
as nitric oxide （NO） and prostaglandin （PG） I2 in nor-
mal vascular endothelial cells, with NO thought to be 
the major vasodepressor produced by insulin 1, 2）. NO 
production by insulin is dependent on the phosphati-
dylinositol 3-kinase （PI3K）/Akt/endothelial NO syn-
thetase （eNOS） pathway, which is distinct from the 
classical calcium-dependent pathway activated via G 
protein-coupled receptors such as the acetylcholine 

（Ach） receptor 1〜9）. Simultaneously, insulin also stimu-

INTRODUCTION

Insulin increases the levels of vasodepressors such 
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SUMMARY
Background：Insulin increases nitric oxide （NO） production via the phosphatidylinositol 3-kinase 

（PI3K） pathway and endothelin （ET）-1 secretion via the mitogen-activated protein kinase （MAPK） path-
way in vascular endothelial cells. In normal vascular endothelial cells, the insulin effect via the PI3K path-
way is thought to occur slightly earlier than that via the MAPK pathway. However, the direct effect of insu-
lin on vascular rings isolated from an animal model has not been fully examined. The main purpose of study 
was to investigate the potential vasodilation-effect of insulin on the isolated vascular rings of rats.
Material and Methods：Descending aorta rings isolated from Wister rats were used in exo-vivo study. 

In study using culture cells, bovine aortic endothelial cells were used, and the effect of insulin on the produc-
tion of nitric oxide （NO） and the secretion of endothelin （ET）-1 was investigated. NO production was eval-
uating using diaminofluorescein-2, a NO-specific dye.
Results：Insulin （250 nM）-stimulated NO production evaluated using diaminofluorescein-2 （DAF-2） de-

pendency on the NO concentration in BAECs indicated a significant increase in NO compared with controls. 
Addition of 250 nM insulin also significantly increased ET-1 secretion and phosphorylation of Akt at Ser473 
and eNOS at Ser1177 （Ser1179 in bovine eNOS） in BAECs, compared with controls. Insulin treatment 
showed a slight tendency to increase phosphorylation of extracellular signal-regulated kinase （ERK） 1/2, 
but this change did not reach statistical significance. A cumulative insulin concentration of 3×10−6 M pro-
duced only a small change in the diameter of aortic rings from Wister rats （7.3±3.5％ vs. 3.6±3.5％ with 3
×10−6 M saline；both n＝3）. Addition of acetylcholine to these rings caused dilatation of almost 100％.
Conclusion：Insulin increases production of NO and secretion of ET-1 in BAECs, but has little effect on 

aortic rings isolated from Wister rats.
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Japan） at wavelengths of 495 nm （excitation maxi-
mum） and 515 nm （emission maximum）.

Endothelin-1 （ET-1） assay
ET-1 in the supernatant was assayed using an En-

dothelin-1 IBL Kit （Immune-Biological Laboratories, 
Gunma, Japan）13）. Each sample for ET-1 measurement 
was collected under the same conditions as those used 
for NO measurement.

Vasodilatatory effects of insulin in Wistar rats
Animal studies were conducted according to the 

“Guiding principles for the Care and Use of Laboratory 
Animals” of the Japanese Pharmacological Society. All 
animal studies were performed by Hamamatsu Phar-
ma Research, Inc. （Hamamatsu, Japan）.

Nine-week old male Wistar （WT） rats （non-diabet-
ic controls） were purchased from Japan SLC, Shizuoka, 
Japan. Rats were anesthetized with an overdose of 
pentobarbital and sacrificed by phlebotomy from the 
carotid artery. The chest of each rat was opened and 
the entire descending aorta was immediately dissected. 
Rings of the thoracic aorta of 5 mm in length were 
then prepared under a microscope. Preparations in-
cluded rings with and without endothelial cells. Each 
ring was mounted vertically between two hooks in or-
gan chamber myographs filled with 5 ml of Krebs-
Henseleit solution of composition 118 mM NaCl, 4.7 mM 
KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 
25 mM NaHCO3 and 11 mM glucose aerated with 95％ 
O2 and 5％ CO2. Isometric tension was measured us-
ing a carrier amplifier （AP-621G, Nihon Kohden, To-
kyo, Japan） and recorded with a multiple pen recorder 

（R-64, Rikadenki, Tokyo, Japan）. After equilibration 
for 60 min, the rings were precontracted with a sub-
maximal concentration of phenylephrine （10−6 M）. 
Subsequently, the rings were exposed to cumulative 
concentrations of acetylcholine （Ach）, nitroglycerin 

（NTG） or insulin. Control rings were treated with 
same amount of saline.

Western blotting
Cell lysates were prepared using 300 mg of lysis buf-

fer ［100 mM NaCl, 20 mM HEPES （pH 7.9）, 1％ Triton 
X-100, 10 mM EDTA, 1 mM phenylmethylsulfonyl flu-
oride, complete protease inhibitor cocktail, and phos-

lates the mitogen-activated protein kinase （MAPK）/
endothelin-1 （ET-1） pathway 1, 10, 11）, and ET-1 is a 
strong vasoconstrictor in endothelial cells. The oppo-
site effects of insulin indicate that the balance of NO 
production and ET-1 secretion by insulin stimulation 
in vascular smooth muscle cells has an important role 
in maintaining normal vascular tonus in healthy sub-
jects 1）.

The insulin effect on the PI3KAkt/eNOS pathway is 
thought to occur slightly earlier than that on the 
MAPK/ET-1 pathway in normal vascular endothelial 
cells 1）. Given the apparent priority of insulin for the 
PI3K/Akt/eNOS pathway over MAPK/ET-1 path-
way, we hypothesized that insulin would have a mild 
or moderate vasodilatatory effect on vascular rings. 
However, the direct effect of insulin on vascular rings 
isolated from an animal model has not been fully inves-
tigated. Therefore, in the current study we investigat-
ed the effect of insulin on aortic rings isolated from 
Wistar rats. We also confirmed the effects of insulin on 
NO production and ET-1 secretion in bovine aortic en-
dothelial cells.

MATERIALS AND METHODS

Cell culture
Bovine aortic endothelial cells （BAECs） in primary 

culture （Cell Systems, Kirkland, WA, USA） were 
grown to 95％ confluence in Dulbecco’s modified Ea-
gle’s medium （DMEM） including 10％ fetal bovine se-
rum （FBS） at 37 °C in a humid atmosphere with 5％ 
CO2. Cells were used between passages 4 and 6.

Measurement of NO in BAECs
Production of NO was assessed using diaminofluo-

rescein-2 （DAF-2；Daiichi Pure Chemicals, Tokyo, 
Japan）, an NO-specific fluorescent dye 12）. After over-
night starvation, cells were washed in phosphate-buff-
ered saline （PBS） and treated for 5 min with PBS con-
taining 10 mM L-arginine, 10 mM DAF-2, and 0 or 250 
nM insulin. An insulin concentration of 250 nM was 
used based on the significant increase in NO produc-
tion observed at this concentration in a preliminary 
study in BAECs （data not shown）. Supernatant was 
collected 5 min after addition of DAF-2 and NO pro-
duction was measured as fluorescence intensity （FI） 
using an F-2500 Spectrophotometer （Hitachi, Tokyo, 
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ti-eNOS antibody, anti-phospho-Ser1177 （Ser1179 in 
bovine） eNOS antibody, anti-extracellular signal-regu-
lated kinase （ERK） 1/2 antibody, and anti-phospho-
ERK1/2 antibody were obtained from Cell Signaling 
Technology （Danvers, MA, USA）.

Statistical methods
All data are presented as means±standard error 

（SE）. Comparison between two variables was per-
formed using an unpaired t test. P＜0.05 was consid-
ered to indicate statistical significance in all analyses.

phatase inhibitor cocktail］ （Roche Applied Sciences, 
Indianapolis, IN, USA）. Samples （50 mg total protein） 
were separated by 10％ SDS-PAGE and then immu-
noblotted on polyvinylidene difluoride membranes. The 
blots were incubated with the primary antibody at 4℃ 
overnight and probed with a peroxidase-conjugated 
secondary antibody using standard methods. Immuno-
reactive proteins were visualized on X-ray films by 
enhanced chemiluminescence. Blots were quantified by 
scanning densitometry （GS-800 Calibrated Densitome-
ter, Bio-Rad Laboratories, Hercules, CA, USA）. Anti-
Akt antibody, anti-phospho-Ser473-Akt antibody, an-
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Fig. 1　 The effect of insulin on NO production（A）and ET-1 secretion（B）on BAECs. 
* shows statistical significance（P＜0.05）. n＝3, respectives

Fig. 2　 The effect of insulin on phosphorylation of Akt, eNOS and ERK1/2 on BAECs. Representative 
samples are shown （A-C）. In（D, E）, * shows statistical significance（P＜0.05）. n＝3, respectives
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ERK1/2, but this effect did not reach statistical signifi-
cance （Fig. 2C, F）.

Effect of insulin on dilatation of rat thoracic aorta rings
Rings with and without endothelium were prepared 

from two WT rats. Cumulative addition of Ach （1× 
10−9−1×10−6 M） caused 91.5％ relaxation of rings 
with endothelium （n＝2）, but had no effect on rings 
without endothelium （dilatation of 1.5％ at 3×10−6 M 
Ach；Fig. 3A）. Cumulative addition of NTG （1×10−9

−1 × 10−6 M） produced about 100 ％ relaxation in 
rings with and without endothelium （both n＝2；Fig. 
3B）. In contrast, insulin （1×10−6 M） had little effect 
on relaxation of either type of ring, with 13.6％ and 
5.1％ relaxation of rings with and without endotheli-
um, respectively （both n＝2；Fig. 3C）. An additional 
study was performed in aortic rings with endothelium 
prepared from three more WT rats. In these rings, in-

RESULTS

Insulin-induced NO production and ET-1 secretion in 
BAECs

Insulin （250 nM）-stimulated NO production evaluat-
ed using the DAF-2 dependency on the NO concentra-
tion in BAECs indicated a significant increase of NO 
compared with controls （Fig. 1A）. Addition of 250 nM 
insulin also significantly increased ET-1 secretion in 
BAECs （Fig. 1B）.

Insulin-stimulated phosphorylation of Akt at Ser473 
and eNOS at Ser1177 in BAECs

Addition of insulin （250 nM） to BAECs significantly 
increased phosphorylation of Akt at Ser473 and eNOS 
at Ser1177 （Ser1179 in bovine eNOS）, compared with 
controls （Fig. 2A, B, D, E）. Insulin treatment also 
showed a tendency to increase phosphorylation of 
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Fig. 3　 Effect of Ach （A）, nitroglycerin （B）, and insulin （C） on dilatation of rat thoracic aorta rings （n
＝2 for respective rings）.

Fig. 4　 Effect of insulin on dilatation of rat thoracic aorta rings with endothelium （A）, and 
additional effect of Ach on dilatatin of these rings（n＝3 for respective rings）.
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NO secretion in endothelial cells due to selective insu-
lin resistance, which is generally recognized in type 2 
diabetes or metabolic syndrome 1, 15）. In fact, a recent 
study showed reduced insulin-stimulated relaxation of 
aortic rings （less than 5％ relaxation） in insulin recep-
tor-knockout mice compared with wild type mice 14）. 
Furthermore, in a previous clinical study, we found 
that flow-mediated vasodilatation （FMD）, which re-
flects endothelial cell-dependent NO production, in 
type 2 diabetic patients has a tendency to decrease 
compared with that in non-diabetic patients 16）. There-
fore, we speculate that addition of insulin to precon-
tracted aortic rings from type 2 diabetic rats will have 
less effect on the ring diameter compared to the effect 
on rings from normal rats, but that insulin may inhibit 
aortic dilatation by Ach.

The strongest vasodepressor produced by insulin is 
thought to be NO 1）, but insulin-stimulated PGI2 may 
also be an important vasodepressor 1, 17〜19）. We did not 
investigate the effect of insulin on PGI2 production or 
the effect of PGI2 on aortic rings in the current study, 
and it will be of interest to examine the balance of 
PGI2 and ET-1 through investigation of the effect of 
insulin on aortic rings in the presence of an eNOS in-
hibitor.

In the current study, we missed investigating the ef-
fect of insulin for NO production or ET-1 secretion on 
BAECs or that for vasodilation and vasoconstriction on 
vascular rings under existence of NO synthetase inhib-
itor such as Nw-nitro-L-arginine methyl ester （L-
NAME）, or PI3K inhibitors such as wortamanin and 
LY294002；these drugs inhibit PI3K/eNOS/NO path-
way of insulin. Furthermore, regarding MAPK/ET-1 
pathway, these effects of insulin under drugs such as 
p44/pERK inhibitor, PD98059 and U0126 was not in-
vestigated. The use of these drugs may have more 
clarified the effect of insulin on vascular endothelial 
cells, and this is one of limitations of this study.

Finally, the number of aortic rings investigated in 
this study was relatively small；at least, 4-5 aortic 
rings should have been used.

In conclusion, we found that insulin has little effect 
on the diameter of aortic rings isolated from Wistar 
rats. This result suggests that the insulin-stimulated 
NO production and ET-1 secretion is approximately in 
balance in normal rats. The potentially harmful effect 

sulin （3×10−6 M） produced relaxation of 7.3±3.5％, 
compared to 3.6±3.5％ with the same volume of sa-
line （both n＝3, not significant；Fig 4A）. Ach caused 
100％ dilatation of these rings （Fig. 4B）.

DISCUSSION

The results of the study confirm previous findings 
showing that insulin increases NO production, ET-1 
secretion, and the levels of phosphorylated eNOS and 
phosphorylated ERK1/2 1, 2, 5, 8〜11） in BAECs. The in-
crease in p-ERK stimulated by insulin was slight and 
the change was not significant in this study, which 
was probably due to the relatively low insulin concen-
tration. Our data are generally consistent with the es-
tablished concept that insulin promotes NO production 
and ET-1 secretion by enhancing the respective 
PI3K/Akt/eNOS and MAPK/ET-1 pathways.

The balance of insulin-stimulated NO and ET-1 pro-
duction in vascular smooth muscle cells is important 
for maintenance of vascular tonus, and the vasodilata-
tory effect of insulin through an increase in NO is 
thought to occur slightly before the vasoconstrictive 
effect produced by an increase in ET-1 in a normal 
state 1）. Therefore, we expected that insulin would 
show a clear vasodilatatory effect on vascular aortic 
rings isolated from Wistar rats. However, we found 
that insulin had little effect on the diameter of aortic 
rings with or without endothelial cells：the 7％ relax-
ation found at a super-physiological insulin concentra-
tion （3×10−6 M） in rings with endothelial cells was in-
significant compared with relaxation of about 3％ in 
similar saline-treated rings. This result corresponds to 
that in very recent study in 10 week-old age C57B16 
mice fed a normal diet, in which about 7％ relaxation 
of isolated aortic rings was found at a super-physiolog-
ical insulin concentration of about 3×10−6 M 14）. The 
small effect of insulin on normal aortic rings suggests 
that insulin stimulation of NO via the PI3K/Akt/eNOS 
pathway and ET1 via the MAPK/ET-1 pathway are 
in balance, without the suggested priority of NO pro-
duction over that of ET-1 1）.

In the current study, we did not investigate the ef-
fect of insulin on aortic rings isolated from a type 2 di-
abetic rat model such as the Goto Kakizaki （GK） rat. 
However, in a robust insulin-resistant state, it is likely 
that ET-1 secretion induced by insulin occurs prior to 
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of insulin on aortic rings prepared from an animal 
model of type 2 diabetes requires investigation in a 
further study.

Disclosure summary：The authors have nothing to 
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