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1 Purine compounds such as ATP and adenosine, respectively endothelium-dependent and
-independent vasodilators, are largely involved in the control of vascular tone and vascular reactivity
to contracting stimuli. We investigated the relaxing activity of ATP and adenosine in guinea-pig aorta
rings exposed for 6 h to elevated glucose concentration (50 mM), in order to mimic hyperglycaemic
conditions. Guinea-pigs were reserpine-treated (2 mg kg71, i.p., 48 and 24 h before death).

2 Rings of aortae incubated in 50 mM glucose, contracted submaximally by 1 mM noradrenaline, lost
endothelium-dependent relaxation in response to acetylcholine (10 nM to 10 mM). Aortae incubated with
50 mM mannose, as a hyperosmotic control, relaxed to acetylcholine normally. Rings of aortae incubated
in 50 mM glucose, contracted submaximally by 3 mM 4-aminopyridine, lost endothelium-dependent
relaxation in response to ATP (30 mM) whereas endothelium-independent relaxation in response to
adenosine (0.3 mM) was well preserved.

4 The relaxation induced by A23187 or sodium nitroprusside (10 nM to 0.1 mM) did not di�er between
rings exposed to control (5.5 mM) or elevated glucose (50 mM) and contracted submaximally by 3 mM 4-
aminopyridine.

5 When incubated with aortic tissue in the presence of elevated glucose, the cyclo-oxygenase inhibitors,
indomethacin (10 mM) and mefenamic acid (30 mM), or the scavenger of superoxide anions, superoxide
dismutase (150 u ml71), prevented the impairment of ATP-mediated relaxation.

6 The present results indicate that endothelium-dependent, receptor-induced relaxation in response to
acetylcholine and ATP is impaired in guinea-pig aorta rings exposed to elevated glucose. The endothelial
dysfunction caused by glucose might be located at a step between receptor activation and intracellular
calcium increase, and might be related to an increased metabolism of arachidonic acid coupled to an
increased production, or to a reduced inactivation of superoxide anions.
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Introduction

Numerous disease processes including hypercholesterolaemia
(Jayakody et al., 1985), atherosclerosis (Freiman et al., 1986),
ischaemia and reperfusion (Ku, 1982), acute or chronic hy-
pertension (Lamping & Dole, 1987; Panza et al., 1990),
congestive heart failure (Kubo et al., 1991) and diabetes
(Oyama et al., 1986), are associated with abnormal endo-
thelium-dependent vascular relaxation and increased vascular
reactivity to di�erent vasoactive substances leading to va-
sospasm and tissue ischaemia. Thus, in pathological condi-
tions characterized by impaired endothelial integrity and
function, it becomes essential to know which vasodilator
mechanisms are compromised and which are preserved to
defend vascular tissue against contracting and spasmogenic
stimuli.

In the present study, guinea-pig aorta rings were perfused
by a medium containing elevated concentrations of glucose, in
order to evoke an impairment of endothelium-dependent re-
laxation (Valentovic & Lubay, 1985; Tesfamariam et al., 1990;
Bohlen & Lash, 1993; Weisbrod et al., 1993) similar to that
observed in vivo, in diabetic patients (Saenz de Tajada et al.,
1989; Calver et al., 1992; Mc Veigh et al., 1992; Hsueh &
Anderson, 1992).

Initially, noradrenaline was used as a contracting agent, to
test the functional integrity of vascular preparations and the
responsiveness to contracting stimuli. Subsequently, contrac-
tions were evoked by means of the K+ channel blocker, 4-
aminopyridine, which is known to induce arterial spasm in
vitro and is used in experimental models of vasospatic angina

(Ross et al., 1980; Lambert & Pepine, 1983; Uchida & Sugi-
moto, 1984; Uchida, 1985; Iwaki et al., 1988). Adenosine and
ATP were used to evoke vascular relaxation. These purine
compounds are released from vascular innervation (White,
1988), circulating platelets, or vascular tissue metabolism
(Born & Kratzer, 1984), and sustain a prominent role among
the natural factors, controlling the vascular tone. In vessels
with intact endothelium, the vascular response to adenosine 5'-
triphosphate (ATP) is generally vasodilatation, mediated by
endothelial P2Y purinoceptors through the release of prosta-
cyclin and/or endothelium-derived relaxing factor (EDRF)
(De Mey & Vanhoutte, 1981; Gordon & Martin, 1983;
Needham et al., 1987; Boeynaems & Pearson, 1990), whereas
the endothelium does not play an obligatory role in the va-
sodilator action of adenosine (De Mey & Vanhoutte, 1981;
Furchgott, 1983).

Methods

Dunkin-Hartley guinea-pigs of either sex (300 ± 350 g) were
treated with reserpine (2 mg kg71, i.p.) 48 and 24 h before
death, in order to eliminate the in¯uence of noradrenaline,
which might be released from sympathetic nerve terminals
(Temma et al., 1977) during the experiment. The animals were
then killed by cervical dislocation and exsanguinated and the
thoracic aorta was removed and placed in a physiological salt
solution of the following composition (mM): NaCl 120, KCl
2.7, MgCl2 0.9, NaH2PO4 0.4, CaCl2 1.37, NaHCO3 11.9 and
glucose 5.5. The solution was bubbled vigorously with a mix-
ture of 95% O2 and 5% CO2 which produced a pH of 7.5.1Author for correspondence:
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The aorta was dissected free from connective tissue and
cut into rings that were mounted vertically by means of
stainless steel hooks in 10 ml organ baths containing the
physiological solution, aerated as described above and
maintained at 37+0.38C. Changes in tension were recorded
by means of an E.C.T.A. isotonic transducer - Linearcorder
(Mark III, Watanabe, Japan). An initial tension of 0.8 g was
applied to the rings, which were then allowed to equilibrate
for 2 h. Initially, contractions were evoked by exposure to
1 mM noradrenaline (5 min contact time) at 30 min intervals,
until three responses of equal amplitude were obtained
(these responses corresponded to 80 ± 90% of the maximal
contractions induced by 120 mM KCl). The e�ect of acet-
ylcholine (10 nM± 10 mM) was tested on the contraction in-
duced by the last addition of noradrenaline and the relaxing
response to acetylcholine was considered as an index of
functional integrity of the endothelium (Furchgott, 1983). In
experiments performed on denuded guinea-pig aorta rings,
the endothelium was removed by gently rubbing the intimal
surface with polyether string. The denuded vessel prepara-
tions did not respond to acetylcholine.

Contractile responses to 1 mM noradrenaline and subse-
quent relaxing responses to 0.1 mM sodium nitroprusside were
also compared in preparations with and without endothelium
to ensure that the smooth muscle was not damaged during
removal of the endothelium (mean tension generated by nor-
adrenaline in preparations respectively with and without en-
dothelium was 5.76+0.09 g and 5.95+0.25 g, n=9.
Relaxation by sodium nitroprusside in preparations respec-
tively with and without endothelium was 93.20+2.18% and
95.31+3.22%, n=9).

Where indicated, aortic rings were incubated with 50 mM

glucose for 6 h. Lesser concentrations of glucose (44 mM) did
not impair vascular reactivity to acetylcholine in a reproduci-
ble manner. Mannose (50 mM) was used as a hyperosmotic
control. After the 6 h incubation, the arteries were contracted
with noradrenaline (1 mM) until three responses of equal am-
plitude were obtained. The e�ect of acetylcholine (10 nM±
10 mM) was tested on the contraction induced by the last ad-
dition of noradrenaline, to evaluate endothelium functional
integrity.

In the experiments with 4-aminopyridine, the K+ channel
blocker was added at a concentration of 3 mM, which evoked
80 ± 90% of the maximal contraction induced by 120 mM KCl,
similar to that induced by 1 mM noradrenaline.

The responses to acetylcholine, A23187 and sodium nitro-
prusside were evaluated by increasing their bath concentra-
tions in cumulative increments. Where indicated, the cyclo-
oxygenase inhibitors indomethacin (10 mM) and mefenamic
acid (30 mM), or the scavenger of superoxide anions, super-
oxide dismutase (SOD, 150 u ml71), were present during the
6 h incubation and during subsequent concentration-response
experiments. Indomethacin, mefenamic acid and A23187 were
dissolved in ethanol. The ®nal concentration of ethanol in the
bath medium did not exceed 0.3% and did not a�ect the basal
tone or the reactivity of aorta rings to contracting or relaxing
agents.

Data analysis

Relaxation is expressed as % change from the level of con-
traction induced by noradrenaline or 4-aminopyridine. The
half-maximal inhibitory concentration (IC50) was estimated
graphically as the concentration causing 50% relaxation. Data
are expressed as mean+s.e.

Statistical comparison between concentration-response
curves was performed by means of repeated measures analysis
of variance, followed by Newman-Keuls multiple-range test.
Responses of rings from the same animal were compared by
means of Student's t test for paired comparisons. P va-
lues50.05 were regarded as signi®cant. In all experiments, n
refers to the number of guinea-pigs from which the rings were
obtained.

Drugs

All the reagents used in this study: noradrenaline bitartrate, 4-
aminopyridine, acetylcholine chloride, sodium nitroprusside,
the calcium ionophore A23187, indomethacin, mefenamic
acid, SOD from bovine erythrocytes, ATP (adenosine-5'-tri-
sphosphate) disodium salt, adenosine free base, glucose,
mannose, were obtained from Sigma Chemical Co. (St. Louis,
Missouri, U.S.A.).

Results

Relaxing e�ect of acetylcholine in aorta rings before and
after 6 h incubation in the presence of 5.5 or 50 mM

glucose or 50 mM mannose

Rings of guinea-pig aortae with intact endothelium before
and after 6 h incubation in the presence of 5.5 mM glucose,
or after 6 h incubation in the presence of 50 mM glucose or
50 mM mannose, treated with 1 mM noradrenaline produced
similar contractions (5.76+0.09 g, n=8; 5.83+0.08 g, n=8;
5.08+0.12 g, n=9; 6.03+0.11 g, n=9, respectively). When
the contractile e�ect of 1 mM noradrenaline had reached its
maximum the rings were exposed to increasing concentrations
of acetylcholine (10 nM to 10 mM). The concentration-de-
pendent relaxing e�ect of acetylcholine was well preserved
after 6 h incubation of aorta rings in the presence of 5.5 mM

glucose or 50 mM mannose whereas it had disappeared in
preparations incubated for 6 h with 50 mM glucose (Figure
1). The IC50 of acetylcholine in aorta rings before 6 h incu-
bation in the presence of 5.5 mM glucose was 0.20 mM (n=8),
after 6 h with 5.5 mM glucose was 0.26 mM (n=8), and after
6 h incubation in the presence of 50 mM mannose was
0.20 mM (n=9).
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Figure 1 Comparison of relaxation induced by acetylcholine in
aorta rings contracted by 1 mM noradrenaline before (&, n=8) and
after 6 h incubation with 5.5 mM glucose (*, n=8), 50 mM glucose
(~, n=8) or 50 mM mannose (!, n=8). Relaxation induced by
acetylcholine (at 1076

M, 361076
M and 1075

M) was signi®cantly
less after 50 mM glucose than either before incubation, after 5.5 mM

glucose or after 50 mM mannose (P50.01). At 361077
M acetylcho-

line, relaxation was signi®cantly less after 50 mM glucose than
relaxation either before incubation (P50.05), after 5.5 mM glucose or
50 mM mannose (P50.01). At 1077

M acetylcholine, relaxation was
signi®cantly less after 50 mM glucose than after 5.5 mM glucose
(P50.05).
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Relaxing e�ect of ATP and adenosine in aorta rings with
or without endothelium after 6 h incubation in the
presence of 5.5 mM or 50 mM glucose

The K+ channel blocker, 4-aminopyridine, was used at a
concentration (3 mM) that evoked 80 ± 90% of the maximal
contraction induced by 120 mM KCl, similar to that induced
by 1 mM noradrenaline. The contractions induced by 3 mM 4-
aminopyridine in aorta rings with or without endothelium
after 6 h incubation with 5.5 mM glucose, and in aorta rings
with endothelium after 6 h incubation with 50 mM glucose, did
not di�er (5.88+0.13 g, n=8; 6.34+0.09 g, n=9;
6.23+0.06 g, n=8, respectively). When the contractile e�ect of
4-aminopyridine had reached its maximum, the rings were
exposed to 30 mM ATP or to 0.3 mM adenosine. The relaxing
e�ect of adenosine was preserved in aorta rings deprived of
endothelium or in aorta rings exposed to elevated glucose
concentration. By contrast, the relaxing e�ect of ATP was
absent in endothelium-denuded preparations or in aorta rings
incubated for 6 h with 50 mM glucose (Figure 2).

Relaxing e�ect of sodium nitroprusside and A23187 in
aorta rings after 6 h incubation in the presence of 5.5 or
50 mM glucose

Sodium nitroprusside and the calcium ionophore, A23187
(10 nM± 0.1 mM), were added cumulatively to aorta rings
contracted with 3 mM 4-aminopyridine after 6 h incubation
in the presence of 5.5 or 50 mM glucose. The relaxation
caused by sodium nitroprusside and by A23187 was not

signi®cantly di�erent between rings incubated in control
(5.5 mM) or elevated (50 mM) glucose. The maximal re-
laxation and the IC50 of both the compounds are presented
in Table 1.

E�ect of indomethacin, mefenamic acid and SOD on
relaxing e�ect induced by ATP in aorta rings after 6 h
incubation in the presence of 50 mM glucose

ATP (30 mM) was added to aorta rings contracted with 3 mM

4-aminopyridine after 6 h incubation in the presence of
10 mM indomethacin or 30 mM mefenamic acid or 150 u ml71

SOD. None of these agents modi®ed signi®cantly the con-
tractile response to 4-aminopyridine, which was 5.96+0.16 g
(n=4) in rings exposed to 50 mM glucose, 6.04+0.19 g (n=5)
in rings exposed to 50 mM glucose plus indomethacin,
6.08+0.12 g (n=5) in rings exposed to 50 mM glucose plus
mefenamic acid, and 5.87+0.09 g (n=5) in rings exposed to
50 mM glucose plus SOD. Neither the cyclo-oxygenase inhi-
bitors nor SOD had a signi®cant e�ect on the relaxation to
ATP of rings incubated with control glucose (data not
shown). As shown in Figure 3, the addition of indomethacin
or mefenamic acid or SOD during the 6 h incubation with
50 mM glucose prevented the impairment of ATP-induced
relaxation, so that the relaxing e�ect induced by the nu-
cleotide did not di�er statistically from that observed in rings
incubated for 6 h in the presence of 5.5 mM glucose. In
contrast, neither catalase (500 u ml71) nor allopurinol
(1 mM) restored ATP-induced relaxation in aorta rings ex-
posed for 6 h to 50 mM glucose (data not shown).
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Figure 2 Relaxation induced by 30 mM ATP and 0.3 mM adenosine
(Ad) in aorta rings contracted by 3 mM 4-aminopyridine, with (+E)
or without (7E) endothelium, after 6 h incubation with 5.5 mM or
50 mM glucose. *P50.001 vs 4-aminopyridine alone. **Non-
signi®cant vs 4-aminopyridine alone.

Table 1 Relaxation induced by Na-nitroprusside and the calcium ionophore, A23187, in aorta rings precontracted by 4-aminopyridine
after 6 h incubation with 5.5 mM or 50 mM glucose

Maximal
Drugs Incubation relaxation (%) IC50 (nM)

Na-nitroprusside
Na-nitroprusside

5.5 mM glucose (n=8)
50 mM glucose (n=8)

98.07+2.31
96.41+3.72*

25.30+0.81
26.00+0.62

A23187
A23187

5.5 mM glucose (n=8)
50 mM glucose (n=8)

95.00+3.42
93.73+4.28*

19.00+0.50
18.50+0.42

*Di�erences in maximal relaxation between 5.5 mM glucose and 50 mM glucose were not statistically signi®cant.
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Figure 3 E�ect of 10 mM indomethacin (Ind), 30 mM mefenamic acid
(MA) and 150 u ml71 superoxide dismutase (SOD) on relaxation
induced by 30 mM ATP in aorta rings contracted by 3 mM

4-aminopyridine after 6 h incubation with 5.5 mM or 50 mM glucose.
*P50.001 vs 4-aminopyridine alone. **Non-signi®cant vs 4-amino-
pyridine alone.
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Discussion

In the present study, a 6 h incubation of guinea-pig aorta
rings with 50 mM glucose, to mimic hyperglycaemic condi-
tions, abolished endothelium-dependent relaxation induced
by cholinoceptor stimulation. The alteration caused by
50 mM glucose was not due to hyperosmotic e�ect because
the same concentration of mannose had no e�ect on the re-
laxation induced by acetylcholine. Moreover, it was not due
to an interaction between reserpine and glucose, inasmuch as
high glucose was equally e�ective in aortic rings from non
reserpine-treated guinea-pigs (data not shown). These results
are in accord with data obtained by Tesfamariam et al.
(1990) in rabbit aorta exposed to elevated glucose concen-
trations.

Guinea-pig aorta rings incubated for 6 h with control glu-
cose (5.5 mM) and contracted by the K+ channel blocker, 4-
aminopyridine, were highly sensitive to the relaxing e�ect of
ATP and even more to that of adenosine. However, the vas-
cular response to ATP disappeared in aorta rings incubated
with elevated glucose concentration (50 mM) or in aorta rings
deprived of endothelium, whereas vascular relaxation evoked
by adenosine remained unmodi®ed in both the experimental
conditions. These data agree with previous observations
(Headrick & Berne, 1990; Collis & Brown, 1993), which
showed that in guinea-pig aorta the relaxing activity of ade-
nosine is mainly endothelium-independent, whereas that
evoked by ATP requires endothelium integrity, and indicate
that only the latter is impaired by elevated glucose. Inasmuch
as guinea-pig aorta relaxation in response to ATP is mediated
by P2Y purinoceptors leading to endothelium-derived relaxing
factor (EDRF) release (Dorigo et al., unpublished observa-
tions), it can be concluded that in the tissue exposed to elevated
glucose concentration the endothelium-dependent relaxation
caused by purinoceptor and cholinoceptor stimulation is im-
paired. This is in accord with previous ®ndings showing that
P2Y-mediated, endothelium-dependent dilatation in response
to ATP is also impaired in cerebral arterioles (Mayhan, 1989;
Mayhan et al., 1991) and in thoracic aorta (Pieper & Gross,
1988; Hattori et al., 1991; Karasu & Altan, 1993).

The step at which elevated glucose impairs the endothelium-
dependent relaxation induced by cholinoceptor or by purino-
ceptor stimulation remains to be elucidated. In the endothelial
cell, EDRF is synthesized through oxidation of L-arginine by a
calcium-activated NADPH-dependent enzyme. Released
EDRF causes relaxation of smooth muscle by activation of
soluble guanylyl cyclase to raise guanosine 3':5'-cyclic mono-
phosphate (cyclic GMP) levels (Rappoport & Murad, 1983;
Moncada et al., 1991). In guinea-pig aorta rings exposed to
elevated glucose concentration the relaxing response to the
calcium inophore A23187 (which is known to cause endothe-
lium-dependent relaxation by raising the intracellular calcium
concentration in a manner unrelated to any receptor me-
chanism), as well as the relaxing response to sodium nitro-
prusside (an endothelium-independent vasodilator which
relaxes smooth muscle by a mechanism similar to that of
EDRF) (Rappoport & Murad, 1983), were well preserved.
These results support the notion that in guinea-pig aorta the
EDRF release in response to an increase of calcium content in
endothelial cell and the guanylyl cyclase activity in smooth
muscle are not altered by hyperglycaemic conditions (Tesfa-

mariam et al., 1989, 1990; Karasu & Altan, 1993). Thus, en-
dothelial dysfunction induced by elevated glucose seems to be
located in a step between receptor activation and intracellular
calcium increase. Both acetylcholine and ATP hyperpolarize
the endothelial cell, thus providing an electrochemical gradient
for maintained calcium entry during receptor stimulation
(Adams, 1994). Furthermore, receptor-linked EDRF release is
a phenomenon involving G-protein activation associated with
calcium mobilization in the endothelial cell (Wennalm, 1994)
and there is evidence that in guinea-pig aorta both cholino-
ceptors and P2Y purinoceptors are linked to G-proteins (un-
published observation). The probability thus arises that, as
suggested in early atherosclerosis and in hypercholesterolaemia
(Flavahan, 1992), G-proteins linked to receptor-dependent
EDRF release may also be inactivated in hyperglycaemic
conditions. This hypothesis is substantiated by the observation
that elevated glucose a�ects vascular cell functions by chan-
ging signal transduction through receptors (Brownlee et al.,
1988). Also, in diabetic animals a dysfunction in the G-protein
system has been found in di�erent tissues (Gawler et al., 1987;
Green & Johnson, 1991).

In the present study the mechanism responsible for endo-
thelial dysfunction appears to be related to arachidonic acid
metabolism and the generation of free radicals. In fact indo-
methacin and mefenamic acid, two cyclo-oxygenase inhibitors,
and SOD, a speci®c scavenger of superoxide anions (McCord
& Fridovich, 1969), prevented glucose-induced impairment of
endothelium-dependent relaxation in response to ATP. It is
therefore possible that the impairment of endothelial cell re-
sponses observed with elevated glucose concentration was re-
lated to an augmented ¯ux of arachidonic acid coupled to an
increased generation and/or to a reduced inactivation of su-
peroxide anions. In accordance with this interpretation, pre-
vious observations have shown that diabetes promotes the
metabolism of arachidonic acid and that cyclo-oxygenase
catalysis involves free radical intermediates which, in turn,
activate arachidonic acid metabolism. Because catalase and
allopurinol did not prevent the impairment caused by elevated
glucose it can be concluded that hydrogen peroxide or super-
oxide anions produced by xanthine oxidase activity are not
involved.

In guinea-pig aorta rings exposed to elevated glucose con-
centration the increased metabolism of arachidonic acid and
the increased levels of free radicals might be due to an in-
creased activation of protein kinase C. Previous studies in
several di�erent blood vessels have provided evidence that
protein kinase C activation can inhibit receptor-operated en-
dothelium-dependent vasorelaxation, but not the relaxation to
agents which bypass membrane receptors and release nitric
oxide directly, such as the calcium ionophore A23187 or so-
dium nitroprusside (Cherry & Gillis, 1988; Morrison & Pol-
lock, 1990). It has been suggested that an increased activation
of protein kinase C could selectively inhibit the pertussis toxin-
sensitive G-protein involved in EDRF relaxing pathway
(Flavahan et al., 1991). Further studies are needed in order to
substantiate this hypothesis.

The present results indicate that in guinea-pig aorta exposed
to an elevated glucose concentration the receptor-operated
endothelium-dependent control of vascular reactivity is im-
paired, so that only direct muscle relaxing agents may protect
vascular tissue against spasmogenic stimuli.
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