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Abstract—Diabetes mellitus (DM) increases the risk of sudden cardiac death, which suggests the
involvement of arrhythmogenic mechanisms. Among other changes, DM causes cardiac
autonomic neuropathy (CAN), but its role in electrophysiological myocardial remodeling is
unclear. The objective of the present study was to test the effects of β�adrenergic blockade regarding
ventricular spatiotemporal electrophysiological properties in an experimental DM model.
Epicardial mapping (64�lead sock electrode array) was done in 13 control and 11 alloxan�induced
DM rabbits. Activation times (AT), end of repolarization times (RT), and activation�repolarization
intervals (ARI) were determined as dV/dt min during QRS, dV/dt max during T�wave, and RT�AT
difference, respectively. The β�adrenergic blockade was produced by esmolol infusion (0.5 mg/kg,
i.v.). It was found that the early�stage DM in rabbits was characterized by relatively mild changes in
ventricular myocardium, which did not involve ventricular activation and the average duration of
repolarization. The signature of this stage was the local prolongation of repolarization, which
pertained to the RV apical region. The blockade of β�adrenergic receptors in healthy animals
produced a ventricular spatiotemporal repolarization pattern similar to that observed in diabetic
rabbits with the local apical prolongation of repolarization. On the other hand, the blockade of
β�adrenergic receptors in diabetics prolonged the relatively short basal repolarization. It can be
concluded that β�adrenergic blockade in healthy animals reproduced the early�stage DM effects on
the spatiotemporal electrophysiological properties of the ventricular myocardium. This
demonstrated the role which CAN could play in the electrical remodeling of ventricular
myocardium in early�stage DM.
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INTRODUCTION

The prevalence of diabetes mellitus (DM) is
approaching 10% of the Earth’s population [1].
Even in the presence of its modern age notorious
rival COVID�19, the DM pandemic presents a
major medical problem. Among other complica�
tions, DM increases the risks of sudden cardiac
death [2] that suggests involvement of arrhythmo�
genic mechanisms [3]. However, the latter remain
largely unclear. Moreover, some experimental
studies reported that susceptibility to arrhythmias
in the diabetic hearts can even be decreased [4–
9].

Such a controversy warrants further studies of
cardiotropic effects of DM. At the organ level, the
electrophysiological effects of DM include activa�
tion delay, prolongation of QT interval and redis�
tribution of repolarization gradients, which
manifests as T�wave flattening in the body surface
ECG [10]. At the cellular level, the targets of DM
effects are ion channels for INa [11], Ito [12], IKr
[13], IKs [14] currents. DM can either affect car�
diomyocytes directly via modification of insulin�
dependent signaling pathways and abnormal
metabolism or change myocardial properties via
abnormal sympathetic regulation, a so�called dia�
betic cardiac autonomic neuropathy [15–17].
Involvement of sympathetic regulation might
have different effects on cardiac electrophysiol�
ogy, including arrhythmogenic consequences.
Major electrophysiological effects of the sympa�
thetic system in the ventricular myocardium are
the augmentation of ICa�L [18, 19] and IKs [20],
and the enhancement of conduction via gap junc�
tions [21]. The overall effect of sympathetic stim�
ulation is repolarization shortening and increase
of conduction velocity [22]. Therefore, it can be
expected that attenuation of sympathetic effects
might result in the opposite changes. Since sym�
pathetic activation in ischemic conditions has
proarrhythmic effects [23], suppression of auto�
nomic effects in DM might partly counterbalance
the otherwise adverse electrophysiological effects
of DM especially at the early stages of its progres�
sion.

We hypothesized that at least part of the elec�
trophysiological effects of DM are due to the sup�
pression of sympathetic influences on the heart. If

this is true, then the β�adrenergic blockade might
reproduce these effects of DM. On the other
hand, the effects of β�adrenergic blockade might
be modified in the animals with DM since dia�
betic conditions might mask the effects of
adrenergic blockade. To test this hypothesis in
the present study, we evaluated the effect of the
β�adrenergic blocker esmolol on a spatiotemporal
pattern of ventricular electrophysiological proper�
ties, namely propagation via conduction system
and contractile myocardium, average duration of
ventricular repolarization, dispersion of repolar�
ization and ventricular repolarization gradients in
healthy and diabetic rabbits.

METHODS

The investigation conforms with the Guide for
the Care and Use of Laboratory Animals, 8th Edi�
tion published by the National Academies Press
(US) 2011. Experiments were conducted on
Chinchilla rabbits (either sex, age 6 months).
13 animals served as controls (6 males, 7 females)
and DM was induced in 11 animals (4 males,
7 females) by a single dose of alloxan (120 mg/kg
body weight, i.v.). The DM diagnosis was con�
firmed with the fasting plasma glucose concentra�
tion being higher than 7 mmol/L measured once a
week with a One Touch glucometer (LifeScan
Inc, USA). Electrophysiological studies were
done 4–5 weeks after DM induction.

The open�chest experiments were carried out
on anaesthetized rabbits (zoletil, 15 mg/kg, i.m.).
The measurements were done prior to and after the
injection of the β1�blocker esmolol (0.5 mg/kg,
i.v.). Unipolar electrograms were recorded in ref�
erence to Wilson’s central terminal from 64 ven�
tricular epicardial leads at spontaneous sinus
rhythm. Electrophysiological data were recorded
by means of a custom�designed mapping system
(16 bits; bandwidth 0.05 to 1000 Hz; sampling
rate 4000 Hz). In each epicardial lead, activation
time (AT), end of repolarization time (RT), and
activation–repolarization interval (ARI) were
determined as dV/dt min during QRS complex,
dV/dt max during T�wave, and the difference
between the latter and the former, respectively
[24]. The values were determined automatically,
inspected by the observer, and corrected manually
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if necessary. Corrected ARI (ARIc) were calcu�
lated by Bazett’s equation [25] to exclude the
influence of heart rate: ARI (corrected) =
ARI (measured) / RR1/2. The time measurements
were done with respect to the QRS onset in the
I limb lead. ARIs were assessed in the left ventric�
ular (LV) base and apex, and in the LV and right
ventricle (RV) in order to evaluate apicobasal and
interventricular repolarization gradients, respec�
tively. Duration of activation propagation via the
ventricular conduction system, total ventricular
activation and activation of contractile myocar�
dium were measured as the minimal AT through�
out all epicardial leads (time of epicardial
activation breakthrough), maximal AT through�
out all epicardial leads and the difference between
maximal and minimal ATs, respectively.

After the electrophysiological measurements,
the animals were euthanized during deep anesthe�
sia and the hearts were excised. The light micros�
copy of Van Gieson and hematoxylin�eosin�
stained sections of the left ventricle was con�
ducted to find out the DM�induced inflammatory
changes in myocardium. The histopathological
changes were interpreted by the investigator who
was blinded to the evaluated groups.

Statistical analysis was performed with IBM
SPSS Statistics 23.0. The data are presented here
as median and interquartile range (IQR). Wil�
coxon and Mann–Whitney tests were used for
paired comparisons and for the comparisons
between the diabetic and control groups, respec�
tively. The differences were considered significant
at p ≤ 0.05.

RESULTS

As expected, the median blood glucose level was
significantly higher in the diabetic rabbits as com�
pared to the controls (27.3 (IQR 18.1–27.6) mM
vs. 5.7 (IQR 5.1–6.0) mM, p < 0.001, respec�
tively). The median body weight of animals from
the diabetic group did not change during the
course of the disease (2.9 (IQR 2.7–3.1) kg vs.
3.0 (2.7–3.3) kg, p > 0.05, at the time of DM
induction and immediately before the electro�
physiological experiment, respectively). The lack
of weight gain in 6�month�old rabbits for 1 month
of observation may be one of the signs of DM.
The histological examination demonstrated lypo�
matosis, disarrangement of the cardiomyocytes,
the increase of collagen content and microvascu�
lar damage in diabetic hearts (Fig. 1) providing
evidence in support of the presence of inflamma�
tory changes in the myocardium at 1 month fol�
low�up.

The median heart rate was lower in the DM
group as compared to control (259 (IQR 212–
270) beats per minute vs 277 (IQR 238–291), p =
0.018, respectively). The parameters of ventricu�
lar activation (duration of activation propagation
via ventricular conduction system, duration of
contractile myocardium activation, and duration
of total ventricular activation) did not differ
between the groups and did not change with esm�
olol administration. The average ARIc duration
was similar in the control and DM groups both in
the baseline state and after esmolol infusion
(Table 1). In the normal rabbits, the apicobasal

Fig. 1. Pathological changes in the left ventricular myocardium of the diabetic rabbits. (a) Hematoxylin�eosin stain, original
magnification 200 times, scale bar 20 μm, wide arrows point at disarray of cardiomyocytes, narrow arrows show lipid accumu�
lation. (b) van Gieson stain, original magnification 200 times, scale bar 50 μm, demonstrates connective tissue development in
ventricular myocardium.
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and interventricular ARI distribution was rather
uniform, whereas in the diabetics ARIs were lon�
ger in the apex than in the base, and in the RV
than the LV (Fig. 2a). The measured and rate�
corrected ARIs demonstrated the similar gradi�
ents.

β1�blockade resulted in the heart rate slowing
both in the control and DM groups (from 277
(IQR 238–291) to 258 (IQR 222–269) and from
259 (IQR 212–270) to 226 (IQR 202–243) beats
per min, respectively, p < 0.050) and changed the

spatial repolarization distributions in both groups.
In the control group, esmolol treatment led to the
development of the area of prolonged repolariza�
tion on the heart apex and adjacent anterior sur�
face and the significant apicobasal difference in
ARI durations (Table 2). In the diabetic hearts,
esmolol treatment did not significantly affect api�
cal regions but preferentially prolonged the ini�
tially shorter repolarization in the LV base
(Fig. 2b). As a result, esmolol application abro�
gated the apicobasal repolarization gradient in the

Table 1. Global ventricular activation and repolarization parameters (median and IQR) in diabetic and control
animals before and after esmolol infusion

Control DM p

Baseline Activation conduction system 13 (12–15) 13 (9–16) 0.95

contractile myocardium 18 (15–21) 18 (16–21) 0.67

total 31 (28–34) 31 (28–32) 0.75

ARIc average 95 (82–109) 92 (79–109) 0.81

Esmolol Activation conduction system 12 (10–13) 10 (10–12) 0.32

contractile myocardium 17 (15–19) 20 (18–27) 0.16

total 30 (28–31) 31 (28–35) 0.31

ARIc average 98 (88–106) 102 (91–113) 0.36

Fig. 2. Spatial distribution of local repolarization duration (ARI) in control and diabetic rabbits at baseline (a) and during
β1�blockade (b).
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diabetic ventricles. There was no difference in the
duration of repolarization between the control
group with the application of esmolol and the DM
group at baseline, both at the apex (p = 0.98) and
at the base of the left ventricle (p = 0.97).

DISCUSSION

In this study, we demonstrated that the early
stage of DM in rabbits was characterized by rela�
tively mild changes, which did not involve ven�
tricular activation and the average duration of
repolarization. The activation times in the dia�
betic rabbits were similar to those in controls in
contrast to data obtained from measurements in
diabetic mice [26] and rats [27, 28]; however, the
distribution of repolarization durations in diabetic
animals differed from that in the control group. In
diabetic animals, we did not observe the prolon�
gation of the absolute durations of repolarization
which have been found in a number of investiga�
tions [14, 29] and which is probably a characteris�
tic of a longer DM duration [30]. However, the
rabbits from the DM group had a distinct
“inverted” apicobasal repolarization gradient
with ARIs increasing as one moved from the base
to the apex. This observation could be explained
by the short�term follow�up which was not suffi�
cient enough to influence the average duration of
repolarization, but rather affected repolarization
duration only in the apical region.

The demonstrated pathological myocardial
alterations, i.e. the lypomatosis, disarrangement of
the myocytes, connective tissue enlargement and
microvascular damage were consistent with the
previous data [31] showing that fibrosis could serve
as a relatively early marker of the DM�induced

inflammation. However, the observed differences in
the repolarization pattern between normal and dia�
betic rabbits could hardly be exclusively ascribed to
the myocardial inflammatory changes evidenced by
fibrosis since the blockade of β�adrenoreceptors
in diabetic animals with esmolol abolished the
DM�induced repolarization gradients.

The findings of the present study can be inter�
preted as follows. At the follow�up of 1 month,
DM conditions affected repolarization duration
predominantly in the apex. The same apical region
is affected by the inhibition of sympathetic influ�
ences. It was shown in our previous investigation
[32] with β�adrenergic blockade with propranolol
and in the present investigation with esmolol in the
control animals. Similar to DM, β�adrenergic
blockade resulted in the prolongation of repolar�
ization. If the DM�induced changes were inde�
pendent of adrenergic regulation, one might
expect the similar effect of β�adrenergic blockade
with apical prolongation of repolarization both in
the control and diabetic animals. However,
adrenergic inhibition in the diabetic rabbits pro�
duced different effects, instead of repolarization
prolongation in the apex we observed repolariza�
tion prolongation in the base. The presumable
cause of the effect of esmolol on the diabetic
hearts could be the preferential inhibition of sym�
pathetic influence (and prolongation of repolar�
ization) in the areas with the still preserved
sympathetic innervation, that produced the rather
uniform ARI distribution in the hearts of DM
group.

Limitations of the study
In the present study we investigated the contri�

bution of sympathetic dysfunction to the electri�

Table 2. Local repolarization durations (ARIc) in the apical and basal regions of left ventricular myocardium

LV apex 
(bottom 25% on the apicobasal axis)

LV base 
(top 25% on the apicobasal axis)

p

Control Baseline 90 (76–112) 90 (77–93) 0.16

Esmolol 96* (87–113) 92 (79–96) 0.01

DM Baseline 95 (77–119) 80 (71–103) 0.01

Esmolol 100 (91–117) 98* (84–108) 0.16

*—p < 0.05 in comparison with baseline in the same area.
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cal remodeling in DM. On the other hand,
different mechanisms of electrophysiological
alterations related to DM could also be suggested.
Moreover, our data imply that DM�induced dis�
turbance of sympathetic innervation develop in a
spatially heterogeneous manner that might be
based on a corresponding heterogeneity of sympa�
thetic innervation. In the present study, we could
not test this suggestion, and direct data concern�
ing this issue are also lacking in the literature.
However, we demonstrated that on the back�
ground of various DM�induced myocardial alter�
ations, the sympathetic function/dysfunction
appeared essential for the development of repo�
larization gradients in DM and the elimination of
the sympathetic influence abrogated these gradi�
ents even in the presence of structural changes of
an inflammatory nature. The data presented here
concerned the very early stages of the DM devel�
opment. The prolongation of the follow�up could
provide different results on the mechanisms of
myocardial electrical remodeling in DM.

CONCLUSIONS

The present study demonstrated that β�adren�
ergic blockade in healthy animals reproduced the
early�stage DM effects on the spatiotemporal
electrophysiological properties of ventricular
myocardium. This demonstrated a role CAN
could play in electrical remodeling of ventricular
myocardium in the early�stage DM.
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