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Abstract The aim of the study was to find out whe-

ther administration of selenium (Se) will protect the

immature heart against ischemia/reperfusion.The con-

trol pregnant rats were fed laboratory diet (0.237 mg

Se/kg diet); experimental rats received 2 ppm Na2SeO3

in the drinking water from the first day of pregnancy

until day 10 post partum. The concentration of Se in

the serum and heart tissue was determined by activa-

tion analysis, the serum concentration of NO by

chemiluminescence, cardiac concentration of lipofus-

cin-like pigment by fluorescence analysis. The 10 day-

old hearts were perfused (Langendorff); recovery of

developed force (DF) was measured after 40 min of

global ischemia. In acute experiments, 10 day-old

hearts were perfused with selenium (75 nmol/l) before

or after global ischemia. Sensitivity to isoproterenol

(ISO, pD50) was assessed as a response of DF to

increasing cumulative dose.

Se supplementation elevated serum concentration

of Se by 16%. Se increased ischemic tolerance

(recovery of DF, 32.28 ± 2.37 vs. 41.82 ± 2.91%,

P < 0.05). Similar results were obtained after acute

administration of Se during post-ischemic reperfusion

(32.28 ± 2.37 vs. 49.73 ± 4.40%, P < 0.01). The pre-

ischemic treatment, however, attenuated the recovery

(23.08 ± 3.04 vs. 32.28 ± 2.37%, P < 0.05). Moreover,

Se supplementation increased the sensitivity to the

inotropic effect of ISO, decreased cardiac concentra-

tion of lipofuscin-like pigment and serum concentra-

tion of NO.

Our results suggest that Se protects the immature

heart against ischemia/reperfusion injury. It seems

therefore, that ROS may affect the function of the

neonatal heart, similarly as in adults.
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Abbreviations
Se Selenium

ROS Radical oxygen species

I/R Ischemia reperfusion

DF Developed force

ISO Isoproterenol

NF-jB Nuclear factor-jB

cGMP Cyclic guanosine monophosphate

iNOS Inducible nitric oxide synthase

LFP Lipofuscin-like pigment

rfu Relative fluorescence unit
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Introduction

The immature mammalian heart is more resistant to

oxygen deprivation than that of the adult, but the

mechanisms of this difference have not yet been

satisfactorily clarified. As the mammalian fetus lives at

an oxygen partial pressure corresponding to the alti-

tude of 8000 m, newborn animals exhibit a number of

physiological reactions similar to adaptive mechanisms

known from hypoxia-tolerant animals, e.g., lower en-

ergy demand, greater anaerobic glycolytic capacity,

changes in the ATP catabolic pathways, calcium han-

dling, and sensitivity to oxygen free radicals [for rev.

see 1]. Neonatal tolerance to oxygen deprivation seems

to be primarily based on the ability to maintain tissue

aerobiosis as long as possible [2].

The neonatal period seems to be critical also for the

development of possibilities of cardiac protection

against oxygen deprivation. In this regard, the two most

potent protective mechanisms have been described:

long-lasting adaptation to chronic hypoxia [3, 4], and

short-lasting adaptation, called ‘‘ischemic precondi-

tioning’’ [5]. We have shown previously that both pro-

tective phenomena are absent in rats at birth and that

the enhanced post-ischemic recovery of the contractile

function only develops during the second postnatal

week [6, 7]. It seems, therefore, that decreasing toler-

ance to ischemia during early postnatal life is counter-

acted by the development of endogenous protection [7].

The protective pathways may differ during ontogenetic

development, particularly in neonates; mitochondrial

KATP channels and NO seem to be involved in the

protective mechanism of adaptation to chronic hypoxia

but not in the mechanism of ischemic preconditioning

in this developmental period [7].

Tolerance to ischemic injury is not the only factor

governing the recovery of the myocardium following

an ischemic insult. One area yet to be explored relates

to the possible ontogenetic differences in the conse-

quences of ischemia/reperfusion injury. Severe myo-

cardial ischemia leads to a decrease in the activity of

antioxidant enzymes such that the burst of oxygen

radical species suddenly produced upon reperfusion of

ischemic tissue can have detrimental effects. On this

basis it has been suggested that any intervention able

to maintain or ideally to increase the activity of anti-

oxidant enzymes could limit the alterations concomi-

tant with reperfusion of ischemic myocardium [8].

Oxyradicals are generated from different sources:

intracellular, mainly as a side product of restored

mitochondrial metabolism and extracellular, partly

coming with oxygenated blood and partly from

degranulation of the inflammatory cells (e.g.,

neutrophils and macrophages) [9]. It has been sug-

gested that the extent of free radical production on

reperfusion may be related to the degree of injury

sustained during the preceding ischemic insult [10].

Southworth et al. [11] have shown that mature guinea-

pig hearts produced more reactive oxygen species than

immature heart on reperfusion; they have concluded

that the immature heart may be at less risk from the

free radical component of ischemia/reperfusion injury

than the adult myocardium. In this connection the

question arises whether elevated level of antioxidants

might increase tolerance to ischemia in the immature

heart despite the fact that the amount of oxygen radi-

cals is relatively low.

For this purpose we have selected selenium as an

essential micronutrient with antioxidant function. It is

incorporated into proteins that protect against oxida-

tive stress [12]. The family of selenoproteins includes

glutathione peroxidases, i.e., redox enzymes that take

the advantage of the chemical properties of selenium

to remove free radicals by reduced glutathione and

thus to form oxidized glutathione [13]. In this con-

nection it is necessary to mention that Se supplemen-

tation had a protective effect on ischemia/reperfusion

injury in adult experimental animal species: it im-

proved the recovery of cardiac function [14, 15], de-

creased ultrastructural changes [16], increased the

expression of glutathione related enzymes [17], and

partially affected the antioxidant capacity of the tissues

together with an effect on gene transcription level [18].

In addition, Se supplementation prevented the hypox-

ia/reoxygenation injury of the isolated neonatal car-

diomyocytes [19, 20]. Moreover, it has been found that

selenium causes an NO-related increase of inotropic

response of adult cardiac muscle to the beta-adrenergic

stimulation by isoproterenol [21].

The aim of the present study was, therefore, to find

out whether Se supplementation may improve post-

ischemic recovery of the cardiac contractile function

and inotropic responsiveness to beta-adrenergic cate-

cholamines in 10 day-old neonatal rats, i.e., at the time

when endogenous protective mechanisms are already –

at least partially – developed; the selenium metabolism

at this developmental period was studied previously

[22].

Methods

The study was conducted in accordance with the Guide

for the Care and Use of Laboratory Animals published

by the US National Institutes of Health (NIH publi-

cation No. 85–23, revised 1996).
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Animal model

A total of eight pregnant female Wistar rats were used

throughout the experiments. They had free access to

water and standard laboratory diet (ST 1 Bergman,

237 lg Se/kg diet); the food and water intake was

measured daily. Starting from day 1 after conception to

day 10 post partum the experimental group of pregnant

rats (Se, n = 4,) was supplemented by 2 ppm of sele-

nium (Na2SeO3, Merck) in drinking water, the control

group (C, n = 4,) remained without treatment. The

degree of Se supplementation was chosen in order to

avoid extreme values, which might be toxic [22–24].

The offspring (a total of 104 neonates) were investi-

gated on day 10 of postnatal life. All animals were

weighed and killed by decapitation. Serum was col-

lected for determination of Se and of the sum of NO

and its oxidation products (NOx). Each experimental

group of neonates was composed of at least three

different nests.

Assessment of heart function

After killing the animals by cervical dislocation, the

chest was quickly opened and a stainless steel can-

nula (with an external diameter of 0.80 mm) was

inserted into the aorta. The heart was rapidly

excised, the atria were removed and the ventricles

were perfused in the Langendorff mode under con-

stant pressure, corresponding to the mean arterial

blood pressure for the given developmental stage

[25, 26], i.e., 73 cm H2O. The hearts were perfused

with a Krebs–Henseleit solution containing (mmol/l):

NaCl 118.0; KCl 4.7; CaCl2 1.25; MgSO4 1.2; NaH-

CO3 25.0; KH2PO4 1.2; glucose 7.0 and mannitol 1.1.

The solution was saturated by a mixture of 95% O2

and 5% CO2 (pH 7.4) and temperature was main-

tained at 37�C. The hearts were electrically stimu-

lated at a rate of 220 beats/min using silver

electrodes attached to the base of the heart. The

stimulation was performed with pulses of alternating

polarity, 1 ms duration, and voltage set at 50%

above the threshold level. The resting force was

gradually increased by means of a micromanipulator

to the level at which the developed force (DF) was

approximately 80% of the maximum force reached

at optimum preload. The contractile function of

these isolated hearts was measured using an iso-

metric force transducer connected by a glass fiber,

two-arm titanium lever and silk suture (0.7 metric)

to the apex of the heart. DF (g) was evaluated

automatically from the force signal using an on-line

computer [6, 7, 27].

Determination of cardiac tolerance to ischemia

After a period of stabilization, baseline values of DF

were recorded. The hearts of offspring from Se moth-

ers (Se, n = 8) were then perfused for additional

10 min with Krebs–Henseleit solution and then

exposed to 40 min of sustained global ischemia fol-

lowed by reperfusion up to maximum recovery of DF

(the last value of DF before its decay). The hearts of

neonates from C mothers were divided into three

groups: the hearts in the first group (n = 8) were per-

fused as the Se hearts; the second group (n = 8) was

after period of stabilization perfused for additional

10 min with Krebs–Henseleit solution supplemented

with selenium (Na2SeO3) in a final concentration of

75 nmol � l–1. This pre-ischemic perfusion was followed

by the sustained global ischemia of 40 min and reper-

fusion with the Krebs–Henseleit solution (without Se)

up to maximum recovery. The hearts in the last group

(n = 8) were perfused similarly as in the first group but

they were reperfused with Krebs–Henseleit solution

with selenite (Na2SeO3) in a final concentration of

75 nmol � l–1 [20] again up to maximum recovery (post-

ischemic reperfusion). In all groups of hearts, the DF

was recorded after stabilization, before ischemia and in

3 min intervals during reperfusion up to maximum

recovery. Cardiac tolerance to ischemia was deter-

mined as the maximum recovery of DF expressed as

the percentage of baseline values (Fig. 1).

Estimation of inotropic responsiveness to

isoproterenol

After a period of stabilization, the 10 day-old isolated

hearts from Se (n = 7) and C (n = 7) litters were per-

fused with Krebs–Henseleit solution, supplemented

cumulatively with (–)-isoproterenol (+)bitartrate salt

dihydrate (Sigma-Aldrich) (ISO) over a range of con-

centrations 1.0 · 10–10–1.0 · 10–6 M and dose response

of DF was determined. Increase in contractile force

induced by each concentration of agonist was ex-

pressed as a percentage of the maximum response

produced by ISO in the same sample. pD2 is defined as

the negative logarithm of the molar concentration of

ISO needed to produce a half maximum response.

IschemiaPre-ischemic perfusion Recovery

Controls
Pre-ischemic Se
Post-ischemic Se

K-H

K-H 
K-H + Se

K-H
K-H 
K-H + Se

Group

Fig. 1 Protocol of the acute experiment. K-H, perfusion with
Krebs-Henseleit solution; Se, addition of sodium selenite
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Determination of Se in biological samples

Short-term irradiation mode of instrumental neutron

activation analysis (INAA) based on analytical

response of gamma line (162.0 keV) of short-lived

radio nuclide 77mSe (17.5 s) was applied for selenium

determination in the laboratory diet (ST 1 Bergman,

n = 3), and blood serum and heart from 10 day-old

offspring from Se supplemented (n = 16) and control

litters (n = 12). Lyophilized samples and elemental

standards were wrapped and sealed in a polyethylene

foil. The activation of samples and elemental standards

was carried out in the core of the experimental light

water nuclear reactor LWR-15 (Nuclear Physics Insti-

tute, Řež near Prague) using the pneumatic irradiation

facility (Nuclear Research Institute, Acad. Sci. of the

Czech Republic) at the working regime: irradiation in a

neutron flux 8 · 1013 cm–2/s for 10 s, decay time 20 s,

and accumulation of gamma spectrum for 30 s. Com-

puterized gamma-ray spectrometry equipped with an

HPGe detector (FWHM 1.8 keV, relative efficiency

27%) was applied for spectrometric measurement of

induced activity of 77mSe. The concentration of Se was

determined using the comparator mode. The standards

of Se were prepared from pure stoichiometric com-

pounds (Na2SeO3, pro analysi, LACHEMA and/or

elemental Se) and Merck Selenium Standard Solution.

Accuracy of described procedure was assured by

means of Certified Reference Material, A-13 (freeze

the dried animal serum) prepared by International

Atomic Energy Agency; the certified value of which is

0.24 ± 0.08 mg Se/kg and the value obtained by de-

scribed procedure was 0.23 ± 0.02 mg/kg (n = 2) for

samples of >200 mg weight.

Determination of NOx in the blood serum

NO production was quantified by measuring the sum of

NO and its oxidation products (NOx) in blood serum

(C n = 8, Se n = 8). NOx in the sample (0.1 ml) was

first converted to NO by acidic (1 M HCl) reduction by

vanadium (0.1 M VCl3) at 90�C [28, 29]. NO was then

stripped from the sample by a steady flow of helium

into a chemiluminescence NO analyzer (CLD 77 AM,

Eco Physics, Dürnten, Switzerland) for detection. So-

dium nitrate was used for calibration.

Determination of lipofuscin-like pigment (marker

of oxidative stress) in the heart

A total of 50 mg pre-weighed, minced, frozen heart

was added to 4 ml of chloroform-methanol mixture

(2:1, v/v) and extracted for 1 h on a motor-driven

shaker. After extraction, 1 ml of distilled water was

added, mixed, and the mixture was centrifuged (400 g,

10 min). After centrifugation, the lower chloroform

phase was separated and used for measurements.

Three-dimensional fluorescence spectra were mea-

sured on the spectrofluorometer Aminco Bowman

series 2 (ChromSpec company, Prague). The excitation

spectra were measured in the range of 250–400 nm for

emission wavelengths adjusted between 350 and

500 nm. The quantitative estimation of LFP was based

on the excitation and emission maxima found in 3D

spectral arrays. Fluorophores with fluorescence char-

acteristics 355/440 nm (excitation/emission) were cho-

sen. The fluorometer was calibrated with the standard

No. 5 of the instrument manufacturer and the LFP

concentration was expressed in relative fluorescence

units (rfu) per mg of tissue net weight. To study

changes in the composition of LFP, synchronous fluo-

rescence spectra in the range of 300–500 nm with

constant difference between excitation and emission of

25 or 50 nm were used [30, 31].

Statistical analysis

The results are expressed as means ± SEM. Each

observation was obtained from at least seven heart

preparations in each group. Differences in the

recovery of contractile function among the groups

were evaluated using two-, and one-way analysis of

variance. For preliminary analysis, three-way analysis

of variance was used. For pair wise mean comparisons

the Student-Newman–Keuls multiple range test was

applied. All the used programs belong to BMDP

Statistical Software, University of California. Differ-

ences were considered as statistically significant when

P < 0.05.

Results

General effects

The total food and water intake was comparable in

both groups of pregnant mothers. The control group

received a total of 0.220 mg Se/rat/ (diet only), whereas

Se-supplemented group 0.594 mg Se/rat/ (0.243 in the

diet, 0.351 in the drinking water), i.e., 2.7 times more.

Se supplementation did not affect the growth of

10 day-old offspring: body and heart weight were not

different from the control group (Table 1). The con-

centration of Se in the serum was in Se fed sucklings

significantly increased; on the other hand, the concen-

tration in the heart tissue remained unchanged (Fig. 2).
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In addition, the serum concentration of NOx in Se fed

group was significantly decreased (Fig. 3).

Effect of Se perfusion on cardiac tolerance

to ischemia

Acute addition of selenite to the perfusion medium

during the pre-ischemic period had no effect on the

baseline values of DF (percentage of baseline value: C

95.0 ± 1.7 and Se 103.0 ± 4.2), but significantly de-

creased the post-ischemic recovery of this parameter

(Figs. 4 and 5). On the other hand, the addition of Se

during reperfusion significantly improved the recovery

of DF (Figs. 4 and 5).

Effect of Se supplementation on cardiac tolerance

to ischemia

Se supplementation (Se group) had no effect on

baseline values of DF (Table 1); however, cardiac

tolerance to global ischemia, as judged from

the recovery of contractile function, was significantly

Table 1 Weight and contractile parameters of 10 day-old offspring from control and Se-supplemented nursing dams

Offspring BW, g HW, mg HW/BW ratio DF, g DF/HW, g/g

Control 23.5 ± 0.9 99.4 ± 4.0 4.2 ± 0.1 4.2 ± 0.1 42.9 ± 1.8
Se-suppl. 23.0 ± 2.3 90.2 ± 5.4 4.0 ± 0.2 4.2 ± 0.5 46.2 ± 4.7

Means ± SEM; BW, body weight; HW, heart weight; DF, developed force of contraction
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Fig. 2 Effect of chronic Se supplementation on Se uptake in
blood serum and heart of 10 day-old rats; C, controls (n = 16);
Se, supplemented with selenium (n = 16); means ± SEM,
*P < 0.05
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Fig. 3 Effect of chronic selenium supplementation on serum NO
concentration in 10 day-old rats; C, controls (n = 8); Se,
supplemented with selenium (n = 8); means ± SEM, *P < 0.05
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Fig. 4 Effect of acute addition of Se into Krebs–Henseleit
solution on the recovery of developed force (DF) after global
ischemia (expressed as a percentage of baseline values) in
10 day-old rats; C, controls (n = 8); Se pre-isch, pre-ischemic
perfusion with selenium (n = 8); Se post-isch, post-ischemic
perfusion with Se (n = 8); means ± SEM, *P < 0.05
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increased (Fig. 6). Moreover, Se supplementation in-

creased the sensitivity of the isolated perfused imma-

ture rat heart to the positive inotropic effect of

isoproterenol (Fig. 7) and decrease the significantly

concentration of lipofuscin-like pigment in the hearts

of the 10 day-old rats (Fig. 8).

Discussion

Our results show that Se supplementation as well as

acute administration of selenite during reperfusion

significantly improved post-ischemic recovery of the

cardiac contractile function in 10 day-old neonatal rats.

On the other hand, acute pre-ischemic perfusion with

selenite significantly impaired the recovery of the

contractile function. Surprisingly, the protective effect

was attained in spite of the fact that the cardiac con-

centration of selenium was not significantly increased

in Se-supplemented rats, similarly as in the study of

Pucheu et al. [16] and Huang et al. [32].

Se supplementation significantly increased selenium

concentration in the blood serum of 10 day-old off-

spring, indicating placental and milk selenium transfer

[33, 34]. Selenium supplementation did not signifi-

cantly modify the basic functional characteristics of

isolated perfused normoxic neonatal rat heart. This
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values) in 10 day-old rats; controls (n = 8, full circles), pre-
ischemic perfusion with selenium (n = 8, empty squares) and
post-ischemic perfusion with Se (n = 8, full squares); mean-
s ± SEM, *P < 0.05
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suggests that any difference in the post-ischemic

recovery of cardiac function might be related to

differences in myocardial susceptibility to ischemia/

reperfusion according to trace element status.

Our results are concordant with those obtained in

various studies demonstrating the protective effect of

selenium supplementation during ischemia/reperfusion

in the adult isolated perfused heart [14–18]. With the

exception of Turan et al. [18], all studies were based on

chronic supplementation of selenium in the diet. Only

Turan et al. [18] observed a protective effect of sele-

nium after acute addition of selenium into the perfu-

sion medium, but the trace element was present during

pre- as well as post-ischemic perfusion. On the other

hand, we were able to distinguish between the effect of

pre- and post-ischemic perfusion with selenium; pro-

tective was only the post-ischemic one. The explana-

tion may be only hypothetical; the presence of the

substance with an antioxidant properties during pre-

ischemic perfusion may probably limit the number of

oxygen radicals, that are essential for endogenous

protection [35].

The protective effect of selenium is obviously the

result of its antioxidant role. It is believed to be related

to its ability to form covalent links with intracellular

proteins and reduced glutathione. Pucheu et al. [16]

have shown that Se supplementation significantly in-

creased the activity of antioxidant enzymes, particu-

larly glutathione peroxidase. This enzyme appears to

play a key role in the degradation of oxygen radicals in

the cytosol of cardiac myocytes, because myocytes do

not have peroxisomes that contain catalase. The

attenuation of glutathione peroxidase activity and

scavenging effect of selenoproteins could account for

the increase in oxygen radicals—elicited myocardial

cell damage [36]. According to Venardos et al. [15, 17],

selenium lowered the levels of protein carbonyls as

well as lipid peroxides and significantly up-regulated

the cardiac mRNA expression of thioredoxin and glu-

tathione related enzymes. Moreover, Turan et al. [18]

have suggested that selenium protects the heart against

ischemia/reperfusion injury due to its action on the

redox state and deactivation of nuclear factor (NF-jB).

We have observed that Se supplementation reduced

significantly the concentration of the lipofuscin-like

pigment which represents the final oxidative product. It

can be, therefore, concluded that Se supplementation

may provide an effective method for reducing oxida-

tive damage induced by ischemia/reperfusion not only

in the adult but also in the immature heart.

The protective effect of selenite was demonstrated

despite the fact that the immature myocardium

produces less oxygen radicals over a range of ischemic

duration than the adult heart does; however these

differences had no impact on the recovery of coronary

flow or contractile function in the adult and immature

guinea-pig heart [11]. It is evident that the immature

heart has a less developed antioxidant defense than the

mature one [37]; hence, the balance between ROS and

antioxidants may be similar in both with no develop-

mental difference in oxidative stress. Nevertheless,

ROS production is only one of a number of factors that

might play a role in mediating developmental differ-

ences in post-ischemic recovery of the contractile

function.

We observed that chronic selenium supplementation

significantly increased the sensitivity of the isolated

perfused immature heart to the positive inotropic ef-

fect of the beta-mimetic catecholamine, isoproterenol.

A similar effect was described in the adult rat myo-

cardium, the dose used was, however, in the range of

toxic effects [38]. On the other hand, Gomez et al. [21]

have observed that chronic selenium deficiency has a

completely opposite effect, which correlated with the

increased expression and activity of NOS and in-

creased nitrite/nitrate levels in the heart. This would be

in a good agreement with our finding of significantly

decreased plasma concentration of NO in selenium-

supplemented animals.

The increased inotropic response to catechoalmine

stimulation observed in this study can be likely ex-

plained by a decreased NO concentration in selenium

supplemented animals and the known effects of NO on

myocardial function [39]. NO stimulates myocardial

soluble guanylate cyclase to produce cGMP, which

affects two major target proteins. A small increase in

cGMP levels predominantly inhibits phosphodiesterase

III, whereas high cGMP levels activate cGMP-depen-

dent protein kinase. Accordingly, low (submicromolar)

NO concentrations improve myocardial contraction,

whereas high (submilimolar) NO concentrations de-

crease contractility [21]. Another possibility to explain

the effect of NO on catecholamine-induced inotropic

response could be a direct interaction between NO and

catecholamines. However, there is no conclusive

evidence that this process plays any role in vivo [40].

The mechanism by which selenium influences iNOS

cardiac expression is, unfortunately, unknown. In this

connection it is possible to mention the results of Kim

et al. [41]; they have shown that lipopolysacharide-

activated human T-cells with relatively high concen-

trations of selenite inhibited NF-jB binding and de-

creased NO production. Similarly, Turan et al. [18]

observed that total NF-jB in the cardiac muscle was

reduced by selenium. They suppose that selenium

deficiency or excess affects the signal transduction
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pathway of the beta adrenoreceptors, protein kinase A

and calcium channels present in the cardiac tissue.

In conclusion, selenium protects the immature heart

against ischemia/reperfusion injury, both after supple-

mentation or acute perfusion after ischemia, most

likely by its antioxidative action. The pre-ischemic

perfusion with Se had, however, the adverse effect.

This suggests that ROS are produced in the immature

heart; their increase or decrease may contribute to

impairing or improving the function of the neonatal

heart, similarly as in adults. The increased sensitivity to

the inotropic effect of ISO in the Se-supplemented rats

points to a possible influence of Se on the function of

beta-adrenoceptors.
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