic rats is a
cause, rather than a consequence, of the endothelial

dysfunction reported in these animals.
Recently, we reported that the impairment of the ACh-

induced relaxation seen in aortic strips obtained from

diabetic rats may be due to the presence of an abnormal
oxidative metabolism of NO, rather than to decreases in
eNOS mRNA and NO production (Kobayashi & Kamata,

2001). For this reason, when we examined the e�ects of J-
104132 on endothelial dysfunction, we focused on the
superoxide-anion system.

Methods

Animals and experimental design

Male Wistar rats, 7 weeks old and 220 ± 300 g in weight,

received a single injection via the tail vein of STZ 75 mg kg71,
dissolved in a citrate bu�er. Age-matched control rats were
injected with the bu�er alone. Food and water were given ad

libitum. 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 Laboratory Animals of

Hoshi University (which is accredited by the Ministry of
Education, Science, Sports and Culture, Japan).

J-104132 treatment

Starting 7 weeks after the STZ injection, the STZ-induced
diabetic rats were given J-104132 (10 m kg71, p.o., daily) for

4 weeks. Eleven weeks after the STZ injection, the rats were
killed by decapitation under diethyl ether anaesthesia.

Measurement of plasma glucose, cholesterol, HDL and
triglycerides

Eleven weeks after the STZ injection, plasma total cholesterol

and triglyceride were determined using a commercially
available enzyme kit (Wako Chemical Company, Osaka,
Japan). Cholesterol ester mass was calculated as (total

cholesterol 7free cholesterol) 61.68 (Tsai et al., 1992).

Preparation of VLDL and LDL

Lipoproteins (VLDL, d=0.96 ± 1.019; LDL, d=1.019 ± 1.063)
were isolated by density-gradient ultracentrifugation (Havel et

al., 1955) from pooled plasma (EDTA, 1 mM) obtained from
age-matched controls, diabetic rats, or J-104132-treated
diabetic rats. The lipoproteins were extensively dialyzed against
phosphate-bu�ered saline (PBS). The concentration of glucose

in the plasma was determined by the O-toluidine method.

Measurement of isometric force

Rats were anaesthetized with diethyl ether and killed by
decapitation 11 weeks after treatment with STZ or bu�er. A

section of the aorta from between the aortic arch and the
diaphragm was then removed and placed in oxygenated,
modi®ed Krebs ±Henseleit solution. The solution consisted of

(mM): NaCl 118.0, KCl 4.7, NaHCO3 25.0, CaCl2 1.8,
NaH2PO4, MgSO4 1.2, dextrose 11.0. The aorta was cleaned
of loosely adhering fat and connective tissue and cut into
helical strips 2 mm in width and 20 mm in length. The tissue

was then placed in a bath containing 10 ml of well-
oxygenated (95% O2, 5% CO2) KHS at 378C. With one
end of the tissue connected to a tissue holder and other to a

force-displacement transducer (Nihon Kohden, TB611T), it
was allowed to equilibrate for 60 min under a resting tension
of 1.0 g (determined to be optimal in preliminary experi-

ments). During this period, the Krebs ±Henseleit solution in
the tissue bath was replaced every 20 min. After equilibra-
tion, each aortic strip was contracted with 1076 M noradrena-

line (NA) and the presence of functional endothelial cells was
con®rmed by demonstrating relaxations in response to
1075 M ACh. For the relaxation studies, the aortic strips,
which were weighed at the end of each experiment, were

precontracted with an equie�ective concentration of NA
(561078*361077 M). When the NA-induced contraction
had reached a plateau level, ACh (1079*1075 M) or sodium

nitroprusside (SNP) (10710*1075 M) was added in a
cumulative manner.

Measurement of the expression of the mRNA for
endothelial nitric oxide synthase (eNOS)

Oligonucleotides Oligonucleotides (ON) for rat endothelial
nitric oxide synthase (eNOS) were used with primers, as
described previously. The primers (with the respective Gen-
Bank data library accession numbers and the coding sequence

of the PCR-ampli®ed product given in brackets) were:
rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(X02231, position 492 ± 799, ampli®cation of a 308 bp

sequence) ON 1: 5'-TCCCTCAAGATTGTCAGCAA-3',
ON 2: 5'-AGATCCACAACGGATACATT-3': rat eNOS
(RNU02534, ampli®cation of a 693 bp sequence) ON 3: 5'-
TCCAGAAACACAGACAGTGCA-3', ON 4: 5'-CAG-
GAAGTAAGTGAGAGC-3'; rat p22phox (according to
Zalba et al., 2000, ampli®cation of a 435 bp) ON 5: 5'
GCTCATCTGTCTGCTGGAGTA-3', ON 6: 5'-ACGACCT-

CATCTGTCACTGGA-3'.

RNA isolation and RT±PCR RNA was isolated using the

guanidinium method (Chomczynski & Sacchi, 1987). Aortae
were carefully isolated and cleaned of adhering parenchyma
and connective tissue, then homogenized in RNA bu�er. The

RNA was quanti®ed by ultraviolet absorbance spectro-
photometry. For the RT±PCR analysis, ®rst-standard cDNA
was synthesized from total RNA using Oligo (dT) and a

cDNA Synthesis Kit (Life Science). Twenty-four (GAPDH)
or thirty (eNOS) PCR cycles (948C for 1 min, 628C for
1 min, 728C for 1 min) and p22phox PCR cycles (948C for
1 min, 578C for 1 min, 728C for 1 min) were performed using

one half of the reverse-transcription (RT) mixture. The PCR
products so obtained were analysed on ethidium-bromide-
stained agarose (1.5%) gel. The eNOS, p22phox and

GAPDH products were quanti®ed by scanning densitometry,
the amount of eNOS and p22phox being normalized with
respect to the amount of GAPDH product.
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Quantification of superoxide anion by measurement of the
amount of NBT reduced

Aortic rings were incubated with nitro blue tetrazolium
(NBT) to allow the O2

7 generated by the tissue to reduce
the NBT to blue formazan. The details of this assay have
been published previously (Wang et al., 1998). Brie¯y,

aortae were cut into transverse rings 10 mm in length.
These were placed for 1.5 h in 5 ml bu�er at 378C
containing NBT (100 mmol l71) in the presence or absence

of ACh (1077 M). NBT reduction was stopped by addition
of 0.5 N HCl (5 ml). After this incubation, the rings were
minced and homogenized in a mixture of 0.1 N NaOH and

0.1% SDS in water containing 40 mg l71 diethylentriamin-
epentaacetic acid. The mixture was centrifuged at
20,0006g for 20 min and the resultant pellet resuspended

in 1.5 ml of pyridine kept at 808C for 1.5 h to extract
formazan. The mixture was then subjected to a second
centrifugation at 10,0006g for 10 min. The absorbance of
the formazan was determined spectrophotometrically at

540 nm. The amount of NBT reduced (=quantity of
formazan), was calculated as follows: amount of NBT
reduced=A.V/(T.Wt.e.l), where A is the absorbance, V is

the volume of pyridine, T is the time for which the rings
were incubated with NBT, Wt is the blotted wet weight of
the aortic rings, e is the extinction coe�cient (0.7 l mmol71

per mm) and l is the length of the light path. The results
are reported in pmol min71 per Wt mg.

Drugs

Streptozotocin, nitro blue tetrazolium (NBT), diethylentria-
minepentaacetic acid, (7) noradrenaline hydrochloride and

sodium nitroprusside were all purchased from Sigma
Chemical Co. (St. Louis, MO, U.S.A.) and acetylcholine
chloride from Daiichi Pharmaceutical Co. Ltd. (Tokyo,

Japan). J-104132 ((+)-(5S,6R,7R)-2-butyl-7-[2-(2S)-2-carbox-
ypropyl]-5-(3,4-methyenedioxyphenyl) cycloperteno[1,2-b]
pyridine-6-carboxylic acid) was gifted by Banyu Co. Ltd.

(Tsukuba, Japan). All drugs were dissolved in distilled water.
All concentrations are expressed as the ®nal molar concen-
tration of the base in the organ bath.

Statistical analysis

Data are expressed as the mean+s.e.mean. Where

appropriate, statistical di�erences were determined by
Dunnett's test for multiple comparisons after a one-way
analysis of variance, a probability level of P50.05 being

regarded as signi®cant. Statistical comparisons between
concentration-response curves were made by a two-way
ANOVA, with Bonferroni's correction for multiple

comparisons being performed post hoc; P50.05 was
considered signi®cant.

Results

Plasma glucose, cholesterol and triglyceride levels

As shown in Table 1, the plasma glucose level was
signi®cantly higher in STZ-induced diabetes than in controls.

Treatment with J-104132 (10 mg kg71, p.o. for 4 weeks) did
not alter plasma glucose, total cholesterol, HDL, VLDL,
LDL or triglyceride in our established diabetic rats.

Relaxation responses to ACh and SNP

When the NA (561078*361077 M)-induced contraction

had reached a plateau, ACh (161079*161075 M) or SNP
(1610710*161075 M) was added cumulatively (Figure 1). In
aortic strips from age-matched control rats, ACh

(161079*161075 M) caused a concentration-dependent
relaxation, with the maximum response at 1075 M. This
relaxation was signi®cantly weaker in strips from STZ-

induced diabetic rats (P50.05). Aortic strips from STZ-
induced diabetic rats chronically treated with J-104132
(10 mg kg71, p.o. daily for 4 weeks) relaxed in a normal

way to ACh (Figure 1a). The relaxation responses caused by
SNP (1610710*161075 M) did not di�er signi®cantly
among the three groups (Figure 1b).
In marked contrast, following incubation of aortic strips in

vitro with J-104132 (361079 M), the impaired ACh-induced
relaxation seen in strips from STZ-induced diabetic rats
showed no improvement (Figure 2).

Expression of the mRNA for eNOS

To investigate the possible mechanisms underlying the
impaired ACh-induced relaxation seen in STZ-induced
diabetic rats and its normalization in chronically J-104132-
treated individuals, we examined whether the expression of

the mRNA for eNOS is changed by chronic J-104132
treatment. Use of RT ±PCR on the total RNA isolated from
the aortae of age-matched controls, untreated diabetic and

chronically J-104132-treated diabetic rats revealed that the
expression ratio eNOS/GAPDH did not di�er among the
three groups (Figure 3).

Table 1 Levels of various plasma parameters in age-matched controls, STZ-diabetic rats and J-104132-treated diabetic rats

Plasma parameters (mg dl71) Control Diabetic J-104132-treated diabetic

Glucose 116.6+3.1 (24)*** 561.9+27.2 (21) 498.0+33.8 (11)
Total cholesterol 116.9+3.6 (18)*** 181.2+13.0 (9) 165.7+12.5 (9)
HDL 66.8+3.1 (18) 71.4+6.2 (9) 78.4+8.5 (9)
VLDL 13.0+1.5 (7)** 61.3+11.8 (8) 61.9+10.7 (8)
LDL 17.7+4.1 (8)* 42.4+10.5 (8) 42.8+11.2 (8)
Triglyceride 131.9+14.2 (9)** 348.3+82.7 (6) 339.8+71.2 (6)

Number of determinations is shown in parentheses. *P50.05; **P50.01, ***P50.001, vs Diabetic and J-104132-treated diabetic
(Dunnett's test).
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Quantification of superoxide anion by measurement of
amount of NBT reduced

To judge from our measurements of the amount of NBT

reduced by O2
7, the basal O2

7 level was greater in aortic
rings from diabetic rats than in those from the controls
(P50.05). Chronic administration of J-104132 normalized

the increased basal O2
7, the di�erence from the non-treated

diabetic group being signi®cant at P50.01 (Figure 4).

Expression of the mRNA for p22phox subunit

To investigate the mechanism underlying the increase in
superoxide anion in aortae from diabetic rats and its

normalization in J-104132-treated aorta from diabetic rats,
we examined whether the expression of the mRNA for the
p22phox subunit might have been changed by the chronic J-

104132 treatment. Application of RT±PCR to the total
RNA isolated from the aortae of age-matched controls,

Figure 2 Concentration-response curves for ACh-induced relaxa-
tion of aortic strips obtained from age-matched controls and from
untreated diabetic rats. Strips either treated in vitro with 361079

M

J-104132 for 20 min or left untreated. Ordinate shows relaxation of
aortic strips as a percentage of the contraction induced by an
equie�ective concentration of noradrenaline (561078*361077

M).
Each data point represents the mean+s.e.mean of 6*8 experiments;
the s.e. is included only when it exceeds the dimension of the symbol
used. ***P50.001, diabetic vs control (two-way ANOVA).

Figure 1 Concentration-response curves for ACh-induced (a) and
SNP-induced (b) relaxations of aortic strips obtained from age-
matched controls, untreated diabetic rats and chronically J-104132-
treated diabetic rats. Ordinate shows relaxation of aortic strips as a
percentage of the contraction induced by an equie�ective concentra-
tion of noradrenaline (561078*361077

M). Each data point
represents the mean+s.e.mean of 6*8 experiments; the s.e. is
included only when it exceeds the dimension of the symbol used.
*P50.05, diabetic vs control; #P50.05, diabetic vs J-104132-treated
diabetic (two-way ANOVA).

Figure 3 RT±PCR assay of the expression of the mRNA for
endothelial NO synthase (eNOS) in aortae from controls, STZ-
diabetic and chronically J-104132-treated STZ-diabetic rats. (a)
Expression of the mRNA for eNOS assayed by RT±PCR. (b)
Quantitative analysis of expression of the mRNA for eNOS (by
scanning densitometry). Control rats (n=7, open column); STZ-
induced diabetic rats (n=5, closed column); J-104132-treated diabetic
rats (n=6, hatched column). Each column represents the mean+
s.e.mean of six determinations (eNOS/GAPDH). The RT±PCR
assay was performed as described in Methods. Each total RNA
preparation (2.0 mg) was reverse transcribed and half of the cDNA
product was PCR-ampli®ed using the appropriate primers, 24 cycles
(GAPDH) and 28 cycles (eNOS) being employed. A portion of the
PCR reaction product was electrophoresed on a 1.5% agarose gel
containing ethiodium bromide.
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untreated diabetic and chronically J-104132-treated diabetic

rats revealed the following. The expression of p22phox
mRNA was higher in diabetic rats than in control rats
(P50.05). After treatment with J-104132, the level was lower

than in non-treated diabetic rats (P50.05); in fact, it was
similar to that seen in the controls (Figure 5).

Discussion

The main conclusion from the present study is that in rats
with established STZ-induced diabetes, chronic administra-
tion of the endothelin antagonist J-104132 improves
endothelial function, which is impaired in these animals,

and that this e�ect of J-104132 may be due to a decrease in
the aortic superoxide anion, rather than to an increase in NO
production.

Because the endothelium can be easily damaged in the
preparation of helical strips (e.g. Zonta et al., 1998), we are
always very careful to avoid such damage. Our success in this

regard is evidenced in the present study by the ®nding that a
relaxation of over 80% of the noradrenaline-induced
contraction was induced by as little as 1077 M ACh (Figure
1a). The reduced endothelium-dependent relaxation seen in

diabetic rats in the present study is in agreement with the
results of numerous other studies on aortae from STZ-
induced diabetic rats (Oyama et al., 1986; Kamata et al.,

1989; Poston & Taylor, 1995; Pieper, 1998; Kamata &
Kobayashi, 1996; Kobayashi & Kamata, 1999a, b; 2001;
Kobayashi et al., 2000; De Vriese et al., 2000; Hink et al.,

2001).
A considerable body of evidence now suggests that the

impairment of endothelium-dependent relaxation seen in

diabetes and atherosclerosis may involve inactivation of NO
by oxygen-derived free radicals (Kamata & Kobayashi, 1996;
Kobayashi & Kamata, 1999a; 2001; Meraji et al., 1987;
Pieper et al., 1992; 1996; Hattori et al., 1991; Ooboshi et al.,

1997; Lund et al., 1999; Pagano et al., 1998). Production of
superoxide anion inactivates NO (Marshall et al., 1988;

Rubanyi & Vanhoutte, 1986; Kobayashi & Kamata, 2001)
and dismutation of free radicals has generally (Pieper et al.,
1996; Hattori et al., 1991; Kamata & Kobayashi, 1996) but

not always (Heygate et al., 1995) been found to improve
impaired endothelium-dependent relaxation in experimental
models of diabetes. Indeed, we recently reported that NO is
metabolized by O2

7 to NO3
7, not just to NO2

7, and that the

resulting rapid inactivation of NO may be responsible for the
impairment of endothelium-dependent relaxation seen in
aortic strips from diabetic rats (Kobayashi & Kamata,

2001). In the present study, chronic administration of J-
104132 e�ectively restored the ACh-induced endothelium-
dependent relaxation, suggesting that NO metabolism may be

improved by such treatment. This conclusion is supported by
®ndings that the basal O2

7 level was greater in aortic rings
from diabetic rats than in those from the controls and that

the chronic administration of J-104132 to diabetic rats
normalized the basal O2

7 level. In contrast, following
incubation of aortic strips in vitro with J-104132, the
impaired ACh-induced relaxation seen in strips from STZ-

Figure 4 Quanti®cation of superoxide-anion production by mea-
surement of amount of reduced nitro blue tetrazolium (NBT) in age-
matched controls, STZ-diabetic and chronically J-104132-treated
STZ-diabetic rats. Each column represents the mean+s.e.mean of
six experiments.*P50.05, diabetic vs control; ##P50.01, diabetic vs
J-104132-treated diabetic (Dunnett's test).

Figure 5 RT±PCR assay of expression of the mRNA for p22phox
in aortae from controls, STZ-diabetic and chronically J-104132-
treated STZ-diabetic rats. (a) Expression of the mRNA for p22phox
assayed by RT±PCR. (b) Quantitative analysis of expression of the
mRNA for p22phox (by scanning densitometry). Control rats (n=7,
open column); STZ-induced diabetic rats (n=5, closed column); J-
104132-treated diabetic rats (n=5, hatched column). Each column
represents the mean+s.e.mean of six determinations (p22phox/
GAPDH). The RT±PCR assay was performed as described in
Methods. Each total RNA preparation (2.0 mg) was reverse
transcribed and half of the cDNA product was PCR-ampli®ed using
the appropriate primers, 24 cycles (GAPDH) and 28 cycles (p22phox)
being employed. A portion of the PCR reaction product was
electrophoresed on a 1.5% agarose gel containing ethiodium
bromide. *P50.05, diabetic vs control; #P50.05, diabetic vs J-
104132-treated diabetic (Dunnett's test).
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induced diabetic rats showed no improvement, suggesting
that J-104132 did not itself produce an antioxidant e�ect.
Recent studies have underscored the importance of

NADPH-oxidase-derived reactive oxygen species in vascular
biology. Many components of the leukocyte- NADPH-
oxidase complex ± including p22phox, p47phox, p67phox
and gp91phox (or a related homologue) ± have been identi®ed

in endothelial cells or vascular smooth muscle cells (Jones et
al., 1996; Bayraktutan et al., 1998; Gorlach et al., 2000;
Patterson et al., 1999; Ushio-Fukai et al., 1996). Reactive

oxygen species from sources other than NADPH oxidase,
such as xanthine oxidase (Adkins & Taylor, 1990) or
cytochrome P-450 (Bysani et al., 1990), may also play a

role. Here, we focused on NADPH oxidase as a source of
reactive oxygen species because (i) the gp91phox mRNA for
the NADH/NADPH oxidase subunit is upregulated in the

steady-state in the aorta in STZ-induced diabetic rats (Hink
et al., 2001) and (ii) ET-1 increases the expression of
gp91phox mRNA in human endothelial cells (Duerrschmidt
et al., 2000). In the present study, we showed that in STZ-

induced diabetic rats, the p22phox mRNA for the NADH/
NADPH oxidase subunit was signi®cantly increased too, an
increase that was completely antagonized by the chronic

administration of J-104132. These results are consistent with
there being an increase in O2

7 in STZ-diabetic rats and a
normalization of the O2

7 level by chronic J-104132-

treatment. We have previously reported that the plasma
ET-1 concentration is increased in STZ-induced diabetic rats
and that this increase may be due to an overexpression of the

mRNA for prepro ET-1 (Makino & Kamata, 1998; Makino
et al., 2001). We have also reported that the overproduction
of ET-1 seen in STZ-induced diabetes is a result of
hyperglycaemia, not of an increase in LDL cholesterol or

triglyceride (Makino & Kamata, 2000). Taken together, the
above evidence suggests that the ®nding that J-104132
induces an improvement in the endothelial dysfunction seen

in STZ-induced diabetic rats may be explained by the
following sequence of events: (i) the plasma ET-1 concentra-
tion is increased in STZ-induced diabetic rats; (ii) the

increased ET-1 may stimulate NADPH oxidase, which
produces O2

7; (iii) the additional O2
7 may not be

metabolized to H2O2 because superoxide dismutase activity
is decreased in STZ-induced diabetic rats (Kamata &

Kobayashi, 1996; Kobayashi & Kamata, 1999b), a disorder
that may lead to an abnormal NO metabolism and a
subsequent impairment of endothelium-dependent relaxation;

(iv) when J-104132 is chronically administered to STZ-
induced diabetic rats, it may have a long-term antagonistic
e�ect on the ET-1-induced stimulation of NADPH oxidase.

As a consequence, the enhanced O2
7 level seen in these

animals would be normalized, as indeed we found in the
present study, thereby resulting in an improvement in the

endothelial dysfunction.
We also demonstrated in the present study that ET-1 may

induce NADPH oxidase, because chronic administration of
the ET-1-receptor antagonist J-104132 normalized the level of

this enzyme.

We found in the present study that chronic administration
of J-104132 produces an improvement in the endothelial
dysfunction exhibited by aortae from diabetic rats without

altering the expression of eNOS mRNA. This suggests that
the mechanism underlying the altered endothelial function
seen in J-104132-treated diabetics (compared to untreated
diabetics) does not depend on a change in eNOS expression.

The elevation in the circulating LDL level seen in diabetes
is one of the factors responsible for the endothelial
dysfunction. Indeed, STZ-diabetic mice are improved by the

chronic administration of cholestyramine, an e�ect due to a
lowering of the plasma LDL level (Kamata et al., 1996).
Chronic administration of pravastatin produces an improve-

ment in the endothelial dysfunction shown by aortae from
STZ-induced diabetic rats without lowering plasma cholester-
ol, an e�ect of pravastatin that may be due to decreased LDL

oxidation (Kobayashi et al., 2000). In the present study, we
found that chronic administration of J-104132 for 4 weeks
had no e�ect on plasma glucose, total cholesterol, VLDL
cholesterol, LDL cholesterol or triglyceride, suggesting that

the improvement e�ect we observed with J-104132 is not
related to a lowering of plasma VLDL, LDL or glucose. We
recently reported that following incubation of aortae from

control rats with LDL isolated from diabetic rats, endothe-
lium-dependent relaxation was impaired and that this
inhibitory e�ect was prevented by superoxide dismutase, a

scavenger of superoxide anions (Kobayashi et al., 2000).
Furthermore, we have also reported that the basal O2

7 level
is greater in aortic rings from diabetic rats than in those from

the controls (Kobayashi & Kamata, 2001). These results
strongly suggest that the increased LDL in diabetic rats may
cause a greater production of O2

7. As mentioned above, the
expression of the p22phox mRNA for the NADH/NADPH

oxidase subunit was signi®cantly increased in STZ-induced
diabetic rats and this increase was completely prevented by
chronic administration of J-104132. We are left with the

conclusion that J-104132 improves the impaired endothelium-
dependent relaxation seen in the aorta of the diabetic rat by a
mechanism that involves a lowering of O2

7, but this is not

secondary to a lowering of the plasma LDL level. This
implies that the elevated plasma LDL level seen in diabetes is
not the only causal factor responsible for endothelial
dysfunction in the aorta.

In conclusion, we found that chronic administration of the
endothelin antagonist J-104132 leads to an improvement in
the endothelial dysfunction seen in the aorta in rats with

established STZ-induced diabetes. This e�ect of J-104132
may be due to a decrease in the aortic superoxide anion via
an inhibitory e�ect of this agent on the induction of NADPH

oxidase.
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