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Summary 

Our present focus on the hypoxic immature heart is driven by 

clinical urgency: cyanotic congenital cardiac malformations 

remain the single largest cause of mortality from congenital 

defects and ischemic heart disease is no more the disease of the 

fifth and older decades but its origin as well as risk factors are 

present already during early ontogeny. Moreover, the number of 

adult patients operated for cyanotic congenital heart disease 

during infancy steadily increases. This group approaches the age 

of the rising risk of serious cardiovascular diseases, particularly 

ischemic heart disease. Experimental results have clearly shown 

that the immature heart is significantly more tolerant to oxygen 

deficiency than the adult myocardium. However, the mechanisms 

of this difference have not yet been satisfactorily clarified; they 

are likely the result of developmental changes in cardiac energy 

metabolism, including mitochondrial function. The high resistance 

of the newborn heart cannot be further increased by ischemic 

preconditioning or adaptation to chronic hypoxia; these 

protective mechanisms appear only with decreasing tolerance 

during development. Resistance of the adult myocardium to 

acute oxygen deprivation may be significantly influenced by 

perinatal hypoxia. These results suggest that the developmental 

approach offers new possibilities in the studies of pathogenesis, 

prevention and therapy of critical cardiovascular diseases. 
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Introduction 
 
 Hypoxia is the result of disproportion between 
the amount of oxygen supplied to the cardiac cell and the 
amount of oxygen necessary for covering its metabolic 
requirements. Theoretically, any of the known 
mechanisms leading to tissue hypoxia can be responsible 
for reduced oxygen supply in the myocardium but the 
most common cause is undoubtedly ischemic hypoxia 
(often described as “cardiac ischemia”), induced by 
reduction or interruption of the coronary blood flow and 
hypoxic (systemic) hypoxia, characterized by a drop in 
systemic PO2 in the arterial blood, but adequate perfusion. 
It should be emphasized that the terms “hypoxia” and 
“ischemia” are unfortunately often used interchangeably 
in the literature despite the fact that the consequences of 
the two mechanisms at the cellular level are very 
different. In ischemia there is not only a drop in the 
supply of oxygen and substrates, but also a significant 
reduction in the clearance of metabolites; their stepwise 
accumulation leads to the decrease of intracellular pH and 
to the development of hyperosmolarity. In contrast, in 
cardiac hypoxia, perfusion results in washing out of the 
acidic products of glycolysis, thereby retarding the rate of 
development of acidosis. Furthermore, systemic hypoxia 
is usually a generalized phenomenon diffusely involving 
the whole myocardium, whereas ischemia is confined to 
the area supplied by the affected coronary artery. With a 
reduction in oxygen supply, the adult as well as the 
immature myocardium switches from the aerobic to the 
anaerobic mode, and the capacity of the myocytes to 
generate energy in the form of ATP and creatine 
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phosphate becomes severely reduced. Energy depletion, 
oxygen radical accumulation, loss of calcium homeostasis 
and loss of osmotic control lead to contractile 
dysfunction, membrane disruption and finally to death of 
the cardiac cell. The degree of myocardial injury 
depends, however, not only on the intensity and duration 
of hypoxic (ischemic) stimulus but also on the degree of 
cardiac sensitivity to oxygen deficiency. This particular 
parameter changes significantly during ontogeny. This is 
not surprising because most of the determinants of the 
relationship between myocardial oxygen supply and 
demand change markedly during development. For 
instance, early postnatal development is characterized by 
a rapid rate of coronary capillary formation: whereas in 
the newborn rat heart one capillary supplies 16 myocytes, 
at the end of the weaning period (day 28) only one 
cardiac cell (Rakusan 1999). Similarly, early after birth 
the cardiac performance of the rat heart also changes: 
index of contractility increases significantly until the 
weaning period, the rise is most expressed during the first 
postnatal week. These changes are very fast: e.g. 
contractile response to low extracellular sodium differs 
even day-by-day during the first week of life (Ošťádalová 
et al. 1995).  
 Our present focus on the hypoxic immature heart 
is driven by clinical urgency: cyanotic congenital cardiac 
malformations remain the single largest cause of 
mortality from congenital defects and ischemic heart 
disease is no more the disease of the fifth and older 
decades but its origin as well as risk factors, such as 
genetic predisposition, hyperlipoproteinemia, smoking, 
hypertension, obesity and diabetes are present already 
during the early phases of the ontogenetic development 
(Fejfar 1975, Šamánek and Urbanová 2003). In a short 
survey we would like to summarize the current view on 
the three, very closely related, areas of research on the 
hypoxic immature heart: postnatal development of 
cardiac tolerance to oxygen deprivation, possibilities of 
protection and finally late effects of the early hypoxia. 
The review is based on our long experimental experience 
(Ošťádal et al. 2009) with particular attention to the 
aspects studied in our laboratory. 
 
Postnatal development of cardiac tolerance 
to oxygen deprivation 
 
 Early evidence for an age-dependent decrease in 
resistance to hypoxia is found in studies on the survival 
time of the rat, cat, dog, guinea pig, and rabbit in anoxic 

environments (Fazekas et al. 1941). It was found that in 
each species the survival time was inversely related to the 
age and to the maturity of the newborn. However, 
because these studies were performed in intact animals, 
effects of hypoxia on the central nervous system, 
peripheral resistance, and acid-base balance could affect 
myocardial function. The concept of greater tolerance of 
the neonatal heart has been supported by Su and 
Friedman (1973) and Jarmakani and co-workers 
(1978a,b, 1982). By using the perfused myocardium, they 
have shown that 30 min of anoxia had a minimum effect 
on myocardial function in the newborn rabbit and dogs; 
the effect of hypoxia on the contractile function was, in 
both species, inversely related to age. Moreover, the 
increase in lactate production during hypoxia was 
significantly greater in the newborn than in the adult, 
indicating that newborns are capable of maintaining adult 
levels of myocardial ATP. Similar age-dependent 
tolerance to hypoxia was observed in rats (Ošťádal et al. 
1982, Ošťádal et al. 1999): the resistance of the isolated 
right ventricle to anoxia was significantly higher in 
newborn males than in adults. The ontogenetic changes 
showed a biphasic pattern: the relatively high cardiac 
resistance at birth even increased up to the end of the 
weaning period in both male and female hearts; however, 
this value decreased in males from the 30th to the 60th 
day but remained unchanged in females. The adult female 
heart was thus significantly more resistant to hypoxia 
than the male heart.  
 As with hypoxia, the immature myocardium also 
appears to be relatively resistant to ischemia in the rabbit 
(Baker et al. 1988), pig (Baker et al. 1990), dog (Julia et 
al. 1990a), and rat (Riva and Hearse 1993). Riva and 
Hearse (1993) observed that the age-dependent changes 
in resistance to global ischemia in the isolated rat heart 
showed a biphasic pattern with increasing tolerance from 
5 to 23 days of age, followed by a decline to adulthood. 
These observations were similar to our experiments on 
cardiac resistance to acute anoxia, mentioned above 
(Ošťádal et al. 1999). Detailed analysis of the tolerance 
of the isolated rat heart to global ischemia during the first 
week of life has, however, revealed a significant decrease 
from day 1 to day 7 (Ošťádalová et al. 1998) (Fig. 1), 
suggesting a possible triphasic pattern of the ontogenetic 
development of cardiac sensitivity to ischemia. Similarly 
as in adulthood, the sensitivity of neonatal myocardium 
may be species-dependent; Baker et al. (1995) have 
shown that the neonatal pig heart is more susceptible to 
ischemia than the neonatal rabbit heart. 
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Fig. 1. Tolerance of the isolated perfused neonatal rat heart to 
acute ischemia (expressed as the recovery of the developed force 
– DF). * Statistically significant difference (p<0.01) as compared 
with the first day of postnatal life. Data from Ošťádalová et al. 
(1998). 
 
 
Possible mechanisms of the higher tolerance 
of the immature heart to hypoxia/ischemia 
 
 The mechanisms of the higher resistance of the 
immature heart to oxygen deprivation have not yet been 
satisfactorily clarified. For the explanation of this fact it 
should be taken into consideration that the fetus (and 
therefore also its heart) lives in the hypoxic environment, 
where PO2 is only 47 mm Hg, which corresponds to an 
altitude of 8000 m (“Mount Everest in utero”). The foetus 
is, however, well adapted: the prenatal period is 
characterized by polycytemia and fetal hemoglobin with 
the shift of the dissociation curve to the left. The major 
changes in oxygen saturation can be observed within 
delivery. During the short period of time the fetus (and its 
heart) comes from the hypoxic environment with low PO2 

and low oxygen saturation (18 %) into the normal 
atmosphere (PO2 160 mm Hg, arterial saturation 97 %). 
The delivery is furthermore accompanied by the 
transition from the amniotic fluid to the air, by the 
marked decrease of the ambient temperature, by the 
termination of transplacental nutrition and by oxidative 
stress. Neonates face starvation until supply can be 
restored through milk nutrients. Kuma et al. (2004) have 
found that neonates adapt to these adverse circumstances 
by inducing autophagy, an intracellular degradation 
process in which a portion of cytoplasm is sequestered in 
an autophagosome and subsequently degraded upon 
fusion with a lysosome. They suggest that the production 
of amino acids by autophagic degradation of self proteins, 
which allows for the maintenance of energy homeostasis, 
is important for survival during neonatal starvation. 

Autophagy in the mouse heart muscle is up-regulated 
during the early postnatal period: it is very low before 
birth, increases during the first three hours after delivery 
and gradually declines to the basal level by day one or 
two.  
 After birth, profound adaptive changes take 
place in the mammalian neonate, such as the onset of 
pulmonary circulation, transition from fetal to neonatal 
circulation, the switching-on of thermoregulation and a 
corresponding increase in basal metabolic rate. In this 
connection it is necessary to mention that during 
intrauterine life, the specific metabolic rate is still at the 
adult level (the fetus behaves “like an organ of its 
mother”), a more or less rapid increase in metabolic rate 
occurs after birth. The rate of postnatal metabolic 
increase depends on the maturity of the animal at birth, 
with mature neonates exhibiting a much faster metabolic 
increase than immature ones (Mühlfeld et al. 2005). 
However, under ischemic conditions, the decline in 
metabolic rate was much slower in neonatal than in adult 
hearts, matching the high tolerance of newborn animals to 
oxygen deprivation. The paradoxical increase in ischemia 
tolerance (as compared with adults) despite a higher 
tissue metabolic rate may be according to Mortola (2004) 
and Singer (2004) at least partly explained by the ability 
of neonatal tissue to temporarily go back to the feto-
maternal metabolic level, thereby achieving a “hypoxic 
hypometabolism”.  
 The reason of the higher cardiac tolerance during 
further postnatal development can be still only 
hypothetical. It may be speculated that an explanation of 
the phenomenon lies in the greater anaerobic glycolytic 
capacity, higher glycogen reserves of the immature heart 
(Hoerter 1976, Young et al. 1983) or amino acid 
utilization by transamination (Julia et al. 1990b). 
Moreover, the ATP catabolic pathways change during 
development (Hohl 1997); the immature heart is better 
equipped to ATP synthesis than to its breakdown, the 
situation that might be advantageous in conditions of low 
substrate availability. The immature heart thus suffers 
less ischemic injury after the same ischemic insult 
(Southworth et al. 1997). Another factor that may 
contribute to the increased tolerance of the immature 
heart is the age-related change in calcium handling (for 
review see Nijjar and Dhalla 1997). Calcium homeostasis 
is closely related to cell metabolism and is an accepted 
determinant of tissue injury during both oxygen 
deprivation and repletion. Calcium handling in the 
immature heart is different from that in the adult. The 
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contraction of mammalian myocardium is known to 
depend on both transsarcolemmal calcium influx and 
calcium release from the sarcoplasmic reticulum (Fabiato 
1983). However, the relative contribution of the two 
mechanisms varies significantly during development. The 
contraction of the immature myocardium where the 
sarcoplasmic reticulum is not fully developed depends to 
a large extent on the fluxes of calcium across the 
sarcolemma (Vetter et al. 1995). During further 
development, the ability of sarcoplasmic reticulum to 
accumulate and release calcium increases and, 
simultaneously, changes the distribution of the calcium 
channels of the sarcolemma (Wibo et al. 1991, 1995). 
Similarly, calcium sensitivity of cardiac myofilaments 
increases, reaching the adult values in rats starting from 
the 15th day of postnatal life (Vornanen 1997). An 
analogous developmental trend is found in the cardiac 
sensitivity to isoprenaline-induced calcium overload 
(Ošťádalová and Ošťádal 1994). Moreover, the immature 
heart is – as a consequence of a higher functional 
dependence on transsarcolemmal calcium influx – more 
sensitive to the negative inotropic effect of calcium 
antagonists: the dose which in the adult myocardium 
induced only a small negative inotropic effect stopped the 
contraction in the neonatal heart (Boucek et al. 1984, 
Škovránek et al. 1986, Kolář et al. 1990). For the 
explanation of this clinically relevant finding the calcium 
antagonist-induced shortening of the action potential and 
the decreased activity of natrium/calcium exchanger 
should be taken into consideration (Artman et al. 2002). 
An important role in the cardiac tolerance to oxygen 
deprivation may be played also by acidosis: the negative 
inotropic effect of low pH was strikingly smaller in the 
neonatal rabbits (Nakanishi et al. 1985) which, according 
to Solaro et al. (1988), can be accounted for by lower 
myofibrillar calcium sensitivity to low pH in this age 
group. None of these observations can, however, fully 
explain the day-by-day changes in cardiac tolerance to 
ischemia we have observed in rats during the first week 
of life (Ošťádalová et al. 1998). 
 
Potential role of mitochondria in the 
tolerance of the immature heart to oxygen 
deprivation 
 
 The above mentioned studies suggest that the 
developmental decrease in cardiac tolerance is probably 
associated with substantial changes in energy 
metabolism: fetal and newborn hearts are relatively more 

dependent on anaerobic glycolysis whereas the mature 
myocardium is almost exclusively aerobic with fatty 
acids as the predominant substrate (Lopaschuk 1998, 
Bass et al. 2001). Still unclear is the role of mitochondria 
in the developmental changes in cardiac tolerance to 
oxygen deprivation in spite of the fact that mitochondria 
are responsible for cellular oxygen handling. Ontogenetic 
development of cardiac mitochondria is characterized by 
quantitative and qualitative changes: they increase in 
number, size and volume (Legato 1979, Olivetti et al. 
1980). The heart thus seems to be equipped with the 
amount of mitochondria necessary to allow the postnatal 
metabolic increase; vice versa, the low mitochondrial 
volume fraction might limit depletion of oxygen stores 
under hypoxic conditions and thus contribute to the 
elevated myocardial ischemia tolerance in immature heart 
(Mühlfeld et al. 2005). Ultrastructural studies indicate 
that the originally chaotic organization of mitochondria 
and muscle fibres in the immature heart becomes 
gradually regular and two populations of mitochondria, 
subsarcolemmal and interfibrillar, typical of the adult 
myocardium, occur up to the weaning period (Ošťádal 
and Schiebler 1971). Mitochondrial oxidative 
phosphorylation is not completely developed in rat heart 
at birth; cardiac maturation during the first postnatal 
week is characterized by increasing content and specific 
activity of cytochrome c oxidase and enhanced flux of 
adenine nucleotides across the inner mitochondrial 
membrane (Schagger et al. 1995, Schonfeld et al. 1996, 
Drahota et al. 2004). We have shown previously (Škarka 
et al. 2003) that the content of cytochromes in cardiac 
mitochondria increased two-fold between birth and day 
30, similarly as the expression of adenine nucleotide 
translocase 1. Moreover, in newborn animals, a single 
population of mitochondria with relatively high 
mitochondrial membrane potential (MMP) was observed. 
Starting with the weaning period, a second population 
with significantly lower MMP occurs. Thus, in adults, a 
bimodal pattern of the MMP is found, suggesting two 
populations of cardiac mitochondria with different MMP; 
whereas two populations differing in MMP (high and 
low) were observed in subsarcolemmal fraction, in the 
interfibrillar fraction only a single high-MMP population 
was found. These results support the idea that the 
ontogenetic development of efficiency of mitochondrial 
energy conversion may be involved in the cardiac 
resistance to oxygen deprivation. However, the 
mechanisms that modulate the efficiency of 
mitochondrial function and might affect myocardial 
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sensitivity to oxygen deprivation during ontogeny require 
further analysis.  
 The collapse of MMP due to the opening of a 
high conductance mitochondrial permeability transition 
pore (MPTP) in the inner mitochondrial membrane has 
been implicated in the molecular mechanism associated 
with ischemia/reperfusion (I/R) injury of the adult heart 
(Di Lisa and Bernardi 1998, 2006); conditions associated 
with post-ischemic reperfusion such as reactive oxygen 
species (ROS) accumulation, pH normalization and rise 
in intracellular calcium create an ideal situation for 
MPTP opening. MPTP opening is accompanied by matrix 
swelling, rupture of the outer membrane, and release of 
NADH and cytochrome c which leads to the induction of 
myocardial cell death (Halestrap 2006). Initial support for 
the role of MPTP in I/R injury was provided by 
pharmacology: blockade of MPTP by cyclosporine A 
(CsA, Griffiths and Halestrap 1993) and sanglifehrin A 
(SfA, Clarke et al. 2002) in adult perfused heart was 
cardioprotective. 
 We have observed significant ontogenetic 
differences in the role of MPTP in the I/R injury 
(Milerová et al. 2009). Whereas the blockade of MPTP 
by SfA in perfused rat heart had a protective effect on 
I/R-induced damage in the adult myocardium as already 
demonstrated (Di Lisa et al. 2001, Clarke et al. 2002), it 
had no effect in the neonatal heart. For the explanation of 
this difference, several possibilities have to be taken into 
consideration: a modified amount of cyclophilin receptors 
in the neonatal heart or lower sensitivity of MPTP in the 
neonatal heart to pore opening factors. Another 
mechanism which may be involved in the developmental 
changes of cardiac resistance to I/R injury is the 
mitochondrial content of cyclophilin D, a protein 
considered to be involved in the mitochondrial 
permeability transition on the basis of the observation 
that CsA, a specific inhibitor of the cyclophilin family 
activity, blocks the MPTP. It was shown that cyclophilin 
D deficient mice were protected from I/R-induced cell 
death in vivo (Baines et al. 2005), as well as from 
oxidative stress and calcium overload (Nakagawa et al. 
2005). Absence of the SfA inhibitory effect on NAD+ 

release from the neonatal heart could demonstrate that 
MPTP is not activated by I/R injury to such an extent as 
in the adult heart. This suggests that the blockade with 
SfA cannot be used for evaluation of the MPTP function 
in the neonatal heart. For the analysis of the above- 
mentioned problem it seems to be more suitable to 
measure the swelling of the isolated mitochondria as an 

indicator of pore opening (Balaska et al. 2005). We have 
found (Milerová et al. 2009) (Fig. 2) that in cardiac 
mitochondria isolated from neonatal rats, Ca-dependent 
and CsA-sensitive MPTP is less sensitive to Ca2+ ions as 
compared with adults. Since there are no data available 
on the possible developmental changes in the 
mechanism(s) of MPTP opening in the cardiac muscle, 
we can only speculate that its lower sensitivity to the 
calcium-induced swelling may be related to the higher 
ischemic tolerance of the neonatal heart. This idea 
supports the view that cardiac mitochondria, organelles 
responsible for cellular oxygen handling and energy 
production, are deeply involved in the regulation of 
cardiac tolerance to oxygen deprivation. 
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Fig. 2. The extent of mitochondrial swelling of heart 
mitochondria (determined as the decrease in absorbance at 
520 nm) from adult and neonatal (7-day-old) rats. * Statistically 
significant difference (p<0.01) between both age groups. Data 
from Milerová et al. (2009). 
 
 
Protection of the immature heart 
 
 As mentioned above, cardiac tolerance of the 
immature heart to oxygen deficiency is significantly 
higher as compared with the adult myocardium. Thus the 
question arises whether we can further increase the 
already high resistance of the immature heart. To the 
most effective experimental protective mechanisms 
belongs long-lasting adaptation to chronic hypoxia (for 
review see Ošťádal and Kolář 2007) and brief adaptation, 
so-called ischemic preconditioning (IP, for reviews see 
Yellon and Downey 2003, Bolli 2007). Data on the 
effects of these two phenomena on the immature cardiac 
muscle are, however, only sporadic. The protective effect 
of postconditioning (Vinten-Johansen 2007) is 
comparable with IP and was observed in many species 
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including humans (Laskey 2005). Data on the possible 
effect of postconditioning on the immature heart are, 
however, still lacking. 
 
Ischemic preconditioning 
 It is now 23 years since the phenomenon termed 
“ischemic preconditioning” has been formally 
recognized. In their seminal study, Murry et al. (1986) 
reported that infarct size produced by 40 min of sustained 
coronary occlusion could be markedly reduced if they 
first “preconditioned” the heart with four 5-min episodes 
of brief ischemia. Whereas extensive data are available 
on IP in the adult myocardium, information on whether 
this protective phenomenon also occurs in immature 
hearts is inadequate. We have shown (Ošťádalová et al. 
1998) that classical IP, at least in rats, is not present at 
birth and that the enhanced postischemic recovery of 
contractile function can be observed only at the end of the 
first postnatal week. The decreasing tolerance of the 
neonatal heart to ischemia is thus counteracted by the 
development of the inducible endogenous protective 
mechanism. Awad et al. (1998) have shown that the 
absence of IP in immature isolated hearts cannot be 
overdriven by increasing the preconditioning stimulus. In 
addition, a pharmacological stimulus (phenylephrine) 
also failed to protect the immature heart. 
 Molecular mechanisms of IP in the adult 
myocardium are still unclear and the same is true for the 
immature heart. Signaling cascade obviously starts by the 
release of some “protective molecules” (for review see 
Yellon and Downey 2003). These molecules are able to 
bind to the receptors of cardiac cells coupled with  
G-proteins, thereby starting the activation of one or more 
signaling pathways; this finally leads to the 
phosphorylation of the target proteins (for review see 
Bolli 2007). The end-effector of this cascade might be 
e.g. the mitochondrial ATP dependent potassium (KATP) 
channels (Garlid et al. 2003). Baker et al. (1999) have 
found that IP is associated with activation of 
mitochondrial KATP channels even in the immature rabbit 
heart. On the other hand, in the immature rat heart the 
administration of 5-hydroxydecanoate, a selective blocker 
of the mitochondrial KATP channels, had no effect on the 
protection by IP (Ošťádalová et al. 2002). It seems, 
therefore, that in the mechanism of IP in the immature 
heart may exist significant interspecies differences. It 
remains unanswered, whether the mechanisms of IP, 
participating in the immature heart, differ from the 
mechanisms, described for the adult myocardium. 

Adaptation to chronic hypoxia 
 Chronic hypoxia (CH) is the main 
pathophysiological feature of hypoxemic congenital heart 
disease. Understanding the mechanisms by which 
cyanotic congenital heart malformations modify the 
myocardium and how the modifications impact on the 
cardiac tolerance to oxygen deprivation may provide 
insight into developing treatments for limiting myocardial 
damage. Unfortunately, no existing model adequately 
reproduces chronic myocardial perfusion with the 
hypoxic blood caused by congenital cyanotic defects. 
Therefore, similar experimental models as in adults, i.e. 
CH simulated in the normobaric or hypobaric chambers 
are used in studies performed during early stages of 
ontogenetic development. 
 Already in the late 1950s, the first observation 
appeared (Hurtado, 1960), showing that the incidence of 
myocardial infarction is lower in people living at high 
altitude. These epidemiological studies on the protective 
effect of high altitude were confirmed in experimental 
studies using simulated hypoxia (for review see Ošťádal 
and Kolář 2007). However, only a few authors have 
compared tolerance to oxygen deprivation in chronically 
hypoxic versus normoxic immature myocardium. We 
have observed (Ošťádal et al. 1995) that CH, simulated in 
the barochamber, results in similarly enhanced cardiac 
resistance in rats exposed to CH either from the 4th day 
of postnatal life or in adulthood. Similarly, Baker et al. 
(1995) demonstrated that adaptation to CH increased the 
tolerance of the developing rabbit heart. However, it 
follows from our results (Ošťádalová et al. 2002) (Fig. 3) 
that the protective effect of CH is absent in newborn rats 
and the protective effect of adaptation develops – 
similarly as that of IP – only during the first postnatal 
week. These results suggest that we might be dealing 
with the more general biological phenomenon: the 
already high resistance of the cardiac muscle cannot be 
further increased by different protective mechanisms. A 
similar situation as in the immature mammalian heart can 
be observed also in the highly tolerant hearts of 
poikilotherms or in the myocardium of young-adult 
females. In addition to protective effects, adaptation to 
CH also induces other adaptive responses including 
polycythemia, hypoxic pulmonary hypertension and right 
ventricular hypertrophy. The degree of these changes is 
comparable in animals exposed to CH after birth or in 
adulthood (Kolář et al. 1989, Ošťádal et al. 1995).  
 Molecular mechanisms of the cardioprotective 
effect of adaptation to CH have been much less studied 
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than in IP and the understanding of its signaling is still 
very limited (for review see Kolář and Ošťádal 2004). 
Nevertheless, it seems that various protective phenomena 
including both short-lived IP and long-lasting effects of 
CH, utilize essentially the same endogenous pool of 
protective pathways, even if with different efficiency 
(Neckář et al. 2002a,b). They include ATP dependent 
potassium channels, oxygen free radicals, NO, different 
protein kinases, opioids and erythropoietin; however, 
other factors cannot be excluded (Kolář and Ošťádal 
2004).  
 Overwhelming majority of studies, analyzing the 
possible mechanisms of cardiac adaptation to CH, deals 
exclusively with the adult myocardium. We have shown 
previously (Ošťádalová et al. 2002) that blockade of 
mitochondrial KATP channels with 5-hydroxydecanoate 
completely abolished the cardioprotective effect of 
adaptation to CH also in neonatal rats; a similar effect had 
the blockade of NO by using L-NAME. It seems, 
therefore, that – unlike in IP – both mitochondrial KATP 
channels and NO may play an important role in the 
mechanism of adaptation of the neonatal heart to CH. 
Recently, it has been shown that also angiotensin II is 
involved in the mechanisms of adaptation of the immature 
heart to CH: the chronic blockade of angiotensin II type 1 
receptors (AT1) by irbesartan completely abolished the 
cardioprotective effect of CH (Rakusan et al. 2007). The 
involvement of AT1 receptor pathway in the adaptive 
responses of the immature hearts to CH should be taken 
into consideration in the treatment of children suffering 
from cyanotic congenital heart disease. 

Effect of perinatal hypoxia on cardiac 
tolerance to acute ischemia in adults 
 
 The number of patients undergoing surgery for 
congenital cyanotic defects is steadily increasing (Nollert 
et al. 1997). This group of patients is growing older and 
is approaching the age characterized by significantly 
increased risk of serious cardiovascular diseases, such as 
hypertension and ischemic heart disease. Therefore, it can 
be expected that more such patients will require 
diagnostic and therapeutic catheterization or cardiac 
surgery. Under these conditions, the question of the 
presumed cardiovascular impact of perinatal hypoxia will 
be of considerable importance. In this connection it is 
necessary to mention that metabolic adaptation to CH 
was observed in the myocardium of children with 
cyanotic congenital cardiac defects: we have observed 
significant reduction of aerobic capacity and activation of 
protective cascades (Šamánek et al. 1989) (Fig. 4).  
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Fig. 4. Energy-supplying enzymes in the right atrium of children 
with tetralogy of Fallot and with normoxemic heart diseases 
(expressed as % of normoxemic values). LDH – lactate 
dehydrogenase; TPDH – triosephosphate dehydrogenase; GPDH 
– glycerol-3-phosphate dehydrogenase; HK – hexokinase; MDH – 
malate dehydrogenase; CS – citrate synthase; HOADH –  
3-hydroxyacyl-CoA dehydrogenase. * Statistically significant 
difference (p<0.01) from normoxemic values. Data from 
Šamánek et al. (1989). 
 
 
 Experimental studies on the late effects of CH 
on cardiac tolerance to hypoxia and ischemia is 
insufficient; moreover all of them have used exclusively 
males. Nevertheless, they have observed that perinatal 
hypoxia significantly increases the sensitivity of the adult 
rats to I/R injury (Li et al. 2003, Xu et al. 2006): the 
infarct size increased and the postischemic recovery of 
left ventricular function decreased as compared with the 
normoxic controls. Structural changes were accompanied 
by diastolic dysfunction of the left ventricle. We have 
shown (Netuka et al. 2006) that the late myocardial 

day 1 day 7 day 10
0

25

50

75

ischemia adaptation

re
co

ve
ry

 o
f D

F,
( %

 o
f b

as
el

in
e 

va
lu

es
)

*
*

 
Fig. 3. Tolerance of the isolated perfused neonatal rat heart to
acute ischemia (expressed as the recovery of the developed force
– DF) in controls and in animals adapted to chronic hypoxia.
* Statistically significant difference (p<0.01) between both
groups. Data from Ošťádalová et al. (2002). 
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effects of hypoxemia, experienced in early life, may be 
sex dependent. Perinatal exposure to CH significantly 
increased cardiac tolerance to acute ischemic arrhythmias 
in adult females; the effect on arrhythmias in males was 
the opposite (Fig. 5).  
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Fig. 5. Arrhytmia score over 30 min coronary artery occlusion in 
control and perinatally hypoxic adult male and female rats. 
Statistically significant difference (p<0.01) between control and 
perinatally hypoxic group. Data from Netuka et al. (2006). 
 
 
 The precise molecular mechanism of the late 
effects of early hypoxia is still unknown. It seems, 
however, that perinatal hypoxia may cause in utero 
programming of several genes, including heat shock 
proteins (HSP 70), eNOS, β-adrenoceptors and 
G-proteins, which may have a long-lasting influence on 
cardiac function and play an important role in cardiac 
tolerance of the adult heart to ischemic injury (Snoeckx et  
 

al. 2001, Li et al. 2003). This opinion is supported, in 
part, by the finding (Li et al. 2004) that prenatal hypoxia 
results in an inhibition of the heat-stress induced increase 
in myocardial HSP 70 synthesis and abolishes heat-stress 
mediated cardioprotection in later adult life. There are no 
data available on possible sex differences in the 
mechanisms involved in the protective effect of 
adaptation to CH (for review see Ošťádal et al. 2009). 
 
Conclusions 
 
 Developmental cardiology is now in the 
molecular era and new knowledge on the development of 
the cardiac muscle extends exponentially. It is, however, 
necessary to state that the interest of developmental 
cardiologists concentrates almost exclusively on the 
prenatal development; postnatal changes remain, 
unfortunately, neglected. It is yet obvious that the new 
methodological approaches, particularly molecular 
biology and genetics, can substantially help in the search 
for pathogenetic mechanisms involved during the whole 
ontogenetic development. Retrieval of developmental 
mechanisms participating on changes in cardiac tolerance 
to oxygen deprivation is the best example for this view. 
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