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Abstract Increased oxidative stress resulting from
enhanced production of reactive oxygen species and/or
inadequate mechanisms of antioxidant defenses has been
recognized as an important factor contributing to the initi-
ation and progression of cardiac dysfunction under a wide
variety of pathophysiological conditions. The main objec-
tive of this study was to examine the effect of electrically
induced tachycardia on oxidative stress and the capacity of
antioxidant defenses in the normal and hypertrophied left
ventricle (LV) in the rat. Left ventricular hypertrophy
(LVH) was produced by banding the descending abdominal
aorta. The activities of antioxidant enzymes, concentrations
of non-enzymatic antioxidants, and biomarkers of oxidative
stress were measured in the LV of aortic-banded animals
(LVH), untreated or banded rats subjected to short-
term (45 min) atrial pacing [(CTR + S) and (LVH + S),
respectively], and untreated (CTR) or sham-operated
(SHAM) controls. The results indicate that the increase in
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heart rate in vivo as a result of atrial pacing to a maximum
level, independent of sympathetic nerve activity, leads to a
substantial increase in oxidative stress and a marked decline
in the activities of antioxidant enzymes in both the normal
and hypertrophied left ventricle of the rat. The accompa-
nying increase in tissue content of o- and y-tocopherols seem
to contribute to attenuation of the oxidant stress-related loss
of thiol stores in the LV. Stable left ventricular hypertrophy
induced by aortic banding for six weeks has a minor impact
on the capacity of the endogenous antioxidant defense sys-
tem in the LV, but significantly and negatively affects the
ability of the heart LV to tolerate the stress of tachycardia.

Keywords Left ventricular hypertrophy - Tachycardia -
Rat
Introduction

There is a large body of evidence that an increase in oxi-
dative stress because of enhanced formation of reactive
oxygen species (ROS) or a relative deficit in endogenous
antioxidant defense capacity plays a crucial role in cardiac
dysfunction in a wide variety of pathophysiological con-
ditions [1]. Although the ROS are also generated during
normal metabolism as an integral part of normal cellular
signaling functions [2], their overproduction is harmful to
the cells. The most important potential sources of ROS
generation in cardiac tissue include the mitochondrial
electron-transport chain [3, 4], xanthine oxidase [5], dys-
functional nitric oxide synthases (NOSs), and endothelial
and myocardial NADPH oxidase [6]. Intracellular defense
mechanisms that attenuate their damaging effects include
ROS scavenging enzymes and a wide range of non-enzy-
matic antioxidants [7, 8].
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An increase in oxidative stress and a decline in the
capacity of antioxidant defense have been reported in
animal models of heart failure subsequent to pressure-
overload-induced left ventricular hypertrophy (LVH)
[1, 9-11]. Moreover, several observations suggest that the
hypertrophied left ventricle is at a higher risk for ischemia-
induced damage during enhanced cardiac work [12, 13].
Indeed, it was demonstrated that perfusion abnormalities
occurring in the chronically hypertrophied heart during
rapid cardiac pacing resulted in a substantial increase in
myocardial ischemia [14]. Worthy of note is that rapid
cardiac pacing is known to be associated with increased
oxygen demand to compensate for greater energy expen-
diture of the heart [15], which cannot be fully satisfied,
despite increased oxygen consumption, and may thus lead
to the development of ischemia [8, 13, 16]. Despite the
well documented finding that ROS are produced primarily
with the reintroduction of oxygen following ischemia,
several investigators observed increased ROS generation
also during ischemia prior to reperfusion [17-19], mainly
because of direct transfer of electrons from the redox-
reduced respiratory cytochromes to oxygen [8]. There is
strong experimental evidence that the increase in heart rate
per se caused by rapid atrial electrical stimulation, inde-
pendent of sympathetic nerve activation, enhances the
cardiac oxidative stress that results from increased gener-
ation of superoxide radicals, because of activation of
myocardial NADPH oxidase [20], and leads to the activa-
tion of mitogen-activated protein kinases (MAPK)
potentially involved in tachycardia-induced cardiac injury
[13]. On the other hand, treatment with antioxidant vita-
mins [21] or antioxidant drugs such as probucol [22]
resulted in attenuation of cardiac dysfunction in tachycar-
dia-induced heart failure through prevention of the increase
in myocardial oxidative stress. Similarly, the antioxidants
edaravone and N-2-mercaptopropionyl glycine seemed to
be effective in attenuation of pressure overload-induced
LVH [23, 24].

This study was carried out to examine the capacity of
the antioxidant defense system in the normal and moder-
ately hypertrophied rat left ventricle. We used an
experimental model of LVH induced by pressure overload
imposed by banding of the infrarenal descending abdomi-
nal aorta in adult male rats [25-27]. We have chosen the
right atrial pacing model to increase heart rate in vivo as a
tool to investigate processes that may occur in response to
alteration of the local environment, in the absence of sys-
temic metabolic changes such as sympathetic activation in
response to physical workload exposure [13]. By this
method, we obtained almost a twofold increase in the heart
rate, from about 330-350 beats/min under resting condi-
tions to about 600 beats/min, which was comparable with
that (580 £ 9 beats/min) observed in rats subjected to
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maximum exercise [28]. Measurements of activities of
antioxidant enzymes and concentrations of non-enzymatic
antioxidants or biomarkers of oxidative stress were
obtained both under basal conditions and after short-term
rapid cardiac pacing to determine whether hypertrophy
compromises the ability of the heart to tolerate the stress of
tachycardia.

Methods
Experimental protocol

Adult male Wistar rats weighing 250-300 g obtained from
a breeding facility of the Medical University of Biatystok
were fed standard rat chow (Murigran; Agropol, Motycz,
Poland) and water ad libitum and maintained on a 12-h
light/12-h dark cycle. Body weights were measured weekly
over the six-week experimental period. The animals were
randomly assigned to three groups designated control
(CTR, N = 24), sham-operated (SHAM, N = 16), and rats
with left ventricular hypertrophy (LVH, N = 24). Pressure-
overload LVH was induced by constriction of the abdom-
inal aorta under anesthesia (Vetbutal, 80 mg/kg i.p.).
Briefly, to produce aortic constriction access to the aorta
was gained through a midline abdominal incision. The
descending abdominal aorta was isolated, cleared from
adhering tissues and constricted, 1.2—-1.5 cm below kidney
artery, with silk suture tied against a 0.9 mm blunt steel
needle. The needle was then removed, leaving the aorta
constricted to about 75% of its original diameter. Finally,
the incision was closed and the animals were allowed to
recover. Sham-operated animals were subjected to the
same surgical treatment, except that no band was placed
around the aorta. After six weeks, randomly selected ani-
mals from both the control (CTR) and experimental (LVH)
groups, designated, respectively, CTR + S (N = 12) and
LVH + S (N = 12), were additionally subjected to elec-
trically induced tachycardia. Briefly, the animals were
anesthetized by i.p. injection of Vetbutal (80 mg/kg) and
laid ventrally on a heating pad kept at 38°C. The poly-
ethylene catheter containing bipolar electrodes was then
inserted through a cervical midline incision into the right
jugular vein and further advanced to the right atrium. The
heart was stimulated through electrodes to perform
600 beats/min (10-ms trains of 10 Hz, impulse duration
100 ms, 4 V) for 45 min using a stimulator (model SC-04;
COTM, Poland), while the heart rate was monitored using
an ECG monitor (Simplicard E10; X-Ray Apparatus and
Medical Equipment Works Farum, Poland) connected to
needle electrodes implanted into four limbs of the animal
tested. Finally, after opening the chest to expose the heart,
the descending aorta was cannulated and the jugular veins
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cut open in order to allow coronary perfusion in situ with
normothermic 1 mM EDTA-saline to wash out the residual
blood. When the perfusate was free from blood, the heart
was immediately excised and weighed, the LV was sepa-
rated and weighed, then cut into four or five pieces
(4-6 mm in size) which were snap-frozen in liquid nitro-
gen and then kept at —80°C until biochemical analyses. All
experimental procedures were approved by the Ethical
Committee for Animal Experiments at the Medical
University of Biatystok.

Analytical procedures

For measurements of activities of antioxidant enzymes and
concentrations of non-enzymatic antioxidants, the LV
samples were homogenized in ice-cold buffers, according
to the instructions provided by the manufacturers of diag-
nostic test kits, using an Ultra-Turrax T8 homogenizer
(IKA Labortechnik, Staufen, Germany). Homogenization
was performed in an ice—water bath with six or seven
bursts of 15 s each at the maximum speed (setting 6), with
15-s intervals between bursts. The supernatants obtained by
centrifugation at 4000g for 15 min were then assayed for
activities of superoxide dismutase (SOD; EC 1.15.1.1),
glutathione peroxidase (GPX; EC. 1.11.1.9), glutathione
reductase (GR; EC.1.6.4.2), and concentration of reduced
glutathione (GSH) with Bioxytech (Oxis International,
Portland, OR, USA) diagnostic kits (SOD-525, GPx-340,
GR-340, GSH-400, respectively) according to the manu-
facturers’ instructions. The activity of catalase (CAT; EC
1.11.1.6) was assessed according to Aebi [29] and
expressed as k (first-order rate of reaction) per g of protein.
The thiol (-SH) group content of proteins was quantified
according to Ellman [30]. Lipid peroxide formation was
determined by the thiobarbituric acid (TBA) reaction, with
extraction of the produced chromogen with n-butanol-
pyridine (15:1, v/v) mixture as described by Okhawa et al.
[31]. In order to minimize peroxidation during the assay

procedure, 1% butylated hydroxytoluene (BHT) was added
to the TBA reagent immediately prior to incubation with
LV tissue homogenate. The level of TBA-reactive sub-
stances formed in tissue samples was expressed as pmol
malondialdehyde (MDA) per gye: wi- The antioxidants o
and y-tocopherols were extracted from tissue homogenates
(1:5 w/v) in 0.1 M phosphate-buffered saline (PBS, pH 7.0)
and then assayed by reversed-phase high-performance
liquid chromatography (LaChrom HPLC; Merck Hitachi
with L-7100 pump and D-7000 interface) with fluorimetric
detection (L-7485 fluorescence detector) according to
Sobczak et al. [32]. Protein concentration in supernatant
samples was determined by use of the 2,2’-bicinchoninic
acid method with a Sigma protein assay kit BCAL.

Statistics

The results are expressed as means = SD. All data were
tested for homogeneity of variances by using the Levene
test. In order to evaluate the effect of the treatment (six
weeks long pressure overload and short-term electrically
induced tachycardia) on each variable of the antioxidant
defense system in the rat LV, two-way ANOVA was per-
formed followed by Tukey’s multiple comparison test
where appropriate. Differences were considered significant
at P < 0.05. All statistical analyses were performed using
StatSoft Statistica 6.0 software.

Results

Body weights (BW), whole heart (HW) and left ventricle
(LV) weights were assessed in control, sham-operated, and
aortic-banded animals six weeks after the surgery. The
results are presented in Table 1. Because the pressure-
overload induced by aortic banding is known to affect the
left ventricle only [33], the LV/BW ratio was used as a
measure of hypertrophy. A significant (P < 0.05) increase

Table 1 Body and heart weights in control and experimental groups of animals

Variable CTR N = 12 CTR+ SN =12 SHAM N = 16 LVHN = 12 LVH+ SN =12
Body weight (g) 405.4 (27.1) 499.2%% (41.4) 411.1 (29.1) 396.1 (45.0) 459.4% (29.1)
Heart weight (g) 1.04 (0.09) 1.18* (0.11) 1.07 (0.11) 1.09 (0.10) 1.12 (0.08)
LV weight (g) 0.48 (0.06) 0.60% (0.08) 0.48 (0.05) 0.57* (0.07) 0.59% (0.06)
LV/BW (mg/g) 1.19 (0.14) 1.20 (0.11) 1.16 (0.11) 1.44%% (0.08) 1.28$ (0.09)

Data are means (SD)
LV left ventricle, BW body weight

CTR, controls; SHAM, sham-operated controls; LVH, animals with pressure-overload-induced left ventricular hypertrophy

CTR + S, control animals subjected to electrically induced tachycardia; LVH + S, animals with pressure overload-induced LV hypertrophy

subjected to electrically stimulated tachycardia

* P < 0.05 and ** P < 0.001 versus the appropriate controls (CTR or SHAM); $ P = 0.08 versus SHAM
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in the LV/BW ratio, compared with sham-operated
animals, provided evidence of the development of LVH in
the banded group of animals (group LVH). There was no
difference in LV/BW ratios between the control and sham-
operated rats. The LV/BW ratio in aortic-banded animals
additionally subjected to short-term (45 min) rapid atrial
pacing was apparently less; the difference compared with
sham-operated rats was close to the significance level,
however. Importantly, a significant effect of aortic banding
on development of LVH was revealed by two-way
ANOVA (F = 24.57; P < 0.005).

All groups of hypertrophied and control animals were
examined for activities of antioxidant enzymes (SOD, GPX,
CAT, and GR), concentrations of non-enzymatic antioxi-
dants (reduced glutathione-GSH, protein thiols, o and
y-tocopherols), and MDA content as a biomarker of oxi-
dative stress in the LV tissue samples. The results are shown
in Figs. 1 and 2. As expected, there were no differences
between the control and sham-operated groups of animals in
any of the values investigated. As revealed by two-way
ANOVA, rapid cardiac pacing to 600 beats/min for 45 min
was a stimulus sufficient to significantly and negatively
affect the activities of SOD (F = 45.1, P < 0.001), GPX
(F =108.3, P < 0.0001), and GR (F = 62.7, P < 0.001).
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Fig. 1 Effects of pressure overload-induced left ventricular hyper-
trophy (LVH) and/or electrically stimulated tachycardia on activities
of antioxidants enzymes in the rat left ventricle. Group abbreviations
are the same as in Table 1. SOD, activity of superoxide dismutase
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The differences in the activities of these enzymes, with
regard to appropriate control groups (CTR or SHAM), were
significant (Fig. 1). The between-group differences in CAT
activities did not reach significance, although the main
effect of rapid cardiac pacing seemed to negatively affect
the activity of the enzyme (F = 6.5, P < 0.05). The highest
decline in activities of antioxidant enzymes in response to
tachycardia was observed in the hypertrophied LV tissues.
Interestingly, this effect was associated with significant
increases in tissue concentrations of o and y-tocopherols in
both normal and hypertrophied LV (Fig. 2). The effect of
rapid cardiac pacing on tissue concentrations of « and
y-tocopherols in the LV myocardium seemed to be signifi-
cant in both cases (F = 37.4, P < 0.001 and F = 56.3,
P < 0.0001, respectively). Tissue contents of protein thiols
and GSH tended toward slightly lower values, but without
reaching significance (Fig. 2). Rapid atrial pacing led to a
significant increase in lipid peroxidation, as assessed by
MDA content, in normal and, especially, hypertrophied LV
tissue, whereas aortic banding seemed to be practically
without effect (Fig. 2). Pressure overload-induced LVH did
not significantly affect the activities of antioxidant enzymes
and amounts of thiol antioxidants, and only a slight ten-
dency toward lower values, compared with sham-operated
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(EC.1.15.1.1); GPX, activity of glutathione peroxidase (EC.1.11.1.9);
CAT, activity of catalase (EC.1.11.1.6); GR, activity of glutathione
reductase (EC.1.6.4.2)
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Fig. 2 Effects of pressure overload-induced left ventricular hyper-
trophy (LVH) and/or electrically stimulated tachycardia on non-
enzymatic antioxidants and biomarkers of oxidative stress in the rat

animals, was recorded in the LV of aortic-banded animals
(Fig. 1).

Discussion

The most important finding of this study was that short-
term (45 min) atrial pacing to increase heart rate to
600 beats/min resulted in significant enhancement of oxi-
dative stress and negatively affected the capacity of the
antioxidant defense system in the rat left ventricle. An
increase in the oxidative stress was suggested by several

left ventricle. Group abbreviations are the same as in Table 1. GSH
glutathione reduced form, MDA malondialdehyde

observations made in this study, including a highly sig-
nificant reduction in the activities of antioxidant enzymes
(SOD, GPX, GR) and an increase in ROS-induced lipid
peroxidation as assessed by the MDA level in the LV of
animals subjected to tachycardia. Interestingly, the activi-
ties of CAT were only slightly affected by the treatment,
which may be related to the small amount of this enzyme in
the heart [34] or the lesser sensitivity of this enzyme to
tachycardia-induced oxidative stress. Presumably, a sig-
nificant decline in activity of SOD may result from a
proteolytic inactivation of the enzyme [35] following its
oxidative modification by hydroxyl radicals (-OH) derived
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from electron exchange between superoxide (-O) and
hydrogen peroxide (H,O,). Direct evidence of increased
production of -OH radicals in the failing myocardium was
provided by Ide et al. [36]. Of further importance is our
finding that a decreased capacity of enzymatic antioxidant
defense was, at least partially, compensated by highly
significant increases in LV tissue concentrations of o and
y-tocopherols. A similar, although much weaker, tendency
toward higher tissue content of both tocopherols was
observed in the LV of the aortic-banded animals. A similar
phenomenon, i.e. a tendency toward higher o-tocopherol
content in the hypertrophied hearts of banded animals not
receiving vitamin E was also reported by Dhalla et al. [37].
These findings conform to the observations reported by
Elsayed [38], who suggested that the mobilization of
antioxidants, for example tocopherols, from their whole
body pool to the target organs of the oxidant attack helps
them to cope efficiently with enhanced oxidative stress.
Worthy of note is that y-tocopherol is considered superior
to a-tocopherol in protection against both general oxidation
reactions and nitrosative stress damage [39], particularly in
the heart [40]. In this regard, our results support previous
reports providing evidence of the enhanced mobilization of
vitamin E from its body pool to the organs exposed to the
oxidant attack [38, 41, 42]. It may be presumed that the
mobilization of tocopherols could also contribute to
attenuation of oxidative damage to proteins, as assessed by
the relatively low decrease in GSH and protein thiol con-
centrations observed in our study. Such a presumption is
based on a well known concerted action of thiols and
vitamin E in the cellular antioxidant network (called “the
thiol redox cycle”) where thiols support the continuous
recycling of vitamins E and C [43]. There are also reports
documenting the protective effect of a-tocopherol, which
helps to maintain protein thiols in the reduced state in rat
hepatocytes treated with tert-butyl hydroperoxide [44].
Another finding of this study aimed at evaluating
changes in the capacity of antioxidant defenses to coun-
teract oxidative stress induced by chronic pressure-
overload is that the activities of antioxidant enzymes in the
hypertrophied LV tissue samples remained practically
unchanged compared with the values recorded in sham-
operated controls. Moreover, despite a small tendency
toward slightly lower activities of the antioxidant enzymes
examined in this study, the effect of pressure overload-
induced LVH, as assessed by a two-way ANOVA, was
insignificant in each case. In this regard, our finding cannot
fully support previous observations made by other authors
[34, 37, 45], who found that myocardial adaptation to
increased pressure load is accompanied by an increase in
the activities of SOD and GPX and greater endogenous
antioxidant reserve. However, these authors reported that
the transition of compensated heart hypertrophy to the
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decompensated stage, such as heart failure, was associated
with increased oxidative stress, decline in activities of
radical scavenging enzymes, increased lipid peroxidation,
and a marked deficit in cardiac antioxidant reserve [1, 34,
37, 46, 47]. In contrast with these observations, in this
study no increase in either activities of antioxidant
enzymes or lipid peroxidation, compared with sham con-
trols, were seen. Worthy of note is that other reports [48,
49] provided evidence of enhanced production of hydroxyl
radicals, the existence of a deficit of the antioxidant
defense, and reduced tolerance of ischemia/reperfusion in
the rat hypertrophied myocardium. The reason for these
discrepancies is not clear, but it may be related to different
experimental procedures, e.g. the site of constriction of the
artery.

In conclusion, this study has provided evidence that the
increase in heart rate in vivo as a result of atrial pacing to a
level corresponding to the maximum exercise heart rate,
independent of sympathetic nerve activity, leads to a sub-
stantial increase in oxidative stress and a marked decline in
activities of antioxidant enzymes in both the normal and
hypertrophied left ventricle of the rat. The accompanying
increase in the tissue content of « and y-tocopherols seems
to contribute to the attenuation of oxidant stress-related
loss of thiol stores in the LV. Stable left ventricular
hypertrophy induced by banding of the abdominal aorta for
six weeks has a minor impact on the capacity of the
endogenous antioxidant defense system in the LV, but
significantly and negatively affects the ability of the heart
LV to tolerate the stress of tachycardia.
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