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Abstract

Aims/hypothesis. To investigate cardiac repolariza-
tion time in streptozotocin-induced diabetic rats and
isolated hearts perfused with high glucose concentra-
tion.

Methods. We studied the effects of streptozotocin-in-
duced diabetes on the cardiac repolarisation time
(Q-T interval) in Sprague-Dawley rats during a 4-
day period of hyperglycaemia and a subsequent 4-
day period of normoglycaemia. The Q-T interval
was also evaluated in isolated hearts of non-diabetic
rats, in condition of high glucose concentration.
Results. Hyperglycaemia in streptozotocin rats in-
creased mean blood pressure and led to a significant
(p <0.001) prolongation of Q-T values, which nor-
malized after 4 days of normoglycaemia with intrave-
nous insulin infusion. Perfusion of isolated hearts in
condition of high glucose concentration caused a sig-
nificant prolongation of Q-T values and increased
coronary perfusion pressure (p < 0.001). The effects
of high glucose were completely prevented by glu-
tathione and almost completely by L-arginine, the

natural precursor of nitric oxide. In a condition of
normal glucose, L-NAME, an inhibitor of endoge-
nous nitric oxide synthesis, increased both Q-T and
CPP values to levels similar to those induced by high
glucose (p < 0.001). Verapamil completely prevented
Q-T lengthening and reduced by about two-thirds
CPP values (p < 0.001).

Conclusion/Interpretation. Streptozotocin-diabetes in
rats produces significant haemodynamic and electric
perturbations that are reversed by normoglycaemia.
Moreover, high glucose increases Q-T and CPP val-
ues in the isolated hearts of non-diabetic rats. The lat-
ter effects are reversed by glutathione and L-arginine,
partially reversed by verapamil and mimicked by
L-NAME. By increasing the production of free radi-
cals, high glucose could reduce nitric oxide availabili-
ty to target cells inducing a state of increased vasomo-
tor tone and ventricular instability. [Diabetologia
(2001) 44: 464-470]

Keywords High glucose, diabetes, streptozotocin,
cardiac repolarization, isolated heart.

Received: 12 September 2000 and in revised form: 2 November
2000

Corresponding author: D. Giugliano, Via Emilia 1, 80021 Afra-
gola (NA), Italy

Abbreviations: Q-T interval, cardiac repolarization time; MAP,
mean arterial pressure; CPP, coronary perfusion pressure;
L-NAME, N-4-Nitro-L-arginine methyl ester; STZ, streptozo-
tocin; NO, nitric oxide.

* M. D’ Amico and R. Marfella share first autorship.

Cardiovascular complications of diabetes commonly
lead to considerable morbidity and mortality [1]. Re-
cent prospective studies indicate that glycaemic con-
trol of diabetes is an important predictor not only of
microvascular disease [2] but also of macrovascular
complications, including coronary heart disease [3].
Among the many potential mechanisms proposed to
explain why poor glycaemic control of diabetes might
predict coronary events and worsen the prognosis
both in diabetic and non-diabetic patients after myo-
cardial infarction [4], we recently reported [5-6] that
acute hyperglycaemia in normal volunteers can re-
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duce nitric oxide (NO) availability, thus causing a
state of increased vasomotor tone and platelet activi-
ty and altering the adhesive properties of the endo-
thelium. Impairment of endothelium-dependent re-
laxation is a common feature in both the conduit and
resistance arteries of experimental diabetes in ani-
mals, including rats, mice, rabbits, hamsters and dogs
[7].

In theory, reduced in vivo NO availability could be
responsible for increasing the cytosolic calcium con-
tent by impairing Na*/K*-ATPase activity [8]. This
could lead to increased ventricular stiffness, pro-
longed ventricular relaxation, increased telediastolic
ventricular pressure and cardiac repolarization time
[9]. A prolonged heart rate-adjusted Q-T (corrected
Q-T interval: Q-Tc) is a risk factor for sudden death
in patients with the long-Q-T syndrome [10], myocar-
dial infarction patients [11], subjects referred for Hol-
ter monitoring [12] and healthy men and women [13].
A recent epidemiologic study in patients with Type 11
(non-insulin-dependent) diabetes mellitus shows that
the prevalence of Q-Tc prolongation is as high as
26 % and is associated with heart disease [14]. More-
over, acute hyperglycaemia could prolong Q-Tc and
Q-Te-dispersion in healthy subjects [15]. The mecha-
nisms by which the hyperglycaemia of diabetes pro-
duces ventricular instability, as manifested in Q-Tc
prolongation, are, however, not clearly defined.

The first objective of this study was to investigate
cardiac repolarization time in streptozotocin-induced
diabetic rats. Moreover, the hypothesis that Q-T vari-
ations are a primary consequence of hyperglycaemia
was tested in isolated working rat hearts perfused
with high glucose. Because high glucose could in-
crease oxygen free radical production [16], reduce
NO availability [6] and interfere with calcium uptake
[17], we investigated if exogenous glutathione, L-argi-
nine, N-4-Nitro-L-arginine methyl ester (L-NAME)
and verapamil could counteract the cardiac modifica-
tions caused by high glucose.

Subjects and methods

Streptozotocin-treated rats (STZ rats). Experiments were con-
ducted in 20 male Sprague-Dawley rats (four to six months
old and weighing on average 250 g). Under sodium pentobar-
bital anaesthesia (50 mg/kg ip) and aseptic conditions, two
catheters were inserted into the femoral vein and artery. These
were passed subcutaneously and exteriorized on the back of
the neck. Incisions were infiltrated with penicillin G procaine
(300000 I. U/ml) and bupivacaine (11.25 %) at closure. The ve-
nous catheter was connected to a syringe pump (Harvard Ap-
paratus, Edenbridge, Kent, UK) that ran continuously
throughout the study. All solutions contained antibiotic
(25000 I.U. penicillin G/rat per day and 0.03 g mezlocillin/rat
per day) and were infused through a Millipore filter (0.22-
mm, Cathivex, Millipore, Bedford, Mass., USA). The arterial
catheter was filled with heparin solution (sodium heparin, 250
I.U.) and connected to a pressure transducer to monitor

465

mean arterial blood pressure (MAP) through a polygraph
(Hellige, Freiburg, Germany). On establishing a stable MAP
(20-30 min following cannulation), experiments were per-
formed as described below. Four stainless steel wires were im-
planted at legs to record electrocardiograms (ECG).

After a 20-min stabilization period following the surgical
procedure, the basal of MAP, blood glucose and ECG parame-
ters were determined. After this, the rats were disconnected
from instrumentation and ECG, and allocated to recover in a
cage. Streptozotocin (STZ, 70 mg/kg i.v) was administered to
14 of the 20 rats. At 4:00 pm, 15 h later, the venous catheter
was connected to a syringe pump (Harvard Apparatus, Eden-
bridge, Kent, UK) and a continuous intravenous infusion of
regular insulin (1.5 £ 0.5 1.U/day) was begun and adjusted to
yield blood glucose concentrations of about 22 mmol/l
(396 mg/1) for 4 days. After this period, the insulin dose was in-
creased (4 1.U/day) in order to obtain and maintain normogly-
caemia. The other six rats (control group) were monitored for
cardiovascular parameters, with the same surgical procedures
and without STZ.

Plasma glucose concentration was measured daily with the
use of about 50 ul of blood from the venous catheter and an
Accutrend II glucose analyser.

The ECG (speed 100 mm/sec) and blood pressure were re-
corded in basal condition, four and eight days after streptozo-
tocin, for 10 min every 60 min in 3 h. The time profiles of
elecrocardiogram (ECG) parameters were examined from
lead II.

Isolated hearts. A total of 67 male Sprague-Dawley rats (four
to six months old and weighing on average 250 g) were anaes-
thetised with urethane (1.2 mg/kg/ i.p.) and then heparanized
(sodium heparin, 250 1. U., i.p., 10 min before heart excision).
The hearts were rapidly excised and placed in ice-cold perfu-
sion solution (see constituents below) before coronary perfu-
sion. Hearts were cannulated through the aorta and perfused
retrogradely under constant flow (10 ml min~!) using a cali-
brated roller pump (Gilson, Miniplus-2) with a buffer solution
of the following composition: p( + )glucose, (mmol/l) 11.1;
CaCl,, 1.4; NaCl, 118.5; NaHCO;, 25.0; MgSO,, 1.2; NaH,PO,,
1.2 and KCl, 4.0. The buffer solution was gassed with 95 % O,
and 5% CO, (pH 7.4) and perfused at 37°C. Each experiment
lasted 2 h.

A total of 67 hearts were used. Eleven were excluded be-
cause of unstable preparations. A stable preparation was de-
fined as having a sinus rate of less than 220 beats a minute or
a coronary perfusion pressure (CPP) higher than 60 mmHg be-
tween 5 and 15 min after the beginning of the perfusion. Any
heart not in sinus rhythm during the study was also excluded.
The remaining 56 hearts, which satisfied the criteria for a sta-
ble preparation, were used. Altogether, 8 hearts were perfused
with the buffer solution, as described above, containing p-glu-
cose at a concentration of 11.1 mmol/l, and served as control
hearts and 10 hearts were perfused with the buffer solution
containing p-glucose at the concentration of 33.3 mmol/l (high
glucose). Another 8 hearts were perfused with p-glucose
(33.3 mmol/l) plus glutathione (0.3 mmol/l). The buffer solution
used to perfuse the other 24 hearts (8 for each group) was added
with p-glucose (33.3 mmol/l) plus L-arginine (10 mmol/l), b-glu-
cose (11.1 mmol/l) plus L-NAME (50 umol/l), and p-glucose
(33.3 mmol/l) plus verapamil (1 wmol/l). In order to evaluate
the effect of the osmotic solution by itself, the remaining 6 hearts
were perfused with a buffer solution containing D-glucose
(11.1 mmol/1) plus mannitol (22.2 mmol/l).

For each heart, a unipolar electrocardiogram (ECG) was
recorded by implanting a stainless steel wire electrode into
the apex of the left ventricular muscle mass, with a second
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Fig.1. Measurement of the width of the ventricular complex at
100 % repolarization (Q-T) in a typical electrocardiogram

electrode connected to the aorta. This electrode arrangement
gave clear P waves and ventricular complexes. A three minutes
ECG (speed 50 mm/sec) was carried out every 10 min for 2 h.
The CPP was monitored continuously during each study.

An ECG analysis was carried out by a cardiologist who was
unaware of the sequence of experiments. The following pa-
rameters were calculated: (1) heart rate (R-R interval); (2)
the duration between onset of the P wave and onset of the ven-
tricular complex (P-R interval); and (3) the width of the ven-
tricular complex. No separate T wave is seen in rat ECG, so a
conventional measurement of Q-T interval is impracticable.
This is because repolarization begins in the apex of the ventri-
cles before depolarization is complete in other parts of the ven-
tricles, secondary to the brief duration of the ventricular action
potential. The measure of the width of the ventricular complex
was made at 100 % repolarization and is defined as Q-T),. Fig-
ure 1 shows a representative Q-T complex and indicates how
Q-T, is measured. The Q-T value of each experiment was cal-
culated as the mean of the ECG readings done every 10 min.

The CPP in the aortic line was monitored by a Statham
Spectramed pressure transducer connected to a chart recorder
(Grass, 79E, Quincy, Mass., USA). Air temperature was main-
tained by means of a heated (37 °C) water jacket. On establish-
ing a stable CPP (20-30 min following cannulation), experi-
ments were done as described previously. The CPP values
used for statistical comparisons were calculated either as the
mean of each 10 min value throughout the entire experiment
or as the mean of the steady-state increment above baseline,
if an increase of CPP was evident during an experiment.

Statistical analysis. Data are given as means + SE. The MAP
and ECG values used for statistical comparisons were ex-
pressed either as the mean of each 3 min value throughout the
entire experiment or as the mean of the steady-state increment
above baseline, if MAP or modifications of ECG parameters
increased during an experiment. The statistical analysis was
performed with one-way ANOVA, followed by Duncan’s mul-
tiple range test. A p value of less than 5 % was considered to be
statistically significant.
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Fig.2. Blood glucose levels and insulin infusion dose, during
the 8-day study in STZ rats. The asterisk indicates significant
differences (p < 0.01 or less) vs basal values

Results

STZ rats. Daily blood glucose values are presented in
Fig.2. Blood glucose averaged 6.4 +0.2 mmol/l in
basal conditions and rose to 23.1 + 1.9 mmol/l 15 h af-
ter STZ administration. The 4-day period of hyper-
glycaemia resulted in a significant increase in MAP
(from 107 + 2 to 116 + 3 mmHg, p < 0.05), a reduc-
tion of R-R interval (from 169 + 10 to 121 + 12 ms,
p < 0.05) and a significant prolongation of Q-T values
(from 109 + 7 ms to 165 + 12; p < 0.001) (Fig.3). Se-
rum sodium and potassium concentrations did not
significantly change after STZ-treatment (baseline:
Na* 138 + 3 mmol/l, K* 4.5 + 0.8 mmol/l; STZ: Na*
136 + 5 mmol/l, K* 4.2 + 0.5 mmol/l: n =4, p =NS).
Intensive insulin therapy (4.2 =+ 0.2 U/day) resulted
in normalization of blood glucose (7.4 + 1.9 mmol/l)
(Fig.2) which was marked by a decrease of MAP
(108 + 4 mmHg) and Q-T values (112 + 11 ms). The
R-R intervals also returned to normal values
(177 = 11 ms) (Fig.3). No significant changes in atrio-
ventricular conduction time occurred during the peri-
od of hyperglycaemia (PR 54 + 8 ms) and normogly-
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Fig.3. Mean blood pressure, R-R and Q-T intervals, during
the 8-day study in STZ rats. *p < 0.05, **p < 0.01

caemia (PR 59 + 7 ms), when compared with basal
values (PR 61 + 7 ms). No significant changes of the
parameters evaluated were observed in the control
group of rats (data not shown).

Isolated  hearts. Heart rate (R-R interval,
232 + 23 ms) and atrioventricular conduction time
(56 = 10 ms) were similar for all groups. Verapamil
caused a significant reduction of heart rate (p < 0.05)
and a prolongation of atrioventricular conduction
time (p < 0.05) (Table 1).
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In the hearts perfused with the control buffer solu-
tion, Q-T was 106 + 5 ms and remained steady during
all the perfusion time. p-glucose (33.3 mmol/l) caused
a significant prolongation of Q-T (195 + 15 ms,
p < 0.001 vs control study). The effect of high glucose
was completely prevented by glutathione: Q-T values
(110 = 11 ms) were not significantly different from
those observed in the control study. A small, but still
significant Q-T prolongation, when compared with
control study (117 + 10 ms, p < 0.05), was also evident
during the L-arginine study, although this prolongation
wasfarless (p < 0.001) than the one caused by high glu-
cose. In conditions of normal glucose, L.-NAME caused
a Q-T prolongation (182 + 15 ms, p < 0.001 vs control
study) similar to the one caused by high glucose. Vera-
pamil caused an almost complete normalization of the
Q-T lengthening induced by high glucose
(113 + 7 ms). The Q-T values observed during the
mannitol study (108 + 7 ms) did not differ from those
obtained in control study (Fig. 4).

In hearts perfused with the control buffer solution,
CPP was 66 + 4 mmHg. This value was steady during
the whole perfusion time. p-glucose (33.3 mmol/l)
caused a significant increase of CPP evident 60 min
after the start of perfusion began and persisting until
120 min (119 + 19 mmHg, p < 0.001 vs control study).
The effect of high glucose was completely prevented
by glutathione: CPP values (63 = 7 mmHg) were not
significantly different from those observed during
the control study. Furthermore L-arginine also nor-
malized the increase of CPP induced by high glucose
(66 + S mmHg). In conditions of normal glucose, L-
NAME caused a CPP increase (118 +9 mmHg,
p < 0.001 vs control study) similar to the one caused
by high glucose. Verapamil reduced by about two-
thirds the increase of CPP (86 + 6 mmHg, p < 0.001
vs both control study and high glucose study) induced
by high glucose. In the mannitol study, CPP values
did not differ from those observed in control study
(68 £ 5 mmHg) (Fig.4).

Discussion

In the present study, 4 days of hyperglycaemia in
STZ-treated rats caused a significant increase in

Table 1. R-R and P-R intervals during the experimental protocols in isolated hearts

Experimental protocols

R-R interval (ms) P-R interval (ms)

Control study (p-glucose 11.1 mmol/1)

High glucose (p-Glucose 33.3 m)

Glutathione (p-Glucose 33.3 mmol/l, Glutathione 0.3 mmol/l)
L-Arginine (D-Glucose 33.3 mmol/l, L-Arginine 10 mmol/l)
L-NAME (p-Glucose 11.1 mmol/l, L-NAME 50 umol/l)
Verapamil (p-Glucose 33.3 mmol/l, Verapamil 1 umol/l)
Mannitol (p-Glucose 11.1 mmol/l, Mannitol 22.2 mmol/l)

232 +23 56+ 10
229 +25 54+12
230 +21 529
235+ 18 50+ 11
227+19 57+4
310 + 28 81 + 16°
224 +24 5512

2 p < 0.01 vs control study



468

250 -
200 - T
_ ’ €
g ,
= 150 1
n
O PRI
100-ﬂ , H
50 : : : : : : .
150 -
5 [ L
€
E 1001
o
o
O H
50 ﬁ ﬁ ’—L‘ : : ﬁ
> ) ) @ < D O
& ¢ & &S
SO O STV AR A
o N N4 \% 4@
Q’\\Q ©

Fig.4. Q-T and CPP variations during the experimental proto-
cols in isolated heart

mean blood pressure and altered the cardiac activity,
as shown by the prolongation of the ventricular repo-
larization time (Q-T interval) and the increase in
heart rate. All these effects were normalized on the
restoration of normoglycaemia obtained with insulin
infusion. An increase of blood pressure and heart
rate has been observed in diabetic rats after a short
period of poor glycaemic control [18], as well as in
normal humans rendered acutely hyperglycaemic
[19]. Moreover, streptozotocin-induced diabetes in
rats increases action potential duration in isolated
myocytes altering K* currents [20]. The mechanisms
by which hyperglycaemia could influence blood pres-
sure and cardiac ventricular time are not clear. Hy-
perglycaemia produces an increase of sympathetic ac-
tivity [21] and alters the renin-angiotensin system
[22]. Moreover, it could be responsible for Q-Tc pro-
longation and vasoconstriction by increasing the cy-
tosolic calcium content through the reduction of
Na*/K*-ATPase activity by depressed NO formation
[8].

An increase of circulating FFA levels, as a conse-
quence of STZ-induced hypoinsulinaemia, might
also have contributed to alterations of the Q-T inter-
val; FFA could induce endothelial dysfunction [23]
and prolong Q-T interval in healthy subjects [24]. It
has been previously observed, however, that Q-Tc in-
creases in healthy subjects in both hyperglycaemic-
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hyperinsulinaemic and hyperglycaemic-normoinsuli-
nemic conditions [25]. This has led to the hypothesis
that insulin deficiency, at least in humans and in
vivo, is not essential for cardiac repolarization. On
the other hand, a perturbation of serum electrolytes
can also be excluded, since plasma sodium and po-
tassium concentrations did not change 4 days after
STZ-induced diabetes in the rats. Moreover, stimula-
tion of electrolyte transport systems in the kidney, oc-
curring in short-term treatment with STZ, could pre-
vent excessive modifications of serum electrolytes
[26].

The data observed in isolated rat hearts suggest
that Q-T prolongation is a primary consequence of
hyperglycaemia. Indeed, high glucose concentrations
in the perfusion medium of isolated working rat
hearts produced a significant prolongation of the Q-
T interval and a parallel increase of CPP. The effects
of high glucose on Q-T and CPP values were com-
pletely prevented by glutathione, a free radical scav-
enger, and almost completely by L-arginine, the natu-
ral precursor of NO. Taken together, these observa-
tions suggest that high glucose increases the produc-
tion of free radicals, which could suppress NO, reduc-
ing its availability for target cells. By increasing NO-
availability, L-arginine might have counterbalanced
the reduced availability of NO induced by high glu-
cose. On the other hand, depressed NO formation is
often associated with increased free radicals produc-
tion [7]. Further support for this hypothesis comes
from the results of the L-NAME study. This com-
pound, which is a competitive inhibitor of NO-sinth-
ase, mimicked the effects induced by high glucose on
both Q-T and CPP. This hypothesis is compatible
with the contribution of NO to the protective role of
the heart in pathological conditions [27].

While the increased vasomotor tone associated
with reduced NO availability could explain, at least
in part, the increases in CPP observed during high
glucose, the mechanisms by which high glucose can
produce the disturbed myocardial membrane func-
tion, which is believed to lead to electrical instability,
are not clear. A reduction of Na*/K*-ATPase activity
through depressed NO formation [8], the inhibition
of Ca**-ATPase activity [28], a depressed Na*/Ca**
exchanger activity [29] and the activation of Na*/H*
antiport [30] could be implicated. In this chain of
events, reduced NO-availability might contribute to
the rapid perturbations of intracellular ionic homeo-
stasis leading to changes in intracellular Ca** concen-
tration [31]. Indeed, 4-6 days of STZ-induced diabe-
tes prolonged considerably both contraction and re-
laxation in isolated ventricular myocytes, suggesting
arapid alteration in the processes regulating myocyte
shortening and re-lengthening, which probably in-
clude impaired Ca** sequestration or extrusion [32].

In red blood cells taken from healthy individuals
and assayed for cation transmembrane traffic by nu-
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clear magnetic resonance spectroscopy, incubation
with high glucose (15 mmol/l) increases intracellular
Ca** while decreasing Mg?*; the same alteration of in-
tracellular ionic content occurs during oral glucose
testing in healthy subjects [33]. Moreover, increased
intracellular calcium is common in diabetic patients
[17]. High glucose concentrations could depress NO
formation by increasing free radical production [16,
34]. This in turn, through the inhibition of Ca*"-AT-
Pase and K*/Na*-ATPase activity, would increase cy-
tosolic free calcium, leading to a prolongation of my-
ocardial repolarization time and increased coronary
constriction. On the other hand, reduced NO-avail-
ability, oxidative stress and impaired intracellular cal-
cium are common denominators of vascular dysfunc-
tion and risk factors for cardiovascular diseases, in-
cluding Q-T prolongation [35]. This could have influ-
enced the Q-T interval and coronary pressure in our
model of the working heart. Supporting this hypothe-
sis, the calcium channel blocker verapamil normal-
ized Q-T intervals and partially reduced CPP values
increased by high glucose.

The length of the Q-T interval, which is easily ob-
tained from the standard resting electrocardiogram,
represents the time interval between the start of acti-
vation of the ventricle and completion of its repolar-
ization. The Q-T interval is influenced by the auto-
nomic tone [36] and represents an index of myocar-
dial refractoriness and electrical stability; these are
critical determinants of ventricular fibrillation and
sudden death [37]. An association between a pro-
longed Q-T interval and sudden cardiac death has
been found in various diseases including coronary ar-
tery disease and heart failure [38, 39]. In diabetic pati-
ents, Q-T interval lengthening has been linked to an
increased risk for unexpected death and total mortal-
ity [40, 41]. A recent study shows that acute hypergly-
caemia in normal subjects produces a significant in-
crease of Q-Tc and Q-Tc dispersion [15]. A study [4]
has reported that stress hyperglycaemia with myocar-
dial infarction is associated with an increased risk of
in-hospital mortality in patients with and without dia-
betes. Unfortunately, Q-T values were not reported
in this study.

In conclusion, we show that high glucose concen-
trations cause significant haemodynamic and electri-
cal changes in experimental diabetes and in isolated
working rat hearts. The alterations observed in isolat-
ed rat hearts are reversed by glutathione and r-argin-
ine, and partially prevented by verapamil. High glu-
cose might act through reduced NO availability, as is
also suggested by the similarity of the effects brought
about by L-NAME. These results suggest that high
glucose could be deleterious to cardiac functions and
offer novel mechanisms through which acute increas-
es of plasma glucose concentrations act as an inde-
pendent contribution to the development of cardio-
vascular complications in diabetes mellitus [42, 43].
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