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Impaired Endothelium-Dependent Relaxation is Mediated by Reduced
Production of Nitric Oxide in the Streptozotocin-Induced Diabetic Rats
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To evaluate the involvement of nitric oxide production on the endothelium-dependent relaxation in
diabetes, we have measured vascular and endothelial function and nitric oxide concentration, and the
expression level of endothelial nitric oxide synthase in the streptozotocin-induced diabetic rats. Diabetic
rats were induced by the injection of streptozotocin (50 mg/kg i.v.) in the Sprague-Dawley rats.
Vasoconstrictor responses to norepinephrine (NE) showed that maximal contraction to norepinephrine (107°
M) was significantly enhanced in the aorta of diabetic rats. Endothelium-dependent relaxation induced by
acetylcholine was markedly impaired in the aorta of diabetic rats, these responses were little improved
by the pretreatment with indomethacin. However, endothelium-independent relaxation induced by nitropru-
sside ‘was not altered in the diabetic rats. Plasma nitrite and nitrate (NOy/3) levels in diabetic rats were
significantly lower than in non-diabetic rats. Western blot analysis using a monoclonal antibody against
endothelial cell nitric oxide synthase (eNOS) revealed that the protein level was lower in the aorta of
diabetic rats than in non-diabetic rats. These data indicate that nitric oxide formation and eNOS expression
is reduced in diabetes, and this would, in part, account for the impaired endothelium-dependent relaxation
in the aorta of streptozotocin-induced diabetic rats.
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INTRODUCTION

Cardiovascular dysfunction and vascular injury are
the leading causes of morbidity and mortality in
diabetic patients (Garcia et al, 1974; Decker et al,
1978). Alteration in the production and action of
endothelial cell products can contribute significantly
to abnormal modulation of vascular tone in certain
disease states (Rongen et al, 1994). Studies in experi-
mental animals designed to investigate the mechanism
of this dysfunction have implicated various factors
including increased destruction by oxygen-derived
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free radicals (Langenstroer & Pieper, 1992; Pieper &
Meier, 1992; Tesfamariam & Cohen, 1992; Diederich
et al, 1994), release of an endothelium-derived
constracting factor (Tesfamariam et al, 1989b; May-
han et al, 1991), a decreased release or production of
endothelium-derived relaxing factor (EDRF).

Nitric oxide (NO) release from the endothelium
plays an important role in the regulation of vascular
tone, inhibition of platelet and leukocyte aggregation
and addhesion (Moncada et al, 1991). These pro-
perties suggest that the level of NO production by the
endothelium may play a pivotal role in the regulation
of vascular diseases. Endothelium-dependent vasodil-
ation has been reported to be impaired in the early
stages of insulin-dependent diabetic patients (Pieper
& Gross, 1991; Calver et al, 1992; Kamata et al,
1992; Cohen, 1993; Ohnstone et al, 1993; McNally et
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al, 1994; Makimattila et al, 1996) and insulin-inde-
penent diabetic patients (McVeigh et al, 1992). Also
vasodilator responses to agonists which release nitric
oxide from endothelial cells are known to be impaired
in both conduit (Pieper & Gross, 1988; Kamata et al,
1989; Cameron & Cotter, 1992) and resistance
(Mayhan. et al, 1991; Mayhan, 1992; Taylor et al,
1994; Ohishi & Carmines, 1995) vessels obtained
from experimental diabetic animals.

Impaired agonist-stimulated- Ca influx .and NO
production have been observed after exposure of rat
or porcine endothelial cells to elevated glucose con-
centration (Salameh & Dhein, 1998). In vitro studies
on human umbilical vein endothelial cells showed that
an enhanced glucose flux inhibited NO production by
blunting NOS activity although the type of NOS
involved was not identified (Okuda et al, 1996).
Endothelial dysfunction in fructose-fed rats and strep-
tozotocin-diabetic rats may be due to a decreased
synthesis  of nitric oxide at least in the perfused
kidney (Kamata & Yamashita, 1999). On the other
hand, a number of studies have demonstrated in-
creased NO release under conditions of hypergly-
cemia and diabetes (Sobrevia et al, 1996). Expression
of mRNA and protein for eNOS was increased after
culture with elevated glucose concentrations in human
aortic endothelial cells for 5 days (Cosentino et al,
1997). Thus, there is some confusion in the scientific
literature with regard to the role of NO/NOS in the
induction of vascular dysfunction in diabetes. Also,
there is little information available concerning mea-
surement of endothelial nitric oxide synthase (eNOS)
protein content in diabetes mellitus.

The aim of this stady was to examine the invol-

vement of nitric oxide on the impaired endothelium-

dependent relaxation in the diabetic rats.

METHODS
Induction of diabetes

Male sprague-dawley rats (200~220 g) were divi-
ded randomly into non-diabetic and diabetic groups.
All rats were housed in hanging cages and had access
to food and water ad libitum. One group of rats was
injected with streptozotocin (50 mg/kg i.v.) to induce
diabetes. The second group of rats (non-diabetic rat)
was injected with vehicle. Blood samples, for mea-
surement of blood glucose concentration, were obtained

at 10 weeks after injection of streptozotocin or
vehicle, and on the day of the experiment.

Organ bath study

The thoracic aorta was carefully excised and excess
connective tissue and fat were removed. In all
instances, extreme care was taken not to touch the
luminal surface or to stretch the preparation during
the isolation so as not to damage the endothelium.
Aortic segments were cut into rings and mounted on
parallel wires in isolated tissue baths which were
thermoregulated to 37°C. The medium consisted of a
Tris-Tyrode’s buffer containing (in mM) NaCl 158,
KCl 4, CaCl, 2, MgCl, 1, glucose 6 and Tris base
6 maintained at pH 7.4 with 100% O,. Rings were
stretched to optimal resting tensions of 1.0 g. Iso-
metric tension was measured using a Grass Model
7400 polygraph and FTO3C force-displacement trans-
ducers. Each ring was equilibrated for 1 hr. At the
plateau of tension development to norepinephrine,
concentration-dependent relaxation to acetylcholine or
nitroprusside was used to evaluate endothelium-
dependent versus endothelium-independent vasodilation,
respectively.

Nitric oxide measurements

Plasma (150 g1) was ultra-filtered by centrifugation
at 12000 rpm for 30 min, using 10 kDa molecular
weight filters (Ultrafree-MC, Millipore). NO assay
was performed in a standard flat bottomed 96-well
polystyrene microtitre plate containing 50 yl/well of
standard or sample. The assay was blanked against
phosphate-buffered saline (PBS). Fifty microlitres of
nitrate reductase and S-NADPH were added to each
well giving final concentration of 300 U/L and 25 uM,
respectively. The plate was incubated at room tem-
perature for 3 h. Excess S-NADPH was consumed
by addition of 10 gl of PBS containing a-keto-
glutaric acid (80 mM, final 4 mM), NH,Cl (1 M, final
100 mM), and L-glutamic dehydrogenase (5 Ujml,
final 500 U/L) followed by 10 min incubation at
37°C. The nitrite concentration was then measured by
the addition of 50 ul each of Griess reagents 1 and
2, and the absorbance was read at 540 nm using a
plate reader after 10 min incubation at room tem-
perature.



Impaired Endothelium-Dependent Relaxation in Diabetic Rats 265

Western blot analysis

Thoracic aortae were obtained from the control and
the diabetic rats and homogenized on ice with a tissue
homogenizer (Biospec Products Inc.) in the buffer
composed of 50 mM Tris-HCI (pH 7.4), 2% SDS, 1
mM dithiothreitol, 1 xg/ml leupeptin, and 1 mM
phenylmethylsulphonyl fluoride. The homogenized
tissues were centrifuged at 10,000 g for 30 min and
the supernant was stored at —70°C until further ana-
lysis. Aliquots of tissue homogenates were used for
protein assay (Protein assay reagent, Bio-Rad, USA)
and Western blot analysis. S0 pg of protein extracts
obtained from the rat aortaec were separated by 7.5%
SDS-PAGE and electrophoretically transferred to
nitrocellulose ‘membrane (Hybond ECL, Amersham,
USA). Non-specific binding to the membrane was
blocked by 5% nonfat dry milk in phosphate buffered
saline-0.1% Tween 20 (PBS-T) for 2 hours at 25°C.
The membrane blots were washed twice with PBS-T
and then incubated with a mouse monoclonal anti-
body diluted 1 : 1500 (Transduction Laboratory,
USA) which were raised against a 140 kDa peptide
fragment corresponding to the amino acid sequence
from 1,030 to 1,209 of the human endothelial nitric
oxide synthase (eNOS) protein. The membranes were
then incubated with a 1 : 1000 dilution of the rabbit
anti-mouse Ig G conjugated to horseradish peroxidase
(Amersham, USA). The signal strengths were analy-
zed using an ECL detection system (Amersham,
USA) after autoradiography.

RESULTS
Characteristics of diabetic animals

A total of 13 diabetic and 10 non-diabetic rats were
used for this study. Diabetic rats demonstrated

significant elevation in serum glucose at 10 weeks
after streptozotocin injection (50 mg/kg, i.v.). Blood
glucose levels were elevated in diabetic rats (453.1 =%
14.9 mg/dl) compared to non-diabetic ones (107.0+
5.5 mg/dl). At the conclusion of the study; control
rats weighed 444.3+12.7 .g 'while diabetic rats
weighed 242.6+12.6 g. Systolic blood pressure was
elavated in-diabetic rats (132.3+2.8 mmHg) compa-
red to non-diabetic ones (123.343.3 mmHg)(Table 1).

Vascular reactivity studies

Norepinephrine induced the contraction in both
control and diabetic aortic rings. Maximal contractile
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Fig. 1. Norepinephrine (10~° M)-induced contraction in
the absence and presence of indomethacin (2 X 10~% M),
an inhibitor of cyclooxygenase, in the aortic rings of
control and diabetic rats. Results are presented as
percentage contraction of the maximal vasocontraction
induced by 70 mM K*. *P<0.05 compared to control
(n=4).

Table 1. General characteristics of streptozotocin-induced diabetic rats

Control rats

Diabetic rats

omifi
Group (n=10) (n=13) Significance
Blood glucose (mg/dl) 107.0£5.5 45311149 P<0.01
Body weight (g) 44431127 242.6+12.6 P<0.01
Systolic blood pressure 1233+£33 132.3+£2.8 P<0.05

*Systolic blood pressure was measured with tail-cuff method.
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force by norepinephrine was expressed as percentage
of 70 mM K™ -induced contraction. There was signi-
ficant difference in the maximum tension develop-
ment (95.5+1.3% and 115.7%+1.7% for control and
diabetic rats, respectively). Also, there was significant
difference in tension development before and after
indomethacin exposure in either control rings (95.5t
1.3% to 71.6+4.3%, n=4 each) or in diabetic rings
(115.74+1.7% to 104.3+£2.2%, n=4 each)(Fig. 1).

Endothelium-dependent relaxation

Acetylcholine produced concentration-dependent
relaxation in the precontracted rings with norepine-
phrine (107> M) of control and diabetic rats. The
endothelium-dependent relaxation induced by acethy-
Icholine was significantly attenuated in diabetic rings
compared to mnon-diabetic control rings. Impaired
endothelium-dependent relaxation was not improved
by the pretreatment with indomethacin (2 X 10™° M),
an inhibitor of cyclooxygenase, in the aorta of dia-
betic rats (Fig. 2).

Endothelium-independent relaxation

Sodium nitroprusside is well known as endothelium-
independent vasodilator or nitric oxide donor. Endo-
thelium-independent relaxation induced by sodium
nitroprusside is not impaired in the aortic rings of
diabetic rats compared with non-diabetic rats (Fig. 3).

Plasma nitric oxide level in diabetes

In order to evaluate the effect of diabetes on
plasma nitric oxide concentration, the level of nitrite
(NO3) and nitrate (NO3) as the stable metabolite of
nitric oxide was measured using modified griess
reaction in the plasma of both rats. Plasma nitrite
and nitrate in diabetic and non-diabetic rats were 2.9
+0.1 uM and 4.2%0.3 M, respectively. Plasma
nitrite/ nitrate in diabetic rats was significantly
decreased compared with that in non-diabetic rats

(Fig. 4).
The expression of eNOS protein in diabietes

To evaluate the effect of diabetes on the protein
expression for endothelial nitric oxide synthase,
eNOS protein levels in aortic homogenate were
measured using the western blots using monoclonal
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Fig. 2. Endothelium-dependent relaxation induced by
acetylcholine in the presence of indomethacin (210
M, an inhibitor of cyclooxygenase) in the aorta of control
(n=5) and diabetic rats (n=4). The results are presented
as percentage relaxatlon of maximal contraction induced
by norepinephrine (107° M).
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Fig. 3. Endothelium-independent relaxation induced by
sodium nitrioprusside in the aortic rings of control and
diabetic rats. The results are presented as percentage
relaxation of maxunal contraction induced by nore-
pinephrine (10~ > M) in the aortlc rmgs pretreated with
L-nitroarginine methyl ester (10~ * M), an inhibitor of
non-specific nitric oxide synthase.
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Fig. 4. Plasma nitrite/nitrate concentration in control and
diabetic rats. After nitrate was converted to nitrite with
nitrate reductase, nitrite/nitrate concentration was mea-
sured using modified Griess reaction. *P <0.05
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Fig. 5. Western blot analysis of aortic homogenates (50 xg
of total protein) probed with a monoclonal antibody of
endothelial nitric oxide synthase (n=4).

antibody and its level was analyzed using densito-
metry. As shown in Fig. 5, eNOS protein expression
was significantly decreased in diabetic rats than in
non-diabetic rats. The degree of eNOS protein
expression in the aortic homogenate of diabetic rats
was about 47+5.8% that of non-diabetic rats.

DISCUSSION

Nitric oxide is produced in the endothelium of
normal vessels both in a basal release (Tesfamariam
et al, 1989) and in response to a variety of endo-
thelium-dependent vasodilator (Tesfamariam et al,
1989b; Martin et al, 1986). Endothelial nitric oxide
synthase (eNOS) produces NO and citrulline from
L-arginine in response to small and large per-
turbations in intracellular calcium. Production of nitric
oxide from the constitutive nitric oxide synthase in
endothelial cells is believed to contribute to the
phenomenon known as endothelium-dependent relax-
ation of blood vessels. The conversion of the sub-
strate, arginine, to form nitric oxide by this enzyme
is dependent on the substrate concentration and the
availability of cofactors such as calcium ion, calmo-
dulin, and tetrahydrobiopterin and NADPH (Mlsch &
Busse, 1991).

In the present study, to evaluate the endothelial
dysfunction on the agonist induced contraction in
diabetic rats, we measured the amplitude of nore-
pinephrine-induced contraction and endothelium-
dependent relaxation in the aortic ring of diabetic rats.
The amplitude of NE-induced contraction in diabetic
rats was greater than that in control rats. The
contractions in the presence of indomethacin in
diabetic rats were also greater than in control rats.
This finding suggests that augmented agonist-induced
contraction in the diabetic rats may be due to
decreased release of endothelium-derived relaxing
factor in the endothelial cells of diabetic rats.

Insulinopenic diabetes mellitus produces impaired
endothelium-dependent relaxation in a variety of
blood vessels (Pieper & Gross, 1991; Kamata et al,
1992; Cohen, 1993; Pieper & Peltier, 1995). In the
present study, at the plateau of tension development
to norepinephrine, concentration-dependent relaxation
responses to acetylcholine or nitroprusside were
conducted to evaluate endothelium-dependent versus
endothelium-independent vasodilation, respectively.
Endothelium-dependent relaxation induced by acetyl-
choline in the aortic rings pretreated with indome-
thacin was impaired significantly in diabetic rats.
However, endothelium-independent relaxation induced
by nitroprusside in the aortic rings pretreated with
L-nitroarginine methyl ester was unaltered. These
findings consistently indicate no impairment in
relaxation vascular smooth muscle to nitrovasodilators
suggesting no generalized impairment in the sensi-
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tivity of diabetic vascular smooth muscle to activation
of guanylate cyclase (Oyama et al, 1986; Mayhan,
1989; Tesfamariam et al, 1989; Kamata et al, 1992).
Therefore, impaired endothelium-dependent relaxation
in diabetic rats might be due to decreased release of
nitric oxide in the endothelial cells of diabetic rats.

Several factors have been implicated in endothelial
dysfunction. It has been suggested that elevated glu-
cose, which exists in diabetes, may be a significant
factor in the development of this dysfunction, since
increases in glucose concentration either in vivo
(Bohlen & Lash, 1993; Pieper et al, 1995) or in vitro
(Tesfamariam & Cohen, 1992; Taylor & Poston,
1994) diminish endothelium-dependent vasodilation
of normal blood vessels. By contrast, it is not known
with certainty whether reductions in insulin levels
which coincide with elevated glucose in the diabetic
plays a direct role in regulating endothelium- depen-
dent relaxation.

The influence of hyperglycemia and diabetes on the
synthesis and release of NO by cells and tissues have
been the subject of intense interest in recent years,
with a number of studies suggesting either quenching
of normally released NO or impaired NOS activity as
possible mechanisms for these effects. Consistent
with these reports are increases in mRNA and/or
protein for eNOS after culture with elevated glucose
concentrations in human aortic endothelial cells after
5 days (Consentino et al, 1997). In contrast, longer-
term culture under high glucose conditions of human
umbilical vein endothelial cells revealed no alteration
in either mRNA or protein for eNOS (Mancusi et al,
1996). Recently, Chakravarthy et al (1998) reported
that the reduction in the synthesis of the constitutively
released NO by cultured endothelial cells, using an
isolated amperometric NO sensor, which permitted
the direct measurement of this gaseous molecule. This
reduction in NO synthesis by glucose occurred in a
dose-dependent manner, with the highest concen-
trations of glucose causing the most marked reduction
in NO release. Metabolic competition for NADPH by
aldorase reductase and NOS has been proposed as a
potential mechanism of decreased NO production in
diabetes (Stevens et al, 1995). Aldorase reductase
consumption of NADPH may directly impair the
activity of NOS, then NO production was decreased
in diabetes.

The current investigation describes the reduction of
NO release from rats which was treated with
streptozotocin for 10 weeks. Significantly, we have

also demonstrated the reduction in eNOS protein in
rat -aorta, suggesting a mechanism for the reduced
synthesis of NO in diabetic rats. Decreased NO
production in the diabetic rats may be due. to
decreased expression of eNOS in diabetic rats. These
results indicate that chronic hyperglycemia in diabetic
rats may play a significant role in the down-regulation
of the eNOS protein. However, mechanism of
down-regulation of eNOS protein by hyperglycemia
was needed further evaluation.

From the above results, we suggest that decreased
nitric oxide formation may be contributed to impaired
endothelum-dependent relaxation in the streptozotocin-
induced diabetic rats. ‘

REFERENCES

Bohlen HG, Lash JM. Topical hyperglycemia rapidly
suppresses EDRF-mediated vasodilation of normal rat
arterioles. Am J Physiol (Heart Circ. Physiol. 34) 265:
H219--H225, 1993

Calver A, Collier J, Vallance P. Inhibition and stimul-
ation of nitric oxide synthesis in the human forearm
arterial bed of patients with insulin-dependent diabetes.
J Clin Invest 90: 2548 —2554, 1992

Cameron NE, Cotter MA. Impaired contraction and
relaxation in aorta from streptozotocin-diabetic rats:
role of polyol pathway. Diabetologia 35: 1011— 1019,
1992

Chakravarthy U, Hayes RG, Stitt AW, McAuley E,
Archer DB. Constitutive nitric oxide synthase expre-
ssion in retinal vascular endothelial cells is suppressed
by high glucose and advanced glycation end products.
Diabetes 47(6): 945—952, 1998

Cohen RA. Dysfunction of vascular endothelium in

diabetes mellitus. Circulation 87 (supp. V): V67 —V76,
1993

Cosentino F, Hishikawa K, Katusic ZS, Luscher TF. High
glucose increases nitric oxide synthase expression and
superoxide anion generation in human' aortic endo-
thelial cells. Circulation 96: 25—28, 1997

Deckert T, Poulsen JE, Larsen M. Prognosis of diabetics
with diabetes onset before the age of thirty-one: I and
II. Diabetologia 14: 363—377, 1978

Diederich D, Skopec J, Diederich A, Dai FX. Endothelial
dysfunction in mesenteric resistance arteries of diabetic

* rats: role of free radicals. Am J Physiol 266: H1153 —
H1161, 1994

Garcia MJ, McNamara PM, Gordon T, Kannell WB.
Morbidity and mortality in diabetics in the Framin-
gham population. Diabetes 23: 105—111, 1974

Johnstone MT, Creager SJ, Scales KM, Cusco JA, Lee



Impaired Endothelium-Dependent Relaxation in Diabetic Rats 269

BK, Creager MA. Impaired endothelium-dependent
vasodilation in patients with insulin-dependent diabetes
mellitus. Circulation 88: 2510—2516, 1993

Kamata K, Miyata N, Kasuya Y. Impairment of endo-
thelium-dependent relaxation and changes in levels of
cyclic GMP in aorta from streptozotocin- induced
diabetic rats. Br J Pharmacol 97: 614—618, 1989

Kamata K, Yamashita K. Insulin resistance and impaired
endothelium-dependent renal vasodilatation in fructose-
fed hypertensive rats. Res Commun Mol Pathol
Pharmacol 103(2): 195—210, 1999

Kamata K, Miyata N, Abirua T, Kasuya Y. Functional
changes in vascular smooth muscle and endothelium of
arteries during diabetes mellitus. Life Sci 50: 1379—
1387, 1992

Langenstroer P, Pieper GM. Regulation of spontaneous
EDRF release in diabetic rat aorta by oxygen free
radicals. Am J Physiol 263: H257—H265, 1992

Makimattila S, Virkamaki A, Groop P-H, Cockcroft J,
Utriainen T, Fagerudd J, Yki-Jarvinen H. Chronic
hyperglycemia impairs endothelial function and insulin
sensitivity via different mechanisms in insulin-
dependent diabetes mellitus. Circulation 94: 1276—
1282, 1996

Mancusi G, Hutter C, Baumgartner-Parzer S, Schmidt K,
Schutz W, Sexl V. High-glucose incubation of human
umbilical vein endothelial cells does not alter
expression and function of G-protein-subunits or of
endothelial NO synthase. Biochem J 315: 281—287,
1993

Martin M, Furchgott RF, Villani GM, Jothianandan D.
Depression of contractile responses in rat aorta by
spontaneously released endothelium-derived relaxing
factor. J Pharmacol Exp Ther 237. 529, 1986

Mayhan WG. Impairment of endothelium-dependent
dilatation of cerebral arterioles during diabetes mell-
itus. Am J Physiol (Heart Circ. Physiol. 25) 256: H621
—H625, 1989

Mayhan WG, Simmons LK, Sharpe GM. Mechanism of
impaired responses of cerebral arterioles during
diabetes mellitus. Am J Physiol 260: H319—H326,
1991

Mayhan WG. Impairment of endothelium-dependent
dilatation of the basilar artery during diabetes mellitus.
Brain Res 580: 297—302, 1992

McNally PG, Watt PAC, Rimmer T, Burdem AC,
Hearnshaw JR, Thurston H. Impaired contraction and
endothelium-dependent relaxation in isolated resistance
vessels from patients with insulin-dependent diabetes
mellitus. Clin Sci 87: 313—336, 1994

McVeigh GE, Brennan GM, Johnston GD, Mcdermott
BJ, Mcgrath LT, Henry WR, Andrews JW, Hayes JR.
Impaired endothelium-dependent and independent
vasodilation in patients with type 2 (non-insulin-depen-

dent) diabetes mellitus. Diabetologia 35: 771—776,
1992

Milsch A, Busse R. Nitric oxide synthase in native and
cultured endothelial cells: calcium/calmodulin and
tetrahydrobiopterin are co-factors. .J Cardiovasc Phar-
macol 17(suppl 3): S52—S56, 1991

Moncada S, Palmer RMJ, Higgs EA. Nitric oxide:
Physiology, pathophysiology and pharmacology. Phar-
macol Rev 43: 109—142, 1991

Ohishi K, Carmines PK. Superoxide dismutase restores
the influence of nitric oxide on renal arterioles in
diabetes mellitus. J Am Soc Nephrol 5: 15591566,
1995

Okuda Y, Kawashima K, Suzuki S, Asakura Y, Asano
M, Tsurumaru K, Dai HQ, Tachi Y, Bannai C, Saitoh
M, Yamashita K. Restoration of nitric oxide production
by aldose reductase inhibitor in human endothelial cells
cultured in high-glucose medium. Life Sci 60: PL53 —
PL56, 1996

Oyama Y, Kawasaki H, Hattor Y, Kanno M. Attenuation
of endothelium-dependent relaxation in aorta from
diabetic rats. Eur J Pharmacol 131: 75—78, 1986

Pieper GM, Gross GJ. Oxygen free radicals abolish
endothelium-dependent relaxation in diabetic rat aorta.
Am J Physiol 255: H825—H833, 1988

Pieper GM, Gross GJ. Endothelial dysfunction in dia-
betes, in: Cardiovascular Significance of Endothelium-
Derived Vasoactive Factors, G.M. Rubanyi (Ed.),
Futura Publishing Co., Mount Kisco, NY, p 223249,
1991

Pieper GM, Meier DA, Langenstroer P, O’Rourke ST.
Bioassay of endothelium-derived relaxing factor in
diabetic rat aorta. Am J Physiol 263: H676—H680,
1992

Pieper GM, Peltier PA. Amelioration by L-arginine of a
dysfunctional arginine/nitric oxide pathway in diabetic
endothelium. J Cardiovasc Pharmacol 25: 397 —403,
1995

Pieper GM, Meier DA, Hager SR. Endothelial dysfunc-
tion in a model of hyperglycemia and hyperinsuline-
mia. Am J Physiol (Heart Circ. Physiol. 38) 269: H845
—H850, 1995

Rongen GA, Smits P, Thien T. Endothelium and the
regulation of vascular tone with emphasis on the role
of nitric oxide: Physiology, pathophysiology and cli-
nical implications. Neth J Med 44: 26, 1994

Taylor PD, Poston L. The effect of hyperglycaemia on
function of rat isolated mesenteric resistance artery. Br
J Pharmacol 113: 801—808, 1994

Taylor PD, Oon BB, Thomas CR, Poston L. Prevention
by insulin treatment of endothelial dysfunction but not
enhanced noradrenaline-induced contractility in mesen-
teric resistance arteries from streptozotocin- induced
diabetic rats. Br J Pharmacol 111: 35—41, 1994



270 KS Park et al.

Tesfamariam B, Jakubowski JA, Cohen RA. Contraction
of diabetic rabbit aorta caused by PGH2-TxA2. Am J
Physiol 257: H1327—H1333, 1989

Tesfamariam B, Cohen RA. Free radicals mediate endo-
thelial cell dysfunction caused by elevated glucose. Am
J Physiol 263: H321—H326, 1992

Tilton RG, Chang K, Hasan KS, Smith SR, Petrash JM,
Misko TP, Moore WM, Currie MG, Corbett JA,
McDaniel ML, Williamson JR. Prevention of diabetic
vascular dysfunction by guanidines: inhibition of nitric
oxide synthase versus advanced glycation end-product
formation. Diabetes 42: 221232, 1993

Salameh A; Dhein S. Influence of chronic high D-glucose

exposure and long-term-blocker treatment on intra-
cellular calcium concentrations of porcine aortic endo-
thelial cells. Diabetes 47: 407—413, 1998

Sobrevia L, Nadal A, Yudilevich DL, Mamn GE. Acti-
vation of L-arginine transport (system y") and nitric
oxide synthase by elevated glucose and insulin in
human endothelial cells. J Physiol 490: 775—781,
1996

Stevens MJ, Feldman EL, Greene DA. The aetiology of
diabetic neuropathy: the combined roles of metabolic
and vascular defects. Diabetic Medicine 12: 566—579,
1995




