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Diabetic state, high plasma insulin and angiotensin
II combine to augment endothelin-1-induced
vasoconstriction via ETA receptors and ERK

T Kobayashi, T Nogami, K Taguchi, T Matsumoto and K Kamata

Department of Physiology and Morphology, Institute of Medicinal Chemistry, Hoshi University, Shinagawa-ku, Tokyo, Japan

Background and purpose: Mechanisms associated with the enhanced contractile response to endothelin-1 in
hyperinsulinaemic diabetes have been examined using the rat aorta. Functions for angiotensin II, endothelin-1 receptor
expression and extracellular signal-regulated kinase (ERK) have been investigated.
Experimental approach: Streptozotocin-induced diabetic rats were infused with angiotensin II or, following insulin treatment,
were treated with losartan, an angiotensin II receptor antagonist. Contractions of aortic strips with or without endothelium, in
response to endothelin-1 and angiotensin II, were examined in vitro. Aortic ETA receptors and ERK/MEK expression were
measured by western blotting.
Key results: Insulin-treated diabetic rats exhibited increases in plasma insulin, angiotensin II and endothelin-1. The systolic
blood pressure and endothelin-1-induced contractile responses in aortae in vitro were enhanced in insulin-treated diabetic rats
and blunted by chronic losartan administration. LY294002 (phosphatidylinositol 3-kinase inhibitor) and/or PD98059 (MEK
inhibitor) diminished the enhanced contractile response to endothelin-1 in aortae from insulin-treated diabetic rats. ETA and
ETB receptors, ERK-1/2 and MEK-1/2 protein expression and endothelin-1-stimulated ERK phosphorylation were all increased in
aortae from insulin-treated diabetic rats. Such increases were blunted by chronic losartan administration. Endothelin-1-induced
contraction was significantly higher in aortae from angiotensin II-infused diabetic rats. angiotensin II-infusion increased ERK
phosphorylation, but the expression of endothelin receptors and ERK/MEK proteins remained unchanged.
Conclusions and implications: These results suggest that the combination of high plasma angiotensin II and insulin with a
diabetic state induced enhancement of endothelin-1-induced vasoconstriction, ETA receptor expression and ERK expression/
activity in the aorta. Losartan improved both the diabetes-related abnormalites and the diabetic hypertension.
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Introduction

Diabetes mellitus is an important risk factor for increased

blood pressure and for the development of atherosclerosis

(Cohen, 1995; De Vriese et al., 2000; Eckel et al., 2002). Many

of the vascular complications seen in type 1 and type 2

diabetes arise from hyperglycaemia that cannot be comple-

tely prevented using the methods of blood glucose control

that are at present available (Poston and Taylor, 1995;

Koivisto et al., 1996; Feener and King, 1997; Orchard

et al., 2003). Among these complications, diabetes-accele-

rated atherosclerosis and hypertension are most likely

multifactorial in origin, with hyperinsulinaemia being

one of several possible causative factors (Reaven, 1995;

Snell-Bergeon et al., 2003). Indeed, systemic hyperinsulinae-

mia is inevitable during the insulin treatment of type 1

diabetes mellitus and it may have an important function in

the progression of coronary artery disease (Reaven, 1995;

Snell-Bergeon et al., 2003). One possibility raised by previous

in vitro studies is that the hyperinsulinaemia may result in an

increased sensitivity of blood vessels to vasoconstrictors such

as angiotensin II (Ang II) or catecholamines (Gans et al.,

1991; Hall et al., 1995; Kobayashi and Kamata, 1999). We

have previously demonstrated that in insulin-treated (IT)

type 1 diabetic rats with systemic hyperinsulinaemia, treat-

ment with an Ang II type 1 (AT1; Alexander et al., 2008)

receptor blocker can almost totally prevent the development
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of the hypertension and enhanced catecholamine-induced

vasoconstriction, which are associated with an increase in

phosphatidylinositol 3-kinase (PI3-K) activity (Kobayashi

et al., 2006). The biological effects of PI3-K are exerted

through the activation of several downstream effectors,

including the mitogen-activated protein kinase (MAPK)

family (Yamboliev et al., 2000; Pearson et al., 2001; Takeda

et al., 2001). An interesting question for this study was

whether stimulation of PI3-K is followed by the activation of

the downstream kinase MAPK family, and whether this is, in

turn, linked to vascular hypereactivity.

The MAPK family, which consists of three isoforms, have a

central function in the intracellular signal transduction

initiated by extracellular stimuli, including growth factors

and hormones (Pearson et al., 2001). The isoforms, extra-

cellular signal-regulated kinase (ERK) and mitogen-activated/

ERK-activating kinase (MEK), are activated by those receptor

agonists (including Ang II and endothelin-1 (ET-1)) that

induce smooth muscle contraction (Meloche et al., 2000;

Roberts, 2001; Kim et al., 2004; Matsumoto et al., 2006). Both

Ang II and ET-1 are vasoactive peptides that may be involved

in the pathogenesis of cardiovascular diseases. Indeed,

enhanced levels of Ang II and ET-1 have been reported in

diabetic subjects with vascular complications, and also in

diabetic rats (Kirilov et al., 1994; Goto et al., 1996; Kanie

et al., 2003). Further, there is evidence to suggest that ET-1

and Ang II, as activators of G-protein-coupled receptors,

exhibit cross-talk with ERK activity in vascular smooth

muscle cells (Touyz et al., 1999; Hong et al., 2004; Yogi

et al., 2007). Interestingly, Touyz et al. (1999) have suggested

that in aortae from spontaneously hypertensive rats,

increases in ERK 1/2 activity are associated with an increase

in Ang II-induced contractility. Thus, we speculated that

an increased plasma Ang II and/or ET-1 level and/or an

abnormality of the MAP pathway system might be related

to the enhancement of vascular contractility previously

observed in IT type1 diabetic rats.

Although the hyperinsulinaemia associated with diabetes

may make important contributions to the development of

cardiovascular disorders, as described in several models of

the disease, there is evidence that the elevation of plasma

insulin found in patients with insulinomas or in control rats

subjected to high-dose insulin treatment is not in itself

sufficient to cause hypertension or vascular dysfunction

(Hall et al., 1995; Kobayashi et al., 2006, 2007). Moreover,

we suspect that for vascular dysfunction to develop, a

high insulin level and an established diabetic state may

need to coexist (Kobayashi et al., 2006, 2007). If so, high

insulin alone would not be sufficient to cause increased

blood pressure and enhanced aortic contraction in the rat;

instead, we suspect that a high insulin level, a diabetic state

and other factors (including Ang II and ET-1) need to exist

together to cause an enhancement of contractility (by an as

yet unknown mechanism).

The aim of this study was to investigate the causal

relationship between Ang II, ET-1 and the MEK/ERK system

in the enhancement of aortic contraction that occurs in IT

type 1 diabetes. We examined in vivo whether Ang II itself,

insulin itself, or their combination, might alter MEK/ERK

activity, ET-1 receptor expression and/or vascular contrac-

tility in diabetic rats. We also asked whether chronic AT1

receptor blockade or ET-1 (ETA and ETB) receptor blockade

might blunt certain diabetes-related abnormalities, seen in

association with systemic hyperinsulinaemia.

Materials and methods

Animals and experimental design

This study was approved by the Hoshi University Animal Care

and Use Committee, and all procedures were in accordance

with the Guide for the Care and Use of Laboratory Animals

published by the National Institutes of Health and 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, Culture, Sports, Science and Technology, Japan).

Male Wistar rats (8 weeks old) received a single injection

through the tail vein of streptozotocin (STZ) 65 mg kg�1

dissolved in a citrate buffer to induce diabetes (Kamata et al.,

1989; Kobayashi and Kamata, 1999). Rats were considered

diabetic if their blood glucose exceeded 4 g L�1 at 7 days after

the injection of STZ. The STZ-induced diabetic rats (8 weeks

after STZ injection) and the age-matched control (citrate

buffer-injected) rats were treated with a gradually increasing

daily subcutaneous dose of insulin (human crystalline

insulin zinc, 5–30 U kg�1 day�1; Novo Nordisk, Agsværd,

Denmark) for 2 weeks (Kobayashi et al., 2006). In all

subsequent experiments, the rats referred to as ‘controls’

are age-matched controls. The IT-diabetic rats received a

daily evening injection (at 1700 hours) of insulin in doses of

5–30 U kg�1 day�1 individually adjusted to maintain urine

sugar levels at below 2.5 g L�1 (measured using a urine sugar

tester; Bayer HealthCare, NY, USA). For chronic losartan

(Nulotan; 25 mg kg�1 day�1 at 1700 hours, p.o.; Banyu Co.

Ltd, Tsukuba, Japan) þ insulin or chronic J104132

(10 mg kg�1 day�1 at 1700 hours, p.o.) þ insulin cotreat-

ment, the appropriate drug was administered concomitantly

with the above-described insulin treatment for 2 weeks.

J104132 is a potent orally active mixed antagonist of ETA and

ETB receptors (Nishikibe et al., 1999). When J104132 was

administered to rats at 10 mg kg�1 p.o., its mean residence

time in the systemic circulation was 3 h. We previously

reported that chronic J104132 administration at a dose of

10 mg kg�1 day�1 improves diabetic endothelial dysfunction

(Kanie and Kamata, 2002). For continuous stimulation with

Ang II, some STZ-induced diabetic and control rats (17 weeks

old) were treated with Ang II (288 mg kg�1 day�1) by way of

an osmotic mini-pump (2ML2; Alzet, Palo Alto, CA, USA) for

2 weeks, as described previously (Taguchi et al., 2007). Thus,

we studied eight groups: controls, diabetic, IT controls, IT

diabetic, losartan-treated IT diabetic, J104132-treated IT

diabetic, Ang II-infused control and Ang II-infused diabetic

rats. Food and water were provided ad libitum.

Measurement of plasma glucose, insulin, angiotensin II and

endothelin-1 and systolic blood pressure

Rats were anaesthetized with diethyl ether and killed

decapitation each morning (at 0900 hours). Then, blood
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samples were collected. Plasma glucose, insulin, Ang II and

ET-1 levels and systemic blood pressure were measured as

described previously (Kobayashi and Kamata, 2001; Kanie

et al., 2003; Kobayashi et al., 2006). Plasma glucose was

determined by the use of a commercially available enzyme

kit (Wako Chemical Company, Osaka, Japan). Plasma insulin

was measured by enzyme immunoassay (Shibayagi, Gunma,

Japan). Plasma Ang II was eluted with methanol using C-18

columns (Cayman Chemical, MI, USA) and measured using a

commercially available Ang II enzyme immunoassay (SPI-

BIO, Massy Cedex, France) according to the manufacturer’s

instructions. Plasma ET-1 was eluted with methanol using

Amprep C2 columns (Amersham International Plc, Buck-

inghamshire, UK) and measured using a commercially

available ET-1 enzyme immunoassay (Amersham Biosciences

UK Ltd, Buckinghamshire, England) according to the

manufacturer’s instructions.

For blood pressure measurements, rats were kept in a

constant temperature hot box at 37 1C for 15 min. Its blood

pressure was then measured by the tail-cuff method using a

blood pressure analyzer (BP-98A; Softron, Tokyo, Japan) at

least 5 min after the rat had been put in a restrainer for the

purpose of measuring.

Measurement of isometric force in aortic tissue

After decapitation (at 0900 hours; see above), aortas were

excised. Then, each aorta (cut into helical strips) was then

placed in a bath containing 10 mL modified Krebs–Henseleit

solution, with one end of each strip being connected to a

tissue holder and the other to a force displacement

transducer, as described previously (Kobayashi and Kamata,

1999; Kobayashi et al., 2006).

Vascular responses to angiotensin II and endothelin-1

For the contraction studies, ET-1 (10�10–10�7 M) or Ang II

(10�10–10�6 M) was added cumulatively to the bath until a

maximal response was achieved. To investigate the effect of

drug treatments on the ET-1-induced contractile response—

namely, 10�6 M BQ123 (ETA receptor antagonist), 10�6 M

BQ788 (ETB receptor antagonist), 2�10�5 M LY294002 (PI3-

K inhibitor), or 5�10�5 M PD98059 (ERK/MEK inhibitor)—

the strip was incubated for 30 min in the appropriate

medium containing the drug before the cumulative addition

of agonist. In some strips, the endothelium was mechani-

cally removed, successful removal being functionally con-

firmed by the absence of relaxation to acetylcholine

(10�5 M).

Immunohistochemistry for ETA/B receptors

Immunohistochemistry was carried out using a previously

described method (Kobayashi et al., 2007). Aortic strips were

embedded in O C T Compound (Sakura, Torrance, CA, USA).

After a wash with this compound, slides were treated with

10 mM citric acid and then microwave-heated (for 1 min) to

recover antigenicity. Non-specific binding was blocked by

treatment with a drop of normal horse serum in Block ace

(Dainippon Pharmaceutical, Osaka, Japan) for 20 min before

incubation with monoclonal anti-ETA or ETB receptor

antibodies (1:100, BD Biosciences, San Jose, CA, USA) in

Block ace (Dainippon Pharmaceutical) overnight at 4 1C.

Tissue sections were then incubated for 30 min at room

temperature with an antimouse immunoglobulin G CY3

conjugate (1:100, Sigma, St Louis, MO, USA) secondary

antibody. Sections of rat aorta embedded in VECTASHIELD

(Vector Laboratories, Burlingame, CA, USA) were examined

using a fluorescence microscope.

Measurements of the expressions of ETA and ETB receptors, ERK-

1/2, MEK-1/2 and phosphorylated-ERK by western blotting

For measurement of ERK activity, aortic tissues were

suspended in an organ bath and incubated with 10�8 M

ET-1 for 10 min. For inhibitor experiments, tissues were

pretreated with 5�10�5 PD98059 or 2�10�5 M LY294002

for 30 min before the addition of ET-1. Western blotting was

performed using a previously described method (Kobayashi

et al., 2006). Briefly, aortae (5 mm long) were homogenized

in ice-cold lysis buffer, and samples (24 mg protein per lane)

were resolved by electrophoresis on SDS-polyacrylamide gel

electrophoresis gels, then transferred onto polyvinylidene

difluoride (PVDF) membranes. Next, the membrane was

incubated with an antibody to ETA receptors (1:1000; Abcam,

Cambridge, UK), ETB receptors (1:1500; Abcam), ERK-1/2

(1:1000; BD Biosciences), MEK-1/2 (1:2500; BD Biosciences),

phosphorylated-ERK (1:1000; BD Biosciences), or b-actin

(1:5000; Sigma) in blocking solution. Finally, horseradish

peroxidase-conjugated, antirabbit antibody or antimouse

antibody (Vector Laboratories) was used at a 1:10 000

dilution in Tween phosphate-buffered saline, followed by

detection using SuperSignal (PIERCE).

Statistical analysis

The contractile force developed by aortic strips is expressed

in milligram tension per milligram tissue. Data are mean±

s.e.mean Statistical differences were assessed using Dunnett’s

test for multiple comparisons after a one-way ANOVA, a

probability level of Po0.05 being regarded as significant.

Statistical comparisons between concentration–response

curves were made using a two-way ANOVA with a Bonferroni

correction performed post hoc to correct for multiple

comparisons; Po0.05 was considered significant.

Drugs

Angiotensin II, STZ (–), BQ123, BQ788 and LY294002 were

all purchased from Sigma Chemical Co. J104132 and

losartan were from Banyu Co. Ltd (Tsukuba, Japan), insulin

was from Novo Nordisk, PD98059 was from Calbiochem-

Novabiochem (La Jolla, CA, USA) and ET-1 was from Peptide

Institute (Osaka, Japan).

Results

Plasma glucose, insulin, angiotensin II, endothelin-1 and systolic

blood pressure

As indicated in Table 1, body weight was significantly lower

in non-IT-diabetic rats than in age-matched controls, an

ET-1 and Ang II in hyperinsulinaemia
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effect partially reversed in all IT groups, irrespective of

drug therapy. Non-fasting plasma glucose was signi-

ficantly elevated in non-IT-diabetic rats, where insulin

(5–30 U kg�1 day�1 for 2 weeks) reduced plasma glucose

to the levels seen in age-matched controls, irrespective of

drug therapy. Plasma insulin was significantly lower in

non-IT-diabetic rats and significantly higher in each of the

IT groups. In all subsequent experiments, the rats referred

to as ‘IT-diabetic’ had received insulin (5–30 U kg�1 day�1 for

2 weeks). Plasma insulin was significantly reduced by

losartan treatment in the IT-diabetic rat.

Plasma Ang II and plasma ET-1 were significantly higher in

diabetic than control rats and were further raised by insulin

therapy, particularly for plasma Ang II in IT-diabetic rats.

Both plasma Ang II and plasma ET-1 remained unaffected

by the chronic administration of either losartan or J104132

(Figures 1a and b). The increase in systolic blood pressure

seen in IT-diabetic rats was significantly reduced by the

chronic administration of either losartan or J104132

(Figure 1c). Treatment with losartan reduced the systolic

blood pressure to the levels below that present in non-

diabetic control animals.

Effect of losartan or J104132 in vivo, on the contraction of

endothelium-denuded aortic strips induced by endothelin-1 and

angiotensin II in vitro

Aortic contraction induced by ET-1 was enhanced in endo-

thelium-denuded strips obtained from IT-diabetic rats, an

effect largely prevented by chronic treatment with losartan,

an Ang receptor antagonist, but unaffected by the ET

antagonist, J104132 (Figure 2a). In endothelium-denuded

aortic strips, the contraction induced by Ang II was markedly

weaker than that induced by ET-1. The sensitivity to

Ang II remained unaffected by IT diabetes. In contrast to

ET-1, aortic contraction induced by Ang II was not signi-

ficantly modified in the IT-diabetic rat and remained

unchanged by chronic treatment with either losartan or

J104132 (Figure 2b).

Effect of angiotensin II infusion on systolic blood pressure in vivo

and the contraction of endothelium-denuded aortic strips induced

by endothelin-1 in vitro

The significant increase in systolic blood pressure following

Ang II infusion (288 mg kg�1 day�1) for 2 weeks in control

rats was enhanced following Ang II infusion in diabetic

animals (Figure 3a). The ET-1-induced contractile response of

endothelium-denuded aortic strips was greater in strips

obtained from control rats following Ang II infusion. The

ET-1-induced contraction was further enhanced in endo-

thelium-denuded aortic strips obtained from non-IT-diabetic

rats following Ang II infusion (Figure 3b).

Effect of ET antagonists on the contraction of endothelium-intact

aortic strips induced by endothelin-1 in vitro

Treatment with BQ123, an ETA receptor antagonist, led to a

rightward shift in the dose–response curve for ET-1-induced

contraction in endothelium-intact aortae from both control

and IT-diabetic rats (Figure 4a). In the presence of BQ123,

there was no significant difference between control and IT-

diabetic rats. When BQ788, an ETB receptor antagonist, was

added to endothelium-intact aortic strips from control rats,

the ET-1-induced contraction was unchanged. In IT-diabetic

aortae, the ET-1-induced contraction was enhanced by

incubation with BQ788 (Figure 4b).

Effect of PI3-K and MEK/ERK inhibitors on the contraction of

endothelium-denuded aortic strips induced by endothelin-1

in vitro

Incubation of endothelium-denuded control aortae with

LY294002 alone, PD98059 alone or LY294002 plus PD98059

had no significant effect on ET-1-induced contraction

(Figure 5a). In aortic strips from IT-diabetic rats, these inhi-

bitors (either alone or together) inhibited the enhancement

of contraction observed in IT-diabetic aortae. There was no

significant difference in the ET-1-induced contraction among

the LY294002-treated, PD98059-treated and LY294002þ
PD98059-cotreated groups (Figure 5b).

Expression of endothelin-1 receptor proteins

Using immunohistochemistry, we found that aortae

obtained from IT-diabetic rats showed increased ETA/B

receptor-positive staining within the medial smooth muscle,

as well as within the endothelium (by comparison with the

controls). In aortae from losartan-treated IT-diabetic rats, this

increase in ETA/B receptor-positive staining was markedly

attenuated in the medial smooth muscle, but not in the

endothelium. Positive staining for ETA/B receptor was not

significantly modified in aortae obtained from control

animals following Ang II-infusion (Figure 6a).

ETA (Figure 6b, upper) and ETBreceptors (Figure 6b, lower)

were examined by western blotting. ETA receptor density was

Table 1 Plasma glucose and insulin levels in age-matched controls, untreated diabetic, insulin-treated controls and insulin-treated diabetic rats (some
treated with insulinþ losartan or insulinþ J104132)

Parameters Age-matched
control (8)

Untreated
diabetic (8)

Insulin-treated
control (8)

Insulin-treated
diabetic (8)

Losartanþ insulin-
treated diabetic (8)

J104132þ insulin-
treated diabetic (6)

Body weight (g) 524±16 268±11* 553±19 401± 21*,# 387±18*,# 396±19*,#

Glucose (g L�1) 1.33±0.12 5.42±0.25* 0.84±0.10* 1.05± 0.16# 0.95±0.14# 1.13±0.15#

Insulin (ng mL�1) 4.6±0.7 0.3±0.2 15.9±1.8* 18.7±1.4*,# 14.3±1.6*,#,w 18.1±1.8*,#

Values in the table are means±s.e.mean. The number of determinations is shown in parenthesis, in each column heading. *Po0.05 vs control. #Po0.05 versus

untreated diabetic. wPo0.05 versus insulin-treated diabetic.
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determined from two bands at 54 and 39 kDa (corresponding

to the native and glycosylated forms of the receptor,

respectively), as described previously (Ergul et al., 2003).

The expressions of the ETA and ETBreceptors were signifi-

cantly increased in aortae from IT-diabetic rats (compared

with those from control rats). Losartan treatment greatly

attenuated this increased ETA receptor expression, but did

not alter the increased ETB receptor expression. In contrast,

aortae from control rats exhibited no significant change in

ETA or ETB receptor expressions following Ang II infusion

(Figures 6b, c and d).

Expression of phosphorylated-ERK, ERK-1/2 and MEK-1/2

In the IT-diabetic group, the ET-1-stimulated ERK-phosphory-

lation level was significantly increased (versus the control

group) and this increase was completely normalized by

chronic losartan treatment (versus the IT-diabetic group;

Figure 7a). In the Ang II-infused control group, the ET-1-

stimulated ERK phosphorylation level was significantly

increased (versus the control group). In each of the relevant

groups, the increase in the ET-1-stimulated ERK phosphory-

lation level was abolished in the presence of either

5�10�5 M PD98059 or 2�10�5 M LY294002 (Figure 7a).

Next, we examined the expression of ERK-1/2 and MEK-1/2

proteins by western blot (Figures 7b and c). ERK-1/2

expression was greater in the IT-diabetic group than in the

control group. Chronic treatment with losartan normalized

this increased expression, the difference from the IT-diabetic

group being significant (Figure 7b). Moreover, MEK-1/2

expression was greater in the IT-diabetic group than in the

control group, and this increased expression was signi-

ficantly lowered by chronic losartan treatment (Figure 7c).

Figure 1 Plasma angiotensin II (a) and endothelin-1 (b) and
systolic blood pressure (c). Diabetic rats received insulin treatment
(5–30 U kg�1 day�1 for 2 weeks) together with either the angiotensin
receptor antagonist, losartan or the endothelin antagonist, J104132.
Each column represents mean±s.e.mean from 8 to 10 experiments.
*Po0.05 versus controls. yPo0.05 versus diabetic. wPo0.05 versus
chronic insulin-treated controls. #Po0.05 versus chronic insulinþ
losartan-treated diabetic.

Figure 2 Effect of endothelin-1 (a) and angiotensin II (b) on the
contraction of endothelium-denuded rat aortic strips. Strips were
obtained from control or insulin-treated diabetic (IT-diabetic) rats,
receiving chronic treatment with either losartan or J104132.
Ordinate shows increase in tension (expressed in milligram tension
per milligram tissue) measured at the peak of the response. Values
are mean±s.e.mean from 8 to 10 experiments. *Po0.05 versus
control. yPo0.05 versus IT-diabetic.
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Neither the ERK-1/2 nor the MEK-1/2 expression level

differed between the Ang II-infused control and control

groups (Figures 7b and c).

Discussion

The main conclusion to be drawn from this study is that the

mechanism underlying the enhancement of ET-1-induced

aortic contraction observed in IT type 1 diabetic rats with

hyperinsulinaemia involves both an increased ETA receptor

expression and increased activity in the MEK/ERK pathway.

Moreover, chronic AT1 receptor blockade blunted these

increases and the hypertension. Interestingly, neither insulin

alone nor Ang II alone is sufficient to cause increased ETA

receptor or MEK/ERK protein expression in the rat aorta;

instead, we suspect that a high Ang II level and a diabetic

state need to exist together to cause enhancements of

vasocontractility and blood pressure (Figure 8).

Circulating plasma insulin, Ang II and ET-1 levels have

been shown to be higher in type 1 diabetic patients than in

non-diabetic controls, and they may have important func-

tions in the progression of coronary artery disease and of

hypertension (Kirilov et al., 1994; Reaven, 1995; Goto et al.,

1996; Kanie et al., 2003). In the diabetic model used in our

experiments, the non-IT-diabetic rats had a raised plasma

glucose level, whereas the IT-diabetic rats had (a) markedly

raised plasma insulin, Ang II and ET-1 levels and (b)

normalized plasma glucose levels. Moreover, chronic AT1

receptor blockade or ET-1 receptor blockade blunted the

increase in blood pressure observed in the IT-diabetic group.

These observations suggest that the increased plasma Ang II

and ET-1 levels each caused an enhancement of blood

pressure, but only when there was an elevated plasma insulin

level (as seen in the present IT-diabetic state). Interestingly,

such insulin or Ang II administration to the diabetic rats

increased systolic blood pressure to values above those seen

in the insulin- or Ang II-administered controls. We suggest

that high plasma Ang II, high plasma ET-1 and a diabetic

state need to exist together to cause an enhancement of

blood pressure, but that chronic Ang II type1 receptor

blockade or ET-1 receptor blockade can each limit or prevent

the increase in blood pressure.

The powerful vasoconstrictor ET-1 is thought to have a

pathological function in a number of vascular diseases (Goto

Figure 3 Effect of an angiotensin II infusion in vivo on systolic blood
pressure (a) and the contraction of endothelium-denuded rat aortic
strips induced by endothelin-1 in vitro (b). Strips were obtained from
control and diabetic animals in the absence of insulin treatment.
Ordinate shows increase in tension (expressed in milligram tension
per milligram tissue) measured at the peak of the response. Values
are mean±s.e.mean from 8 to 10 experiments. *Po0.05 versus
controls. wPo0.05 versus angiotensin II-untreated diabetic. yPo0.05
versus chronic angiotensin II-infused control.

Figure 4 Effect of endothelin antagonists, BQ123 (a) and BQ788
(b) on endothelin-1-induced contraction of endothelium-intact rat
aortic strips in vitro. Endothelin antagonists were used at a
concentration of 10�6 M. Ordinate shows increase in tension
(expressed in milligram tension per milligram tissue) measured at
the peak of the response. Values are mean±s.e.mean from 8 to 10
experiments. *Po0.05 versus controls. wPo0.05 vs IT-diabetic.
#Po0.05 versus BQ788-treated control.
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et al., 1996). In this study, our IT-diabetic rats displayed

enhanced ET-1-induced contractility (in both endothelium-

intact and endothelium-denuded aortae), but not enhanced

Ang II-induced contractility. ET-1 is widely known to

stimulate ETA receptors on vascular smooth muscle cells to

produce vasoconstriction and ETB receptors on endothelial

cells to produce vasodilatation (Goto et al., 1996). Some

studies have demonstrated the overexpression of the

vascular ETA receptor in both insulin-resistant rats and high

fat diet-induced obese mice, providing further support for

the function of ET-1 and its receptors in vascular diseases

related to insulin resistance and obesity (Jesmin et al., 2006;

Mundy et al., 2007). We, therefore, wondered if the expres-

sions of ET-1 receptors might be changed by IT-diabetes with

hyperinsulinaemia. In fact, the expression of the ETA and ETB

receptors in aortic tissue was increased in IT-diabetic,

compared with control rats. Treatment with BQ123, an ETA

receptor antagonist, shifted the dose–response curve for the

ET-1-induced contraction to the right. Thus, the enhanced

ET-1-induced contractile response seen in the IT-diabetic

aorta may be the result of an increased expression of the ETA

receptor in the smooth muscle cells.

Recently, we reported that the hyperinsulinaemia resulting

from insulin treatment of diabetic rats enhanced catechol-

amine-induced contractility, possibly owing to the increased

PI3-K activity (Kobayashi et al., 2006). Here, we found that

a PI3-K inhibitor, LY294002, had a normalizing effect on

the enhanced ET-1-induced contractions seen in aortae from

IT-diabetic rats. Thus, our data suggest that the increase

in ET-1 contractility observed in such rats may also be due

to increased PI3-K activity. There is emerging evidence that

in vascular smooth muscle cells, activation of MEK/ERK

by some agonists is mediated by PI3-K (Yamboliev

et al., 2000; Takeda et al., 2001). Here, we found that an

MEK/ERK inhibitor, PD98059, had a normalizing effect

on the enhanced ET-1-induced contractions in IT-diabetic

rats. Interestingly, there was no difference in the ET-1

contraction among the LY294002-treated, PD98059-treated

and LY294002þPD98059-treated groups. As cotreatment

with a PI3-K inhibitor and MEK/ERK inhibitor had no greater

effect on the ET-1-induced contractile response than the

PI3-K inhibitor alone or the MEK/ERK inhibitor alone, the

enhancement of aortic contractility seen in our IT-diabetic

rats may be related to the increased activity in the PI3-K-

associated MEK/ERK pathway. In addition, the ET-stimulated

levels of ERK activity and ERK-1/2 and MEK-1/2 protein

expressions were greatly increased in our IT-diabetic rats.

Those results suggest that the increase in ET-1-induced

contractility observed in the IT-diabetic rat aorta may be

due to increases in ERK activity and MEK/ERK protein

expressions. ET-1 actin at ETA receptors possesses the ability

to activate the PI3-K/MEK/ERK pathway in human and rat

vascular smooth muscle cells (Koide et al., 1992; Yang et al.,

1999), but few reports specifically implicate the PI3-K/MEK/

ERK pathway in the arterial contraction seen in response

to ET-1. Reportedly, in aortae from deoxycorticosterone

acetate -salt hypertensive rats, an MEK inhibitor slightly

reduced ET-1-induced contraction, an effect that was

partially dependent on activation of an MAPK pathway

(Kim et al., 2004). As neither PI3-K nor MEK/ERK inhibitors

had any effect on ET-1-induced contractile responses in our

controls, the importance of the MEK/ERK pathway-depen-

dent contraction may be specific to aortae from IT-diabetic

rats. Thus, our data suggest that the increase in ET-1-induced

contractility seen in the IT-diabetic rat may be attributable

not only to the increased ETA receptor expression, but also to

the increased activity of the PI3-K/MEK/ERK-pathway.

Mutual cross-talk between Ang II and ET-1 may exist in

vascular smooth muscle cells and they may share many

signalling components. Indeed, Ang II can induce ET-1 gene

expression in rat aortic smooth muscle cells (Jesmin et al.,

2006), and angiotensin-converting enzyme inhibition can

decrease circulating ET-1 levels in diabetic models (Ortiz

et al., 2001). In our study, chronic AT1 receptor blockade

blunted the increases in ET-1-induced contractility and

blood pressure observed in the IT-diabetic group, as well as

those in ERK activity and MEK/ERK protein expression seen

in that group. These observations suggest that in diabetic rats

with systemic hyperinsulinaemia, an AT1 receptor blocker

can almost totally prevent the development of the hyperten-

sion and ET-1 vascular hypereactivity that are associated

with increases in PI3-K/MEK/ERK activity and ET-1 receptors.

Figure 5 Effect of LY294002, a PI3-kinase inhibitor and/or
PD98059, an MEK/ERK inhibitor on endothelin-1-induced contrac-
tion of endothelium-denuded rat aortic strips from control (a) and
insulin-treated diabetic (IT-diabetic) rats (b) in vitro. LY294002 was
used at 2�10�5 M and PD98059 at 5�10�5 M. Ordinate shows
increase in tension (expressed in milligram tension per milligram
tissue) measured at the peak of the response. Values are mean±
s.e.mean from 8 to 10 experiments. *Po0.05 versus controls.
wPo0.05 versus IT-diabetic.
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Figure 6 Immunohistochemical staining for endothelin-1 receptor (a) and western blots for ETA receptor (ETA-R; b and c) or ETB receptor
(ETB-R; b and d) in endothelium-intact rat aorta. Representative sections of endothelin-1 receptor-positive staining is shown in red for aorta
obtained from control rats, with and without angiotensin II infusion and for insulin-treated diabetic rats (IT-diabetic) with and without chronic
losartan therapy. Calibration bar, 25mm. Original magnification �100. Representative western blots of ETA and ETB receptors from rat aorta
(b) were quantified by scanning densitometry (c and d). For the ETA receptor, two bands (54 and 39 kDa) corresponding to native and
glycosylated forms were detected. Values are mean±s.e.mean from 8 experiments. *Po0.05 versus controls. #Po0.05 versus IT-diabetic.

Figure 7 Western blots for endothelin-1-induced ERK phosphorylation (a), ERK-1/2 (b) and MEK-1/2 (c) in endothelium-intact rat aortic
strips. Strips were obtained from age-matched control, insulin-treated diabetic (IT-diabetic), losartan-treated IT-diabetic and angiotensin II
(Ang II)-infused control rats. Top: representative blots of endothelin-1-induced phosphorylated ERK (p-ERK) are shown for strips in the absence
and presence of PD98059 and LY294002 (a). Bands were quantified by scanning densitometry. Ratios were calculated for the optical density of
ERK-1/2 or MEK-1/2 over that of b-actin. Values are mean±s.e.mean from 8 experiments. *Po0.05 versus controls. #Po0.05 versus IT-diabetic.
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In contrast, chronic ET-1 receptor blockade normalized only

the increase in blood pressure, with neither ET-1 receptor

expression nor ERK activity being affected. Although both

ET-1 and Ang II have been implicated in models of

hypertension, several studies shown that in Ang II-infused

rats, blood pressure may be increased through mechanisms

other than direct Ang II-induced vasoconstriction (Ballew

and Fink, 2001). Indeed, Ang II has many effects other than

direct vasoconstriction. One action of Ang II, which receives

increasing attention is its ability to increase the production

of substances capable of inducing powerful contractions,

such as ET-1 (Ballew and Fink, 2001; Ortiz et al., 2001).

Furthermore, in rats made hypertensive by Ang II infusion,

blocking either ET-1 or Ang II receptors ameliorated the

hypertension, indicating that ET-1 has a causal function

in Ang II-induced hypertension (Ballew and Fink, 2001;

Ortiz et al., 2001). These results suggest that in diabetics

with hyperinsulinaemia, systemic blood pressure may be

enhanced by combined increases in the Ang II system and

ET-1 system.

Next, we considered whether an enhancement of plasma

Ang II alone might increase ET-1-induced contraction

through increases in MEK/ERK activity and ET-1 receptors.

In our study, (a) the ET-1-induced contraction was greater in

Ang II-infused rats than in Ang II-untreated rats and (b) Ang

II-infused controls showed an increased ET-1-stimulated ERK

phosphorylation level (versus Ang II-untreated controls).

These results strongly suggest that the increased plasma Ang

II level caused the observed enhancement of aortic contrac-

tility through the ERK pathway. Interestingly, Ang II-infused

controls showed no change in the protein expressions of

ETA/B receptors or MEK/ERK. This is important because

several previous studies have shown that the increased

MEK/ERK activity detected in aortae from the Ang II-infused

rat and deoxycorticosterone acetate-salt hypertensive rat did

not alter those protein expressions (Kim et al., 2004; Ding

et al., 2007). Thus, Ang II alone is not sufficient to increase

the protein expression of the ETA and ETB receptors, or MEK/

ERK, in the rat aorta. Instead, we suggest that a high plasma

Ang II level and a diabetic states have an additive effect on

the ET-1-induced contractile response through different

pathways. Generally, different growth factors and hormones,

aside from insulin and Ang II, could also have important

functions in the development of diabetic complications. In

our study, both the ET-1-induced contractile response and

blood pressure were higher in Ang II-infused diabetic rats

than in Ang II-infused controls, strongly suggesting that a

high Ang II level acts more potently in the diabetic state

than in the non-diabetic state in increasing ET-1-induced

contraction and blood pressure. This may be owing to the

increases in the protein expressions of the ETA receptor,

MEK-1/2 and ERK-1/2. It is unclear at present, however,

which aspect of the diabetic state might be responsible for

increasing ET-induced contraction in the aorta; the effect

might conceivably result from changes in the physiological

conditions and/or in the level of any of several other

hormones.

Taken together, our findings indicate that in IT type 1

diabetic rats with systemic hyperinsulinaemia, treatment

either with an AT1 receptor blocker or with an ET receptor

blocker can prevent the development of the hypertension

typically seen in that model. Furthermore, chronic AT1

receptor blockade blunted the increase in ET-induced

contractility observed in such diabetics, through decreases

in ETA receptor and MEK/ERK protein expressions/activities.

We suggest that a high plasma Ang II level, a high plasma

insulin level and a diabetic state need to exist together to

cause an augmentation of ET-1-induced contraction through

the ETA receptor /PI3-K/MEK/ERK pathway. The coexistence

of these factors may accelerate the progression of systemic

hypertension in diabetes.
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