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A novel electrophysiologic effect of melatonin on ischemia/
reperfusion-induced arrhythmias in isolated rat hearts

Abstract: Reperfusion after a short period of cardiac ischemia triggers
ventricular arrhythmias attributable to ionic imbalance and oxidative stress.
Melatonin offers some degree of protection, but its effects on the cardiac
action potentials are unknown. We evaluated the effects of 5, 10, 20 and

50 pM melatonin in isolated perfused rat hearts subjected to 10 min of
regional ischemia. ECG and membrane potentials were synchronously
displayed. After 15 min of reperfusion, total antioxidant capacity (TAC) was
determined. Melatonin did not change the ischemic depolarization nor the
action potential amplitude depression, but at the end of ischemia the action
potential duration (APD) decreased in control and 5 uM melatonin-treated
hearts. By contrast, it returned to preischemic levels in hearts given 20 and
50 uM melatonin. Melatonin reduced the incidence of reperfusion
arrhythmias from 100% in control to 50% in 5 and 10 M, to 40% in 20 uMm
and 30% in 50 uMm hearts. TAC values were higher at all melatonin
concentrations. We conclude that melatonin reduced the incidence of
reperfusion arrhythmias because of its antioxidant effects. In addition, at 20
and 50 uMm lengthened APD and promoted an improved protection. This
latter effect should be considered when in vivo applications of melatonin are
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Introduction

It is known that reperfusion following a short period of
ischemia generates oxidative stress as a result of an abrupt
burst of free radicals (FR) and other reactive substances.
Both oxidative stress and the associated intracellular
calcium overload during early reperfusion are believed to
trigger severe ventricular arrhythmias [1, 2]. Although
several factors may be involved, this pathological process is
not yet fully understood. Several studies have shown that
the incidence and the severity of reperfusion arrhythmias
(RA) can be modified by procedures that reduce the
oxidative stress and/or modulate the calcium overload,
the acid production or the action potential duration (APD)
[3-8].

Melatonin (N-acetyl-5-methoxytryptamine) is a pineal
secretory product that participates in numerous physiolog-
ical and neuroendocrine functions with remarkable antiox-
idant effects as scavenger of FR including peroxynitrite,
hydroxyl and peroxyl radicals [9-13]. Besides these prop-
erties, it also inhibits peripheral sympathetic responses,
decreases the availability of voltage-operated Ca>" chan-
nels and stimulates the Ca®"-dependent ATPase in cardiac
sarcolemma [14, 15]. Recent studies report that melatonin
infused during an ischemia-reperfusion period also prevents
the occurrence of RA [16-21]. Furthermore, because of its
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cardioprotective effects, a phase-2 clinical trial has been
designed using melatonin as an adjunct in angioplasty
therapy of acute myocardial infarction [22]. These evidences
have been reviewed recently by Tengattini et al. [23].
However, few reports have described changes induced by
melatonin on cardiac electrophysiological variables.

In the experiments here reported, we studied the effects of
melatonin on the surface electrogram and the ventricular
membrane potential of isolated rat hearts subjected to an
ischemia-reperfusion protocol. We also determined mela-
tonin’s antioxidant effect in myocardial tissue and its
influences on the heart rate (HR) and the coronary flow
(CF).

Materials and methods
Animals and experimental procedures

Female Sprague-Dawley rats weighing 280-330 g were
used according to availability and guidelines of local
warehouse. They were housed in metal cages with food
and water ad libitum and exposed to a cycle of 12 hr of
light and 12 hr of darkness. The experiments were per-
formed between 14:00 and 17:00, previous confirmation of
diestrus stage of estrous cycle in all the cases. The animals
were killed by cervical dislocation according to the proto-
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cols accepted by institutional guidelines (Committee on
Ethics of Animal Experimentation, Faculty of Medical
Sciences, National University of Cuyo). The hearts were
rapidly removed and placed in oxygenated, 4°C Krebs—
Henseleit buffer for removal of extracardiac tissue. In less
than 4 min they were mounted on the aortic cannula of the
Langendorff perfusion setup. The perfusion medium (mod-
ified Krebs—Henseleit solution) contained (mm) 121 NaCl, 5
KCl, 2 CaCl,, 1.2 MgSOy, 1.2 NaHPO,, 25 NaHCOj; and
5.5 glucose. When equilibrated with 5% CO, in O,, the pH
was 7.4 + 0.05, at 36 + 0.5°C. To facilitate microelec-
trode impalements, spontaneously beating hearts were
placed horizontally into a double walled tissue chamber.

Five experimental series were performed: control
(n = 11) and 5, 10, 20 or 50 uM melatonin (n = 10 each).
Both control and melatonin media contained 0.5 mL/L
ethanol. Melatonin was purchased from Sigma-Aldrich
Cat. M5250 (Saint Louis, MO, USA) and perfused from the
beginning of the experiment. The experimental protocol
consisted of 20 min of equilibration followed by data
recording for 15 min preischemia (PI). Regional ischemia
was induced by tightening a ligature around the anterior
descending coronary artery with a 6/0 silk thread for
10 min. For examination of the time course of the changes,
we subdivided ischemia in: early (EI) from 0 to 3 min, and
late (LI) from 6 to 10 min of ischemia. The CF was used as
an index of proper perfusion, and for the evaluation of
possible changes in coronary arterial tone at PI, ischemia
and reperfusion. A reduction of total CF by 25% or more,
after occlusion, was corroborated [17].

Electrophysiological properties and criteria for
arrhythmias

The membrane potential was recorded with flexibly
mounted glass microelectrodes from subepicardial ventric-
ular cells and synchronously displayed with the surface
electrogram (ECG), obtained from two epicardial elec-
trodes placed in the conventional standard II lead. Micro-
electrodes were filled with 3 M KCl and had resistances of
10-15 MQ. The recording equipment consisted of a custom
made microelectrode amplifier, a Tektronix 565 oscillo-
scope (Tektronix, Beaverton, OR, USA) and a C4 Grass
camera (Grass Instruments, Quincy, MA, USA). Both
signals were photographed from the screen of the oscillo-
scope. The following action potential characteristics were
measured: resting potential (RP), action potential amplitude
(APA) and action potential duration, determined from the
onset of the fast rising upstroke to 90% of repolarization
(APDyg). The HR as well as RA was analyzed from the ECG
and the cell recordings. The type of arrhythmia was deter-
mined according to the Lambeth conventions [24]. In
addition to the incidence of RA, also the severity was
classified. When ventricular tachycardia and/or ventricular
fibrillation lasted the entire reperfusion period it was classi-
fied as an irreversible reperfusion arrhythmia, in those hearts
that developed ventricular tachycardia and/or ventricular
fibrillation but recovered a sinus rhythm during reperfusion
were referred as reversible reperfusion arrhythmia while
hearts that maintained a sinus rhythm were referred to as
no reperfusion arrhythmias. None of the hearts included
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in this study presented overt tachyarrhythmias prior to
reperfusion.

Evaluation of total antioxidant capacity in heart tissue

After 15 min of reperfusion some hearts were dried with
filter paper and pieces from the left ventricle free wall
(approximately 500 mg) were removed and transferred to
Eppendorf tubes containing phosphate buffered saline, pH
7.4, at —=75°C for processing. The total antioxidant capacity
(TAC) was determined according to the technique
described by Re et al. [25], modified by replacing trolox
with ascorbic acid. The preformed radical ABTSe+,
monocation of 2,29-azinobis-(3-ethylbenzothiazoline-6-sul-
fonic acid), is generated by oxidation of ABTS with
potassium persulfate and is reduced in the presence of such
hydrogen-donating antioxidants. Ventricular homogenates
(500 mg/mL) were compared using ascorbic acid (1 mmol/
L) as reference of total antioxidant capacity. All samples
were read at 600 nm with a UV-visible spectrometer model
Helios gama, Helios delta (Unicam instruments, Cam-
bridge, UK), after 18 min of incubation at 37°C. The results
are expressed in ascorbate equivalent per litre (Ae/L).
Because of the accuracy of the method, we randomly
selected the samples for TAC determination and they were
as follows: control n = 10; 5 uM melatonin n = 5; 10 um
melatonin n = 5; 20 uM melatonin n = 7; 50 uM melato-
ninn = 5.

Statistical analysis

Data are expressed as means + S.E.M. The results were
analyzed with two-way ANOVA followed by the Student—
Newman—Keuls post hoc test. The incidence and severity of
arrhythmias was tested with contingency tables using the
chi-squared test. The statistical significance level was
P < 0.05.

Results

The data obtained in the control experiments did not differ
from those previously reported by our group and others [5—
8]. Also, melatonin did not alter the action potential
configuration, the ECG, the HR or the CF before coronary
ligation. Fig. 1 illustrates typical results from experiments
where the membrane potential was recorded synchronously
with the ECG in a control heart (upper row) and in the
presence of 5 uMm (middle row) and 20 um (lower row)
melatonin. The records obtained with 10 and 50 um
melatonin are not shown because they were similar to
those found with 20 um. Coronary ligation produced a fast
fall in RP in the three groups that reached its steady state
within 3 min. This led to a concomitant decrease in the
APA and the reduction of the overshoot (OS). There was a
slow rising foot that preceded the fast depolarization
particularly in records with 5 and 20 um melatonin. These
effects persisted throughout the ischemic insult. The APD
decreased towards the end of ischemia in the control and
the 5 um melatonin hearts. By contrast, the hearts perfused
with 20 um melatonin showed an early increase in APDy,
followed by a progressive return to values to the



Fig. 1. Synchronous recordings of the
transmembrane potential (upper traces)
and the surface electrogram (lower traces)
obtained at comparable times in a control
heart (upper row) and in those exposed to
S uM (middle row) or 20 um melatonin
(lower row). The columns correspond
(from left to right) to preischemia (PI),
early (EI) and late ischemia (LI) followed
by reperfusion (REP), less than 1 min.
Calibration, 40 mV and 0.2 sec. Horizon-
tal white traces, 0 Volt reference level.

preischemic level. Reperfusion produced almost immedi-
ately a severe ventricular arrhythmia in the control hearts.
A transient episode of tachycardia is shown with 5 um
melatonin in one of the hearts that developed ventricular
tachycardia. Meanwhile, the heart with 20 uM melatonin
recovered the preischemic morphology almost immediately.

Fig. 2A shows the quantitative analysis of the changes
observed in the membrane potential of ventricular cells
undergoing the ischemia-reperfusion protocol. As already
mentioned, melatonin per se did not affect the resting or the
APA in any of the experimental phases of the protocols.
The early reduction of the APA, which persists during
ischemia (see values of EI and LI), corresponds to the sum
of the OS reduction plus the resting depolarization. The
latter thus are mainly responsible for the changes in the
electrical signal and its ability to propagate. The time
course of the resting depolarization mimics that of the
cellular K™ accumulation during ischemia, in agreement
with accepted knowledge [26, 27]. This result in a decreased
availability of the Na™ current system, OS disappearance
and decreased effectiveness of the action potential to
propagate, caused the slow rising foot that preceded the
fast depolarization in our records (Fig. 1). Total recovery
of the action potential characteristics was observed in all
the hearts that maintained or recovered sinus rhythm
during reperfusion.

The changes in APDy, during the ischemia-reperfusion
protocol in all groups are shown in Fig. 2B. During the
preischemic period, melatonin did not affect APDy, values;
however at EI of all the hearts showed a lengthening that
was significant for 10 and 50 uM melatonin. The latter
group was also prolonged when compared with control for
the same period. When analyze, the last period of ischemia
versus the values of EI, a decrease in APDy, was observed
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in all groups. Compared with preischemic results only
control and 5 puM melatonin suffered a shortening; mean-
while the hearts exposed to 10, 20 and 50 uM melatonin
reached levels similar to PI. The APDgq in 20 and 50 um
treated hearts was significantly prolonged with respect to
the control group for the same period. On reperfusion, the
preischemic levels were recovered. The significance of these
results are shown in the legend of Fig. 2.

Fig. 3 illustrates the protective effects of melatonin on the
reperfusion arrhythmias. All the control hearts prematurely
developed tachyarrhythmias on reperfusion; 54.5% were
irreversible and only 5 out of 11 (45.5%) spontaneously
returned to sinus rhythm after 3-6 min. With melatonin
addition to the perfusate, the total incidence of tach-
yarrythmias fell to 50% with 5 and 10 uMm melatonin, to
40% with 20 um and to 30% with 50 uM melatonin.
Moreover, a progressive reduction of irreversible arrhyth-
mias was as follow: 40% for 5 um, 30% for 10 um, 20% for
20 um and only one heart out of 10 (10%) developed an
irreversible arrhythmia at the highest concentration stud-
ied, 50 um. The chi-squared test revealed a significant
decrease in the incidence of total and irreversible arrhyth-
mias. The values were: P < 0.05 for 5 and 10 um and
P < 0.01 for 20 and 50 uM melatonin.

The values for the TAC expressed as Ae/L are presented
in Fig. 4. The analysis performed on myocardial homogen-
ates at the end of reperfusion period showed that the
exposure to melatonin induced a substantial increase that
was highly significant (P < 0.001) and dose independent
within the concentration range used. Table 1 lists the values
of HR and CF in the five experimental groups studied.
Melatonin did not alter the HR either during PI or during
ischemia. All the hearts showed a similar behavior: a
sudden decrease of HR at the beginning of ischemia which
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Fig. 3. Effects of melatonin on the incidence and severity of rep-
erfusion arrhythmias. The black portions represent irreversible
ventricular fibrillation (VF) and/or ventricular tachycardia (VT),
the checkered portions illustrate VF and/or VT that spontaneously
converted to sinus rhythm. The white portions correspond to
absence of these ventricular arrhythmias. Control and melatonin
concentrations in uM indicated under the abscissa. Chi-squared test
for incidence, reversibility and absence of arrhythmia in melatonin
exposed hearts versus control: ¥*P < 0.05, **P < 0.0l;n = 11 in
control, 10 in the others.
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Fig. 2. Effects of the ischemia-reperfusion
protocol on the membrane potential in
control and melatonin-exposed hearts. (A)
The bars represent the resting potential
(darker shaded areas) and the action
potential amplitude (total height) in con-
trol hearts (C) and in the presence of
melatonin (concentration indicated under
the abscissa). Each group illustrates data
obtained before ischemia, preischemia
(PI), at early (EI) and late ischemia (LI)
and during reperfusion (REP). Means +
S.EM., n = 11 for control and 10 in the
others. During reperfusion, n corresponds
to the number of hearts that did not suffer
irreversible arrhythmias (see Fig. 3).
*P < 0.001 for APA and ’P < 0.001 for
RP in EI and LI versus PI. (B) Changes in
APDy, with ischemia and reperfusion in
control and melatonin exposed hearts, as
indicated. Within each group, the bars
represent means = S.E.M. during (from
left to right) PI, EI and LI followed by
reperfusion in the hearts that recovered
sinus rhythm or did not develop arrhyth-
mias (see Fig. 3). *P < 0.05 difference
between control and melatonin groups;
P < 0.05 for the PI values versus the
values during ischemia for the same
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Fig. 4. Total antioxidant capacity determined on myocardial
homogenates expressed as ascorbate equivalent per litre (Ae/L).
C for control and numbers under the abscissa indicate melatonin
concentrationsin uM.C(n = 10);5(n = 5);10(n = 5);20(n = 7);
50 (n = 5). ***P < (0.001 when compared versus control group.

persists throughout, with a mean reduction of about
40 beats/min in all the groups; this is attributed to an
endogenous acetylcholine release [28]. Although not signif-
icant from a statistical point of view, it was a constant
observation. We attribute this lack of significance to the
large S.E.M. that reflects the inherent instability of an
isolated heart, deprived of autonomic control.
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Table 1. Effect of melatonin on heart rate (HR) and coronary flow (CF) in the isolated perfused rat heart subjected to 10 min coronary

occlusion and reperfusion

HR (beats/min)

CF (mL/min)

Group n Preischemia Late ischemia Preischemia Ischemia Reperfusion
C 11 285.7 £ 9.5 249.7 + 9.4 178 £ 14 7.8 + 1.4% 144 + 2.0
5 10 263.7 £ 13.0 223.5 + 10.2 13.6 + 0.8 5.8 = 0.6* 103 + 1.1
10 10 276.8 + 14.0 236.7 + 11.9 179 + 1.5 7.5 £ 0.9% 142 £ 1.6
20 10 272.1 + 10.0 231.8 + 124 202 + 1.6 7.8 £ 0.6% 154 £ 1.3
50 10 266.6 + 15.5 215.0 £ 11.5 13.8 £ 1.6 8.2 + 1.5% 12 + 1.7

Values are means £+ S.E.M. of n hearts for each group. In group column, C = control and numbers correspond to melatonin concentration

in uM. *P < 0.05 when compared with preischemia.

The CF was quite a stable variable considering the
experimental model, the ischemic insult and the tachyar-
rhythmias triggered by reperfusion (Table 1). The signif-
icant reduction observed after ligation has also been
reported by others [17, 21] and is currently used as
criteria for the efficacy of the partial interruption of the
coronary perfusion. Moreover, our records of the elec-
trophysiological variables showed electrical characteristics
compatible with cardiac ischemia. Reperfusion did not
restore the flow to preischemic levels. It remained 3—
5 mL/min below preischemic levels. This feature has also
been reported by others and is referred as the no-reflow
phenomenon [29].

Discussion

The data presented above confirmed the strong antioxidant
power of melatonin, in agreement with several reports in
the literature [9-17]. Furthermore, our data showed that
melatonin not only decreased the incidence of RA but also
modified some characteristics of transmembrane potential.
This effect has never been reported before, most probably
because of the technical difficulties involved in intracellular
recordings in an isolated rat heart beating at frequencies
between 250 and 300 beats/min. In contrast to the antiox-
idant effects, clearly dose independent in our hands, our
evidence shows, however, that the protection against RA
was increased by administration of 20 and 50 uM mela-
tonin.

While melatonin lacked of effect on the electrophysio-
logical variables at PI, an analysis of the changes in APDq,
showed a lengthening at EI in relation with melatonin
doses. Thereafter, all hearts suffered a progressive shorten-
ing that in LI reached pre-ischemic levels only in the 20 and
50 um melatonin treated hearts.

Consequently, we propose that, in addition to the ionic
imbalance and the presence of oxidant radicals as gener-
ators of arrhythmic activity on reperfusion, the role of the
changes in electrical activity should not be overlooked,
particularly considering the interaction of reactive oxygen
species with ion transport mechanisms [30]. The APD is a
key factor involved in the coordinated activation of the
cardiac chambers and its alterations are involved in more
than one arrhythmic activity. Even under regulation from
the autonomic nervous system, APD is also the target of
several antiarrhythmic treatments.

Amiloride derivatives and the increase in extracellular
Mg® " concentration block the K* inwardly rectifying
channel, and 4-aminopyridine blocks the transient outward
current, all of them lengthen the action potential, and
counteract RA [5-8].

Our experimental findings support the view that the
protective effect of melatonin on the incidence of RA is
related partially to its antioxidant action within the
concentration range used in this study. The strong reduc-
tion in the incidence of arrhythmias in the melatonin-
treated hearts confirms other data in the field [17-21]. In
addition, at levels higher than 5 pM, melatonin counteracts
the action potential shortening induced by ischemia thus
exerting protection at another level in the chain of events
that contribute to the development of RA. This effect could
be independent of its antioxidant capacity or a modulation
of the oxidative injury caused by the ischemia due to the
accumulation of melatonin and/or its metabolites prior to
the interruption of the CF [21].

In conclusion, these experiments confirm once more the
importance of FR in the generation of the ionic imbalance
and membrane instability related to the production of
reperfusion arrhythmias. Moreover, they show that this
ionic imbalance does not necessarily reflect irreversible cell
injury, because arrhythmia disappears spontaneously in
50% of the cases when the ischemia is rather brief. In
addition, the first event characteristic of myocardial ische-
mia is an increased K permeability inducing cell K™ loss
with subsequent extracellular K* accumulation. This
causes a rapid fall in the cell RP leading to a decrease in
APA and slowing of conduction within 3 min. These
phenomena create electrical inhomogeneity, a functional
substrate for development of re-entry pathways. These
changes are followed by variations of APDgy, a major
determinant of refractory period. Our data show that 10, 20
and 50 uM melatonin modulates the changes in APDy,
acting in a similar way as Mg>" [6]. As a result, APDgy,
lengthened at the beginning of the ischemia, then progres-
sively shortened back to control levels before reperfusion,
and remained there without further changes. The data add
another characteristic to this versatile indolamine in the
field of cardiovascular protection, specifically related to its
electrophysiological properties. Further experiments in this
field would seem highly worthwhile and support the
rationale for the clinical trial proposed by Dominguez-
Rodriguez et al. [22].
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