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Abstract: Non-communicable diseases are the major cause of morbidity and mortality globally.
Studies have shown that cardiovascular diseases are the main cause of lost hours from work globally
and that the prevalence of cardiovascular disease is rising in populations without the traditional risk
factors for developing cardiovascular disease. This rise in prevalence has been shown to have a close
association with the intrauterine milieu of the affected persons which back then turned out to be
appropriate adaptive responses. From the epidemiological studies and hypothesis formulated by Dr.
Barker 2 decades ago about Developmental Origin of Health and Disease (Fetal programming), these
adaptive responses may help explain the increasing prevalence of cardiovascular morbidity and
mortality in such populations. Experimental studies in animals have tried to elucidate the mechanisms
involved in fetal programming of cardiovascular disease. This article seeks to review the mechanisms
implicated in fetal programming of cardiovascular disease.
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I.  Introduction

Cardiovascular disease has been a major burden of the human kind because of its contribution to
morbidity and mortality(1-3). Global estimates in the year 2015 showed that 422.7 million cases of
cardiovascular diseases were reported and 17.2 million deaths in 2015 were cardiovascular related(2). Lifestyle
factors that promote artherosclerosis(cigarette smoking, physical inactivity, low fiber diet, high fat diet) as well
as familial predisposition have been traditionally known to be the risk factors for cardiovascular diseases(4) but
recently, long term observational and cohort studies are showing an inverse and graded correlation between
maternal nutrition, fetal growth retardation and adulthood non-communicable cardiovascular diseases(4-8).
Cardiovascular disease has been shown to be existent in sub-clinical forms quite early in life in growth retarded
fetuses regardless of the aetiology(9) and the clinical manifestations in adulthood are just a reflection of
longstanding subclinical cardiovascular disease(4,6-8) whose pathogenesis can be traced back to intrauterine
life(6,10,11). This article seeks to review literature on mechanisms behind the fetal origin of non-communicable
cardiovascular diseases with an emphasis on metabolic programming.
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I1. Embryohistogenesis of the cardiovascular system

Embryohistogenesis of the cardiovascular system in vertebrates, including humans, has been inferred
greatly from studies done on chick embryos(12). The cells that end up forming the heart are usually the 1%
mesodermal cells to be sourced from the primitive streak during formation of the trilaminar germ disc(12,13).
The cardiac precursors are located in the rostral half of the primitive streak posterior to the primitive node. At
this point, the newly formed mesoderm translocates anterolaterally towards the anterior lateral plate
mesoderm(primary heart field)(13) then condenses into cardiogenic cresents on both sides(12,14). The
cardiogenic cresents later merge to form the cardiac tube composed of one/two cell layer of cardiomyocytes,
endocardium and a cardiac jelly that lacks cells(acellular)(13,15). By definition, cardiac jelly is acelluar and
occupies the myoendocardial space between the basement membrane of the primary myocardium and
endocardium. The cardiac jelly functions as a hydraulic skeleton by offering structural support to the primitive
heart tube and has distinct histomorphological organization and properties in the different primitive heart
chambers (15). After the first heart beat, the heart undergoes looping and later five cardiac compartments are
formed which have distinct structural and molecular properties(14). The first chamber is the sinus venosus
which acts as a blood reservoir and pacemaker. It is made up of small size cardiomyocytes, thin walls and little
intracellular myofibrils. The unpartitioned atria lack cardiac jelly(15) and trabeculae whereas the atrioventricular
channel myocardium has strong circular myocyte fiber organization and a lining cardiac jelly(12,14). The
cardiac jelly gets organized into the atrioventricular cushions that will later participate in chamber partitioning
and formation of tricuspid as well as the bicuspid valve(15). The ventricles are characterized by extensive
trabeculation on the inner aspect and accelerated differentiation of cardiomyocytes which reflects their
contractility potential and energy consumption. The outflow tract/conotruncus is the last primitive heart
chamber and is characterized by circular cardiomyocyte organization. It is sourced from the secondary heart
field as a transitory structure that gets re-organized to different structures of the heart(divides the heart outlet
into an aortic and pulmonary part as well as the two major outflow valves)(14). Its muscle component normally
undergoes programmed cell death type | i.e. apoptosis(12,16) apart from the part that yields the pulmonary
infundibulum(12,13).

The molecular regulation of cardiac development is quite complex making the heart quite sensitive to
pertubations(13). Congenital cardiac anomalies are the commonest birth defects with a prevalence of almost 1%
globally. 1%-2% of the population is born with subtle anomalies that manifest with advancing age(17). Other
than signaling molecules, epigenetic factors play a key role in differentiation of cardiac myocytes and chamber
histomorphogenesis thus epigenetic factors contribute to cardiac malformations(13).

I11. Fetal programming

Cardiovascular disease is one of the leading causes of morbidity and mortality globally and several
factors have been associated with the risk of developing cardiovascular disease i.e. cigarette smoking, physical
inactivity, obesity and high fat diet(1-3). Currently, there is a paradigm shift from these traditional risk factors
with epidemiological evidence showing that low birth weight babies, high birth weight babies(7,18) and babies
that had fetal growth retardation have an increased death rate that is related to high blood pressure, stroke, type
Il diabetes mellitus, ischaemic heart disease and impaired glucose tolerance(19-21). The risk of developing
cardiovascular disease following fetal growth retardation and maternal malnutrition has been termed fetal
programming and two mechanisms have been hypothesized i.e. metabolic programming and cardiovascular
system remodeling(5).

V. Oxidative stress in metabolic programming

Oxidative stress, which is a disparity between the manufacture and removal of reactive species/free
radicals (Reactive Oxygen Species-ROS and Reactive Nitrogen Species-RNS) (22)with a favor for manufacture,
has been majorly implicated in fetal programming(23,24). Intra-uterine growth restriction, regardless of the
cause, is linked with reduced oxygen concentration in the placenta with consequent placental oxidative stress
and anomalous placental function(25). The over accumulation of reactive species results in oxidative destruction
of macromolecules(23). Manufacture of reactive species follows aerobic metabolism and the body has defined
mechanisms for striking a balance between manufacture and removal(24,26). An offset of this established
equilibrium either in form of over-manufacture or a reduction in antioxidant molecules results in accumulation
of destructive ROS and RNS(25). Reactive Oxygen Species found in human beings comprise superoxide(02.-),
hydrogen peroxide(H202), hydroxyl radical(.OH) and peroxynitrite(ONOO-) their main source being
uncoupled mitochondrial electron transport chain following normal metabolism(18,22). Cardiomyocytes
consume lots of energy thus have high numbers of mitochondria and high O2 demand which in-turn contributes
to the high production of ROS making them very vulnerable to oxidative stress injury(22). ROS have been
shown to act as signaling molecules, inducers of gene transcription and participate in placenta formation thus
they play a key role in embryo-fetal maturation(23,27). Despite their influential role in embryo-fetal maturation,
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an excess of ROS destroys macromolecules(proteins, nucleic acids-DNA, lipids in cell membranes) which leads
to fatigue or dysfunction of striated muscles including the cardiac muscle(22). The antioxidant levels in embryos
and fetuses are usually low, making them very vulnerable to oxidative stress following an increase in the levels
of reactive species(23).

Despite the injurious nature of reactive oxygen species, studies have shown that they are required for
optimum embryo development(18). Embryos and fetuses develop in environments of low oxygen and have low
antioxidant capacity which makes them to be more susceptible to oxidative stress(18). With further placenta
formation and maturation, oxygen transfer to the embryo and fetus increases, which in-turn increases the
intracellular formation of reactive oxygen species. The reactive oxygen species participate in cellular signaling
pathways that result in induction of transcriptional genes like HIF1A, NFKB1 and CREB1 which participate in
cell differentiation, multiplication and oxygen sensing(17,18,28). An imbalance between production and
removal of reactive oxygen species will result in oxidative stress injury with the plasma membrane and other
membrane bound intracellular structures being the most severely affected because of their high concentration of
phospholipids that are easily oxidized by the superoxide anion(0,)(18). Other than phospholipids, nucleic acids
and proteins are also a major target for oxidative stress injury and reactive oxygen species may interact with
proteins and Deoxyribonucleic Acid(DNA) resulting in aminoacid oxidation that alters normal structure and
function(29). The mitochondria in particular is very susceptible to oxidative stress injury because its DNA is not
wound on histone proteins and furthermore it lacks tight DNA repair mechanisms(18,23,29). Reactive oxygen
species may as well interact with DNA base pairs resulting in epigenetic and genetic alterations, the former
through interference with DNA methylation and histone modification(24,26,30) in tissues within the heart and
pulmonary arteries(18). The epigenetic alteration of genes involved in cardiovascular embryohistogenesis and
physiological control mechanisms result in impaired renal development thus reduced nepphron mass which
manifests as poor renal handling of sodium, remodeling of blood vessels(stiffening and endothelial dysfunction)
and reduced numbers of cardiomyocytes with resultant fibrosis, hypertrophy and later cardiac dysfunction(23).

V. Maternal nutrition and fetal programming

The prenatal period is a very critical period in future cardiovascular morbidity(31) for it presents the
most vital phase of developmental plasticity with subsequent fetal programming(32). Studies have shown a
connection between intrauterine hormonal and nutritional environment as a major influence for full expression
of the fetal genome(19,31,33). Both nutrient excess and deficiency has been associated with fetal programming
with nutrient deficiency leading to an excess of glucocorticoid exposure whereas nutrient excess leads to
oxidative stress(32). Fetal programming as a manifestation of developmental plasticity becomes apparent later
in life as an adaptation mismatch(32,33). Human and animal studies have shown low a nephron mass and
cardiac muscle cells in offspring’s of undernourished mothers during pregnancy which has a direct correlation
with the risk of developing renal failure and hypertension(32). Malnutrition and low birth weight are a major
contributor to reactive oxygen species in-utero which creates an imbalance between production and removal
thus oxidative stress in a fetus whose mechanisms to eliminate reactive oxygen species is limited(18,34). The
excess reative oxygen species may result in modulation of gene expression as well as damage to the plasma
membrane(24,30). The oxidative stress damage has been shown to have a direct causal link to metabolic
syndrome, ischaemic heart disease, diabetes mellitus and hypertension. Studies on human cord blood have
demonstrated low levels of non-enzymatic antioxidants(vitamin A, C and E) in preterm infants as compared to
term infants with a positive correlation between maternal vitamin A and E with that of the preterm infant,
implying that fetal vitamin A and E levels are dependent on maternal levels(34,35). Gestational diabetes is a
source of oxidative stress as these mothers have been shown to have high levels of malondialdehyde, an
indicator of oxidative stress and low levels of non-enzymatic antioxidants vitamin A and E as well as low levels
of enzymatic anti-oxidants, glutathione peroxidase and superoxide dismutase(32,34).

Pregnancy presents a high metabolic state and a high macro- and micronutrient demand state with the
former playing a major role as antioxidants and in antioxidant enzymatic pathways(7,23,24). Iron is one of the
micronutrients in high demand in pregnancy and maternal anaemia is one of the major causes of maternal
morbidity with a causal link to low birth weight infants and preterm delivery which in-turn is associated with
fetal metabolic programming through dysregulation of corticotropin releasing hormone and insulin like growth
factor 1(7). Under nutrition in pregnancy has been shown to influence the passage of cortisol through the
placental barrier through a mechanism that reduces the enzymatic barrier 11 Beta Hydroxysteroid
Dehydrogenase(11BHSD) leading to high levels of cortisol in the fetus which establishes a high catabolic state
that is associated with an increase in production of reactive oxygen species thus off-setting the delicate balance
between the levels of antioxidants and reactive oxygen species in the developing human(7).
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VI. Conclusion
Intrauterine growth retardation is a major cause of fetal and neonatal illness and it has been shown to be

one of the contributors to cardiovascular morbidity later in life regardless of the cause as it presents a general
state of low oxygen levels with subsequent generation of reactive species, both ROS and RNS that alter the
epigenome with resultant cardiovascular remodeling early in life which presents as subclinical cardiovascular
disease that progresses throughout one’s life.
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