
Abstract

Aims/hypothesis. Chronic exposure to high concentra-
tions of glucose has consistently been demonstrated to
impair endothelium-dependent, nitric oxide (NO)-me-
diated vasodilation. In contrast, several clinical inves-
tigations have reported that acute exposure to high
glucose, alone or in combination with insulin, triggers
vasodilation. The aim of this study was to examine
whether elevated glucose itself stimulates endothelial
NO formation or enhances insulin-mediated endothe-
lial NO release.
Methods. We measured NO release and vessel tone ex
vivo in porcine coronary conduit arteries (PCAs). In-
tracellular Ca2+ was monitored in porcine aortic endo-
thelial cells (PAECs) by fura-2 fluorescence. Expres-
sion of the Na+/glucose cotransporter-1 (SGLT-1) was
assayed in PAECs and PCA endothelium by RT-PCR.
Results. Stimulation of PCAs with D-glucose, but not the
osmotic control L-glucose, induced a transient increase
in NO release (EC50≈10 mmol/l), mediated by a rise in

intracellular Ca2+ levels due to an influx from the extra-
cellular space. This effect was abolished by inhibitors of
the plasmalemmal Na+/Ca2+ exchanger (dichlorobenza-
mil) and the SGLT-1 (phlorizin), which was found to be
expressed in aortic and coronary endothelium. Alone, 
D-glucose did not relax PCA, but did augment the effect
of insulin on NO release and vasodilation.
Conclusions/interpretation. An increased supply of
extracellular D-glucose appears to enhance the activity
of the endothelial isoform of nitric oxide synthase by
increasing intracellular Na+ concentrations via SGLT-
1, which in turn stimulates an extracellular Ca2+ influx
through the Na+/Ca2+ exchanger. This mechanism may
be responsible for glucose-enhanced, insulin-depen-
dent increases in tissue perfusion (including coronary
blood-flow), thus accelerating glucose extraction from
the blood circulation to limit the adverse vascular ef-
fects of prolonged hyperglycaemia.
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Introduction

Chronic exposure to high glucose has been consistent-
ly demonstrated to adversely affect endothelial func-
tion and impair nitric oxide (NO)-dependent vasodila-
tion, and has been implicated in diabetes-associated
cardiovascular morbidity and mortality [1, 2, 3, 4]. Al-
though insulin resistance and glucose intolerance are
important risk factors for type 2 diabetes, the majority
of subjects who exhibit these alterations do not devel-
op diabetes or persistent endothelial dysfunction [5,
6]. Thus, adaptive responses, particularly maintenance
of vascular function, may prevent manifestation of 
diabetic symptoms. Hyperinsulinaemia and post-pran-
dial hyperglycaemia are the main features of the ‘pre-
diabetic’ state [7, 8]. While the vasodilating effects of
insulin are established [9, 10], the direct vascular ac-



tions of short-term hyperglycaemia are largely un-
known. Studies investigating the effects of high glu-
cose on macrovascular and microvascular perfusion
have yielded conflicting results: some have shown at-
tenuated vasodilation [11, 12, 13, 14, 15, 16], some
have demonstrated enhanced vasodilation [17, 18, 19,
20], whereas others found no changes in vascular tone
[21, 22, 23]. The present study was designed to gain
deeper insights into the immediate effects of high glu-
cose on endothelial NO formation and vascular tone,
and its stimulatory role on the vascular effects of insu-
lin.

Materials and methods

Chemicals

Porcine insulin was obtained from Berlin-Chemie (Insulin S,
40 IU/ml; Berlin, Germany). Inorganic salts and solvents were
from VWR International (Darmstadt, Germany). Unless other-
wise noted, all other reagents were purchased from Sigma-
Aldrich (Deisenhofen, Germany).

Real-time measurement of nitric oxide levels

Measurements were performed ex vivo using porcine coronary
conduit arteries (PCAs), which were freshly dissected at the lo-
cal abattoir (Fleischversorgung Köln e.V., Cologne, Germany)
from the hearts of domestic pigs aged 7–9 months. Luminal
NO release was monitored amperometrically in real time by a
NO-selective microsensor (ISO-NO-Meter, WPI, Sarasota,
Fla., USA) as described previously [24]. Briefly, PCA seg-
ments (approximately 2 cm in length) were opened longitudi-
nally and mounted in organ baths containing 10 ml HEPES-
modified Krebs buffer (140.0 mmol/l NaCl, 5.0 mmol/l KCl,
2.0 mmol/l CaCl2, 1.0 mmol/l mgCl2, 10.0 mmol/l HEPES and
5.0 mmol/l D-glucose, adjusted to pH 7.40) at 25 °C. The sen-
sor was positioned under microscopic control at a distance of
200–300 µm above the endothelial surface. All experiments
were performed in a non-cumulative fashion by using separate
vessels for each concentration of test compound.

Measurement of vascular tone

The vascular tone of the PCAs was monitored isometrically as
described previously [24]. Briefly, PCA rings (length 3–4 mm)
were mounted in carbogen-aerated organ chambers containing
10 ml Tyrode solution (161.1 mmol/l Na+, 5.4 mmol/l K+,
1.8 mmol/l Ca2+, 1.1 mmol/l mg2+, 148.0 mmol/l Cl–,
23.8 mmol/l HCO3

–, 0.4 mmol/l H2PO4
– and 5.0 mmol/l D-glu-

cose) at 37 °C. Single concentrations of test compounds (50 µl)
were applied to vessels pre-contracted with PGF2α (25 µmol/l).
Vasodilator responses are expressed as a percentage of the
PGF2α pre-contraction.

Measurement of intracellular Ca2+ levels

Culture of porcine aortic endothelial cells. Porcine aortic 
endothelial cells (PAECs) were enzymatically (dispase,
1 mg/ml; Boehringer Mannheim, Mannheim, Germany) isolat-

ed from segments of porcine thoracic aorta and cultured in
M199 (Gibco-Invitrogen, Karlsruhe, Germany) supplemented
with 10% (v/v) FCS (Gibco-Invitrogen), 100 mg/l penicillin G,
100 mg/l streptomycin, 2 mmol/l L-glutamine and 15 mmol/l
HEPES, as described previously [25]. Experiments were per-
formed with confluent cells in passage 2 seeded on glass cov-
erslips.

Ratiometric imaging of fura-2 fluorescence. This method has
been described previously [25, 26]. Briefly, PAEC monolayers
on coverslips were loaded in M199 with the cell-permeable
fluorescent dye fura-2-acetomethoxyester (1 µmol/l) for
30 min at 37 °C; de-esterification of fura-2-acetomethoxyester
to non-permeable fura-2 was completed in fresh M199 by a
further 15 min incubation at 37 °C. Fluorescence signals of in-
tracellular fura-2–Ca2+ complexes were recorded at 25 °C on
an inverted epifluorescence microscope (Diaphot TMD;
Nikon, Tokyo, Japan) using a ×40 objective lens (Fluor 40;
Nikon). The excitation wavelength alternated every 0.5 s be-
tween 340 and 380 nm; emission was monitored at 510 nm. In-
tracellular Ca2+ was calculated from the 340/380 nm ratios of
fluorescence intensities using the equation of Grynkiewicz et
al. [26]. The traces represent the average intracellular Ca2+

concentration of 6 to 12 cells in the same microscopic field.

Measurement of superoxide generation

Superoxide generation was measured in immortalised 
HUVECs (EA.hy 926) [27] by lucigenin-enhanced chemilumi-
nescence. The cells were grown to confluence on glass cover-
slips and then incubated for the times indicated with either
high D-glucose or L-glucose (osmotic control) at 37 °C. After
addition of 2.5 µmol/l lucigenin, cumulative luminescence in-
tensity was recorded for 60 s using the FB-12 Sirius Single-
Probe Luminometer (Berthold detection systems, Pforzheim,
Germany). The immortalised HUVECs (EA.hy 926) show
morphologic and functional similarities to the primary PAECs;
however, these primary cultures tend to de-differentiate, result-
ing in lower and less consistent signal intensities than the im-
mortalised cultures. Hence, to obtain more reliable results, we
used the EA.hy 926 cell line instead of the PAECs for monitor-
ing the time course of glucose-induced superoxide formation.

Reverse transcription and PCR of Na+/glucose 
cotransporter-1 mRNA

Total RNA was isolated from cloned porcine proximal tubule
kidney cells (LLC-PK1), from PAECs in passage 2, and from
the mechanically removed endothelial layer of freshly dissect-
ed PCA by guanidinium thiocyanate / phenol chloroform 
extraction [28]. The RNA was reversed-transcribed to cDNA
using the Superscript First-Strand Synthesis System (Invitro-
gen, Karlsruhe, Germany). Aliquots of cDNA were amplified
with primers specific for the Na+/glucose cotransporter-1
(SGLT-1) and the housekeeping gene β-actin. To confirm iden-
tity, amplification products (SGLT-1 DNA bands) were 
sequenced in both directions by Taq dideoxy terminator cycle
sequencing (ABI Prism BigDye Terminator v2.0 Cycle Se-
quencing Kit; Applied Biosystems, Foster City, Calif., USA).

Data analysis

Extrapolated Emax and EC50 values of NO and tone measure-
ments were derived from sigmoid regression curves of the con-
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centration–response data and are expressed as arithmetic
means ± 95% CI. Other values are expressed as means ± SEM.
Differences between means were assessed by the two-tailed t
test or ANOVA for multiple comparisons. A p value of less
than 0.05 was considered statistically significant.

Results

Acute effects of glucose on vascular nitric oxide for-
mation. Acute stimulation of PCAs with D-glucose in-
creased endothelial NO release in a concentration-de-
pendent manner, producing an Emax of 4.5±0.2 nmol/l
NO at an EC50 of 10.7±1.0 mmol/l D-glucose (n=6).
The osmotic control (L-glucose) did not significantly

elevate NO levels (Fig. 1a). The maximum NO eleva-
tion achieved after stimulation with a single dose of
20 mmol/l D-glucose was 4.0±0.6 nmol/l; the NO sig-
nal occurred after a delay of 0.9±0.2 min and showed
a monophasic time course consisting of a plateau that
lasted for 4.5±0.4 min (n=6) (Fig. 1b). In endotheli-
um-denuded PCAs, D-glucose did not induce NO re-
lease, thus identifying the endothelial layer as the only
source of NO. The NO-releasing effects of high D-glu-
cose were blunted in the presence of the non-selective
nitric oxide synthase inhibitor L-NG-monomethyl argi-
nine (L-NMMA, 100 µmol/l; Emax=1.6±0.3 nmol/l,
n=6). Conversely, the response was not diminished in
the presence of 1400 W, a specific inhibitor of the in-
ducible and neuronal isoforms of nitric oxide synthase
(5 µmol/l; Emax=4.4±0.4 nmol/l, n=6). This finding
suggests that the D-glucose-mediated increase in NO
was entirely due to stimulation of the endothelial iso-
form of nitric oxide synthase (eNOS).

Involvement of Ca2+ in glucose-induced nitric oxide
formation. It is well established that eNOS is activated
by an increase in intracellular Ca2+. Since the NO re-
sponse to high D-glucose was depressed in the pres-
ence of a low extracellular concentration of Ca2+ and
in the presence of Ni2+ (an inhibitor of divalent cation
entry) (Table 1), stimulation of eNOS by D-glucose is
likely to involve an influx of extracellular Ca2+. We
therefore investigated whether Ca2+-dependent eNOS
stimulation is mediated by activation of endothelial
receptor-operated Ca2+ channnels. However, neither
inhibition of capacitative Ca2+ entry by SK&F 96365,
nor inhibition of the cAMP-dependent opening of
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Fig. 1. Concentration–response curves of sugar-induced pla-
teau NO release from PCAs after pre-incubation for 30–45 min
in normal glucose buffer (5 mmol/l D-glucose). a. The NO re-
lease induced by D-galactose (black squares), L-glucose (black
upward triangles), D-glucose (black circles), and D-glucose af-
ter NO synthase inhibition with 100 µmol/l L-NMMA (white
circles) in PCAs, and D-glucose in endothelium-denuded arte-
ries (black downward triangles). b. Original trace of the NO
stimulation induced by 20 mmol/l D-glucose. c. The NO re-
lease induced by 20 mmol/l D-glucose after pre-incubation
with increasing concentrations of the NCX blocker
dichlorobenzamil. d. The NO release induced by 20 mmol/l D-
glucose after pre-incubation with increasing concentrations of
the SGLT blocker phlorizin. The data points show the arith-
metic means ± SEM of 5 to 6 independent experiments each. 
* p<0.05; ** p<0.01; *** p<0.001 vs stimulation with
20 mmol/l D-glucose alone by two-tailed t test



plasmalemmal Ca2+ channels by the adenylate 
cyclase blocker 2′,5′-dideoxyadenosine-3′-diphos-
phate (ddAdoPP), diminished the NO response to 
D-glucose (Table 1).

Acute effects of glucose on intracellular Ca2+. The
crucial role of Ca2+ in the NO response to D-glucose
was supported by direct measurement of total intracel-
lular Ca2+ concentrations in PAECs using fura-2 fluo-
rescence. Supplementation of normal glucose buffer
(5 mmol/l D-glucose) with an additional 20 mmol/l 
D-glucose caused a small transient increase in intracel-
lular Ca2+. The osmolar control (20 mmol/l L-glucose)
did not change resting intracellular Ca2+ levels
(Fig. 2a, Table 2). The D-glucose-mediated rise in in-
tracellular Ca2+ was lost after the abolition of the
transmembrane Ca2+ gradient and in the presence of
Ni2+ (Table 2).

Involvement of Ca2+ transporters in glucose-mediat-
ed eNOS activation. Cytoplasmic calcium homeostasis
is largely regulated by the plasma membrane Ca2+

ATPase (PMCA), the endoplasmic Ca2+ ATPase
(SERCA), and the plasmalemmal Na+/Ca2+ exchanger
(NCX) [29]. Inhibition of PMCA with La3+, or SER-
CA with thapsigargin (for ≥30 min following the ini-
tial NO stimulation produced by delayed cytoplasmic
Ca2+ removal) did not affect the D-glucose-induced
endothelial NO response. This suggests that the Ca2+-
dependent activation of eNOS by D-glucose does not
involve the inhibition of cytoplasmic Ca2+ clearance
by the outward rectifying Ca2+ pumps or the refilling
of internal Ca2+ stores (Table 1). However, the NCX
inhibitor dichlorobenzamil prevented the D-glucose-

induced NO release in a concentration-dependent
manner (Fig. 1c). The NCX is driven by the plasma-
lemmal Na+ gradient. Thus, on removal of the trans-
membrane Na+ gradient by the substitution of normal
Na+ buffer (140 mmol/l Na+) with a low Na+ solution
(20 mmol/l Na+ plus 120 mmol/l choline chloride as
osmotic substitute), D-glucose-induced NO elevations
were lost (Table 1). Similarly, when PCAs previously
incubated in normal glucose and sodium buffer were
treated with the Na+ ionophore monensin (10 µmol/l),
increasing the intracellular Na+ concentration, the ex-
tent and duration of NO release was similar to that ob-
served with high D-glucose (5.3±0.2 nmol/l NO and
5.2±0.4 min respectively, n=6). Co-incubation of
monensin (10 µmol/l) with dichlorobenzamil
(30 µmol/l) reduced the maximal NO signal to
1.8±0.2 nmol/l NO (p<0.001, n=5). Modulation of NO
was accompanied by corresponding effects on intra-
cellular Ca2+. In PAECs, the D-glucose-induced in-
crease in intracellular Ca2+ was completely blocked by
the presence of dichlorobenzamil (Fig. 2c), while
stimulation with monensin elicited a transient plateau-
like increase in intracellular Ca2+ (Fig. 2b).

Coupling of high glucose with NCX-dependent eNOS
activation. The NO response to 20 mmol/l D-glucose
(but not to L-glucose) was enhanced after blocking
GLUT1 with cytochalasin B, the plateau NO increase
and duration of the plateau being about 40% higher
than the corresponding values in the absence of cyto-
chalasin B (Table 1). The cytochalasin B-enhanced
NO response was strongly related to a greater and lon-
ger-lasting intracellular Ca2+ response (Fig. 2a, 
Table 2). In contrast, specific competitive inhibition of
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Table 1. Acute effect of high D-glucose and related sugars on nitric oxide release from PCAs

Conditions NO plateau concentration (nmol/l) NO plateau duration (s)

D-Glucose (20 mmol/l) 4.0±0.3 269±23
D-Galactose (20 mmol/l) 3.5±0.2 245±25
D-Glucose (20 mmol/l) plus:
low extracellular Ca2+ (50 nmol/l CaCl2) 0.7±0.1b 28±14b

low extracellular Na+ (20 mmol/l NaCl) 0.6±0.3b 30±10b

NiCl2 (2 mmol/l) 1.2±0.7a 36±22b

SK&F 96365 (20 µmol/l) 3.6±0.3 227±24
ddAdoPP (1 µmol/l) 4.2±0.2 256±18
LaCl3 (1 mmol/l) 4.0±0.3 255±26
thapsigargin (1 µmol/l) 4.0±0.3 267±20
dichlorobenzamil (30 µmol/l) 1.4±0.2b 58±14b

phlorizin (100 µmol/l) 0.9±0.1a 42±11b

cytochalasin B (1 µmol/l) 5.7±0.2a 377±19a

D-Galactose (20 mmol/l) plus:
cytochalasin B (1 µmol/l) 5.4±0.3b 352±23b

phlorizin (100 µmol/l) 0.7±0.2b 39±14b

PCA segments were preincubated for 30–45 min in normal
glucose buffer (5 mmol/l D-glucose) in the presence of the in-
dicated test substances. Values shown are the means ± SEM of

5 or 6 independent experiments. ap<001 bp<0001 vs stimula-
tion with 20 mmol/l of sugar alone by two-tailed t test
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Fig. 2. Original traces of free intracellular calcium in PAECs.
a. The increase in intracellular Ca2+ after stimulation with
20 mmol/l L-glucose (dotted line, bottom), D-glucose (solid
line, middle), and D-glucose following pre-treatment for
30 min with 1 µmol/l cytochalasin B (dashed graph, top).
b. The increase in intracellular Ca2+ induced by 10 µmol/l of

the sodium ionophore monensin. c. The increase in intracellu-
lar Ca2+ after stimulation of PAECs with 20 mmol/l D-glucose
after pre-treatment with 30 µmol/l dichlorobenzamil. d. The 
increase in intracellular Ca2+ after stimulation of PAECs with
20 mmol/l D-glucose after pre-treatment with 100 µmol/l phlo-
rizin

Table 2. Sugar-induced increases in intracellular Ca2+ in PAECs

Conditions ∆Ca2+
i (nmol/l) ∆Ca2+

i (s)

D-glucose (20 mmol/l) (control) 37.7±4.3 187±19
D-galactose (20 mmol/l) 31.7±1.7 158±10

D-glucose (20 mmol/l) after 30 min pre-incubation under the following conditions:
low extracellular calcium (50 nmol/l) 6.7±3.3b 28±15b

NiCl2 (2 mmol/l) 8.3±3.3b 32±4b

low extracellular sodium (20 mmol/l) 3.3±1.7b 10±6c

dichlorobenzamil (5 µmol/l) 5.0±2.9b 20±12c

phlorizin (100 µmol/l) 4.5±2.6c 15±10c

cytochalasin B (1 µmol/l) 61.7±4.4a 243±9b

D-galactose (20 mmol/l) after 30 min pre-incubation under the following conditions:
cytochalasin B (1 µmol/l) 58.6±3.2b 220±14b

phlorizin (100 µmol/l) 3.0±0.9c 16±11c

Incubation of PAECs in high D-glucose buffer (25 mmol/l) for 2 h 1.4±1.1c 6±4c

Incubation of PAECs in high D-glucose buffer (25 mmol/l) for 2 h followed by storage 26.5±4.4a 121±23a

in normal D-glucose buffer (5 mmol/l) for 1 h
Co-incubation of D-glucose (20 mmol/l) with insulin (5 IU/l) 36.3±4.7 178±11

Values shown are the arithmetic means ± SEM of 3 to 4 inde-
pendent experiments. ∆Ca2+

i (nmol/l) is the difference between
intracellular Ca2+ after stimulation and basal Ca2+; while

∆Ca2+
i (s) is the duration of Ca2+ elevation. a p<005; b p<001; 

c p<0001 vs stimulation with 20 mmol/l D-glucose alone (con-
trol) by two-tailed t test
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Fig. 3. PCR of cDNA derived from the total RNA of different
porcine cell types. Lane 1, β-actin (363 bp); Lane 2, β-actin
(negative control, i.e. RT-PCR without the reverse transcrip-
tase); Lane 3, SGLT-1 (308 bp); Lane 4, SGLT-1 (negative
control); and Lane 5, DNA ladder (100–1500 bp). The follow-
ing oligonucleotide primers were used: SGLT-1 (sense) 
5′-CTG GAT CCA GAG GAG GAG GAC AT-3′; SGLT-1 (an-
tisense) 5′-GCC TGC AGG GCA CAG CCT GTG-3′ [49]; 
β-actin (sense) 5′-TCC CTG GAG AAG AGC TAC GA-3′; and
β-actin (antisense) 5′-ACA TCT GCT GGA AGG TGG AC-3′

Fig. 4. Relaxation of PCAs. a. Concentration–response curves
of relaxation induced by D-glucose after pre-incubation of
PCAs in normal glucose buffer (5 mmol/l D-glucose) for
30 min in the absence (black circles) and presence of 1 µmol/l
cytochalasin B (black squares). b. Amplification of insulin-in-
duced relaxation (5 IU/l insulin, dashed line) by co-incubation
with increasing concentrations of D-glucose. c. Concentra-
tion–response curves of relaxation induced by: insulin alone
(black upward triangles); co-stimulation with insulin plus
20 mmol/l D-glucose (black squares) or L-glucose (white
downward triangles); insulin after 30 min pre-incubation with
100 µmol/l L-NMMA (black circles), 25 µmol/l genistein

(white squares) or 1 µmol/l wortmannin (black downward tri-
angles); and by insulin in endothelium-denuded arteries (white
circles). d. Effect of pre-incubation time in high glucose buffer
(25 mmol/l D-glucose) on relaxation in response to 5 IU/l insu-
lin alone (black circles) or to 5 IU/l insulin plus 20 mmol/l D-
glucose (white circles) compared with the effect of pre-incuba-
tion in high glucose buffer followed by 60 min incubation in
normal glucose buffer on relaxation in response to 5 IU/l insu-
lin (white upward triangles) or to 5 IU/l insulin plus 20 mmol/l
D-glucose (black squares). Data points show the arithmetic
means ± SEM of 4–6 independent experiments. * p<0.05; 
** p<0.01; *** p<0.001 vs control by two-tailed t test

SGLTs with phlorizin suppressed the D-glucose-in-
duced NO response in a concentration-dependent
manner (Fig. 1d), and abolished the increase in intra-
cellular calcium (Fig. 2d). The transporter isoforms
SGLT-1 and GLUT1 have been shown to transport 
D-galactose as efficiently as D-glucose [30, 31]. Ac-
cordingly, the effect of D-galactose on endothelial NO
release (Emax=4.1±0.4 nmol/l, 4.2±0.3 min, n=5)
(Fig. 1a, Table 1) and intracellular Ca2+ (Table 2) 
was similar to that observed with D-glucose. Both of
these responses were blocked in the presence of phlo-
rizin, and were enhanced by cytochalasin B (Tables 1
and 2).

PCR analysis. Amplification and sequencing of cDNA
obtained from porcine coronary and aortic endothelial
cells with SGLT-1-specific primers confirmed the
presence of SGLT-1 mRNA in vascular endothelium,



with cDNA from LLC-PK1 cells serving as a positive
control [32] (Fig. 3).

Acute effects of glucose on vascular tone. Although 
D-glucose induced NO release, in myographic experi-
ments, stimulation of PCA rings incubated in normal
glucose buffer (5 mmol/l glucose) with additional 
D-glucose (up to 50 mmol/l) did not alter vascular tone
(Fig. 4a). The hyperosmotic control, L-glucose, and 
D-galactose also failed to cause significant relaxation or
contraction. Similarly, stimulation of endothelium-de-
nuded PCA rings with high D-glucose did not affect
vascular tone (data not shown). However, following
pre-incubation of vessels with cytochalasin B, the addi-
tion of 20 mmol/l D-glucose or D-galactose to endothe-
lium-intact PCAs induced marked relaxation (Fig. 4a).

Involvement of glucose-facilitated arginine transport
in nitric oxide formation and relaxation. Additionally,
we investigated whether D-glucose amplified the stim-
ulatory effect of the eNOS substrate L-arginine on NO
release and vasodilation. The addition of 20 mmol/l 
D-glucose moderately (in a sub-additive manner) 
enhanced NO formation and relaxation in response to
L-arginine. However, this effect attained significance
only at L-arginine concentrations of ≥0.3 mmol/l and
was absent when L-arginine was co-incubated with
20 mmol/l L-glucose (Fig. 5).

Additive effects of d-glucose and insulin on nitric oxide
formation and vasorelaxation. Stimulation of PCAs
with insulin in normal glucose buffer (5 mmol/l glu-
cose) increased endothelial NO formation in a concen-
tration-dependent manner, producing an Emax of
7.9±0.8 nmol/l NO at an EC50 of 24.3±4.5 mU/l insu-

lin (Fig. 6a). This effect was abolished in the presence
of the receptor/tyrosine kinase (RTK) blocker genistein
and the phosphatidylinositol 3′-OH kinase (PI3 K)
blocker wortmannin (Fig. 6b), but remained unchanged
in the presence of Ni2+, phlorizin and dichlorobenzamil
(Table 3). Compared with insulin alone, simultaneous
stimulation of PCAs with insulin and increasing con-
centrations of D-glucose (but not L-glucose) amplified
the endothelial NO response in a concentration-depen-
dent and additive fashion (Fig. 6a,c). Co-stimulation
with D-galactose and insulin evoked a similar potentia-
tion of the NO signal (Fig. 6b, Table 3). Pre-treatment
of PCAs with genistein or wortmannin reduced the NO
response to combinations of insulin and high glucose
to levels observed on insulin stimulation alone
(Fig. 6b), whereas pre-treatment with phlorizin re-
duced the response to levels seen on high glucose stim-
ulation alone (Table 3). Together, wortmannin and
phlorizin almost completely suppressed the high D-glu-
cose/insulin-induced NO elevation, producing results
similar to those obtained when endothelium-denuded
PCAs were employed (Fig. 6a). The combination of
high D-glucose/insulin plus cytochalasin B provoked a
further amplification of the NO signal, while cytocha-
lasin B did not amplify the NO response to insulin in
normal glucose buffer (Table 3).

Treatment of PCA rings with insulin plus high 
D-glucose (but not L-glucose) amplified insulin-depen-
dent relaxation in a concentration-dependent manner
(Fig. 4b). Relaxation was further increased by pre-
incubation with cytochalasin B (Table 4), and was
blunted by L-NMMA, genistein and wortmannin. En-
dothelium-denuded vessels completely failed to relax
in response to insulin plus high D-glucose (Fig. 4c).
There were no differences in the extent of inhibition in
the presence or absence of high D-glucose (Table 4).
Pre-treatment of PCAs with Ni2+, dichlorobenzamil or
phlorizin reduced relaxation to levels observed with in-
sulin stimulation alone (Table 4). Co-incubation with
insulin and D-galactose mimicked the potentiating ef-
fects of D-glucose (Table 4).

Nitric oxide response and vasorelaxation after pro-
longed glucose overload. Prolonged exposure of coro-
nary rings to high D-glucose caused a progressive loss

Acute effects of glucose and insulin on vascular endothelium 2065

Fig. 5. Glucose-mediated amplification of L-arginine-induced
NO release (a) and relaxation (b) PCAs. PCA segments were
incubated in normal D-glucose buffer (5 mmol/l) for 1 h prior
to stimulation with L-arginine (black circles), L-arginine plus
20 mmol/l D-glucose (black squares), or L-arginine +
20 mmol/l L-glucose (white circles). Data points show the
arithmetic means ± SEM of 4 or 5 independent experiments. 
* p<0.05; ** p<0.01 vs L-arginine alone by two-tailed t test
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Fig. 6. Effects of glucose on insulin-induced NO release from
PCAs. a. Concentration–response curves of NO release stimu-
lated by: different concentrations of insulin alone (black down-
ward triangles); by insulin plus 20 mmol/l D-glucose (black
squares) or L-glucose (white upward triangles); insulin plus
20 mmol/l D-glucose after 30 min pre-incubation with 1 µmol/l
wortmannin and 100 µmol/l phlorizin (white diamonds); and
insulin plus 20 mmol/l D-glucose in endothelium-denuded arte-
ries (black diamonds). b. The NO release induced by: co-stim-
ulation of insulin with 20 mmol/l D-galactose (black squares);
insulin alone after 30 min pre-incubation of PCAs with
25 µmol/l genistein (white circles) or 1 µmol/l wortmannin
(black circles); and insulin plus 20 mmol/l D-glucose after
30 min pre-incubation of PCAs with 25 µmol/l genistein (white
downward triangles) or 1 µmol/l wortmannin (black upward
triangles). The dashed line indicates the mean NO stimulation

by 20 mmol/l D-glucose. c. Amplification of insulin-induced
NO release (0.5 IU/l insulin, dashed line) by co-incubation
with increasing concentrations of D-glucose. d. Effect of pre-
incubation time in high glucose buffer (25 mmol/l D-glucose)
on NO release induced by 0.5 IU/l insulin alone (white cir-
cles), 20 mmol/l D-glucose alone (black squares), and by co-
stimulation with 0.5 IU/l insulin plus 20 mmol/l D-glucose
(black circles). e. Effect of pre-incubation of PCAs in high glu-
cose buffer followed by 60 min incubation in normal glucose
buffer (5 mmol/l D-glucose) on NO release induced by 0.5 IU/l
insulin alone (white circles), 20 mmol/l D-glucose alone (black
squares), and by co-stimulation with 0.5 IU/l insulin plus
20 mmol/l D-glucose (black circles). Data points show the
arithmetic means ± SEM of 5 or 6 independent experiments. 
* p<0.05; ** p<0.01; *** p<0.vs stimulation with 0.5 IU/l in-
sulin alone by two-tailed t test



of the acute stimulatory effects of both D-glucose and
insulin on NO synthesis. After only 2 h of incubation
with 25 mmol/l D-glucose, the potentiation of insulin-
mediated NO release by high D-glucose was absent
(Fig. 6d). The observed effects on NO release were in
accordance with myographic experiments. Prolonged
treatment with 25 mmol/l D-glucose attenuated relax-
ation in response to insulin and abolished the potenti-
ating effect of high D-glucose on insulin-mediated 
relaxation (Fig. 4d). The NO and vascular responses

of the PCAs to combinations of insulin plus D-glucose
were only partially restored by incubation for 1 h in
normal glucose buffer (Figs. 4d, 6e).

An increase in endothelial cell superoxide forma-
tion was observed after 24 h of incubation with high
D-glucose, but not after 2 h of incubation (Fig. 7);
thus, we were able to rule out the possibility that NO
bioavailability and consequent vasodilation were 
reduced by glucose-enhanced superoxide generation.
In keeping with this finding, in PCAs incubated in
25 mmol D-glucose for 2 h, the NO and vascular re-
sponses to D-glucose or insulin could not be restored
by co-incubation with the superoxide scavangers 
vitamin C (2 mmol/l), trolox (2 mmol/l), superoxide
dismutase (copper/zinc superoxide dismutase from
bovine erythrocytes, 10 µmol/l) or the cell-permeable
SOD analogue Mn(III) tetra(4-benzoic acid)porphyrin
chloride (10 µmol/l) (data not shown).
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Fig. 7. Superoxide generation in EA.hy 926 cells after 2 h and
24 h of incubation in normal glucose buffer (5 mmol/l D-glu-
cose, black bars), 20 mmol/l D-glucose (light grey bars), and in
20 mmol/l L-glucose (dark grey bars). Chemiluminescence in-
tensities are given relative to the normal glucose buffer (NGB)
control. Values shown represent the arithmetic means ± SEM
of at least 8 experiments. * p<0.001 vs the normal glucose
buffer control by two-tailed t test with Holm correction

Table 3. Effects of glucose on insulin-induced NO release from PCAs

NO (nmol/l)

5 mIU/l 5 mIU/l insulin + 50 mIU/l 50 mIU/l insulin + 500 mIU/l 500 mIU/l insulin + 
insulin 20 mmol/l insulin 20 mmol/l insulin 20 mmol/l 

D-glucose D-glucose D-glucose

Control 1.8±0.1 5.5±0.3b 4.5±0.3 8.4±0.2b 7.0±0.2 10.6±0.5b

L-Glucose (20 mmol/l) 1.8±0.2 5.4±0.4b 5.0±0.3 8.7±0.4b 7.4±0.3 10.8±0.6b

D-Galactose (20 mmol/l) 5.1±0.3 5.8±0.3 7.7±0.4 8.9±0.5 9.4±0.3 11.0±0.6
Dichlorobenzamil (30 µmol/l) 2.0±0.3 2.0±0.2 4.4±0.3 4.6±0.3 6.7±0.4 7.0±0.5
Phlorizin (100 µmol/l) 1.7±0.2 1.8±0.2 4.5±0.4 4.6±0.2 7.1±0.3 7.5±0.5
NiCl2 (2 mmol/l) 1.9±0.1 2.2±0.2 4.6±0.3 4.5±0.4 7.0±0.3 6.8±0.3
Cytochalasin B (1 µmol/l) 1.7±0.1 6.9±0.4b 4.5±0.2 9.0±0.4b 7.3±0.5 12.1±0.6a

PCA segments were pre-incubated for 60 min in normal glu-
cose buffer (containing 5 mmol/l D-glucose) and then stimulat-
ed with insulin or insulin + 20 mmol/l D-glucose in the absence
(control) or presence of the indicated substances. The L-glu-
cose and D-galactose were applied together with the insulin so-

lutions while the other substances were added 30 min before
the insulin solutions. Values shown are the arithmetic means ±
SEM of 5 or 6 independent experiments. a p<001; b p<0001 vs
stimulation without D-glucose by two-tailed t test

Table 4. Effects of D-glucose on insulin-induced relaxation of
PCAs

Relaxation (%)

5 IU/l insulin 5 IU/l insulin 
+ D-glucose 
(20 mmol/l)

Control 57.0±2.4 80.5±3.3b

L-Glucose (20 mmol/l) 55.7±2.9 78.7±3.0b

D-Galactose (20 mmol/l) 70.4±2.9a 82.4±4.1b

L-NMMA (100 µmol/l) 11.8±1.9b 14.1±2.8b

Genistein (25 µmol/l) 13.6±2.5b 16.7±1.7b

Wortmannin (1 µmol/l) 21.2±3.3b 20.8±2.4b

Dichlorobenzamil (30 µmol/l) 57.8±2.6 60.4±3.2
Phlorizin (100 µmol/l) 58.9±4.0 58.3±2.6
NiCl2 (2 mmol/l) 55.3±2.8 56.0±2.9
Cytochalasin B (1 µmol/l) 566±21 927±34b

PCA rings were pre-incubated for 60 min in normal glucose
buffer (containing 5 mmol/l D-glucose) and then stimulated
with 5 IU/l insulin or 5 IU/l insulin plus 20 mmol/l D-glucose
in the absence (control) or presence of the indicated sub-
stances. The L-glucose and D-galactose were applied at the
same time as the insulin solutions while the other substances
were added 30 min before the insulin solutions. Values shown
are the arithmetic means ± SEM of 4–6 independent experi-
ments. a p<001; b p<0001 relaxation with 5 IU/l insulin alone
by two-tailed t test



Intracellular Ca2+ response after prolonged glucose
overload. Stimulation of PAECs in normal glucose
buffer with insulin (5 IU/l) did not alter intracellular
Ca2+ concentrations (data not shown), while the re-
sponse to insulin/high D-glucose was similar to that
observed with to D-glucose alone (Table 2). Following
incubation of the PAECs with 25 mmol/l D-glucose for
2 h, stimulation with additional D-glucose did not elic-
it an increase in intracellular Ca2+. However, treatment
of the glucose-loaded PAECs with normal glucose
buffer for 1 h restored the stimulatory effect of D-glu-
cose on intracellular Ca2+, although this effect was
smaller than that induced by the initial glucose treat-
ment of the cells (Table 2).

Discussion

Our findings indicate that elevated D-glucose concen-
trations in PCAs directly stimulate the release of NO
from the endothelial layer. This effect was due to the
activity of eNOS and was associated with an increase
in intracellular Ca2+. The response was specific to the
monomeric D-stereoisomer of glucose and was not
mediated by an increase in osmotic pressure, since
equimolar concentrations of L-glucose failed to ele-
vate either NO or intracellular Ca2+. Inhibition of NO
release by Ni2+ or by the absence of extracellular Ca2+

demonstrates that Ca2+ entry from the extracellular
space is the essential trigger for the activation of
eNOS.

Since the coronary endothelium lacks voltage-gated
Ca2+ channels [33], two possible pathways exist for
calcium influx: receptor-activated Ca2+ channels and
plasmalemmal transport proteins.

Involvement of Ca2+ channels can be excluded, as
neither inhibition of capacitative calcium entry nor in-
hibition of Ca2+ influx via cAMP-dependent cation
channels altered the stimulatory effects of D-glucose
on NO formation. Hence, we propose that the influx
of extracellular Ca2+ is the result of a transport process
that is either directly or indirectly activated by D-glu-
cose.

Two transporters are reportedly involved in the reg-
ulation of Ca2+-dependent eNOS activity, namely,
PMCA and NCX. These proteins are localised in the
plasmalemmal caveolae in close proximity to eNOS
and participate in the control of sub-plasmalemmal in-
tracellular Ca2+, which is of particular importance for
modulation of eNOS activity [34, 35]. The high affini-
ty/low capacity PMCA is the principal Ca2+ removal
system in vascular endothelium [36]. However, failure
of the PMCA- (and capacitative Ca2+ entry-) inhibitor
La3+ to diminish D-glucose-mediated NO formation
suggests that intracellular Ca2+ clearance by PMCA is
not involved in glucose-dependent eNOS activation.
In contrast, the complete abolition of D-glucose-in-
duced increases in endothelial intracellular Ca2+ and

NO release by inhibition of NCX indicates that stimu-
lation of this protein is involved in the response to 
D-glucose. Previous reports have shown that Ca2+ ex-
trusion by the low affinity/high capacity NCX system
is triggered by intracellular Na+ loading [34]. Glucose
cannot cross intact membranes by diffusion; its intra-
cellular uptake is achieved by glucose transport sys-
tems. Passive entry via the ubiquitous transcellular 
D-glucose gradient-driven facilitative glucose trans-
porters (GLUT1) is well characterised. Recently, an
alternative secondary active uptake pathway via SGLT
has been identified in the endothelium of several vas-
cular beds [37, 38]. We hypothesised that elevation of
the extracellular concentration of D-glucose would in-
crease entry not only via GLUT1, but also via SGLT,
leading to a rise in intracellular Na+

, which in turn
stimulates Ca2+ uptake through NCX. This hypothesis
is supported by the finding that the D-glucose-induced
increase in intracellular Ca2+ and subsequent NO for-
mation were completely blocked by the selective
SGLT inhibitor phlorizin. The existence of functional
SGLT in coronary artery endothelium is supported by
the identification of SGLT-1 mRNA in aortic and cor-
onary endothelium by RT-PCR in this study. It has
been reported that GLUT1 and SGLT each contribute
to approximately 50% of the glucose uptake in several
vascular beds. Moreover, SGLT is rapidly desensitised
by an increase in intracellular glucose concentrations
[38]. Thus, selective inhibition of GLUT1 should de-
lay desensitisation and therefore potentiate Na+ uptake
via SGLT, triggering an increased Ca2+ and NO re-
sponse. This explains the elevated magnitude and du-
ration of the D-glucose-induced increase in endothelial
intracellular Ca2+ and NO release in the presence of
cytochalasin B.

As we made comparable observations using D-ga-
lactose instead of D-glucose we were able to exclude
other members of this SGLT family (SGLT-2 and
SGLT-3), since SGLT-1 does not discriminate between
D-glucose and D-galactose, while neither SGLT-2 nor
SGLT-3 transport D-galactose efficiently (Km
>20 mmol/l) [31].

Although we have suggested a mechanism for glu-
cose-induced endothelial NO release, the question re-
mains whether this finding may be of physiological
significance. A direct consequence of endothelial NO
release is the relaxation of adjacent smooth muscle via
activation of soluble guanylate cyclase. However,
stimulation with high glucose alone had no effect on
resting vascular tone. The apparent inability of high
glucose to dilate coronary vessels may be explained
by the relatively low magnitude of NO release. We 
recently reported that an increase in endothelial NO
release of >5 nmol/l was required to trigger vasodila-
tion [24]. Consistent with this finding, an elevated
glucose-induced increase in NO of 5.7 nmol/l,
achieved after inhibition of GLUT1, was sufficient to
evoke relaxation. Moreover, we have demonstrated
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that the effect of the eNOS substrate L-arginine on
NO release and vasodilation is enhanced by D-glucose
in a concentration-dependent manner. This finding is
in accordance with a report of Sobrevia et al. [39]
which reported that D-glucose potentiates the uptake
of L-arginine in vascular endothelial cells via the sodi-
um-independent y+-transport system. However, this
mechanism of eNOS activation may only be relevant
at high levels of of L-arginine, and is unlikely to occur
at physiological plasma concentrations with baseline
levels of about 90 µmol/l and post-prandial peaks of
about 130 µmol/l [40, 41].

In accordance with previous studies [42], the 
vasodilatory actions of insulin were confirmed to be
endothelium-dependent, with eNOS activation mediat-
ed by receptor/tyrosine kinase, insulin receptor sub-
strate (IRS-1), PI3K and serine/threonine protein 
kinase (Akt/PKB), but not Ca2+.

A key finding of our study is that the NO responses
to insulin, as well as the relaxation responses, are po-
tentiated by co-incubation with high D-glucose in a
concentration-dependent fashion. The mechanism re-
sponsible for glucose-mediated amplification of the
vascular response to insulin appears to be confined to
SGLT- and NCX-activated, Ca2+-dependent eNOS
stimulation, since inhibition of Ca2+ entry by in-
hibitors specific to Ni2+, SGLT or NCX completely
abolished the additive glucose effect. We therefore
conclude that an elevated plasma glucose level accel-
erates its own cellular uptake by NO-derived vasodila-
tion, which is dependent on insulin- and glucose-stim-
ulated endothelial NO formation.

The rapid clearance of glucose from the circulation
also appears to be crucial for maintenance of endothe-
lial function. Glucose/insulin-mediated vasodilation is
impaired during hyperglycaemia: glucose-induced NO
release was completely abolished and insulin-induced
NO released was reduced after incubation of the PCAs
at high glucose concentrations for 2 h. This finding
may be explained by accelerated NO degradation due
to enhanced superoxide generation in the chronic hy-
perglycaemic state [43]. However, during the relative-
ly short periods (≤2 h) of incubation with high D-glu-
cose in our experiments, we found no evidence of in-
creased superoxide formation. Alternatively, it has
been shown that insulin-induced PI3 K signalling
pathways (which mediate endothelial NO release),
GLUT4 translocation in skeletal muscle cells and
adipocytes, as well as the metabolic actions of insulin,
are impaired under conditions of prolonged hypergly-
caemia, and are thus considered to constitute the mo-
lecular basis of insulin resistance [44, 45]. Additional-
ly, NCX activity was found to be reduced in the high
glucose state [46], whereas uptake of glucose by en-
dothelial cells was not affected [47]. This may explain
the failure of acute glucose addition to increase NO
release after prolonged exposure to high glucose. A
previous study demonstrated that improved glycaemic

control by insulin infusion therapy partly restored in-
sulin-stimulated endothelial function in patients with
type 2 diabetes and ischaemic heart disease, highlight-
ing the detrimental effects of persistent hypergly-
caemia on PI3K-dependent signalling [48]. This is
consistent with our observation that impaired va-
sodilatory function was only partly reversed by incu-
bating PCAs previously compromised by high glucose
in normoglycaemic buffer. Hence, it appears that the
duration of hyperglycaemia determines the vascular
response: while acute (post-prandial) hyperglycaemia
enhances PI3K-mediated endothelium-dependent 
vasodilation, persistent hyperglycaemia causes a po-
tentially irreversible impairment of glucose/insulin-
mediated vasodilation, constituting an early hallmark
of glucose- and insulin-resistance.

In summary, this is to our knowledge the first report
to describe a D-glucose-stimulated NO release from in-
tact vascular endothelium. We were able to resolve the
mechanism for this effect, demonstrating that high ex-
tracellular D-glucose activates plasma membrane trans-
porters associated with a net inward flux of Ca2+.
Moreover, we found that high D-glucose potentiates the
vasodilatory activity of insulin, suggesting that com-
bined glucose- and insulin-mediated endothelial NO
stimulation is implicated in the perfusion-dependent
acceleration of glucose uptake, which in turn is essen-
tial for maintaining vascular endothelial function.
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