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Diabetes mellitus is associated with vascular complications, including an impairment of vascular
function and alterations in the reactivity of blood vessels to vasoactive substances in various vascula-
ture. In the present study, the authors have observed endothelin-B (ETg) receptor agonist-induced
relaxation in precontracted mesenteric arterial segments from streptozotocin (STZ)-induced diabetic
rats, which was not shown from control rats or in other arterial segments from diabetic rats. Ae-
cordingly, the goal of this study was to investigate in what way STZ-induced diabetes altered reactivity
of the mesenteric arterial bed and to examine the causal relaxation, if any, between this ETg recep-
tor-mediated relaxation and endothelial paracrine function, especially nitric oxide (NO) production.
The relaxation induced by ETs agonists was not observed in mesenteric arteries without endothelium.
The relaxation to ETg agonists was completely abolished by pretreatment with BQ788, but not by BQ610.
N w-nitro-L-arginine methyl ester and soluble guanylate cyclase inhibitors, methylene blue or LY83583
significantly attenuated the relaxant responses to ETg agonists, respectively. When the expression of
eNOS and iNOS was evaluated on agarose gel stained with ethidium bromide, the expression of eNOS
mRNA in diabetic rats was significantly decreased, but the expression of iNOS was increased compared
with control rats. Furthermore, the iNOS-like immunostaining was densely detected in the endothelium
and slightly in the arterial smooth muscle of diabetic rats, but not in control rats. These observations
suggest that ETg receptor may not play a role in maintaining mesenteric vascular tone in normal
situation. However, the alterations in ETp receptor sensitivity were found in diabetic rats and lead
to the ETg agonist-induced vasorelaxation, which is closely related to NO production. In the state of
increased vascular resistance of diabetic mesenteric vascular bed, enhanced NO production by acti-

vation of iNOS could lead to compensatory vasorelaxation to modulate adequate perfusion pressure
to splanchnic area.
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INTRODUCTION

Diabetes Mellitus is the most common serious metabolic
disorder caused by altered insulin release and reactivity
produced from the pancreas A-cell. Diabetes is associated
with many vascular complications including atherosclero-
sis-induced hypertension, coronary heart disease, stroke
and peripheral vascular disease (Lavy et al, 1973; Cohen
et al, 1983; Wolf et al, 1983; Aboot et al, 1987), being the
main factor to increase the adult mortality rate (Ruderman
et al, 1992).

There have been extensive studies about the mechanism
by which diabetes induces cardiovascular diseases but it
is not yet definitely known. Some mechanisms demon-
strated up to now are associated with the abnormal endo-
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thelium-dependent relaxation to vascular relaxing factor
(Oyama et al, 1986; Meraji et al, 1987; Tesfamariam et al,
1989), and the altered regulation of vascular tone by the
unbalanced production of endothelium-derived relaxing
factors and contracting factors, causing changes in vascular
reactivity (contraction and relaxation) (Furchgott & Van-
houtte, 1989; Moncada & Palmer, 1991) and in contractile
response by abnormal calcium mobilization (Wang et al,
1998). In addition, some mechanisms are considered to be
related to structural and morphological changes of endo-
thelium (Colwell et al, 1979; Moore et al, 1985) including
increased platelet adhesion and aggregation (Mayne et al,
1970; Heath et al, 1971; Sagel et al, 1975), the loss of
endothelium, attenuation of cell junction, increased adhe-
siveness of neutrophils by altered specific adherence
glycoprotein synthesis and dysfunction of endothelium

ABBREVIATIONS: ET, endothelin; No, nitric oxide; STZ, strep-
tozotocin; iINOS, inducible nitric oxide synthase; eNOS, endothelial
nitric oxide.



306 YK Eom, et al

(Lorenzi, 1992), etc. Also, it has been reported that the
attack rate of atherosclerosis was increased by the
increased oxidized low density lipoprotein by blood lipid
peroxidation (Makita et al, 1996), speculating endothelial
dysfunction plays an important role in the development of
diabetic vascular complications.

The endothelium releases endothelium-derived relaxing
factor (EDRF) and endothelium-derived contracting factor
(EDCF) in physiological and pathophysiological conditions
and controls the tone of the underlying vascular smooth
muscle and actively regulates vascular reactivity to various
vascular activating factors (Furchgott & Vanhoutte, 1989).
EDRFs comprise nitric oxide (NO), prostacyclin and endo-
thelium-derived hyperpolarizing factor (EDHF) (Félétou &
Vanhoutte, 1999). De Vriese et al (2000) reported impaired
endothelial function to release these vascular activating
factors was associated with the pathogenesis of diabetic
vascular disease.

Among these various vascular activating factors, endo-
thelin-1 (ET-1) was reported as a potent vasoconstrictor
(Yanagisawa et al, 1988) isolated from the supernatant of
cultured porcine endothelium. There have been many
studies regarding its physiological role to regulate vascular
tone and pathophysiological role (Levin et al, 1995). ETs
are a family of 21-amino acid peptides and three isopep-
tides, ET-1, ET-2 and ET-3 have been identified (Itoh et
al, 1988; Yanagisawa et al, 1988; Inoue et al, 1989). ETs
have various biological roles in many tissues including
vascular constriction and relaxation (Huggins et al, 1993).

Although there have been many reports about the roles
of ETs on the development of diabetic vascular disease,
there are still disputes. For example, clinical studies re-
ported plasma ET-1 level was increased and vasocon-
striction to ET-1 was attenuated in diabetic patients
(Fulton et al, 1991; Hodgson & King, 1992). However, ET-1
level was decreased in porcine endothelium cultured in a
hyperglycemic condition (Hattori et al, 1991) and ET-1-
induced contraction was enhanced (Tammesild et al, 1992).
ET-1 was also reported to be released from the endothelium
by insulin (Yanagisawa et al, 1988), and inhibit insulin-
stimulated glucose uptake (Chou et al, 1994), and induce
insulin resistance (Juan et al, 1996; Ottosson-Seeberger et
al, 1997). Based on these results, ET-1 is considered to
participate in diabetic-induced vascular complications. Re-
cently, there have been many studies about ETg receptors
such as selective down-regulation of ETp receptors (Bro-
thers et al, 2002) and changes in the density and locali-
zation of ETp receptors (De Juan et al, 2000; Saito et al,
2000), attracting more attention to the related role of ETg
receptors in diabetes-induced vascular dysfunction.

In the present study, we observed ETg receptor agonist-
induced vasorelaxation in preconracted mesenteric arterial
segments from streptozotocin: (STZ)-induced diabetic rats,
which was not shown from control rats or in other arterial
segments from diabetic rats. Accordingly, the goal of this
study was to clarify the mechanism by which STZ-induced
diabetes altered reactivity of the mesenteric arterial bed
and to examine the causal relaxation, if any, between this
ETg receptor-mediated vasorelaxation and endothelial pa-
racrine function, especially NO production.

METHODS
Induction of diabetes

Male Sprague-Dawley rats (300~350 g) were treated
with a single injection of streptozotocin (55 mg/kg, i.p.) in
0.1 M citrite buffer (pH 4.5). Age-matched control rats were
treated with the vehicle (0.1 M citrite buffer, i.p.). All
animals were allowed free access to food and water. One
and 4 weeks after injection, the blood glucose levels of
diabetic rats were measured with glucometer. Only rats
displaying elevated blood glucose levels (200 mg/dl) were
considered to be diabetic and control rats had normal blood
glucose levels when tested at the same time.

Preparation of tissues

Rats were anesthetized with thiopental sodium (55 mg/
kg, i.p.) and killed. Mesenteric arteries were carefully
excised and placed in physiological salt solution (PSS).
Each tissue was cleaned of adhering fat and connective
tissue. All experiments were performed using PSS of the
following composition (in mmol/L) : NaCl 130, NaHCOs
14.9, MgS04 1.17, NaH»PO, 1.18, CaCl; 1.6, NaHCO3; 14.9
and dextrose 5 mM. The solution was bubbled with 95%
02-5% COs to give a pH of 7.4 at 37°C.

Measurement of isometric tension

Mesenteric arteries were placed in a wax block containing
oxygenated PSS and fat and connective tissue were re-
moved. Arterial segments were cut into rings (2~3 mm)
and mounted on parallel wires in 5 ml muscle chamber
which were thermoregulated to 37°C. Rings were stretched
to optimal resting tensions of 1.5 g. Isometric tension was
measured using a Polygraphy (Grass Instrument Co., 7E)
and force-displacement transducer (Grass Instrument Co.,
FT03). Following the equilibrated period for 90 minutes,
the rings were exposed to 60 mM KCl to determine con-
tractile function. To study the effects of antagonist, it was
preincubated for 15 minutes. The relaxant responses to
agonists were determined in vessels precontracted with 30
nM U46619. Concentration-responses curves were express-
ed as a percentage of the contractile response elicited by
U466189.

Measurement of nitric oxide levels

Isolated mesenteric arteries were frozen in liquid nitrogen
and homogenated by homogenizer (Brinkmann, Kinematiza
CH-6010 KRIENS-LU) in 5 volumes of 0.1 M phosphate
buffer (HEPES 100, sucrose 320, EDTA 0.1, dithiothreitol
1 mM). The homogenates were centrifuged (1,700 X g, for
20 minutes) and protein quantity was measured with
supernatants by Bio-Rad protein assay (Bradford, 1976).
Griess reagent system kit (Promega) was used to measure
nitrite/nitrate of plasma sample and tissue homogenate (50
©1). They were placed in 96 well and reacted with 50 ul
sulfanilamide for 10 minutes at 25°C without light. And
0.1% N-1-naphthylethylenediamine 2HCI (50 ¢l) was added
to each well. Ten minutes later, nitrite concentrations were
determined at an optical density of 540 nm using Power
Wave X340 (Bio-Tek Instruments, Inc.).
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Immunohistochemistry

Isolated mesenteric arteries were placed in 0.01 M picric
acid and 2% paraformaldehyde mixture (in 0.1 M sodium
phosphate buffer) for fixation. Then, the sections were
immersed in 7.5%, 15% and 30% sucrose solution (in 0.1
M sodium phosphate buffer) sequentially to dehydrate and
frozen after embedding in OCT compound (Tissue-Tek,
Miles Scientific Inc.). The sections were cut in 5 xm thick
sections and mounted on poly-L-lysine coated slide glass
and air-dried overnight. After fixation in cold aceton for 20
minutes, the sections were exposed to 0.3% hydrogen per-
oxide solution (Junsei Chemical Co.) for 20 minutes to
inhibit the endogenous peroxidase activity and washed
three times in phosphoric buffer solution (PBS) at 10-
minutes interval. The sections were exposed to 2% bovine
serum albumin (BSA, blocking antibody) for an hour to
block nonspecific binding of antibody. And then eNOS
antiserum (mouse monoclonal IgG, anti eNOS, Oncogene
Research Products, 1 : 500) and iNOS antiserum (mouse
monoclonal IgG; anti iNOS, Oncogene Research Products,
1:500) diluted in buffer (0.02 M PBS contained 0.05%
BSA) were added to cover the sections. The sections were
incubated at 4°C for overnight. They were then washed with
PBS. Biotinylated goat anti-mouse IgG (Oncogene Research
Products, 1: 1,000) were applied onto the sections and
incubated for two hours. After washing with PBS, the
sections were incubated with avidin and biotinylated hor-
seradish peroxidase macromolecular complex (Vectastain
Elite ABC kit, Vector Laboratories, Inc.) for an hour. Per-
oxidase activity was visualized using a solution containing
diaminobenzidine (DAB) substrate (Vector Laboratories,
Inc.). The sections were dehydrated in graded alcohols and
xylen and coverslipped with malinol (Muto Pure Chemicals
Ltd.). Quantitative analysis of eNOS and iNOS were
measured with image analysis system (Image-Proplus, Me-
dia Cybernetics, Silver Spring, USA).

Reverse transcription-polymerase chain reaction (RT-
PCR)

Total RNA was isolated with TRIzol reagent. RNA con-
centration was determined by measuring absorbance at 260
nm (Agso). The samples which showed Asgo/Asso ratio from
1.5 to 2.0 RNA were reverse transcribed in 50 x] reaction
mixture containing 100 U MMLV reverse transcriptase.
The sense primer for eNOS was 5’-ATACCCTCAGTGCAC-
AGGCT-3’, and the antisense primer was 5-TGATGGCTG-
AACGAAGATTG-3’. The sense primer for iNOS was 5’-GT-
GTTCCACCAGGAGATGTTG-3’, and the antisense primer
was 5-CTCCTGCCCGCTGAGTTCGTC-3’. The sense pri-
mer for fF-actin was 5 -TCATGAAGTGTGACGTTGACAT-
CCGT-3’, and the antisense primer was 5-CCTAGAAGCA-
TTTGCGGTGCACGATG-3". Each 50zl reaction mixture
contained 1 xl of ¢cDNA, 1 1 of each primer (100 pmol/L),
1 Unit of Tag DNA polymerase, 5 ¢l of 10X Taq polymerase
buffer and optimal concentration of MgCl,. The samples
were placed onto a thermal cycler and preheated 1 minute
at 94°C. Each cycle consisted of three periods: denaturation
for 1 minute at 95°C, annealing for 1 minute at 55°C for
iNOS, at 56°C for eNOS, and extension for 1 minute at
72°C. The PCR products were separated on a 2% agarose
gel by electrophoresis. Quantitative analysis were mea-
sured with densitometer (GS-710, Bio-Rad Laboratories)
and the quantity of each mRNA was expressed as a per-

centage to that of B-actin mRNA.
Statistics

Values are expressed as means+S.E.M. Results were
statistically evaluated by Students’ t-test for the differences
between control and diabetic rats. P<0.05 was accepted as
statistically significant.

RESULTS
Effects of diabetes induction in animals

There was no significant difference in STZ-preinjection
weights of control and diabetic rats (Table 1). Four weeks
postinjection, weights of control rats were increased (315+
9 g to 435+ 10 g), whereas diabetic rats showed a signifi-
cant decrease in body weight (330+9 g to 215%6 g) (P<
0.01). Control rats showed no significant difference in blood
glucose level between STZ-preinjection and -postinjection.
However, blood glucose level was markedly increased in
diabetic rats at 4 weeks after STZ-injection (126 £3 mg/dl
to 615+17 mg/dl) (P<0.01).

ETg receptor agonist-induced vasorelaxation

In mesenteric arteries, sarafotoxin and IRL 1620, ETg
receptor agonists, did not exert any effect on basal tone in
both groups. However, these ETg agonists induced relaxa-
tion in diabetic rats at low concentrations of 0.1~10 nM
in the arterial segments precontracted with 30 nM U46619
which induced thromboxane A and these relaxation dis-
appeared from the concentration over 10 nM (Fig. 1A). After
precontracting with phenylephrine, an ¢-adrenergic ago-
nist, a similar trend of relaxation was observed (Fig. 1B).

We tested an identical experiment with thoracic aorta.
Sarafotoxin S6¢ and IRL 1620 showed no effect on basal
tone in thoracic aortic rings of both groups. However, being
different from in the mesenteric artery, sarafotoxin S6¢ and
IRL 1620 exerted no relaxation or weak contraction in
diabetic rats (Fig. 2). Also, experiments with basilar artery
and posterior cerebral artery showed similar results with
thoracic aorta. Therefore, sarafotoxin S6¢ and IRL 1620-
induced relaxations after pretreatment with U46619 show-
ed tissue specificity.

Table 1. Body weight and blood glucose concentration in control
and STZ-induced diabetic rats

Control rats STZ-treated rats

Before® 4 weeks'' Before' 4 weeks™"
Body weight 31544 435410  330+9  215+5%*
(g (20) (20) (28) (23)
Blood glucose 128+4 130£5 1263 615+ 17**
(mg/dl) (20) (20) 23) 23)

Values are expressed as means+ S.E.M. Numbers in parentheses
represent the number of experiments, respectively. **Value is
significantly different from age-matched control (P < 0.01). “Before:
before vehicle or STZ. " "4 weeks: 4 weeks after single infection
of vehicle or STZ (565 mg/kg, i.p.).
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Fig. 1. ET3 receptor agonist-induced relaxation in the mesenteric
arteries precontracted with 30 nM U46619, a thromboxane A,
analogue (A) and phenylephrine, an a-adrenergic agonist from
diabetic rats (B). Values are expressed as means +S.E.M. Numbers
in parentheses represent the number of experiments. *P < 0.05; **P
<0.01 vs. control.
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Fig. 2, ETg receptor agonist-induced responses in thoracic aortic
rings from control and diabetic rats. Each bar represents meanz*
S.E.M. The rings were precontracted with 10~ 30 nM U46619. *P <
0.05; **P<0.01 vs. control.

Characteristics of ETg receptor agonist-induced re-
laxation

Effect of the endothelium on the relaxation: In this
study, we tested if the activation of the endothelium played
a role in ETp receptor agonist-induced relaxation. The
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Fig. 3. Effect of endothelial denudation on ETp receptor agonist-
induced relaxation in isolated mesenteric arteries from diabetic
rats. Values are expressed as means*=S.E.M. of 6 ~7 experiments.
Numbers in parentheses represent the number of experiments. *P
<0.05; **P<0.01 vs. ED(+). ED(+) : intact endothelium; ED(—):
without endothelium.
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Fig. 4. Effect of BQ610, an ET4 receptor antagonist on sarafotoxin
S6c- and IRL1620- induced relaxation in mesenteric arteries from
diabetic rats. Values are expressed as means+S.E.M. Numbers in
parentheses represent the number of experiments.

endothelium was removed by softly rubbing and then
relaxations in response to sarafotoxin S6¢ and IRL 1620
were observed. Endothelium denudation was confirmed by
the administration of acetylcholine (1 xM). Relaxation in-
duced by ETg receptor agonist was not observed in isolated
mesenteric arteries without endothelium (Fig. 3).
Blockade effect of ET receptor antagonists: To
examine the contribution of ET receptor isopeptides in dia-
betic mesenteric artery, relaxations to sarafotoxin and IRL
1620 were observed after pretreatment with ET4 receptor
antagonist, BQ610 and ETg receptor antagonist, BQ788.
The relaxations were not influenced by pretreatment with
BQ610 (Fig. 4). However, ETg receptor agonist-induced
relaxation showed concentration-dependent attenuation by
pretreatment with BQ788 and was abolished by 0.1 M
BQ788 (Fig. 5), demonstrating the relaxation in diabetic
mesenteric artery is mediated by ETp receptors.
Relation with endogenous prostaglandin: The pre-
treatment effect of indomethacin determined observed to
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Fig. 5. Effect of BQ788, an ETg receptor antagonist on sarafotoxin
S6c- and TRL1620- induced relaxation in mesenteric arteries from
diabetic rats. Values are expressed as means==S.E.M. Numbers in
parentheses represent the number of experiments. *P < 0.05; **P <
0.01 vs. vehicle.

= [_] Vehicle (4)
Il 10 M Tranylcypromine (4)

=50 e [ Vehicle (5)

Il 105 M Indomethacin (5)

s of .
'
©
»
i
[}
m
2 50 S l
-9 -8 9 -8
Sarafotoxin S6c Sarafotoxin S6¢
100 L " log [M]

Fig. 6. Effect of prostaglandin synthesis inhibitors on sarafotoxin
S6c-induced relaxation in mesenteric arteries from STZ-treated
rats. Values are expressed as means+S.EM. Numbers in paren-
theses represent the number of experiments.

investigate a possible mediation of endogenous prosta-
glandin to ETy receptor agonist-induced relaxation. Pre-
treatment with 10 M indomethacin (20 minutes) had no
effect on the relaxation to sarafotoxin S6¢ and IRL 1620
(Fig. 6A), representing prostaglandin has no relation with
ETg receptor agonist-induced relaxation. Furthermore, the
relaxation was not blocked by tranylcypromine (10 «M), a
prostaglandin synthase inhibitor (Fig. 6B).

These results showed that endogenous prostaglandins,
especially prostacyclin, played no role in the relaxation by
sarafotoxin S6¢c and IRL 1620 in diabetic mesenteric artery.

Relation with K' channel activity: The endothelium
causes vasorelaxation by producing EDRF like NO, and
opening K* channel by the release of EDHF. To examine
the possible involvement of endogenous EDHF in vasore-
laxation in the mesenteric artery of diabetic rats, we used
glibenclamide (10 M), a Karp channel blocker and 4-
amino-pyridine, an inhibitor of voltage-dependent K™
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Fig. 7. Effect of K channel blockers on sarafotoxin S6c-induced
relaxation in mesenteric arteries from STZ-treated rats. Values are
expressed as means = S.E.M. Numbers in parentheses represent the
number of experiments.
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Fig. 8. Effect of L-NAME, an NO synthase inhibitor, on ETg recep-
tor agonist-induced relaxation in mesenteric arteries from STZ-
treated rats. Values are expressed as means+ S.E.M. Numbers in
parentheses represent the number of experiments. **P<0.01 vs.
vehicle.

channel, respectively. These K™ channel blockers had no
effect on the relaxation to sarafotoxin S6c¢ (Fig. 7).

Blockade effect of NO synthase inhibitor on ETB
receptor agonist-induced relaxation: Fig. 8 showed
that ETg receptor agonist-induced relaxation was inhibited
or blocked by pretreatment with N-NAME (10 zM), a NO
synthase inhibitor (P<0.01) (Fig. 8). In addition, soluble
guanylate cyclase inhibitors, methylene blue and LY 83583
significantly attenuated the relaxant responses to sara-
fotoxin S6c (Fig. 9). These results suggested that endo-
thelium-derived NO was closely related to the induction of
ETp receptor agonist-induced relaxation in diabetes. Thus,
in the following experiments, we examined the production
of NO and the distribution and expression of NO synthase
in mesenteric artery to investigate the relation with NO
produced in the endothehum.
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Fig. 9. Effect of methylene blue and LY83583, soluble guanylate
cyclase inhibitors, on the sarafotoxin S6c-induced relaxation in
mesenteric arteries from STZ-treated rats. Values are expressed
as means+S. .M. Numbers in parentheses represent the number
of experiments. **P<0.01 vs. vehicle.
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Fig. 10. Nitrite/nitrate (NOx) levels in the arterial homogenate and
plasma. Values are expressed as means+S.E.M. Numbers in pa-
rentheses represent the number of experiments. *P<0.01 vs.
control.

Changes of arterial and plasma NO levels by diabetes

In mesenteric arterial segments, nitrite/nitrate levels
were 1.56+0.4 nmol/mg in control rats and increased to 1.8
+0.4 nmol/mg in diabetic rats without a statistical sig-
nificance (Fig. 10). Whereas the plasma nitrite/nitrate
levels were 0.05+0.01 nmol/mg in control rats and signi-
ficantly increase to 0.25+0.07 nmol/mg in diabetic rats (P
<0.05).

Expression of NO synthase by immunohistochemistry

Fig. 11 showed eNOS immunostaining was detected a-
bundantly in the endothelium of control rats, but not in
diabetic rats. In contrast, whereas iNOS immunostaining
was densely observed in the endothelium and slightly in
the mesenteric arterial smooth muscle of diabetic rats, but
not of control rats (Fig. 12).
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Fig. 11. (A) Visualization by immunohistochemistry of the eNOS
expression in sections of the mesenteric arteries obtained from
control (left) and STZ-treated rats (right). (B) Densitometric a-
nalysis of the immunohistochemical staining of eNOS expression.
Values are expressed as means+S.E.M. Numbers in parentheses
represent the number of experiments. **P <0.01 vs. control.
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Fig. 12. (A) Visualization by immunchistochemistry of the iNOS
expression in sections of the mesenteric arteries obtained from
control (left) and STZ-treated rats (right). (B) Densitometric a-
nalysis of the immunohistochemical staining of iNOS expression.
Values are expressed as means+S.E.M. Numbers in parentheses
represent the number of experiments. **P <0.01 vs. control.
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Fig. 13. Expression of eNOS mRNA by RT-PCR in mesenteric
arteries from control and STZ-treated rats. (A) Ethidium bromide
stained gel of RT-PCR products that reflects eNOS mRNA
expression abundance. (B) The relative decrease in eNOS mRNA
expression in mesenteric artery from STZ-treated rats. Results are
expressed as means*S.EM. *P<0.05 vs. control.

Expression of eNOS and iNOS mRNA by RT-PCR

When the expression of eNOS and iNOS mRNA was
evaluated on agarose gels stained with ethidium bromide,
the expression of eNOS mRNA in diabetic rats was sig-
nificantly decreased compared with control rats (P <0.05).
The expression of iNOS mRNA, however, was increased in
diabetic rats (P<0.01) (Figs. 13 and 14).

DISCUSSION

To reveal pathophysiological mechanisms of vascular
complications induced by diabetes mellitus, we set a hy-
pothesis that ETs known as the most potent endogenous
vasoconstrictor may play a key role in the regulation of
vascular tone. The ETy receptor agonists, sarafotoxin S6¢
and IRL 1620 induced concentration-dependent relaxation
(Eglezos et al, 1993; Karaki et al, 1993) to the precontracted
mesenteric artery with U46619 in diabetic rats. These
relaxations were neither observed in control mesenteric
artery, nor under basal tension in both control and diabetic
rats.

In addition, this reaction was not observed in other vessels
(e.g. thoracic aorta, basilar artery or posterior cerebral
artery) of diabetic rats, confined in mesenteric artery. In
this study, we concluded ETg receptor agonist-induced re-
laxation in diabetic rats was closely related to diabetic
vascular complications and the mechanisms were investi-
gated.

Under basal tension, ETg receptor agonist-induced relax-
ation was not observed in both control and diabetic rats,
but in diabetic mesenteric artery precontracted with
U46619. Thus, it could be concluded that ETg receptor-med-
iated reaction was occurred as a compensatory regulation
in the state of increased vascular resistance by diabetic
complications. This conclusion was confirmed by the result
that ETg receptor agonist induced relaxation contracted
with high concentration of K™ (60 mM) and phenylephrine,
an ¢-adrenergic agonist. Pretreatment with BQ788 showed
no effect on the relaxation by sarafotoxin S6¢ and IRL 1620
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Fig. 14. Expression of iNOS mRNA by RT-PCR in mesenteric
arteries from control and STZ-treated rats. (A) Ethidium bromide
stained gel of RT-PCR products that reflects iNOS mRNA
expression abundance. (B) The relative increase of iNOS mRNA
expression in mesenteric artery from STZ-treated rats. Results are
expressed as means+S.EM. **P< 0.01 vs. control.

in control rats. Thus, it was speculated that in control rats,
ETg receptors found on the endothelium might not be
related to the regulation of vascular tone under basal ten-
sion or in case of the increased vascular tone by vascular
contracting factors, otherwise the relaxation by ETg recep-
tors on the endothelium was in accord with the contraction
by ETg receptors on smooth muscle, showing no changes
in vascular tone. But there is yet no explanation for this.
Judging from the result of this study, ETp receptor-induced
relaxation was considered as a diabetes-induced pathophy-
siological phenomenon localized in specific tissues like
mesenteric artery. In diabetic rats, ETy receptor agonists-
induced relaxation was not observed in isolated mesenteric
artery without endothelium, indicating the relaxation re-
sulted from endothelium dysfunction.

ET4 and ETg receptors are known to exist in mammalia
(Sakurai et al, 1990). ETa receptors are found in smooth
muscle and ETp receptors in the endothelium and smooth
muscle. ETa receptors and ETj receptors on smooth muscle
induce contraction (Cardell et al, 1992; Martine et al, 1992),
and ETp receptors on the endothelium induce relaxation
(Takayanagi et al, 1991; Martine et al, 1992; Allock et al,
1995). Based on these facts, we examined which receptor
isoform mediated the relaxation by sarafotoxip S6c and IRL
1620. The relaxation didn't occur by pretreatment with
BQ610, an ETa receptor antagonist, whereas it was at-
tenuated or blocked by pretreatment with BQ788, an ETgy
receptors antagonist, suggesting the relaxations by sara-
fotoxin S6¢c and IRL 1620 were mediated by ETg receptors
on endothelium. It was supported by the fact that ETg
receptor agonist induced no relaxation in diabetic rats
without endothelium. Moreover, it was reported that the
expression of ETg receptor mRNA in the retina was sig-
nificantly increased in diabetic rats (Deng et al, 1999;
Evans et al, 2000). Thus, it is assumed that ETg receptor
agonist-induced relaxation is caused by the increased
expression of ETg receptors by diabetes. However, it is not
confirmed yet and more studies are needed about it.

Endothelium regulate vascular basal tone by releasing
a variety of contracting and relaxing factors (Wheatcroft
et al, 2003). Therefore, the present study was preferen-
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tially focused on the relation between EDRF and ETs
receptor agonist-induced relaxation.

Kawai and Ohhashi (1991) reported the relaxation by
PGF:, was blocked by N%mono-methyl-L-arginine, a NO
synthase inhibitor and thus the relaxation via NO-cyclic
GMP pathway was associated with the production of
prostaglandin. However, in the present study, ETg receptor
agonist-induced relaxation was not inhibited by indometh-
acin, indicating the production of endogenous prostaglandin
by cyclooxygenase has no effect on the relaxation. This
hypothesis was supported by the result that ETg receptor
agonist-induced relaxation was not affected by the pretreat-
ment with tranylcypromine, prostacyclin synthase inhibitor
(Weksler et al, 1977).

Although NO is the main vascular relaxing factor to
cause endothelium-dependent relaxation, EDHF is also con-
sidered as an important factor to regulate vascular tension
and reactivity in various vessels, especially in resistance
vessels including small arteries (Félétou & Vanhoutte,
1999). However, EDHF does not seem related to ETy recep-
tor agonist-induced relaxation because ETg receptor caused
relaxation in the preparation contracted with 60 mM K.
In this study, the relaxation was not inhibited by 4-amino-
pyridine, a voltage-dependent K* channel blocker and gli-
benclamide, an ATP-dependent K* channel blocker, which
showed ETg receptor agonist-induced relaxation in diabetes
was not due to K* channel opening (Quandt, 1988; Rudy,
1988; Beech & Bolton, 1989).

ETg receptor agonist-induced relaxation under the in-
creased vascular tone during diabetes was blocked by
L-NAME, a NO synthase inhibitor (Moore et al, 1990). Fur-
thermore, methylene blue inhibited the relaxation by NO
and the activity of soluble guanylate cyclase by nitro-
vasodilator (Gruetter et al, 1981; Griffith et al, 1985; Mar-
tin et al, 1985). LY 83583 was also known to inhibit the
production of cyclic GMP by blocking soluble guanylate
cyclase through NO oxidization (Malta et al, 1988). Consid-
ering the characteristics of L-NAME, methylene blue and
LY83583, ETg receptor agonist-induced relaxation seemed
to be related with the production of NO or vascular cyclic
GMP. NO is synthesized from the terminal guanidino-nitro-
gen atom of the amino acid L-arginine (Moncada et al,
1991). The produced NO binds to heme group of soluble
guanylate cyclase present in vascular cytoplasm and cause
the increase of cellular cyclic GMP (Rapoport & Murad,
1983), inducing the relaxation of vascular smooth muscle
(Ignarro & Kadowitz, 1985).

These results suggest that the increased vascular tone
during diabetes may activate ETp receptors located on the
endothelium as a compensatory reaction, which causes the
increase of EDRF (NO) release from endothelium and cyclic
GMP production from smooth muscle, leading to relaxation.
Tkeda et al. (2001) reported that the up-regulation of the
ETg receptors observed in the diabetic adrenal gland may
be a compensatory mechanism for maintaining adrenal
blood flow. In addition, ET-1, which has an equal affinity
to ETs and ETg receptors, induced vasorelaxation in dia-
betes (Ikeda et al, 2001). This result has been supported
by many reports that the relaxation was due to the in-
creased production of EDRF such as NO or prostacyclin (De
Nucci et al, 1988; Tsukahara et al, 1994; Schillings et al,
1995; Gellai et al, 1996).

In the present study, plasma nitrite/nitrate levels were
increased in diabetic rats. This result agreed with the
previous report that renal NO production and urinary

excretion of nitrite/nitrate was increased in diabetes. Jang
et al. (1999) reported that the increased nitrite/nitrate
production in diabetic tissues were due to the increased
eNOS production (Sugimoto et al, 1998; Veelken et al,
2000), leaving arguments about the concerned NO synthase
isoforms. ]

In this study, the expressions of eNOS and iNOS in mes-
enteric artery were observed by immunohistochemistry.
Four isoforms of NO synthase were identified (Fostermann
et al, 1991), but there have been many studies about two
isoforms. One is constitutive NOS (cNOS) found from cere-
bellum (Bredt & Synder, 1990) or the endothelium. The
other form is iNOS found from macrophages (Studhr et al,
1991), neutrophils (McCall et al, 1989), vascular smooth
muscle cells (Busse & Miilschr, 1990) and the endothelium
(Radomski et al, 1990).

Our immunohistochemical study showed eNOS distri-
buted abundantly in the endothelium of control, but not in
diabetic rats, whereas iNOS was densely detected in the
endothelium and slightly in the mesenteric arterial smooth
muscle of diabetic rats, but not of control rats. In addition,
the expression of eNOS mRNA in diabetic rats was de-
creased (30%), but the expression of iNOS mRNA was
significantly increased compared with control rats. There-
fore, it could be concluded that ETg receptor agonist-induc-
ed relaxation in the precontracted diabetic mesenteric
artery was due to iNOS expression in the endothelium and
smooth muscle cells. This result was different from the
report that diabetes caused selective down-regulation of the
density and sensitivity of ETp receptor (Brothers et al,
2002). However, it was supported by the reports that ETs
receptor antagonists had effects on the progression of dia-
betic nephropathy (Hocher et al, 2001) and that the expres-
sion of ETg receptor mRNA was increased in the mesenteric
artery and thoracic aorta of the insulin resistant obese
Zucker rats (Wu et al, 2000).

In conclusion, in the state of increased vascular resistance
of diabetic mesenteric vascular bed, enhanced NO produc-
tion by activation of iNOS leads to compensatory vasorelax-
ation to modulate adequate pressure to splanchnic area and
ETg receptor located on endothelium may play a pivotal
role on this endothelial dysfunction.
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