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Abstract. The etiology of diabetic complications is strongly associated with increased oxidative stress.
The aim of the present study was to evaluate the effect of the potent antioxidant stobadine (STB) on
global ischemia-reperfusion cardiac injury in the rat model of diabetes mellitus (DM). Diabetes was
induced by multiple low doses of streptozotocin. The effect of STB was compared with that of a hi-
gh-dose of a-lipoic acid (ALA). All experiments were performed on isolated Langendorff-perfused
hearts 10 weeks after streptozotocin administration. Diabetic hearts showed to be more resistant to
ischemia-reperfusion than the control hearts, as shown by the reduced number of reperfusion dysr-
hythmias. The effect of the therapy with ALA (100 mg/kg i.p., 5 times a week during 8 weeks) was
comparable to that of STB (25 mg/kg i.p., 5 times a week during 8 weeks) resulting in lowering the
heart rate and coronary flow as well as the number of serious reperfusion dysrhythmias. Though the
protective effect of STB on the reperfusion-induced dysrhythmias was comparable with that of ALA,
both substances failed to enhance functional recovery of the diabetic rat heart.
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Abbreviations: ALA, o-lipoic acid; CF, coronary flow; DM, diabetes mellitus; HR, heart rate;
LVEDP, left ventricular end-diastolic pressure; LVDP, left ventricular developed pressure; STB,
stobadine; STZ, streptozotocin; VF, ventricular fibrillation; VPB, ventricular premature beats; VT,

ventricular tachycardia.

Introduction

Diabetes mellitus (DM) is not only a well-established risk
factor for the development of ischemic heart disease (Hurst
and Lee 2003), diabetic patients with myocardial infarction
have moreover a higher short and long-term mortality than
non-diabetic patients (Haffner et al. 1998).

Numerous studies have shown that increased oxidative
stress is present in diabetic patients. Patients with diabetes
have not only been found to have increased levels of circulat-
ing markers of free radical-induced damage but also reduced
antioxidant defenses (Seghrouchni et al. 2002; Martin-Gal-
lan et al. 2003). Hyperglycemia can induce oxidative stress

Correspondence to: Zuzana Broskova, Institute of Experimental
Pharmacology and Toxicology, Slovak Academy of Sciences, Du-
bravska cesta 9, 841 04 Bratislava, Slovak Republic

E-mail: zuzana.broskova@savba.sk

via several mechanisms, including glucose autoxidation,
the formation of advanced glycation end-products (AGEs),
and activation of the polyol pathway. There is considerable
evidence to indicate that oxidative stress plays an impor-
tant role in the etiology of diabetic complications, leads to
endothelial cell damage and vascular dysfunction (Jay et al.
2006). Intensive control of blood glucose alone does not lead
to a reduction in mortality caused by cardiovascular compli-
cations (Mannucci et al. 2009). As the pathogenesis of both
diabetes and cardiovascular disease involves oxidative stress,
the use of antioxidants is an appealing therapy.

A potent lipophilic antioxidant, a-lipoic acid (ALA), has
been shown to have a number of beneficial effects in many
pathologies. The results of numerous pre-clinical and clinical
studies have confirmed its efficacy in the treatment of dia-
betes-related complications such as peripheral neuropathy
and cardiovascular autonomic neuropathy (Gouty et al. 2003;
Tankova et al. 2004; Ziegler 2008). ALA exerts beneficial
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effects on endothelial function in diabetic patients (Heitzer
et al. 2001). It has been found to attenuate mitochondria-
dependent cardiac apoptosis in the animal model of diabetes,
thus exerting a protective role against the development of
diabetic cardiomyopathy (Li et al. 2009).

The pyridoindole antioxidant stobadine (STB) was rec-
ognized to have significant antioxidant properties and the
ability to scavenge free radicals, such as hydroxyl, peroxyl,
and alkoxyl radicals (Stasko et al. 1990). Various studies
have shown that STB is effective in oxidative stress-mediated
pathologies. In the rat model of DM, STB showed a positive
effect on diabetic cataract (Kyselova et al. 2005) or diabetic
neuropathy, comparable with that of vitamin E (Skalska et al.
2008) or ALA (Skalska et al. 2010). Dietary supplementation
with stobadine to diabetic rats prevented the development
of dysfunction in the aorta and attenuated angiopathic and
atherogenic processes in the aortic wall (Sotnikova et al.
2001). STB also prevented degenerative changes seen in dia-
betic sympathetic nerves of the vas deferens (Gunes et al. 2005)
and significantly reduced oxidative damage of kidney tissue as
well as diabetes-induced proteinuria and albuminuria (Stefek
et al. 2002). Long-term treatment of diabetic animals with
STB attenuated pathological changes in the diabetic myocar-
dium by diminishing oxidative damage of myocardial tissue
and reducing angiopathic and atherogenic processes in the
myocardium (Kucharska et al. 2000; Stefek et al. 2000). These
findings, along with the high oral bioavailability of STB, its
toxic safety, as well as efficient detoxification pathways, render
this drug a prospective agent in the prevention of late diabetic
complications (for review see Juranek et al. 2010).

The present study is aimed at the analysis of the protective
effect of repeated treatment with STB, compared with that of
ALA, on global ischemia-reperfusion cardiac injury on using
the streptozotocin (STZ)-induced DM rat model.

Materials and Methods

The study was approved by the Ethics Committee of the
Institute and performed in accordance with the Principles
of Laboratory Animal Care (NIH publication 83-25, revised
1985) and the Slovak law regulating animal experiments
(Decree 289, Part 139, July 9th 2003).

Experimental diabetes

Male Wistar rats (250-300 g), 16 weeks old, obtained
from the Breeding Facility of the Institute of Experimental
Pharmacology and Toxicology SASc (Dobra Voda, Slovak
Republic), were included in the study. Experimental diabetes
was induced by multiple low doses of STZ dissolved in saline
(20 mg/kg b.w. for 3 consecutive days i.v.) as described pre-
viously (Skalska et al. 2010). Control animals received the

same volume of the vehicle alone. Afterwards, the rats were
maintained under a 12 h light/dark cycle with free access to
water and a standard laboratory diet.

Experimental protocol

Only animals with postprandial plasma glucose level

>20 mmol/l (measured on the eleventh day after STZ admin-

istration) were considered diabetic and were included in the
study. The animals were allocated to four groups:

1) Control (n = 8): nondiabetic rats treated with 0.9%
sodium chloride solution i.p.,

2) DM (n = 8): diabetic rats,

3) DM+ALA (n = 8): diabetic rats treated with ALA (100 mg/
kg b.w.) 5 times a week i.p., for 8 weeks prior to heart
perfusion (started 11 days after STZ),

4) DM+STB (n = 8): diabetic rats treated with STB (25 mg/
kg b.w.) 5 times a week i.p., for 8 weeks prior to heart
perfusion (started 11 days after STZ).

Isolated heart preparation

Ten weeks after STZ administration, the animals were
anesthetized with thiopental (65 mg/kg b.w., i.p.) and
heparinized (500 IU, i.v.). The hearts were canulated via the
ascending aorta and then quickly removed and arranged
for retrograde perfusion by the Langendorff technique, as
described previously (Skrzypiec-Spring 2007). The hearts
were perfused with a Krebs-Henseleit bicarbonate buffer
at a constant pressure of 85 mmHg. The composition of
the buffer was (in mmol/1): NaCl (118), KCI (4.7), CaCl,
(2.5), NaH,PO, (1.18), NaHCO3 (25), and glucose (11.1);
pH 7.40, equilibrated with a gas mixture of 95% O, and 5%
CO, at 37°C. The heart function was stabilized for 30 min
followed by 30-min global no-flow ischemia finalized by 30-
min reperfusion. During ischemia the hearts were plunged
into a non-oxygenated modified Krebs-Henseleit solution
to maintain stable conditions.

Analysis of heart function

Left ventricular developed pressure (LVDP) was measured
isovolumetrically with the use of a water-filled latex bal-
loon, placed in the left ventricular chamber and connected
to a pressure transducer. The balloon volume was adjusted
to give a left ventricular end-diastolic pressure (LVEDP)
of 3-7 mmHg at the beginning of the experiment. The
following parameters were monitored: LVEDP, LVDP and
heart rate (HR). Besides, coronary flow (CF) was measured
by collection of perfusate outflow. For electrical activity
monitoring, two contact electrodes for ECG recording were
placed on the right atrium and the apex of the left ventricle.
All parameters were continuously monitored on RFT-6 NEK
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recorder via RFT W 102 transducer (Germany). During
reperfusion, ventricular dysrhythmias, i.e. VPB (ventricular
premature beats), bradycardia (HR < 200 beats/min), VT
(ventricular tachycardia) and VF (ventricular fibrillation)
were evaluated.

At the end of the reperfusion period, severe dysrhythmias
(VE/VT) were evoked by electrical stimulation with the fol-
lowing parameters: current (fibrillation threshold + 50%),
train rate 4 s, train duration 2 s, stimulation rate 100 pps,
duration 0.2 ms (electrostimulator ST-3 Medicor, Hungaria).
Stimulating electrodes were attached to the epicardium of
the right ventricle. The hearts with sustained VT/VF were
not ellectricaly stimulated.

Chemicals

a-lipoic acid (Thioctacid ASTA Medica, Germany), stoba-
dine dihydrochloride (IEP SAS Bratislava), streptozotocin
(Sigma), thiopental (VUAB Prague, Czech Republic). All
other chemicals used were of analytical purity.

Statistical analysis

The results are presented as the mean + SEM. Statistical
analyses were performed by using the unpaired Student’s
t-test or the two-way ANOVA with Bonferroni posttest.
A value of p < 0.05 was considered statistically significant.

Results

All diabetic animals manifested typical signs of diabetes,

such as polyphagia, polydipsia, polyuria and elevated blood

glucose levels (for glucose levels see Skalska et al. 2010).
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Table 1. Frequency-pressure coefficient (HR x LVDP) before
ischemia and after 30 min of reperfusion

HR x LVDP
Group Before ischemia Reperfusion 30"
Control 25572 + 831 5307 = 1412
DM 22568 £ 1913* 9806 + 2450
DM+ALA 20727 +£2063* 5561 £1393
DM+STB 18174 + 2447** 4962 + 1178*

DM, diabetic group; DM+ALA, diabetic group treated with a-lipoic
acid; DM+STB, diabetic group treated with stobadine. Data ex-
pressed as mean + S.E.M., n =8, * p < 0.05 vs. Control, +p <0.05
vs. DM group.

Functional parameters

The initial values of the contractile parameters HR and LVDP
were not significantly different between the individual groups,
however, as shown in Table 1, the rate-pressure product (HR x
LVDP) was significantly lower in the ALA- and STB-treated
diabetic groups in comparison with the control group. During
reperfusion, the left ventricular function recovered slowly
after its total elimination caused by ischemia. After 30 min of
reperfusion, the recovery of contractility was highest in the
DM group and lowest in the DM+STB group.

In comparison with the initial HR in the control group,
which reached 282.9 + 11.8 beats/min, the HR in the DM
group was partially reduced, while treatment with ALA
or STB significantly lowered this value (Figure 1). During
reperfusion, the HR in the control group was relatively
stable and at the end of reperfusion it reached 81% of its pre-
ischemic value. In contrast, in all diabetic groups, a radical

—e—Control -+DM
—— DM+ALA -O- DM+STB

30 35 40 45 50 55 60

N
stabilisation ischemia

reperfusion
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Figure 1. Heart rate (HR) during the experiment. DM, diabetic group; DM+ALA, diabetic group treated with a-lipoic acid; DM+STB,
diabetic group treated with stobadine. Data are means + S.E.M.; n=8;* p < 0.05,** p < 0.01; *** p < 0.001 vs. Control.
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reduction of HR to bradycardia level was seen from the 3rd
to 5th minute of reperfusion. At the end of experiment, DM
and DM+STB groups reached approximately 82% of their
pre-ischemic values, while DM+ALA only 70%.

During ischemia as well as reperfusion, the hearts un-
derwent a typical pathological increase in LVEDP, which in
the control group, peaked in the 16th minute of ischemia
and in the 3rd minute of reperfusion (data not shown).
Other experimental groups failed to influence this course
of LVEDP, except the DM group, where LVEDP was sig-
nificantly reduced during the first 15 minutes of ischemia
and in the very beginning of the reperfusion. In comparison
with the DM group, LVEDP in the group DM+STB was
non-significantly higher during reperfusion (p = 0.055, 20th
minute of reperfusion).

The initial values of CF in all groups were not signifi-
cantly different. In the control group, during reperfusion, CF
relatively quickly reached its preischemic value and did not
markedly change till the end of the experiment (see Table 2).
CF during reperfusion was not significantly changed in the
DM and DM+ALA group compared with the control group.
However, STB administration to diabetic rats significantly
reduced CF during reperfusion.

Reperfusion dysrhythmias

During the reperfusion period, ventricular dysrhythmias
were evaluated from ECG recordings. In the control group,
an average of 254 + 83 VPB was found at the end of reper-
fusion (see Figure 2A), in the DM group, the number was
not significantly different. Administration of ALA and of
STB to diabetic animals significantly decreased the number
of VPB to 102 + 20 and 106 * 438, respectively. Ventricular
bradycardia lasted on the average 2.5 + 1.6 min in the con-
trol group. In the DM, DM+ALA and DM+STB groups,
the duration of bradycardia was significantly increased in
comparison with the control group to 14 * 3, 28 + 3, and
25 + 4 min, respectively (Figure 2B).

As shown in Figure 3A, VT was sustained for 6.7 +
1.7 min in the control group, while in the DM group, VT
lasted for 4.0 + 2.2 min. Compared to the DM group, ad-
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Figure 2. A. Number of ventricular premature beats (VPB) during
reperfusion. B. Duration of bradycardia during reperfusion. Data are
means + S.E.M., n =8,* p <0.05. For abbreviation, see Figure 1.

ministration of STB to diabetic rats significantly shortened
the duration of VT to 0.6 + 0.4 min, yet the reduction of
VT in the DM+ALA group was not significant. Another
life-threatening reperfusion dysrhythmia, VF, lasted for
an average of 7.5 3.4 min in the control group. As shown
in Figure 3B, the duration of VF was significantly reduced
in the DM group to 0.5+ 0.4 min and even completely
suppressed in the STB-treated diabetic group. The ALA

Table 2. Coronary flow before ischemia and after 10, 20 and 30 min of reperfusion

Coronary flow (ml/min)

Group

Before ischemia Reperfusion 10° Reperfusion 20° Reperfusion 30°
Control 128 £ 1.1 132+1.3 11.8+14 11.0+1.4
DM 122+ 1.5 114+1.2 10.7 £ 1.2 99+1.1
DM+ALA 119+ 1.0 9.1+1.0 8.8+1.0 83+1.0
DM+STB 115+ 1.1 8.7+0.7*% 8.5+0.7* 8.2+0.7*

DM, diabetic group; DM+ALA, diabetic group treated with a-lipoic acid; DM+STB, diabetic group treated with stobadine. Data ex-

pressed as mean = S EM., n=

8, * p < 0.05 vs. Control, * p < 0.05 vs. DM group.
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Figure 3. A. Duration of ventricular tachycardia (VT) during
reperfusion. B. Duration of ventricular fibrillation (VF) during
reperfusion. Data are means + S.E.M., n =8, * p < 0.05. For other
abbreviation, see Figure 1.

@ spontaneous VF during reperfusion

treatment induced reduction in VT was not significant in
comparison with the DM group.

In the control group, at least one episode of spontaneous
serious VT or VF occurred in 63% of all hearts during reper-
fusion and electrically stimulated dysrhythmias were evoked
in 37% of the control hearts (see Figure 4). In the diabetic
group, the occurence of both spontaneous and ellectricaly
evoked dysrhythmias was 63%. In three animals of eight,
dysrhythmias could not be evoked. In the ALA or STB-treated
diabetic groups the occurrence of evoked dysrhythmias was
the same but that of spontaneous, and so much more deleteri-
ous dysrhythmias, was lower in the DM+ALA group and they
were completely absent in the DM+STB group.

Discussion

The study showed the beneficial effect of longterm treatment
with STB and ALA in reducing serious life-threatening
reperfusion dysrhythmias of diabetic hearts. It is well-known
that the risk of heart failure after myocardial infarction is
higher in diabetic patients that in others (Lomblin et al.
2012). Hence, there is still the need to find an efficient
therapy to prevent this phenomenon. The present study was
aimed at exploring the therapeutic effect of the pyridoindole
antioxidant STB and to compare it with that of ALA on func-
tional parameters and dysrhythmias caused by ischemia-
reperfusion injury of isolated hearts of diabetic rats.
Hyperglycemia along with other metabolic derangements
caused by diabetes is known to impair cardiac function by
disrupting the balance between pro-oxidants and antioxi-
dants at the cellular level (Jay et al. 2006). Diabetes is asso-
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Figure 4. Number of animals in % with occurrence of spontaneous VF/VT during reperfusion or electrically evoked VE/VT, calculated
on total number of animals # = 8 in each group. For abbreviation, see Figure 3.
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ciated with oxidative stress as shown by increased levels of
various markers of oxidative stress such as hydroxyl radical
(Fiordaliso et al. 2006), superoxid, nitrotyrosine (Okazaki
et al. 2011), malondialdehyde (Guan et al. 2012) or lipid
peroxidation products (Stefek et al. 2000). However, in our
experiments, diabetic hearts showed to be more resistant
to ischemia-reperfusion dysrhythmias than the control
hearts, as shown on the reduced number of VPB, VT, VF
during reperfusion and the lower susceptibility to electrically
evoked dysrhythmias. At the same time, diabetic hearts were
shown to increase the rate-pressure product at the end of
reperfusion. The literature concerning this phenomenon in
experimental diabetes studies is ambivalent. Diabetic animals
were reported to be either more vulnerable (Bakth et al.
1986; Beatch and McNeill 1988; Tosaki et al. 1996) or more
resistant to ischemia-reperfusion dysrhythmias (Kusama et
al. 1992; Ravingerova et al. 2001; Zhang et al. 2002; Knezl at
al. 2006; Matejikova et al. 2008). A possible explanation for
the differing results may be the use of different experimental
conditions, such as the duration and severity of the diabetic
state, the nutritional status and cardiac function, the degree
of ischemia, the type of metabolic substrate used and others
(Paulson 1997; Galinanes and Fowler 2004).

The increased cardioprotection in diabetic hearts, as
seen in our experiments, can be attributed to a decrease in
the activity of the Na*/H* and Na*/Ca®" exchangers and
subsequent reduction of accumulations of Na™ and Ca?*,
limitation of acidosis and preservation of high-energy
phosphates (Ramasamy and Schaefer 1999). Moreover, the
antidysrhythmic effect in diabetic hearts can result from
hyperglycemia, hypoinsulinemia or other metabolic changes
of diabetes, such as hypothyroidism (Zhang et al. 2002).

As already mentioned, the etiology of diabetic complica-
tions is strongly associated with increased oxidative stress
(Seghrouchni et al. 2002; Martin-Gallan et al. 2003) and it
has been indicated that reactive oxygen species induced by
high glucose may be involved, among others, in both death-
receptor- and mitochondrion-dependent apoptosis in the
heart in vivo. Antioxidative treatment with ALA significantly
suppressed apoptosis, suggesting that antioxidants may be
a therapeutic option for preventing cardiovascular damage
in DM in humans (Bojunga et al. 2004). In accordance with
these findings, we used STB as a potent antioxidant agent to
reduce the ischemia-reperfusion injury of isolated diabetic
hearts. In the present study, treatment of diabetic rats with
STB reduced the number of VPB, the duration of VT and
completely eliminated VF during reperfusion in comparison
with the DM and control group. This antidysrhythmic effect
was even bigger than that seen in the ALA-treated group. In
our previous study, STB and its two derivatives were found
also to significantly reduce serious reperfusion dysrhythmias
such as VE which was completely suppressed in non-diabetic
isolated hearts (Broskova and Knezl 2011).

In previous studies with isolated perfused hearts, 7-day
treatment with ALA (50 mg/kg/day i.p.) as well as its acute
administration (5 x 1078 mol/l in the perfusion medium)
induced an increase in CF (Ghibu et al. 2009; He et al. 2012).
In our experiments, however, CF of diabetic hearts was
reduced during reperfusion in comparison with the control
group and ALA as well as STB treatment induced an even
greater reduction in CF. This may be due to decreased HR
and, in the experimental group treated with STB, also due to
increased LVEDP during reperfusion. STB was also found
to possess a-adrenolytic (Sotnikova et al. 1985) and antihis-
taminic effect (Bilcikova et al. 1990), so other mechanisms
regulating resistance in coronary vasculature on the level of
receptors may be involved as well.

According to numerous studies, it has been suggested
that the use of HR-lowering drugs such as p-blockers to
patients after acute myocardial infarction achieves clinical
benefit exactly via the reduction in HR, thereby reducing
myocardial oxygen demand. HR reduction may prevent
ischemia and ischemic-related dysrhythmias (Kjekshus
1986; Hjalmarson et al. 1990). Thus the bradycardic effect
of STB as well as ALA, shown in our experiments during
reperfusion, seems to be beneficial. The correlation between
the HR-lowering effect and the reduced duration of VT and
VF during reperfusion suggests that the bradycardic effect of
these substances may be an important factor in preventing
serious reperfusion dysrhythmias.

Our study shows a protective effect of STB comparable
with that of ALA on reperfusion-induced dysrhythmias in
the diabetic rat heart. Yet these substances failed to im-
prove the functional recovery after ischemia/reperfusion.
The anti-dysrhythmic properties of STB may be mediated
by its potent antioxidant protective effect, already shown
in previous studies (Stasko et al. 1990; Stefek et al. 2000;
Kucharska et al. 2000), while the HR-lowering effect seems
also to be involved. Additional studies are to determine
which other potential mechanisms of action come into

play.
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