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Chronic exposure to high glucose impairs
bradykinin-stimulated nitric oxide production by interfering
with the phospholipase-C-implicated signalling pathway

in endothelial cells: evidence for the involvement

of protein kinase C
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Abstract

Aims/hypothesis. Overwhelming evidence indicates
that endothelial cell dysfunction in diabetes is charac-
terised by diminished endothelium-dependent relax-
ation, but the matter of the underlying molecular
mechanism remains unclear. As nitric oxide (NO) pro-
duction from the endothelium is the major player in
endothelium-mediated vascular relaxation, we investi-
gated the effects of high glucose on NO production,
and the possible alterations of signalling pathways im-
plicated in this scenario.

Methods. NO production and intracellular Ca2+ levels
([Ca2+],) were assessed using the fluorescent probes
4,5-diaminofluorescein diacetate and fura-2 respec-
tively.

Results. Exposure of cultured bovine aortic endotheli-
al cells to high glucose for 5 or 10 days significantly
reduced NO production induced by bradykinin (but
not by Ca2+ ionophore) in a time- and dose-dependent
manner. This was probably due to an attenuation in
bradykinin-induced elevations of [Ca2+]; under these
conditions, since a close correlation between [CaZ+],
increases and NO generation was observed in intact
bovine aortic endothelial cells. Both bradykinin-pro-

moted intracellular CaZ* mobilisation and extracellular
CaZt entry were affected. Moreover, bradykinin-in-
duced formation of Ins(1,4,5)P;, a phospholipase C
product leading to increases in [Ca2+];, was also inhib-
ited following high glucose culture. This abnormality
was not attributable to a decrease in inositol phospho-
lipids, but possibly to a reduction in the number of
bradykinin receptors. The alterations in NO produc-
tion, the increases in [Ca2*],, and the bradykinin
receptor number due to high glucose could be largely
reversed by protein kinase C inhibitors and D-a-toco-
pherol (antioxidant).

Conclusions/interpretation. Chronic exposure to high
glucose reduces NO generation in endothelial cells,
probably by impairing phospholipase-C-mediated
Ca2* signalling due to excess protein kinase C activa-
tion. This defect in NO release may contribute to the
diminished endothelium-dependent relaxation and
thus to the development of cardiovascular diseases in
diabetes.
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Introduction

Both microvascular and macrovascular complications
occur frequently in poorly controlled diabetes and
cause more than 80% of the overall mortality in dia-
betic individuals [1]. The molecular mechanisms by
which hyperglycaemia leads to these complications
are unclear. However, ample data have revealed that
endothelium-dependent vascular relaxation is im-
paired in various types of blood vessels in experimen-
tal diabetic animals as well as in both type 1 and type
2 diabetic patients, thereby shown to be an early indi-
cator of endothelium injury [2, 3, 4, 5, 6]. In addition,
diabetes-induced changes in vascular reactivity appear
to be a time-dependent phenomenon; an increased
relaxation occurs in the early stage of diabetes, while
a reduced vasodilation and an increased vasoconstric-
tion occur as the disease progresses [6, 7, 8, 9]. It is
known that protein kinase C (PKC) and oxidative
stress may be implicated in the pathogenesis of diabe-
tes-related vascular diseases, as application of PKC
inhibitors and antioxidants can relieve and prevent
their development [10, 11, 12, 13].

The endothelium plays an important role as a para-
crine organ in the regulation of vascular tone and oth-
er functions. In response to stimulation by receptor
agonists (e.g. bradykinin, acetylcholine and ATP) and
shear force, these cells synthesise and release a sub-
stance originally described as endothelium-derived
relaxing factor, which is now believed to be the gas
molecule nitric oxide (NO) produced by endothelial
nitric oxide synthase (eNOS) [14]. In addition, eNOS
activity may be regulated by multiple protein kinases,
such as tyrosine kinase, PKC, protein kinase A and
protein kinase B, and by ceramide [15]. NO released
from endothelial cells activates guanylate cyclase in
adjacent vascular smooth muscle cells, resulting in in-
creased cGMP production, which triggers a cascade of
reactions leading to relaxation of the blood vessel
[16]. Vasodilation activity in response to exogenous
NO remains largely normal in diabetes [2, 3, 6]. Thus,
an alteration in NO production might make a key con-
tribution to the deregulation of vascular tone and the
pathogenesis of various diabetic vascular diseases [4].

The regulatory mechanisms underlying NO forma-
tion in endothelial cells may involve an increase in cy-
tosolic free Ca2*+ concentrations ([Ca2+],), which is a
critical activator of eNOS [17, 18]. [CaZ*]; elevation
can be a result of the inositol 1,4,5-triphosphate (IP5)-
mediated release of intracellularly stored Ca2+ as well
as the stimulated Ca2+ entry through ligand-stimulat-
ed, non-voltage-gated ion channels [18, 19, 20]. IP; is
one of the two products derived from hydrolysis of the
membrane lipid phosphatidylinositol-4,5-bisphosphate
(PIP,) via the activation of phospholipase C (PLC)
following stimulation of G-protein-coupled receptors
by agonists such as bradykinin [19, 21]. Thus, one
possible mechanism for the defective receptor agonist-
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induced endothelium-dependent vascular relaxation in
diabetes is the impairment in the IP;—Ca?* signalling
pathway. The reduction in NO formation in endotheli-
al cells from diabetic individuals could occur at one or
several intervals in this pathway. Although a few stud-
ies in cultured cells at different concentrations of high
glucose for a short term (1-2 days) found alterations
in [Ca?*]; responses and NO formation, the resulting
data are conflicting and are not conclusive [7, 22, 23].
Furthermore, little is known about the long-term effect
of high glucose on the PLC-mediated signalling path-
way. Considering the chronic course of hypergly-
caemia, the long-term action of high glucose on cul-
tured endothelial cells would be more relevant for the
understanding of the pathogenesis of the dysfunctional
endothelium in diabetes. Bradykinin is a Ca2*-mobil-
ising receptor agonist playing an important role in the
regulation of endothelium function and widely used as
a tool in studies of PLC-activated signalling pathways
in endothelial cells, in particular in studies of endothe-
lium-dependent relaxation [24]. In this study, we
found that the prolonged exposure of cultured endo-
thelial cells to high glucose specifically reduced NO
formation stimulated by this agonist, probably by
reducing receptor number and by impairing [CaZ];
elevation. These high-glucose-induced alterations
appear to be implicated in the activation of PKC and
the increase of oxidative stress.

Materials and methods

Materials. Cell culture medium (MCDB 131 and DMEM),
antibiotics, FCS and bovine serum were purchased from Invi-
trogen—Gibco Corporation (Carlsbad, Calif., USA). Cell cul-
ture flasks and dishes were obtained from Falcon (Millville,
N.J., USA). Fura-2/acetoxymethylester was obtained from
Molecular Probes (Eugene, Ore., USA). The 4,5-diaminofluo-
rescein-2 (DAF-2) diacetate and PKC inhibitors (bisindolyl-
maleimide I and GO 6976) were supplied by CalBiochem
(La Jolla, Calif., USA). Bradykinin, NG-nitro-l-arginine
methylester (L-NAME), ionomycin, thapsigargin and D-o.-to-
copherol (vitamin E) were purchased from Sigma (St. Louis,
Mo., USA). p-myo-[3H]inositol 1,4,5-trisphosphate (IP;) assay
kit and [3H]bradykinin were supplied by Amersham Bioscienc-
es (Little Chalfont, UK). Anti-eNOS monoclonal antibody and
goat anti-mouse IgG were purchased from Santa Cruz Biotech-
nology (Santa Cruz, Calif., USA).

Culture and treatment of bovine aortic endothelial cells.
Bovine aortic endothelial cells (BAECs; up to passage 16;
Clonetics, Walkersville, Md., USA) were first grown to near
confluence in MCDB 131 containing 10% FCS and antibiotics
in humidified air (5% CO,) at 37°C. Media were replaced
every 48 h. The cells were then cultured with control
(5.6 mmol/l) or elevated (22.2 or 44.4 mmol/l) concentrations
of glucose in the absence or presence of PKC inhibitors for 5
or 10 days, with concomitant lowering of the serum concentra-
tion in the medium to 2% to keep the cells in the quiescent
state. Media were replaced every 24 h during these periods.
The cells reached confluence at the time of the experiment.
There was no noticeable difference in growth speed/patter and
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no clear indication of cell death among cells cultured at differ-
ent concentrations of glucose.

In all experiments after cell culture, high concentrations of
glucose were not applied in any utilised medium or solution,
and PKC inhibitors were not present. This was to avoid possi-
ble acute effects of high glucose or PKC inhibitors on endothe-
lial cell function.

Measurement of NO production. NO generation in living cells
can be monitored using a membrane-permeable fluorescent in-
dicator, 4,5-diaminofluorescein diacetate (DAF-2/DA) [25].
BAEC suspensions were obtained by gentle trypsinisation and
the detached cells were recovered in spinners in DMEM con-
taining 2% FCS for 2.5 h. Cells were then incubated with
2 nmol/l DAF-2/DA for 30 min at 37°C in the dark. DAF-2-
loaded cells were resuspended in DMEM. Aliquots of cells
(5x100 in 200 pl) were added to the 96-well black plate. After
leaving the plate at 37°C for 15 min, stimulants were added
and the plate was incubated for up to 6 h. The fluorescence
generated by NO production was monitored by a fluorescent
plate reader (Spectramax microplate spectrofluorometer;
Molecular Devices, Sunnyvale, Calif., USA) at excitation us-
ing emission wavelengths of 485 and 515 nm respectively. The
results were expressed as fluorescence intensity (arbitrary
units).

Determination of eNOS by western blotting. BAECs cultured
at different concentrations of glucose were homogenised. The
extract samples (40 pg protein each) were subject to SDS-
PAGE and transferred onto nitrocellulose membranes as de-
scribed previously [26]. The membranes were hybridised with
an anti-eNOS monoclonal antibody (1:1000 dilution) and then
with goat anti-mouse IgG (1:2000 dilution). Blotting bands
were visualised by autoluminography after a procedure of en-
hanced chemiluminescence development.

Measurement of [Ca2+]i. As previously described [27],
[CaZ*]; was measured using the fura-2 technique. Briefly,
cultured BAECs were harvested after gentle trypsinisation,
centrifuged, and resuspended in DMEM containing 2% FCS.
After incubation in a spinner for 2.5 h at 37°C, cells were load-
ed with 1 umol/l fura-2/AM for 30 min. Following two wash-
es, BAECs were resuspended in a final concentration of
1.25x100 cells/ml in a mixture of HEPES (20 mmol/l)-buffered
KRB and DMEM with 2% FCS (1:2, v/v). Aliquots of cell sus-
pensions in cuvettes containing 2 ml HEPES-buffered KRB so-
lution were put in a thermostatically controlled holder
equipped with a stirrer. Fluorescence signals were recorded by
ratio fluorometry using a spectrofluorometer (Perkin-Elmer
Life and Analytical Sciences, Boston, Mass., USA; LS-50B)
with an emission wavelength of 515 nm at alternate
340/380 nm excitation wavelengths, and calibrated into [Ca2+];
values using the equation previously described [27].

Measurement of IP3. The activation of PLC was examined by
measuring one of its products (IP;). BAECs were cultured in
24-well plates at different concentrations of glucose. On the
day of the experiments, cells were washed twice with KRB.
After a 15-min equilibration period in 0.3 ml KRB per well at
37°C, cells were stimulated by adding 1 umol/I (final) bradyki-
nin for 5 or 60 s. Stimulation was stopped and cells were lysed
by adding HCIO, (10%; v/v) at the appropriate time points.
Extraction and measurement of IP; levels in the samples were
performed according to the manufacturer’s protocol using a ra-
dioactive ligand binding assay system (Amersham Bioscienc-
es; catalogue no. TRK 1000).
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Assessment of bradykinin binding to its receptor. Binding of
bradykinin to its receptors in BAECs was assessed by radioli-
gand saturation binding assay [21]. Cells grown in 6-well cul-
ture plates under specified culture conditions were washed
twice with ice-cold PBS and rinsed once with binding buffer
(modified Hanks’ balanced salt solution (HBSS); replacement
of 120 mmol/l NaCl with N-methyl-D-glucamine; reduction by
half of the concentrations of CaCl,, MgCl,, and MgSOy,; sup-
plemented with 0.1% BSA, 5.6 mmol/l glucose, 2 g/l bacitra-
cin and 10 mmol/l HEPES; pH 7.4). After 15 min of equilibra-
tion on ice, cells were incubated in 1.5 ml HBSS containing
0.5 nmol/l [3H]bradykinin (3.33—4.44 MBg/mmol) with differ-
ent concentrations of unlabelled bradykinin (0.1-50 nmol/l) for
2 h at 4°C. Non-specific binding was assessed in the presence
of 5 umol/l cold bradykinin. The medium was then removed
and cells were rapidly rinsed four times in ice-cold rinsing
buffer (modified HBSS containing 0.2% BSA). Subsequently,
cells were detached by trypsinisation and transferred to scintil-
lation vials. After mixing thoroughly with scintillation cock-
tail, radioactivity in the samples was determined by a beta
counter. Data analysis was undertaken as previously described
[28].

Measurement of inositol phospholipids. After BAECs seeded
in 75-cm? flasks cultured with control or high glucose for 10
days, cells were incubated in 4 ml phosphate-free DMEM me-
dium containing 0.37 MBqg/ml 32P; for 2 h. After they were
washed, cells were harvested by trypsinisation and transferred
to glass tubes. Cell pellets from centrifugation were subject to
repeated extraction with CHCl;-CHOH-2.4 N HCI (1.5:1:1.5)
to obtain total cellular lipids [29]. Phospholipid standards and
extracted lipid samples were loaded on preactivated TLC
plates, which were developed successively in two different sol-
vent systems [30]. The 32P-labelled lipids were visualised by
autoradiography and the spots corresponding with PIP,, PIP
and PI were scraped into vials. After thorough mixing with
scintillation cocktail, the radioactivity was determined using a
beta counter.

Statistical analysis. Results are expressed as means + SEM.
Statistical evaluation of the data was performed using an un-
paired two-tailed t test and ANOVA. Differences were consid-
ered significant when the p value was less than 0.05.

Results

Chronic exposure to high glucose impairs agonist-in-
duced NO formation. Bradykinin (1 umol/l) induced
an increase in NO production almost linearly over a
6-h period of incubation in control BAECs (Fig. 1a).
Such stimulated NO generation could be blocked by
100 pmol/l L-NAME, an inhibitor of eNOS, indicating
that the detected fluorescent signals reflected the cel-
lular NO production, therefore validating the method.
Exposure of BAECs to high glucose impaired brady-
kinin-induced NO production in a time- and concen-
tration-dependent manner (Fig. 1). For instance, the
NO formation over 120 min of stimulation was signif-
icantly reduced by 31% and 39% (n=7, p<0.01) after
5-day culture at 22.2 and 44.4 mmol/l glucose respec-
tively (Fig. 1b). Further reduction of bradykinin-stim-
ulated NO production over the same period (-32%
and -49% respectively) occurred following 10 days of
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Fig. 1. Effect of high glucose culture on NO production in
BAECs. BAECs were cultured with control (5.6 mmol/l) or
elevated concentrations of glucose (G), either 22.2 or
44.4 mmol/l, for 5 days (a, b) or 10 days (c, d). a, c. Bradyki-
nin (BK; 1 pmol/l)-stimulated NO production was measured
in cell suspensions. The basal NO levels in the absence of
stimulants remained almost unchanged over the 6-h incubation
period (data not shown). Each data point is the average of sev-
en experiments. Open circles, control cells; diamonds, cultured
with 22.2 mmol/l glucose; triangles, cultured with 44.4 mmol/l
glucose; closed circles, control cells in the presence of
L-NAME during bradykinin stimulation. b, d. NO production
during 120 min of stimulation by 1 umol/l bradykinin (open
bars) or by 2 pumol/l ionomycin (hatched bars). Values are
means + SEM of seven experiments. ** p<0.01 vs control
(t test)

Control

culture with high glucose (Fig. 1c, d). Similar inhibi-
tory effects were also observed on NO production in-
duced by purinergic stimulation with 10 umol/l ATP,
another PLC activator (data not shown). In contrast,
high glucose culture did not alter ionomycin (a CaZ*
ionophore)-induced NO production in BAECs
(Fig. 1b, d). The observation that high glucose culture
selectively inhibited NO production induced by recep-
tor agonists suggests the existence of impairment(s) at
some stage of the signalling transduction pathway,
from stimulation of transmembrane receptors to acti-
vation of eNOS.

Sustained high glucose culture has no effect on eNOS
protein mass. The decrease in bradykinin-induced NO
production in high-glucose-cultured BAECs could be
due to a reduction in eNOS mass and/or to its activity.
A possible change in eNOS mass through chronic
high glucose culture was examined by western blot-
ting. However, no significant alteration in eNOS mass
occurred in BAECs cultured with high glucose for 5
or 10 days (data not shown), suggesting that the activ-
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ity, rather than the mass, of eNOS in BAECs is affect-
ed by high glucose treatment.

NO production in BAECs is correlated with an in-
crease in [Ca2+]i. The relationship between [CaZ+],
and NO production in BAECs was examined by ap-
plying various doses of ionomycin. [CaZ*], were ele-
vated concomitantly in a concentration-dependent
fashion (Fig. 2a). Upon stimulation by the same con-
centrations of the CaZ* ionophore, NO generation in
BAECs was increased in a dose-dependent manner
(Fig. 2b). A close correlation between ionomycin-
stimulated NO production and ionomycin-induced
peaks in [Ca2+], was observed (Fig. 2c).

The role of increased [CaZ*]; in bradykinin-stimu-
lated NO production in BAECs was studied in the
presence or absence of free CaZ* in the extracellular
space. When Ca?*+ levels were lowered to approxi-
mately 100 nmol/l by adding EGTA (a Ca2* chelator)
to the medium, bradykinin-stimulated NO production
in such nominal CaZ*-free medium for 90 min was
completely abolished (Fig. 2d). Afterwards, bringing
extracellular free Ca2*+ back to normal levels restored
bradykinin-induced NO formation (Fig. 2d). Thus, our
observations clearly indicate that an increase in
[CaZ+], via Ca2* entry is essential for bradykinin to in-
duce NO production.

High glucose culture reduces receptor-agonist-
induced increases in [Ca2+]i in BAECs. The above
results prompted us to examine the [Ca2+]; profile in
BAECs following high glucose culture. In control
cells, bradykinin stimulation resulted in a rapid
increase in [CaZ*]; from 10726 nmol/l to a peak of
542+27 nmol/l. In cells pretreated for 5 days with high
glucose, the ability of bradykinin to elevate [CaZ+],
was markedly inhibited; the average increase in
[Ca2*]; during the first 30 s decreased to
338+11 nmol/l at 22.2 mmol/l and to 236+15 nmol/l at
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Fig. 2. The relationship between [Ca2+]; and NO production. a.
[CaZ*]; in BAECs was elevated to various levels by different
concentrations (0.002 to 4 pmol/l) of ionomycin. Each trace is
the average of three to four experiments. b. NO formation
stimulated by ionomycin at the same concentrations as in a.
Each data point is the average of four experiments. ¢. Correla-
tion of ionomycin-stimulated NO production (30 min of incu-
bation) with ionomycin-induced peaks in [CaZ*],. d. Require-
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44.4 mmol/l, which corresponds with a reduction of
38% and 56% (p<0.01) respectively (Fig. 3a, c). Ex-
posure to high glucose for 10 days further reduced
bradykinin-induced increases in [Ca?*]; by 61% and
68% after culture in 22.2 and 44.4 mmol/l glucose re-
spectively (p<0.01; Fig. 3b, c¢). However, basal [Ca?*];
were not affected by high glucose culture. These re-
sults suggest that reduced NO production following
bradykinin stimulation in high-glucose-cultured
BAECs could be due to a diminished [Ca?*]; response.

In contrast, increases in [Ca2*]; induced by ionomy-
cin (2 umol/l) were not affected by 10 days of high
glucose culture (data not shown). This may explain
why high glucose did not interfere with ionomycin-
stimulated NO production (Fig. 1b, d).

High glucose culture inhibits bradykinin-induced
Ca2+ mobilisation and Ca2+ influx. Receptor ago-
nists such as bradykinin induce increases in [Ca2*]; in
two ways: CaZ* mobilisation from intracellular stores,
and Ca?* influx from extracellular space [19, 20].
These two events can be examined separately as
shown in Fig. 4. The former is assessed by lowering
the extracellular free Ca2* level by EGTA, and the lat-
ter is determined by restoring extracellular free Ca2+
to the normal level. After 5 days of culture with 22.2
or 44.4 mmol/l glucose, bradykinin-induced Ca2* mo-
bilisation was reduced by 12% and 20% (p<0.01,
n=10) respectively, while the Ca2+* influx was reduced
by 17% and 30% (p<0.01, n=10) respectively
(Fig. 4a). Further reduction in bradykinin-induced
Ca2*+ mobilisation and Ca?* influx was observed after
10 days of culture under these conditions; the former
was diminished by 20% and 31% (p<0.01, n=10) re-
spectively, and the latter was reduced by 26% and
46% (p<0.01, n=10) respectively (Fig. 4b). These data
indicate that protracted high glucose treatment signifi-
cantly inhibited both Ca2* mobilisation and Ca2* in-
flux in BAECSs, albeit with a more severe effect on the
latter.

Also examined was the increase in [CaZ*]; induced
by thapsigargin, which mobilises Ca* from IP;-sensi-
tive intracellular Ca2+ stores through inhibition of
Ca2*—ATPase in the stores [31]. The results revealed
that 10 days of high glucose culture did not affect

ment of CaZ+ entry from extracellular space for bradykinin-in-
duced NO production. In normal medium (with 1.5 mmol/l
Ca?*), bradykinin-stimulated NO production in BAECs was
nearly linear during the period in which it was detected (closed
triangles). Bradykinin-induced NO formation was blocked
when extracellular free Ca2+ level was reduced to nominal free
Ca?+ level by adding 3 mmol/l EGTA (open triangles; first
90 min). However, adding 3 mmol/l CaZ* to the solution re-
stored NO production at the normal rate (open triangles; be-
yond 90 min). Open circles, basal NO level without stimula-
tion; closed circles, bradykinin stimulation in the presence of
3 mmol/l EGTA throughout the 180-min period



2098

600 |

400 1

200 7

[Ca?*]; (nmol/l) Q)

60 s

600 1

400

200

[Ca%]; (nmol/l) T

f 60 s

o

500 T

400
300 1

7

»

200 1 % i "
100 é | y//; |

Fig. 3. Effect of high glucose culture on bradykinin-induced
increases in [CaZ*]; in BAECs. Bradykinin (BK; 1 pmol/l)-in-
duced increases in [Ca2+]; in BAECs cultured for 5 days (a) or
10 days (b) at control (5.6 mmol/l) or high (22.2 or
44.4 mmol/l) concentrations of glucose (G) were measured in
cell suspensions using the fluorescent CaZ* probe fura-2 as de-
scribed in the Materials and methods section. Each trace is the
superposition of 11 experiments. ¢. The average increases in
[Ca2*]; during the initial 30 s of bradykinin stimulation. Bar
values are means = SEM. ** p<0.01 vs control (¢ test). Open
bars, 5 days of culture; hatched bars, 10 days of culture
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thapsigargin-induced increases in [Ca2?*]; (data not
shown), suggesting that the IP;-releasable Ca* pool
remained intact. This observation demonstrated again
that only receptor-agonist-elicited [CaZ*]; responses
were impeded by high glucose.

High glucose culture attenuates both basal and brady-
kinin-stimulated IP3 formation in BAECs. As PLC-ac-
tivating receptor agonists induce an increase in [Ca2+];
by generating IP; [19, 21], the possible effect of high
glucose on this second messenger was examined. The
basal level of IP; in control BAECs was
0.90+0.06 pmol/mg proteins. Culture with 22.2 and
44.4 mmol/l glucose for 10 days markedly decreased
the basal IP; levels to 0.44+0.03 and
0.46+0.05 pmol/mg proteins (p<0.01) respectively
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Fig. 4. Effects of high glucose culture on bradykinin (BK)-
stimulated Ca2* mobilisation and CaZ* influx in BAECs. Cells
were cultured with control (5.6 mmol/l) or high (22.2 or
44.4 mmol/l) concentrations of glucose (G) for 5 days (a) or 10
days (b). [Ca2*]; was measured by loading the fluorescent Ca2*
probe (fura-2) in the cells. Bradykinin (1 pmol/l)-induced Ca2+
mobilisation from intracellular stores was determined by che-
lating Ca?* in extracellular buffer to nominal free Ca2+ levels
by adding 3 mmol/l EGTA, whereas bradykinin-promoted Ca2*
influx was detected by restoration of extracellular free CaZ* to
the normal level by adding 3 mmol/l Ca2* to the solution. Each
trace is the superposition of ten experiments (7 test)

(Fig. 5). Moreover, bradykinin-stimulated IP; produc-
tion (increase vs basal) was also significantly reduced
by 29% and 48% respectively during 5 s of stimula-
tion, and by 46% and 64% respectively during 60 s of
incubation (Fig. 5).

No effect of high glucose culture on inositol phospho-
lipids in BAECs. The decreased IP; production follow-
ing bradykinin stimulation in high-glucose-cultured
cells could result from a reduction in the substrate for
PLC. Thus, the contents of inositol phospholipids in
these cells were measured by thin-layer chromatogra-
phy. Culture of BAECs for 10 days at 22.2 or
44.4 mmol/l glucose did not cause significant changes
in the contents of all three inositol phospholipids: PI,
PIP and PIP, (Fig. 6).

Prolonged high glucose culture decreases the number
of bradykinin receptors in BAECs. The possible ef-
fects of high glucose culture on PLC-coupled recep-
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Fig. 6. Effect of high glucose culture on PI, PIP and PIP, in
BAECs. BAECs were cultured with either control or high glu-
cose for 10 days. a. After labelling with 2P, cell lipids were
extracted, separated by thin-layer chromatography, and autora-
diographied as described in the Materials and methods section.
b. Statistical analysis of the contents of 32P-labelled inositol
phospholipids. Data are the means = SEM of three independent
experiments in duplicate (¢ test). Open bars, control cells;
hatched bars, cultured with 22.2 mmol/l glucose; closed bars,
cultured with 44.4 mmol/l glucose
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Fig. 7. Effect of high glucose culture on the bradykinin (BK)
receptor in BAECs. Saturation binding (a) and Scatchard plot
(b) analyses were performed by a non-linear-curve-fitting pro-
gram (Sigma Plot; SPSS, Chicago, Ill., USA) to determine the
dissociation constants and the total number of bradykinin re-
ceptors. Data are from four independent observations (t test).
Open circles, control cells; closed circles, cultured with
22.2 mmol/l glucose; triangles, cultured with 44.4 mmol/l glu-
cose

tors were also investigated. Performance of radioli-
gand binding assay detected only one type of bradyki-
nin receptor in BAECs with a K of 1.1+0.09 nmol/l
and a total number of receptors of 345+18 fmol/mg
protein, as all plots fitted a single receptor model
(Fig. 7). High glucose culture for 10 days significantly
reduced the total number of bradykinin receptors by
22% and 29% at 22.2 and 44.4 mmol/I glucose respec-
tively (declined to 270+16 and 245+23 fmol/mg pro-
tein respectively; p<0.01 vs control; Fig. 7b). Howev-
er, the affinity of bradykinin receptors (K;) was not
affected (1.3+0.1 nmol/l and 1.1+0.1 nmol/l at 22.2
and 44.4 mmol/l glucose respectively; p>0.05 vs con-
trol) under these conditions (Fig. 7b).

Reversal of impairments by PKC inhibitors. PKC in-
hibitors reverse impairments in agonist-induced (i)
NO formation, (ii) increases in [CaZ*];, and (iii) reduc-
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Table 1. PKC inhibitors reverse high-glucose-induced inhibition of NO production induced by bradykinin

Condition (glucose) Co-treatment

None Bisindolylmaleimide G06976 (20 nmol/1) D-a-tocopherol
(10 umol/1) (100 pmol/T)

Co-treatment for 5 days
Control 9.35+0.38 8.97+0.73 8.43+0.86 9.67+0.86
22.2 mmol/l 5.10+0.224 7.71+0.662 b 6.98+0.492. b 8.96+0.67°
44.4 mmol/l 4.32+0.362 7.04+0.49a. b 6.55+0.554b 8.61+0.90°
Co-treatment for 10 days
Control 9.28+0.46 8.66+0.47 8.34+0.66 9.55+0.77
22.2 mmol/l 4.51+0.362 7.60+0.55b 7.30+0.44b-c 8.76+0.57°
44.4 mmol/l 3.63+0.312 7.02+0.31b 6.67+0.45b 8.69+0.85b

Data indicate NO production over 90 min (arbitrary units).
BAECs were cultured with the indicated concentrations of glu-
cose for 5 or 10 days in the presence or absence of PKC in-
hibitors. Bradykinin-induced NO production was measured as
described in the Materials and methods section. Values are

means + SEM of five independent experiments. 2 p<0.01 vs in-
dividual control; ® p<0.01 vs corresponding glucose concentra-
tion with no PKC inhibitor; ¢ p<0.05 vs individual control
(ANOVA)

Table 2. Reversing high-glucose-induced inhibition of bradykinin-induced increases in [Ca2*]; by PKC inhibitors

Condition (glucose) Co-treatment

None Bisindolylmaleimide GO 6976 (20 nmol/l) D-a.-tocopherol
(10 pmol/) (100 pumol/T)
Co-treatment for 5 days
Control 533+38 502+36 500+24 540+42
22.2 mmol/l 341+282 438+25b 426+31b 501+33b
44.4 mmol/l 231+36¢ 422+170 4144290 470+28>
Co-treatment for 10 days
Control 53041 494423 495+21 546+38
22.2 mmol/l 210+28¢ 453270 433+30p 491270
44.4 mmol/l 174+36¢ 441+35b 4244260 463200

Data indicate [Ca2*], (nmol/l). BAECs were cultured with vari-
ous concentrations of glucose for 5 or 10 days in the presence
or absence of PKC inhibitors. Bradykinin-induced increases in
[Ca?*]; were determined as described in the Materials and

tion in the number of bradykinin receptors due to high
glucose culture. It is known that high glucose may in-
crease diacylglycerol production and thus activate
PKC [12, 32, 33]. To study the possibility that the
above observed alterations of agonist-induced re-
sponses by long-term high glucose culture involved
excessive PKC activation, we co-cultured BAECs
with cell-permeable PKC inhibitors (Table 1). After 5
days of culture, the effect of 22.2 and 44.4 mmol/l
glucose on bradykinin-induced NO production over
90 min was reversed by 69% and 60% (p<0.05) re-
spectively by bisindolylmaleimide-I (a general PKC
inhibitor; 10 pmol/l). Similar reversing effects (by
62% and 59%; p<0.05) were observed when GO 6976
(a selective inhibitor of Ca2+-dependent PKC-f iso-
forms; 20 nmol/l) was used. In addition, D-a-tocophe-
rol (an antioxidant that could also serve as a general

methods section. Values are means+SEM of five independent
experiments. 2 p<0.05 vs individual control; b p<0.01 vs corre-
sponding glucose concentration with no PKC inhibitor;
¢ p<0.01 vs individual control (ANOVA)

PKC inhibitor through prevention of diacylglycerol
formation, presumably by activating diacylglycerol
kinase [12]; 100 umol/l) also attenuated the inhibitory
effect of 22.2 and 44.4 mmol/l glucose on bradykinin-
induced NO generation by 84% and 80% respectively
(p<0.05). However, a longer period of culture (10
days) with these agents only slightly further prevented
the impairment of NO production due to 22.2 or
44.4 mmol/l glucose (Table 1).

The observed reduction in agonist-induced increas-
es in [Ca?+]; following high glucose culture were also
largely reversed by PKC inhibitors (Table 2). After 5
days of co-culture, bisindolylmaleimide-I reversed the
high glucose effect by 65% and 72% (p<0.01) at 22.2
and 44.4 mmol/l glucose respectively, while GO 6976
reversed the high glucose effect by 59% and 70%
(p<0.01) respectively. Likewise, D-a-tocopherol was
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Table 3. PKC inhibitors prevent high-glucose-induced reduction of bradykinin receptors

Condition (glucose) None Bisindolylmaleimide (10 pmol/1) D-a-tocopherol (100 pmol/1)
Control 371+18 336+22 370+28

22.2 mmol/l 264+142 301+26b 341£12b

44.4 mmol/l 224+20a 288+14a.b 334+2]ab

Data indicate the number of bradykinin receptors (pmol/mg
protein). BAECs were cultured with the indicated concentra-
tions of glucose for 10 days in the presence or absence of PKC
inhibitors. The number of bradykinin receptors was assessed as

able to reverse the reduced [CaZ*]; increase by 80%
and 77% (p<0.05) respectively. The reduced [Ca2+],
responses to bradykinin following 10 days of culture
with 22.2 or 44.4 mmol/l glucose were recovered to
similar extents in the presence of PKC inhibitors or
D-a-tocopherol.

Furthermore, co-culture with bisindolylmaleimide-I
or D-a-tocopherol was also able to reverse the reduced
number of bradykinin receptors in BAECs resulting
from 10 days of high glucose culture (Table 3). Bisin-
dolylmaleimide-I reversed the receptor density by
58% and 61% (p<0.01) at 22.2 and 44.4 mmol/l glu-
cose respectively. D-a-tocopherol reversed the density
of the bradykinin receptor by 68% and 73% respec-
tively (p<0.01).

Discussion

It has been speculated that chronic exposure to high
glucose could cause the impairment of NO release
and/or the increased destruction of released NO fol-
lowing stimulation by PLC-activating agonists [4, 34,
35]. In the current study, we provide strong evidence
that the IP;—CaZ*—NO cascade pathway is impaired in
endothelial cells exposed to prolonged high glucose in
a time- and dose-dependent manner. Although this pa-
per only provides detailed data using a single type of
endothelial cell (BAECs) and one receptor agonist
(bradykinin), we also found that high glucose culture
had identical effects on NO production and [CaZ+],
profile when ATP was used as a PLC-activating ago-
nist and when HUVECs were studied [36].

Our data revealed that the impairments by high glu-
cose of both NO formation and [CaZ*]; are specific to
the PLC-activating receptor agonists such as bradyki-
nin and ATP, and that they do not impede the actions
of CaZ* ionophore. These results are consistent with
the observations of studies of diabetic animals and pa-
tients in which the impaired endothelium-dependent
vasodilation occurred only after the stimulation with
receptor agonists such as acetylcholine and bradyki-
nin, but not following the application of NO donors or
Ca2+ ionophores [2, 3, 6, 9]. Thus, a deficiency in NO,
rather than a change in the sensitivity of vascular
smooth muscle cells to NO, contributes to the im-

described in the Materials and methods section. Values are
means = SEM of five independent experiments. 2 p<0.01 vs in-
dividual control; ® p<0.01 vs corresponding glucose concentra-
tion with no PKC inhibitor (ANOVA)

paired endothelium-dependent vasodilation in diabe-
tes.

The fact that exposure to high glucose of up to 10
days did not alter eNOS mass in either cultured
BAECs or HUVECs (data not shown) points to an im-
pairment of the activation of eNOS in endothelial cells
following protracted high glucose culture. Physiologi-
cally, eNOS in endothelial cells is activated by two
major modes [4]. One is the longitudinal shear force
on the endothelium. The detail in the mechano-trans-
duction for this activation mode is unclear, though this
action may be mediated via integrins and G proteins
and may involve tyrosine phosphorylation and protein
kinase B (Akt) [17, 37, 38]. The other mode for the
activation of eNOS is the stimulation of cell surface
receptors that activate G-protein-coupled PLC result-
ing in an increase in [Ca%*]; [18, 19, 20, 21, 31].
Although the experiments carried out in cell-free
systems indicated a role of Ca2* in eNOS activation,
the importance of CaZ* in such an event by PLC-stim-
ulating agonists in the intact cells is uncertain. Using
ionomycin to set [Ca2*], at different levels, we were
able to demonstrate that the amount of NO production
was well correlated with the extent of [Ca2*]; eleva-
tion in living endothelial cells. A close association of
the extent of an increase in endothelial [Ca2*], with
agonist-induced relaxation was also found in the rab-
bit aortic valve [39]. Importantly, bradykinin-stimulat-
ed NO generation depends on Ca2* (Fig. 2d). These
findings strongly indicate that a change in [Ca2+]; ele-
vation by PLC-coupled receptor agonists may lead to
an alteration in NO formation.

A few studies on cultured endothelial cells at high
glucose for a short period (up to 2 days) have revealed
alterations in [CaZ*], homeostasis [7, 22, 23]. How-
ever, the results of these studies are not consistent. In
porcine aortic endothelial cells, 1 day of culture with
high glucose (44 mmol/l) caused enhanced increases
in [Ca?*]; in response to bradykinin [7, 22], whereas
an opposing effect was observed in another study
when BAECs were exposed to 25 mmol/l glucose for
24 h [23]. In our study, 2 days of culture in high glu-
cose did not affect bradykinin-induced increases in
[Ca2*]; in endothelial cells. However, the development
of a dysfunctional vascular endothelium in diabetic
subjects involves chronic exposure to high glucose en-
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vironments. Thus, we performed thorough experi-
ments to examine the effects of longer periods of cul-
ture (5 or 10 days) at two high glucose concentrations
on [Ca?*]; homeostasis in endothelial cells. Both bra-
dykinin-induced Ca2* mobilisation and CaZ* influx
were clearly affected by high glucose in a dose- and
time-dependent manner (Fig. 4). The only paper avail-
able in the literature studying long-term effects of
high glucose on [Ca?*]; in endothelial cells also re-
ported that 3 to 6 days of high glucose culture inhibit-
ed increases in [CaZ*]; induced by bradykinin and ATP
in porcine aortic endothelial cells [8]. PLC-activating
agonists increase [CaZ*]; in endothelial cells both
through IP;-mediated Ca?* release from intracellular
CaZ* stores and through stimulated Ca2* entry from
extracellular space [19, 20]. It is generally accepted
that agonist-promoted Ca2* entry is attributable to the
depletion of IP;-sensitive Ca2* stores, and this type of
Ca?* entry is thus called store-operated Ca2* influx, or
capacitative Ca2+ entry [20, 40]. Tt has been reported
that both CaZ* mobilisation and Ca2* influx are impor-
tant for eNOS activation by agonists. Ca2* release
from intracellular stores was required for the activa-
tion of eNOS by flow and agonists in aorta [31]. Other
studies have found that sustained eNOS activation in
endothelial cells by agonists required capacitative
Ca?* entry [41, 42]. Our data also show that sustained
eNOS activation by bradykinin is dependent on CaZ*
entry (Fig. 2d), suggesting that the attenuation of ca-
pacitative Ca2* entry may be the quantitatively most
critical event contributing to the inhibition of NO pro-
duction in endothelial cells after chronic high glucose
culture. However, it appears that such attenuated Ca2+
influx is not due to an impairment of capacitative CaZ*
entry per se, but rather to a decline in the driving force
for this Ca2+ store-operated process. Two lines of evi-
dence support this notion. First, bradykinin-stimulated
IP; production and bradykinin-induced Ca2+ mobilisa-
tion were significantly reduced in high-glucose-cul-
tured endothelial cells and thus the IP;-sensitive CaZ*
pool has a less-depleted status and in turn attenuated
capacitative Ca2+ entry. Second, increases in [Ca2+], in
endothelial cells, induced by thapsigargin, were not
affected by chronic high glucose culture, indicating
that the store-operated capacitative CaZ* entry func-
tions normally and that IP;-sensitive Ca?* stores re-
main intact.

Our results revealed that high glucose culture atten-
uated both basal and bradykinin-stimulated IP; pro-
duction in endothelial cells, which does not seem to be
due to a reduction of inositol phospholipids (the PLC
substrates). Although the reduced IP; production
could be the result of a defect at any level in the cou-
pling of receptor, G protein and PLC, our data demon-
strated for the first time that there was a decrease in
the number of receptors in endothelial cells following
long-term exposure to high glucose. Importantly, such
a reduction in the number of receptors could affect ag-
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onist-induced responses/function in cells, leading to
the observed impairments of [Ca2+], responses and NO
production upon bradykinin stimulation. Indeed, a
33% reduction in the number of receptors due to PKC
activation induced a proportional decrease of bradyki-
nin-mediated IP; formation in fibroblasts [21], and a
40% down-regulation of arginine vasopressin recep-
tors in high-glucose-cultured vascular smooth muscle
cells resulted in a similar extent of inhibition of argi-
nine-vasopressin-induced [Ca2*]; elevations [43].
Whether high glucose is also able to reduce the num-
ber of other receptors (e.g. purinergic receptors) in en-
dothelial cells remains to be clarified.

What are the mechanisms by which high glucose
induces the reduction in the number of receptors, as
well as the inhibition of PLC, the impairment of
[Ca2+]; profile, and the attenuation of eNOS activation
in BAECs? Earlier studies showed that acute PKC ac-
tivation has a negative feedback effect on the pathway
linking receptors to PLC stimulation [43, 44, 45].
Furthermore, PKC (especially 3 and 8 isoforms) is ex-
cessively activated in high glucose environments due
to enhanced de novo synthesis of diacylglycerol [12,
32, 33]. Our results using PKC inhibitors suggest that
excessive PKC activation is a candidate mechanism
for the alterations in NO production, [CaZ*]; elevation
and PLC activation in response to agonists in endothe-
lial cells chronically exposed to high glucose. This no-
tion is also applicable to the reduction in the number
of bradykinin receptors under the same conditions.
Similarly, the PKC inhibitor reversed high-glucose-in-
duced down-regulation of the numbers of angiotensin
II and arginine vasopressin receptors in vascular
smooth muscle cells [43]. How PKC activation causes
receptor down-regulation is unclear, but one possibili-
ty is through the suppression of mRNA expression
[46]. It should be noted that the PKC inhibitors (bisin-
dolylmaleimide and GO 6976) cannot completely
reverse the impairments due to high glucose, while
D-a-tocopherol (also a well-known antioxidant) appears
to be more efficient than the typical PKC inhibitors.
This suggests that oxidation may be also implicated in
the pathogenesis of high-glucose-induced impairments
of NO formation and the related signalling pathway.
Indeed, an increase in the generation of reactive oxy-
gen species and oxidation stress occurs in vessels fol-
lowing exposure to high glucose, or in diabetes [47,
48]. Our findings shed light on the clinical observa-
tions using antioxidants and PKC inhibitors that are
able to improve or prevent diabetes-induced vascular
damage including impaired endothelium-dependent
vasodilation [10, 11, 12, 13].

In summary, our studies provide novel information
on the pathogenesis of a dysfunctional endothelium in
diabetes, indicating that chronic exposure of endotheli-
al cells to high glucose reduces bradykinin-stimulated
NO production by impairing IP;—Ca?* signal transduc-
tion, at least partly, at the receptor level that involves
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PKC and maybe also oxidation. This could be a molec-
ular mechanism underlying the reduction of endotheli-
um-dependent vasodilation observed in hypergly-
caemic states, and thus these findings may improve our
understanding of the development of vascular compli-
cations in diabetes mellitus. Our data have also clearly
indicated the significance of the function of the endo-
thelium in vivo in response to an external stimulus.
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