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Abstract
Fetal hearts show a remarkable ability to develop under hypoxic conditions. The metabolic
flexibility of fetal hearts allows sustained development under low oxygen conditions. In fact,
hypoxia is critical for proper myocardial formation. Particularly, hypoxia inducible factor 1
(HIF-1) and vascular endothelial growth factor play central roles in hypoxia-dependent signaling
in fetal heart formation, impacting embryonic outflow track remodeling and coronary vessel
growth. Although HIF is not the only gene involved in adaptation to hypoxia, its role places it as a
central figure in orchestrating events needed for adaptation to hypoxic stress. Although “normal”
hypoxia (lower oxygen tension in the fetus as compared with the adult) is essential in heart
formation, further abnormal hypoxia in utero adversely affects cardiogenesis. Prenatal hypoxia
alters myocardial structure and causes a decline in cardiac performance. Not only are the effects of
hypoxia apparent during the perinatal period, but prolonged hypoxia in utero also causes fetal
programming of abnormality in the heart’s development. The altered expression pattern of
cardioprotective genes such as protein kinase c epsilon, heat shock protein 70, and endothelial
nitric oxide synthase, likely predispose the developing heart to increased vulnerability to ischemia
and reperfusion injury later in life. The events underlying the long-term changes in gene
expression are not clear, but likely involve variation in epigenetic regulation.

INTRODUCTION
Oxygen is an essential substrate for cell survival. It acts as a final electron acceptor in the
electron transport chain (ETC). In humans, oxygen tension varies from 100 mm Hg in
alveolar arterioles to between 40 and 20 mm Hg in systemic tissues [1]. When oxygen is
scarce, the ETC is compromised. Since the ETC is coupled to oxidative phosphorlyation,
ATP (Adensosine Triphosphate) levels drop significantly creating energy disparities within
the cell. Hypoxia ensues when the oxygen tension is lower than physiological levels and the
demand for oxygen exceeds the supply available. Hypoxia in non-reproductive tissues, as
identified by direct measurement of pO2 values and/or significant induction of hypoxia-
inducible genes, suggest oxygen tension between ~20 and ~7 mm Hg as physiological
hypoxia [2–4]. Researchers commonly use between 1% (~7 mm Hg) and 3% (~21 mm Hg)
oxygen in cell culturing to mimic hypoxia [5]. In in vivo studies, animals are typically
subjected to between 8% and 12% oxygen in order to significantly reduce arterial pO2 to
comparable values [6]. By comparison, fetal arterial blood pO2 ranges from ~30 to ~20 mm
Hg [7–9], suggesting normal fetal oxygen is close to physiological hypoxia in adult tissues.
This implies that fetal development exists in a state of relative hypoxia, as compared to adult
oxygen tension, and that fetal tissues have a lower threshold to reach a state of oxygen
insufficiency. Interestingly, short bouts of hypoxia naturally occur during gestation when the
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uterine artery contracts or becomes compressed, which reduces the amount of oxygen
delivered to the placenta. Additionally, since the placenta serves as the major interface
between mother and fetus, its development and oxygen consumption also influences fetal
oxygen supply. Changes in maternal pO2 and/or abnormal placental development or
metabolism may reduce fetal arterial pO2 and result in fetal hypoxia [10,11]. Under hypoxic
conditions, the fetus compensates by altering fetal blood flow away from peripheral tissues
to vital organs; shifting from aerobic to greater utilization of anaerobic energy pathways;
and the induction of hypoxia-dependent genes necessary for survival in a low oxygen
environment.

Cardiogenesis involves the formation of the embryonic heart. Once the heart is formed, it
undergoes a stage of rapid growth and maturation during fetal development. The formation
and subsequent maturation of the heart are tightly regulated processes in which oxygen
tension plays a vital role. Interestingly, the fetal heart is more resistant to hypoxia induced
cell death than the adult heart due to its enhanced ability to increase glycolytic flux [12].
There is increasing evidence suggesting that low oxygen tension in the fetus is essential for
normal heart formation and maturation. The expressions of hypoxia-induced genes, such as
hypoxia inducible factor 1 (HIF-1) and vascular endothelial growth factor (VEGF), correlate
with angiogenesis, vasculogenesis and fetal heart remodeling [13,14]. Although
physiologically “normal” hypoxia (lower oxygen tension in the fetus as compared with the
adult) may be beneficial in normal heart development, pathophysiological hypoxia (lower
than normal fetal oxygen tension) is associated with significant adverse effects that can lead
to changes in structure, function, and gene expression in fetal hearts, which may persist
throughout adulthood (See Fig. 1).

This review focuses on the role of hypoxia in fetal heart development. The initial sections
summarize myocardial development and data related to hypoxia and its role in normal heart
formation and development. In the following section we examine the role of HIF-1 in
cardiogenesis. Next, we discuss hypoxia in the context of abnormal heart formation and
development: how oxygen insufficiency may alter the structure and function of fetal hearts.
Finally, recent studies linking prenatal hypoxia to increased susceptibility to ischemia and
reperfusion injury, as well as the possible mechanisms, are discussed.

FORMATION OF THE MYOCARDIUM
Heart Chambers and Vessels

Our understanding of the events that lead to the formation of a functional heart in vertebrates
comes primarily from studies done in chicken and mouse models. Although there exist
differences between species, the major events are congruent. This section alone is incapable
of covering all points in myocardial formation, but seeks to highlight major events that occur
during cardiogenesis. Arguably, the first significant event in myocardial formation involves
the formation of the primitive heart tube [15]. Cardiac progenitor cells from the primary
(later become left ventricle) and secondary (later become right ventricle, outflow and inflow
tracts) heart fields differentiate into myocardial cells and fuse along the midline to form the
heart tube [16]. It is during this event that peristalic contractions appear along the heart tube.
Once initiated, the heterogeneity of the heart chambers to be formed becomes apparent with
regions destined to become atrials and ventricles contracting at different rates. Structurally,
the primitive heart tube is composed of a myocardial covering that is one or two cells thick,
an acellular cardiac jelly, and endocardium [16]. After the heart tube is formed it undergoes
looping and sets the framework in which the chambers can develop. After looping, changes
(known as trabeculations) in what will become ventricles emerge within the lumen.
Trabeculations are fenestrated sheet-like protrusions into the lumen that initially serve to
increase the surface to volume ratio, allowing growth of the myocardium prior to the
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establishment of the coronary circulation and the separation of blood flow before septation
[15]. The heart then undergoes further remodeling with growth primarily from increased
cellular proliferation and compaction of trabeculae. At the same time, the coronary
vasculature is established to meet the increasing demands brought about by the growing
myocardium. Angioblasts form the primitive vascular plexus. The vessels undergo extensive
remodeling and patterning and mature into the coronary artery tree. Evidence suggests that
hypoxia may be the initial signal mediating angioblast invasion of the embryonic heart and
subsequent formation of the coronary vasculature [17,18]. The establishment of the coronary
vessel network ensures adequate nutrients are delivered to the myocardium allowing
sustained growth and maturation.

The functional unit of the myocardium is the cardiomyocyte. As previously mentioned,
cardiomyocytes originate from cardiac progenitor cells in the primary and secondary heart
fields. They differ from adult cardiomyocytes in size, organization of myofibrils, and
proliferation capacity. Fetal cardiomyocytes are smaller in diameter and are normally
mononucleated, whereas adult heart cells tend to be larger and often display polyploidy (two
or more nuclei per cell). Fetal cardiomyocytes have fewer and less organized myofibrils
with poorly the developed sarcoplasmic reticulum and the T Tubules systems as compared
to the numerous and highly organized myofibrils found in adult cardiomyocytes [19]. At
early stages of development, the fetal heart grows largely through rapid proliferation of
cardiomyocytes [20]. However, towards the end of gestation, cardiac cells become
increasingly differentiated and therefore lose the ability to propagate. Immature heart cells
lose the ability to proliferate during perinatal periods, with subsequent growth due primarily
to enlargement of existing cardiac cells. In comparison, adult mammalian heart cells
maintain a permanently differentiated disposition with little or no ability to self-reproduce
[21]. The change in the proliferation capacity in cardiomyocytes corresponds to the
maturation of contractile machinery and the increase in population of poly-nucleated cells. It
is likely the highly ordered structure of mature cardiomyocytes, coupled with the continuous
contraction necessary for cardiac output and poly-nucleated disposition, preclude self-
propagation. In nature, there exists species capable of regenerating heart cells at an adult
stage. The adult newt and zebrafish are both capable of regenerating substantial portions of
heart tissue [22,23]. In particular, the adult newt seems to possess the ability to
dedifferentiate cardiac cells and proliferate to replace lost or damaged tissue [24]. Among
other important factors, activation of p38 MAP kinase appears to play an important role in
inhibiting cardiomyocyte growth. The expression of p38 MAPK expression is inversely
correlated with cardiomyocyte proliferation, while inhibition of p38 isoforms promotes
increased expression of genes vital for self-propagation [25]. These findings imply that
mammalian adult heart cells have the capacity to reproduce. Nonetheless, the factors that
give the immature heart cell, adult newt and zebrafish the ability to reproduce may shed
light that may promote the development of therapies that can assist in the recovery of heart
tissue following a coronary event.

Hemodynamic Stress
Functionally, the embryonic heart at an early stage sets itself apart from most organs in that
it is called upon to work almost from its inception. As the vascular system forms, there is an
increased stress placed on the fetal heart. However, the plastic nature of the developing
myocardium gives it the ability to adjust to hemodynamic load brought upon it by an
enlarging peripheral vascular system. An increase in afterload, or elevation in pressure
required to eject blood to systemic tissues, requires compensatory growth of the myocardial
wall. Laplace’s law explains the relationship between wall thickness and increases in
afterload. It states that increases in intraluminal pressure will produce increased wall stress
for a given radius. It is compensated by increased wall thickness or decrease internal radius.
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This phenomenon is seen in individuals with pulmonary hypertension that increases the
intraventricular end diastolic pressure resulting in thickening of the right heart wall. In fetal
sheep, Barbera et al. [26] demonstrated that right ventricular wall thickness increases in
response to pulmonary artery occlusion, which is an increase in systolic pressure load. The
findings from this study suggested that the increase in heart size was primarily due to
hyperplasia of cardiomyocytes, although some growth could be attributed to hypertrophy.
Indeed, arterial hypertension in fetal sheep increases the weight of hearts, stimulates
proliferation, size and binucleation of cardiomyocytes resulting in increased growth and
accelerated maturation of the myocardium as a compensatory response to increased afterload
[27]. Therefore, ventricular wall mass is influenced by the hemodynamic stress under which
it develops.

HYPOXIA AND THE DEVELOPING HEART
Methods for Determining Hypoxia in Utero

Many studies have investigated the role of hypoxia in fetal heart development. Hypoxia in
vivo is a challenging phenomenon to study; yet, several techniques are used to either
measure oxygen tension directly or indirectly in vivo. The surgical implantation of O2
sensitive sensors is a method commonly used on larger animals, such as pregnant sheep, to
measure fetal pO2 [28]. Additionally, the unique metabolic plasticity of the fetal heart allows
it to rapidly increase glycolysis under conditions of oxygen deprivation [12]. The switch
from aerobic to anaerobic respiration corresponds to increases in glycolytic intermediates,
such as lactate, that have been used as an indicator of reduced mitochondrial oxidative
activity in response to oxygen insufficiency [29]. Beyond surgical implantation and
metabolism, Chapman [30] was the first to suggest the use of nitroimadazole compounds
(e.g. EF5, pimonidazole) to study hypoxia. In low oxygen conditions, nitroimadazole
compounds are chemically reduced by nitroreductases, which permit covalent binding to
intracellular proteins to form adducts [31,32]. Nitroimadazole compounds have been used to
study the effects of hypoxia in embryogenesis and tumorgenesis [17,33].

Furthermore, tissue hypoxia alters gene expression. Hypoxia stabilizes HIF (1, 2 and 3), a
family of transcription factors that play a central role in cellular adaptation to insufficient
oxygen. The discovery of HIF sheds new light on the role of hypoxia in fetal heart
maturation. HIF is comprised of a α and β subunit, of which the former is oxygen-sensitive
and affects HIF stability, and the latter is oxygen-insensitive. HIF is widely known to up-
regulate numerous genes associated with external and internal cellular adaptation to hypoxia
[34–36]. A classic example of HIF associated gene transactivation is the induction of
erythropoietin (EPO). Hypoxia promotes HIF-induced up-regulation of EPO [37]. EPO
stimulates erythropoiesis, inhibits apoptosis, and mobilizes endothelial progenitors for vessel
growth by binding to EPO receptors [38,39]. HIF and HIF dependent gene expression have
become important indicators of tissue hypoxia, and their use has increased our
understanding of the role of reduced oxygen in cardiogenesis from a stand point of
transcriptional changes. HIF regulation will be discussed in detail later in the review.

Outflow Tract Remodeling
Recent studies in avian and mouse models suggest that hypoxia plays a critical role in the
formation and development of the heart. Many of these studies were centered on the
remodeling of the embryonic outflow track (OFT) and coronary vessel formation.
Embryonic OFT remodeling is necessary for the proper transition from single to dual
circulation in mammalian and avian hearts [6]. Apoptosis of OFT cardiomyocytes is vital for
proper remodeling of OFT [40,41]. Programmed cell death of OFT cardiomyocytes brings
about the shortening and rotation needed for the aorta to join the left ventricle and
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pulmonary vessels to connect to the right ventricle. At the height of cardiomyocyte
apoptosis in the OFT, researchers have observed increases in EF5 (chemical marker of
hypoxia) staining as well as increased nuclear accumulation of HIF-1; suggesting hypoxia
via HIF-1 may be involved in OFT remodeling [14,41]. Druyan el al. [42] demonstrated in
chick fetal hearts the upregulation of hypoxia-regulated genes, heme oxygenase, cardiac
troponin T and hypoxia up-regulated protein 1 at specific developmental periods (E7 and
E19). Heme oxygenase facilitates the degradation of heme and protects against oxidative
stress. Cardiac troponin T is involved in calcium handling and contractions of the heart, and
hypoxia up-regulated protein 1 protects against cell death during hypoxia. These finding
suggests that as the heart develops under hypoxic conditions, cellular defense pathways are
employed in order to sustain normal growth, while protecting against oxidative stress and
apoptosis. Ironically, cardiomyocytes exhibit increased oxidative stress as a result of
hypoxia [43]. Oxidative stress can cause cellular damage, which may lead to cell death. In
subsequent experiments, EF5 staining revealed differential levels of oxygen in fetal hearts
with areas of low oxygen correlating spatially and temporally with apoptosis-induced
myocardial remodeling [14,44, & 45]. These findings were further substantiated by
experiments that demonstrated intense EF5 staining and cell death of OFT cardiomyocytes
that were attenuated by hyperoxia resulting in OFT defects. Such defects included the
abnormal formation of the right ventricles, which clearly associated oxygen regulation with
proper myocardial formation (See Fig. 1) [41]. It appears the timing of the hypoxic insult is
tightly regulated for proper heart remodeling. Low oxygen was reported in chick at stages
25–32 and around day 13.5 of gestation in mice [14,41]. Interestingly, the timing and
duration of hypoxia plays an important role in the development of other tissues. In the first
trimesters, placenta tissues develop under low pO2 (<20mm Hg), which rises considerably in
second trimester (~60mm Hg) then declines (~40mm Hg) by the third trimester [46–48].
Accordingly, studies suggest the fluctuation in pO2 modulates trophoblast differentiation
and invasion, affording concomitant growth of the placenta throughout gestation [49]. These
findings indicate that hypoxia functions in several tissues to signal changes that promote
normal development.

Coronary Vessel Formation
In embryonic tissues, the formation of primary blood vessels from endothelial precursors
called angioblasts is known as vasculogenesis. During vasculogenesis, angioblasts combine
and form the primary capillary plexus, which serves as the framework from which all
subsequent vessel formation occurs. After the establishment of the primary capillary plexus,
subsequent budding and sprouting of new vessels from preexisting ones is known as
angiogenesis. Though proper vessel development and maturation involves input from
multiple signals, VEGF signaling plays a vital role throughout vessel formation and growth.
The binding of VEGF to receptor tyrosine kinases (e.g. KDR/Fik-1, Fit-1 in endothelial
cells) initiates the expression of genes necessary for the recruitment, proliferation, and
differentiation needed for vasculogenesis and angiogenesis [50–53]. For a more thorough
review of VEGF signaling consider the following excellent reviews [54–57]. In
cardiogenesis, VEGF is essential for vessel growth and the induction of VEGF correlated
spatially with coronary vessel patterning [58–60]. In addition, cardiomyocyte-restricted
knockout of Vegfα, impaired coronary vessel development, promoted myocardial thinning,
depressed basal contractile function, and caused significant dysfunction of beta-adrenergic
stimulation [61]. Also, mice deficient of receptor tyrosine kinase showed abnormal heart
development, primarily ventricular septal defects [62]. These findings suggest that VEGF-
mediated vessel formation promotes adequate growth, remodeling and function of the
myocardium.
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Hypoxic stress increases vessel formation in fetal heart tissue, while hyperoxia delays vessel
growth [63]. Studies have confirmed that hypoxia is a major stimulus for vessel growth in
fetal development and tumorgenesis [63–65]. Hypoxia is known to stabilize HIF-1& 2,
which are known to preferentially up-regulate VEGF and its receptor [65,66]. However,
studies conducted by Kotch et al. [67] showed that VEGF mRNA increased modestly
compared to controls in HIF-1α null mice, suggesting additional factors may regulate VEGF
induction in fetal heart tissue. For example, induction of VEGF in the absences of HIF-1α
may be explained by the presence of HIF-2α, which is known to up-regulate VEGF and
VEGF receptors, or by increased stability of VEGF mRNA in hypoxic conditions.
Furthermore, other growth factors such as platelet-derived growth factor (PDGF) have been
shown to induce VEGF expression [68], suggesting VEGF can be induced independent of
HIF-1 activity. However, other findings have linked hypoxic stimulus through HIF-1
stabilization with significant induction of VEGF and VEGF receptor in cardiogenesis
[44,69]. The central role of hypoxia-dependent genes during cardiogenesis suggests that
oxygen regulation at the molecular level plays a major role in fetal heart formation.

THE ROLE OF HIF IN CARDIAC FORMATION AND MATURATION
Oxygen Regulation

The molecular signals underpinning hypoxia’s role in cardiac formation and development
involves numerous genes. By far, the HIF family of genes is the most studied in cardiac
development. HIF is a heterodimeric transcription factor that plays a pivotal role in cellular
sensing and response to low oxygen tension. HIF belongs to the basic helix-loop-helix
(bHLH)/Per-ARNT-Sim (PAS) domain family of transcription factors and is composed of
an oxygen-sensitive α subunit and constitutively expressed β subunit [35,37]. It is known to
regulate numerous functions during hypoxia such as energy metabolism, erythropoiesis, cell
survival and death, vascularization, angiogenesis, and differentiation [70–74]. Though HIF
stability and activity is influenced by a wide range of factors (i.e. Insulin like Growth Factor
1 & 2), the effect of oxygen is the most characterized. Oxygen tension regulates HIF-1
expression via prolyl hydroxylase (PHDs) activity. Under normoxic conditions the HIF-1α
subunit is recognized and hydoxylated at proline residues 402 and 564 by PHDs.
Hydroxylation allows recruitment and binding of the von Hippel-Lindau protein, an E3
ubiquitin protein ligase, which primes HIF-1α for subsequent proteasome degradation. In
addition, the transcriptional activity of HIF-1 is also regulated by hydroxylation.
Hydroxylation of arginine 803 by Factor inhibiting HIF-1 (FIH) prevents the association of
HIF-1 and CREB-binding protein (CBP)/p300, precluding the transactivation of HIF-1
dependent genes [75]. When cellular oxygen levels fall, the activity of PHDs and FIH are
reduced, allowing stability of the HIF-1α subunit. Interestingly, HIF-1 stability is inversely
proportional to oxygen concentration within the cell [76]. Stable HIF-1α subunit translocates
into the nucleus where it dimerizes with HIF-1β and transactivates HIF-1 genes that possess
hypoxic response elements (HRE) (short sequences of DNA that include 5’-CGTGC/T-3’).

HIF and the Developing Heart
Both HIF-1αβ & 2 αβ are expressed in the cardiac tissue [77,78]. Little is known about the
role of HIF-2 in heart formation and development, although HIF-2α knockout impairs
vascular development as well as altered cardiac rhythm due to the deregulation of
catecholamine release [79]. For this reason, this review focuses mainly on the role of HIF-1α
in heart formation and development. Though it is not fully understood how HIF-1 dependent
mechanisms coordinate in cardiogenesis, it is known that HIF-1 expression is vital for
proper myocardial remodeling and coronary vessel formation. Elevated HIF-1 expression is
found in fetal hearts exposed to hypoxia [14,80]. HIF-1 was also found in the nuclei of OFT
cardiomyocytes undergoing apoptosis as well as those that are not [14]. This implies HIF-1
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activity is involved in orchestrating OFT cardiomyocyte fate. The importance of hypoxic-
dependent signaling in myocardial development is further supported by studies using mice
deficient in HIF-1α. Global knockout of HIF-1α resulted in arrested development by day E9
and embryonic lethality by day E11 with significant cardiovascular irregularities including
cardiac bifida, abnormal cardiac looping, abnormal remodeling of the aortic outflow tract
and cephalic blood vessels, and mesenchymal cell death [13,34]. When HIF-1α null mice
were placed in hyperoxia, partial recovery of the embryos was observed, suggesting that
adaptation to hypoxic conditions requires HIF-1 signaling in the developing heart [13].
HIF-1 is known to up-regulate, either directly, through binding to HRE sites, or indirectly,
by influencing other transcription factors that promote prosurvival and apoptotic genes. In
the fetal heart, HIF-dependent activation of VEGF, stromal cell-derived factor-1 and EPO
receptor expression promote the vessel formation [81–83]. In addition, survival signals in
the myocardium are augmented by HIF-dependent direct activation of glycolytic genes such
as Glucose transporter 1 (Glut1), aldolase A, enolase 1 (EN01), lactate dehydrogcnasc A,
and phosphoglyceratc kinase 1(PGK1), which facilitate the shift from aerobic to anaerobic
respiration [84,85]. Paradoxically, HIF-1 has been shown to up-regulate proapoptic genes
BNIP3 and Bax in cardiomyocytes [86]. This dual role of HIF is also seen in cerebral
ischemia models where HIF-1 up-regulates prosurvival (EPO, GLUT1, VEGF) and death
genes (BNIP3, caspase 3, stabilization of p53) depending on the extent and duration of the
ischemic insult [87]. It is likely that complex mechanisms contribute to the duality of HIF-1
signaling in cardiogenesis. Presumably the ability of HIF-1 to bind HRE sites and thus
influence gene activity changes depending on the timing and duration of hypoxic insult. This
twin nature of HIF may influence HIF-dependent cardiomyocyte survival or death, and
possibly play a role in long-term programming of fetal cardiomyocytes during chronic
hypoxia.

FETAL HYPOXIA AND ABNORMAL HEART DEVELOPMENT
Though fetal hearts show remarkable ability to survive and function under low oxygen,
chronically pathophysiological hypoxia is associated with numerous complications that have
both short and long-term effects. Some of the most striking data illustrating the effects of
hypoxia on fetal development originate from high altitude studies. About 140 million people
live in high altitude environment worldwide, of which some 400,000 live in the United
States [88]. High altitude is considered to be elevations above 2500 meters (8000ft) [88].
Pregnancies at higher elevations may result in significantly depressed maternal arterial pO2
and changes in placental growth when compared to the sea level [89]. Epidemiological
studies have indicated that high altitude pregnancies increase the risk of intrauterine growth
restriction (IUGR) and low birth weight [90–92]. These factors are known to cause
premature birth, infant mortality, and an increased risk of developing cardiovascular related
diseases [93–96]. Other factors that may contribute to hypoxia in utero include pre-existing
maternal illness, pre-eclampsia, cord compression, smoking, pollution, hemoglobinopathy,
and aberrant placenta development. Lowered maternal arterial pO2 or incomplete delivery of
oxygen to fetal tissues induces hypoxemia and sustained tissue hypoxia in utero, resulting in
significant changes in fetal development [97,98].

The body of evidence indicating the adverse effects of prolonged hypoxia in utero is
substantial. The developing heart, more than any other organ, is susceptible to hypoxic stress
due to its enhanced metabolic demand. Numerous studies, primarily in animals, have shown
that hypoxia causes incomplete development of the heart. One of the earliest studies
demonstrating the adverse effects of simulated high altitude on pregnant rats found that
hypoxia caused ventricle septal defects in rat offspring [99]. More recent studies have found
that insufficient oxygen in utero produces myocardial thinning, ventricle dilation, and
epicardium detachment. It also slows fetal heart maturation in both chicken and mouse
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[99,100]. Other studies demonstrated cardiomyocyte hypertrophy and myocardial
hypoplasia in fetal hearts subjected to chronic hypoxia [80,99,101 & 102]. It is likely that
the increase in size of cardiomyocyte number is compensatory for reduced myocyte.
Interestingly, studies have found that prenatal hypoxia increases the heart to body mass ratio
[80,101 & 103], suggesting either reduced growth of nonessential organs or heart
enlargement. The reduction in cardiomyocyte number is likely influenced by either
increased program cell death and/or reduced cellular proliferation during critical periods of
development. Hypoxia-mediated increase in apoptosis is supported by studies that indicate
that prenatal hypoxia increased death signaling via elevated caspase 3 activity and Fas
mRNA, and suppressed survival pathways via depressed Bcl-2 and Hsp70 expression in
fetal hearts [80]. Conversely, the reduction in cardiomyocyte may be attributed to premature
exit of cardiomyocytes from the cell cycle. Bae et al. [80] reported that prenatal hypoxia
increased the percentage and size of binucleated cardiomyocytes in fetal rat hearts.
Binucleated cardiomyocytes are terminally differentiated cells that are no longer capable of
division. Taken together, prolonged insufficient oxygen alters fetal heart growth resulting in
abnormalities in fetal heart structure. These abnormalities likely involve sustained reduction
in cardiomyocyte proliferation and increased apoptosis.

Intrauterine stress via hypoxia induces not only changes in fetal heart morphology, but also
in function as well. In humans, changes in fetal heart rate have long been observed in fetuses
in response to intrauterine stress [104]. Animal studies have also confirmed the dysfunction
of the myocardium in response to hypoxia. Sedmera et al. [105] demonstrated that the rate
of recovery from anoxia/reoxygenation declines from the loop tubular heart to the septated
trabeculated heart, suggesting oxygen dependence increases with the development. In a
study examining the significance of catecholamines in development, researchers reported
hypoxia decreased the heart rate of fetal mice by 35–40% in culture and by 20% in utero
when compared to wild-type hearts [106]. High altitude Sheep models also present with
altered cardiac function in response to prenatal hypoxia as demonstrated by decreased
cardiac output and lowered contractility [107–110]. Possible explanations for the depressed
cardiac function relate to altered calcium homeostasis and reduced ATP availability due to
decreased Mg2+-activated myofibrillar ATPase activity [108,110 & 111]. In avian, poor
cardiac performance was observed as demonstrated by decreased maximum ventricular +dP/
dt and peak pressure, increased ventricular end-systolic volume, elevated after-load, and
decreased left ventricular ejection fractions [100,112]. Whether hypoxia directly mediates or
indirectly facilitates these changes is not clear. Studies suggest that cardiac defects such as
cardiac bifida and looping defects may be mediated via A1 adenosine receptor signaling in
chicken hearts [113]. Sarre et al. [114] demonstrated in an in vitro model arrhythmias in 4-
day-old isolated embryonic hearts subjected to anoxia/reoxygenation. Graf et al. [115]
observed an increased rate of contractions and decreased sensitivity to norepinephrine of
cultured rat cardiomyocytes exposed to hypobaric hypoxia during organogenesis. In utero
stress may cause an increase in circulating stress hormones, which may explain poor cardiac
performance. In addition, structural changes in the myocardium may contribute to depressed
cardiac function. It should be noted that many hypoxic models involve maternal exposure to
reduced room oxygen. More studies demonstrating the direct effect of hypoxia on fetal
hearts are warranted. Taken together, prolong exposure to hypoxia in utero alters heart
structure and function and these changes may persist into adulthood.

HYPOXIA AND INTRAUTERINE PROGRAMMING OF THE HEART
Many studies have correlated an adverse intrauterine environment with an increase
predisposition for developing cardiovascular-related diseases in adulthood. Most notably,
epidemiological studies by Barker and colleagues [93,116] were the first to correlate
undernutrition and low birthweight with increased incidence of coronary heart disease in
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adulthood. This finding led to what is known as the Fetal Origins hypothesis, which
proposes that adaptations made by the fetus in response to undernutrition causes permanent
changes in tissue structure and function. This programming in utero predisposes the fetus to
cardiovascular disease later in life [94,95,117,118]. Hypoxia in utero is known to cause
depressed cardiac performance and cardiomyopathies that persist into adulthood [112]. It is
less clear, however, the extent to which hypoxia mediates programming of genes that alter
structure and function that are not apparent until later in life.

Recently, researchers have used animal models to elucidate the role of hypoxia in
intrauterine programming. Li et al. [119] demonstrated that 6-month-old male rat hearts
exposed to prenatal hypoxia responded less favorably than control animals when subjected
to simulated ischemia and reperfusion (I/R) injury. The hypoxic animals exhibited a
persistent decrease in postischemic recovery, an increase in myocardial infarction (MI), and
fewer but larger cardiomyocytes. In addition, the hearts of these animals had elevated
caspase 3 activity and decreased levels of Hsp70 and eNOS when compared to control
animals. While both Hsp70 and eNOS play important roles in cardioprotection against I/R
injury, caspase 3 belongs to a family of proteases that perform critical cellular functions to
facilitate programmed cell death [120–123]. This finding was confirmed by Xu et al. [124]
who also observed lower levels of metalloproteinase-2 in 4 month old rats. Moreover,
prenatal hypoxia abolishes the protective affects afforded by heat stress against I/R injury
and significantly reduces HSP70 and PKCε content in the left ventricles [125]. Furthermore,
Xue et al. [126] showed that prenatal hypoxia caused a decrease in I/R recovery in 3-month-
old male, but not female, rat offspring. When normoxic offspring were exposed to simulated
I/R in the presence of PKCε translocation inhibitor peptide, those animals also displayed
reduced I/R recovery; suggesting that programming of decreased PKCε gene expression is
key to the observed increase vulnerability to I/R injury in males [126]. This finding is
supported by studies involving PKCε over-expression, PKCε null animals, and PKCε
activating peptide which confirm the pivotal role of PKCε in I/R preconditioning and
myocardial protection [127–130].

Conversely, Netuka et al. [131] reported no difference in MI in prenatally hypoxic rats of
either sex, but noted that normoxic females had less MI than normoxic males when exposed
to I/R. They also noted that prenatal hypoxia protected against ischemic-induced
arrhythmias of female rats, but was deleterious in male rats. The disparate results reported
by Li [119], Xu [124] & Xue [126] and Netuka’s [131] studies might be explained by
differences in strain, age, and experimental models. Whereas the Xue [126], Xu [124] and Li
[119] studies used 3, 4 & 6-month-old Sprawley Dawley rats respectively exposed to
hypoxia only in utero, Netuka [131] used 3-month-old Wistar rats exposed to intermittent
hypobaric hypoxia in utero and 10 days after birth. In addition, Li et al. used simulated I/R
insult with hearts removed from the animal, while Netuka et al. performed open chest I/R
insult. These reasons may explain the differing results; nonetheless, both groups drew
similar conclusions in that prenatal hypoxia causes programming of the fetal heart. It is also
clear that prenatal hypoxia has sex dependent effects, as demonstrated by poor recovery of
male rats, which likely involves altered programming of cardioprotective genes, namely
PKCε.

The long-term effect of hypoxia in utero is not restricted to the cardiovascular system but
also produces programming affects in other tissues. Pregnant sheep exposed to chronic high
altitude conditions show significant reduction in kidney to body weight size, larger
Bowman’s capsule in nephrons and alterations in angiotensin I and II expression [132].
Long-term hypoxia alters the expression of CYP17 and CYP11A1 in fetal sheep adrenal
glands [133]. CYP17 and CYP11A1 are two key enzymes involved in steroidogenesis,
suggesting high altitude exerts stress on animals such that elevated levels of stress hormone
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may be measured in fetal tissues. Whether this expression pattern is maintained into adult
stages is not known. Furthermore, the direct effects of hypoxia are not clear. The maternal
hypoxic model is capable of significantly lowering fetal oxygen status, however maternal
hypoxia elicits other systemic effects that may reflect the observed effects. For example,
maternal hypoxia increases circulating glucocortoids that may cause abnormal development
of the fetus [134]. Identifying the direct effects of hypoxia on fetal heart development is
critical to understanding the underlying mechanisms involved in hypoxia-induced
programming of fetal hearts.

EPIGENETICS: A PLAUSIBLE MECHANISM
The mechanisms underlying the changes in function and gene expression in fetal hearts are
not fully understood and are complex; however, epigenetic modifications are likely present.
Conceivably, prolonged exposure to hypoxia in utero may alter gene expression patterns
through epigenetic mechanisms. Major epigenetic modifications include methylation of
cytosine in CpG dinucleotide, and post-translation modification of histone proteins (e.g.
acetylation). Epigenetics has been implicated in fetal development as well as tumorgenesis.
There are many excellent reviews in the field [135–137]. Epigenetic modifications alter gene
expression pattern in the long-term. In a related model, studies have demonstrated that
maternal cocaine injections increases DNA methylation at Sp1 binding sites in PKCε
promoter in fetal hearts [138,139]. Maternal cocaine injections during gestation induce
intrauterine stress that results in increased susceptibility to I/R injury and abolition of
protection afforded by preconditioning in the hearts of male offspring [140,141]. In addition,
reduced PKCε and phospho-PKCε expression was noted in the left ventricles of male
offspring exposed to maternal cocaine, suggesting altered programming of the PKCε gene
[141]. Zhang et al. [138] showed that cocaine exposure in utero caused hypermethylation of
CpG dinucleotides of Sp1 binding sites for PKCε gene in left ventricles of 3-month-old rats.
Supporting this discovery was the finding that Sp1 binding sites on the proximal promoter
played a significant role in PKCε gene transcription [138]. Meyer et al. [139] used DNA
methylation inhibitors 5-aza-2-deoxycytine and procainamide, to block cocaine-mediated
down-regulation of PKCε. These findings clearly link epigenetics via DNA methylation in
utero with the increased susceptibility to coronary heart disease later in life. The similarities
between prenatal hypoxia and cocaine exposure are striking, and it is possible that the
underlying mechanisms for both are concurrent. It is well known that cocaine acts as a
potent vasoconstrictor, which may alter blood flow to the uterus resulting in oxygen
insufficiency in utero. Furthermore, both hypoxia and cocaine cause an increase in oxidative
stress. Whether the observed programming in utero is reversible is not clear and deserves
further study. How prenatal hypoxia predisposes fetal hearts to I/R injury, and whether the
mechanisms mirrors that of cocaine, are fascinating questions that remain to be elucidated.

HIF and Epigenetics
To date, little is known about HIF-1 in epigenetics and whether it plays a role in long-term
gene silencing in immature cardiomyocytes. Since HIF activity is central to cellular
adaptation to hypoxic stress, it is plausible HIF may play a role in hypoxia-induced fetal
programming of cardiomyocytes. Hypoxia through HIF plays an important role in
influencing transcription of multiple genes in embryogenesis and tumorgenesis. Epigenetic
mechanisms play an important role in the process of both cases. In embryogenesis,
developmental changes involve a progressive specialization of gene expression patterns that
incorporate epigenetic mechanisms such as DNA methylation, chromatin remodeling, and/or
histone posttranslational modification [142]. An example of the influence of hypoxia in
embryogenesis is seen in stem cell differentiation. Studies have demonstrated that normal
placental development requires HIF-1 induction for proper trophoblast differentiation [72,73
& 143]. One fascinating study demonstrated that HIF-2 preferentially up-regulated Oct-4
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[77]. Oct-4 plays an important role in maintaining a dedifferentiated cell disposition in
embryonic stem cells, primordial germ cells and embryonic epiblast [144–146].
Furthermore, reports have shown the involvement of HIF-1 in tumor formation and irregular
gene expression silencing via DNA methylation [147,148]. HIF-1 has also been shown to
interact directly with epigenetic modulators. Studies done by Beyer [149] and Wellmann et
al. [150] identified a HRE site in the proximal promoter of the histone demethylase Jumonji
domain containing 1A and 2B (JMJD1A, JMJD2B). JMJD1A and JMJD2b demethylate
H3K9 residues of histones, which is usually associated with reduced acetylation and gene
repression [149,151]. In renal cell carcinoma, von Hippel Lindau activity is lost leading to
aberrant expression of HIF-1 & 2, as well as increased expression and activity of histone
demethylases JMJD1A and JMJD2b [147,148 & 152]. In addition, studies suggest that
HIF-1 interacts directly with histone deacetylases 7 (HDAC7) [143,153]. The interaction
seems to highlight HDAC7 ability to enhance HIF activity by forming a complex with HIF
and p300 and influencing gene transcription. Histone deacetylases remove acetyl groups
from histone residues, causing structural changes that preclude the binding of transcription
factors and RNA polymerase II to gene targets. HIF-1 is known to influence cellular
adaptation in response to acute and chronic hypoxia; yet HIF-1 may also mediate long-term
changes in gene expression through direct modulation of epigenetic effectors.

Recently, studies have linked c-myc activity with HIF-1 and HIF-2. C-myc is a proto-
oncogene involved in cell proliferation and enhancement of cellular metabolism. There is
evidence that c-myc can modulate epigenetic mechanisms. Work done by He et al. [154]
demonstrated a link between overexpression of c-myc and hypermethylation of CpG sites in
the tumor suppressor gene’s retinoic acid receptor beta (RARbeta) and PDLIM4 in a
prostate cancer cell line. Brenner et al, [155] found that c-myc is able to direct DNA
methyltransferase 3a (DNMT3a) to the p21Cip1 promoter through direct binding with
DNMT3a and Miz-1, identifying a potential mechanism for epigenetic silencing in cancer.
In cancer cell models, HIF-1 actively competes with c-myc causing inhibition of gene
targets, while HIF-2 promotes c-myc activity [148,156]. These findings suggest HIF may
also indirectly influence epigenetic patterns through interaction with c-myc or other
transcription factors. Undoubtedly, HIF-1 plays an important role in normal fetal heart
development, and may also play a key role in fetal programming of the myocardium through
modulation of epigenetic effectors (See Fig. 2).

Oxidative Stress and Fetal Programming
Hypoxia is known to increase reactive oxygen species (ROS) and alter cellular oxidative
homeostasis [157]. The predominant source of hypoxia-induce ROS comes from the
electron transport system of the mitochondria. Studies have identified complex I and III as
the main producers of mitochondrial ROS. The rate at which electrons flow through the
mitochondria impacts the likelihood of ROS generation. Under normal conditions electrons
flow freely, reducing the time at which free radicals such as ubisemiquinone can interact
with molecular oxygen to produce superoxide anion. During hypoxia, the flow rate of
electrons through the electron transport system slows, increasing the chance of molecular
oxygen gaining an unpaired electron to produce superoxide ion [158]. Cells possess
endogenous mechanisms to deal with ROS (i.e. superoxide dismutase, catalase, glutathione
reductase), however, when those systems are overwhelm the cell experiences a state of
oxidative stress. Oxidative stress can damage structures and alter function substantially,
which may lead to cell death. Sustain ROS can trigger significant changes in gene
expression patterns. ROS production has been shown to initiate the Integrated Stress
Response (ISR), which invokes PERK activation, eIF2α phosphorylation and ATF4-
mediated stress gene induction that promotes global alterations in transcription and
translation [159]. Hypoxia-derived ROS via mitochondrial complex III also increases
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HIF-1α expression [158]. In cardiomyogenesis, oxidative stress plays an important role in
signaling events that regulate cardiomyocyte differentiation [160]. These finding suggests
hypoxia can alter redox status, which may lead to significant changes in cellular homeostasis
and subsequent changes in gene expression.

Although it is unclear what signals mediate the hypoxia-induced repression of
cardioprotective genes in utero, induction of stress pathways via oxidative stress may be
involved. A recent study in cancer cells demonstrated a link between prolonged oxidative
stress and repression of tumor suppressor gene E-cadherin [161]. It was shown that
oxidative stress increases Snail expression, which recruits DNA methyltransferease 1
(DNMT1) and histone deacetylase 1 (HDAC1) to methylate E-cadherin promoter thereby
resulting in reduce E-cadherin expression. Cardiomyocytes are major producers of ROS due
to their high metabolic demand. It has been demonstrated that cardiomyocytes are subjected
to increased oxidative stress when exposed to hypoxia [162]. These findings are intriguing,
suggesting stress pathways may underline the hypoxia-induced repression of
cardioprotective genes (i.e. PKC epsilon) in fetal cardiomyocytes (See Fig. 2).

H9c2 Cell Line
Questions remain as to how prenatal hypoxia can alter the expression of cardioprotective
genes (PKCε, HSP70, eNOS etc.) resulting in an increase in susceptibility to I/R injury. The
mechanisms behind hypoxia-induced gene silencing in utero are not fully understood and
likely involve complex mechanisms. Whether hypoxia, and/or a secondary stress such as
increase maternal or fetal glucocortcoids causes long-term gene programming is not known.
Elucidating the various molecular mechanism underlying the structure and functional
changes in myocardial formation is an area of ongoing research. Since the fetal heart cell
plays a central role in cardiogenesis, both structurally and functionally, there is a need for a
model that can be manipulated to explore the various molecular events that occur in
response to local and systemic changes in the fetal heart. A viable model to study
myocardial formation and the effect of stresses (i.e. hypoxia) on embryonic cardiomyocytes
is cell culturing using the H9c2 cell line. The clonal cell line H9c2 was derived from
embryonic rat heart tissue [163]. It possesses similar shape and structure to immature
embryonic heart cells and it retains the electrical and hormone phenotype consistent with
adult cardiomyocytes [163]. The H9c2 cell line has been widely used to study a variety of
processes in heart tissue including apoptosis, differentiation, and I/R injury [115,164,165].
For example, Chong et al. was able to overexpressed Hsp70 in the H9c2 cell line conferring
added resistance to thermal killing, hydrogen peroxide, menadione, hydroxyl radical and
hypoxia/reoxygenation [166]. Furthermore, cell culturing provides a large number of cells in
a relatively short period of time while allowing easier manipulation of genes using
techniques that allow gene overexpression or knockdown. Although electrophysically, H9c2
cells and primary culture cardiomyocytes are similar, differences exist phenotypically.
Freshly isolated cardiomyocytes display a contractile phenotype and finite level of cell
division, whereas H9c2 cells are not contractile and are capable of continuous cell division.
In addition, H9c2 cells change phenotype when full confluence is reached in culture. Despite
these discrepancies, the H9c2 cell line remains a viable model for studying fetal
cardiomyocytes. Taking together, where suitable it is important to verify findings in this cell
line with primary cultures from fetal heart cells. The use of the cell line may potentially
elucidate mechanisms involved in a wide range of related areas, including the role of
hypoxia in fetal heart programming.

CONCLUSION
Until recently, the essential role of low oxygen tension in the developing heart was not well
known. Researchers have undoubtedly linked hypoxia and hypoxia-dependent gene
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expression with proper OFT remodeling and vessel formation. HIF-1 expression is vital for
cardiogenesis, but its function is dual in nature in that HIF-1 is capable of upregulating both
prosurvival and death genes. It is quite clear, however, that chronically pathophysiological
hypoxia causes abnormalities in fetal heart morphology and function. Some aberrations in
fetal heart development are not always apparent until the heart is challenged later in life.
This proverbial ticking time bomb is programmed in utero as the fetus experiences prolong
oxygen insufficiency. Hypoxia-dependent intrauterine programming may involve epigenetic
mechanisms that predispose offspring to coronary heart disease. Since HIF-2 plays an
important role in stem cell differentiation, and HIF-1 interacts with epigenetic modulators, it
is likely that the HIF family of genes is involved in mechanisms that alter myocardial gene
expression in long-term. Furthermore, the role of hypoxia induce oxidative stress is
intriguing since its can alter genes in the long-term. Identifying the underlying mechanism is
an area that warrants further study.
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Fig. (1). The effect of hypoxia on fetal heart development
1. Insufficient exposure to “normal” hypoxia reduces the expression of key genes (i.e. HIF-
α, VEGF) needed for heart and vessels formation. 2. Adequate exposure to “normal”
hypoxia ensures expression of hypoxia dependent genes needed for vasculogenesis,
angiogenesis and fetal heart remodeling. 3. Chronic exposure to moderate “abnormal”
hypoxia can lead to programming of cardioprotective genes, which may decrease the ability
of heart to adapt to stresses later in life. 4. Exposure to more severe “abnormal” hypoxia can
significantly affect fetal cardiomyocytes development, which can lead to cardiomyopathy.
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Fig. (2). Plausible mechanisms for hypoxia-induce down-regulation of cardioprotective genes in
hearts
Hypoxia causes the stabilization of HIF-1α and increased ROS production in fetal hearts.
These events either act in collusion or independently to cause the recruitment of epigenetic
modifiers, i.e. DNA methyltransferase (DNMT) or histone deacetylases (HDAC). These
modifiers increase methylation of promoter at transcription factor binding sites and
deacetylate histone residues resulting in the decreased transcription of cardioprotective
genes (ex. PKCε, HSP70) and decreased cardioprotection in the long-term.
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