Chapter 2

Developmental Origins of Hypoxic Pulmonary
Hypertension and Systemic Vascular
Dysfunction: Evidence from Humans
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Sophie Garcin, Emrush Rexhaj, Yves Allemann, and Urs Scherrer

Abstract Epidemiological studies have shown an association between pathologic events occur-
ring during fetal/perinatal life and the development of cardiovascular and metabolic disease in
adulthood. These observations have led to the so-called developmental origin of adult disease
hypothesis. More recently, evidence has been provided that the pulmonary circulation is also an
important target for the developmental programming of adult disease in both experimental animal
models and in humans. Here we will review this evidence and provide insight into mechanisms that
may play a pathogenic role.
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2.1 Introduction

2.1.1 The Barker Hypothesis

The initial observations made by Barker and colleagues [1], that individuals born
with a low birth weight present increased cardiovascular mortality in adulthood,
gave rise to the “Barker hypothesis.” This hypothesis postulated that environmental
factors, in particular nutritional, could act during the early phases of life and deter-
mine the risk to suffer from metabolic and/or cardiovascular disease later in life.
Since then, many epidemiological studies have confirmed the association between
impaired fetal growth (deduced from birth weight or body composition) and an
increased incidence of cardiovascular diseases, type 2 diabetes mellitus, or their
precursors: dyslipidemia, impaired glucose tolerance, or vascular endothelial dys-
function. The terms “fetal programming” and “developmental origin of adult dis-
eases” were coined to describe these associations. Interestingly, this association is
not only present in children with extremely low birth weight, since in children with
normal birth weight the cardiovascular risk is also inversely related to birth weight.
In some conditions, adverse developmental influences could also affect disease risk
without birth size affected [12].

Developmental plasticity provides organisms with the ability to change structure
and function in response to environmental cues. These changes usually take place
during critical time windows, and then become permanent, and thereby permit a
range of phenotypes to develop from a single genotype. The predictive developmen-
tal adaptive responses are thought to optimize the phenotype for the probable envi-
ronment of the mature organism. Where there is a match between the predicted and
actual mature environment, these predictive adaptive responses are appropriate and
assist survival. Conversely, inappropriate predictions increase the risk of disease.
Modeling suggests that such lagged responses aid the survival of the species [11].

To explain his observations, Barker postulated that when the fetal environment
is low in nutrients, the fetus adapts its metabolism to increase its chances of sur-
vival after the birth in presumably similarly poor conditions. However, if the
actual environment will be richer in food than predicted, then the adaptations pro-
grammed during the pregnancy might be deleterious and predispose to disease in
adulthood [15].

In humans, such a situation occurred towards the end of World War II. A Dutch
epidemiological study showed that an insufficient caloric intake in pregnant moth-
ers during the period of famine of the winter 1944—1945 increased the risk of the
offspring to develop cardiovascular or metabolic diseases in adulthood, and this
even in the presence of a normal birth weight [30]. Noteworthily, the girls born from
these pregnancies in period of famine gave themselves birth to children of lower
than normal weight, suggesting the possibility of a transgenerational transmission
of the consequences of a perinatal insult [28].



2 Developmental Origins of Hypoxic Pulmonary Hypertension... 19
2.2 Underlying Mechanisms

A diet restricted in caloric or protein intake is the most widely used experimental
animal model to study underlying mechanisms by which environmental cues may
influence the developmental program. These studies have indicated two potential
candidate mechanisms.

2.2.1 Altered Tissue Differentiation

When the fetus does not have sufficient substrates for its development, differentia-
tion and growth of certain tissues may be altered. For example, in the rat, a low
caloric diet during pregnancy induces a reduction in the number of f cells in the
pancreas. This may explain, at least in part, the increased risk of diabetes in the
adult offspring.

Similarly, a reduction in the number of nephrons has been suggested to be
responsible for the increased risk of hypertension, whereas a reduction of the quan-
tity of cardiomyocytes may explain the increased risk of cardiovascular disease in
the adult offspring of restrictive diet pregnancies [26].

2.2.2 Epigenetic Alterations

The term “epigenetic” indicates changes of gene expression that are not related to
modifications of the DNA sequence.

Gene expression is controlled by the epigenome, which comprises chromatine
structure and DNA methylation. Methylation at the 5" position of cytosine occurs in
60-90 % of CpG dinucleotides within the vertebrate genome and is associated with
stable variation in gene expression. Methylation of CpG-rich clusters, termed CpG
islands, is associated with transcriptional repression, whereas hypomethylation is
associated with transcriptional activation [6, 29]. DNA methylation inversely cor-
relates with histone acetylation [22]. Acting mainly on promoters, these covalent
changes in DNA and histone structure affect the extent to which the transcription
machinery is able to access specific regions of the DNA over extended periods of
time. These modifications are maintained during cell division, may persist through-
out the life span of the individual [13, 21, 23] and transmitted to the next generation,
although the mechanism for epigenetic inheritance is not yet well understood.

Recent studies have provided evidence for the potential role of epigenetic mech-
anisms underpinning the fetal origin of adult diseases. In rodents, uteroplacental
insufficiency and hypoxia increase acetylated histone H3 and alter DNA methyla-
tion in vitro, and may cause DNA hypomethylation and increased histone acetyla-
tion in the postnatal rat liver [25].
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In humans, individuals who were prenatally exposed to famine during the Dutch
Hunger Winter in 1944-45 had, 6 decades later, less DNA methylation of the
imprinted /IGF2 gene compared with their unexposed, same-sex siblings. This asso-
ciation was specific for periconceptional exposure, reinforcing the concept that very
early mammalian development is a crucial period for establishing epigenetic marks
that may persist throughout life [17].

Until recently, the DNA methylation pattern was thought to be irreversible in
adult post-mitotic cells. However, recent data suggest that histone deacetylase
inhibitors are capable of inducing replication-independent demethylation of ectopi-
cally methylated genes by increasing histone acetylation [42]. Accordingly, supple-
mentation of pregnant mice with methyl-donor and cofactors (folic acid, vitamin
B12) increases CpG methylation in the offspring, and this pattern is retained into
adulthood [40].

Epigenetic alterations may have important functional consequences later in life.
For example, offspring of mothers that show increased pup licking/grooming and
arched-back nursing (high LG-ABN mothers) exhibit reduced fearfulness, decreased
hypothalamic CRF expression, and more modest hypothalamic—pituitary—adrenal
responses to stress during the first week of postnatal life. As adults, offspring of
high LG-ABN mothers show increased hippocampal glucocorticoid receptor
expression and enhanced glucocorticoid feedback sensitivity compared to offspring
of low LG-ABN mothers [7]. This protective maternal behavior during the first
week of life is associated with global DNA demethylation, and increased histone
acetylation in the hippocampus of the offspring [38].

In line with this concept, central infusion of the histone deacetylase inhibitor
richostatin A normalized histone acetylation, DNA methylation, hippocampal glu-
cocorticoid receptor expression, and hypothalamic—pituitary—adrenal responses to
stress in the adult offspring of high LG-ABN dams [43].

Interestingly, although the effects of maternal care or Trichostatin A administra-
tion involve a large number of genes, these effects were quite specific and limited to
a small number of genes suggesting that these interventions did not result in a gen-
eral collapse of gene expression programming.

Although the basis for this specificity remains unknown, these observations may
have important implications for the potential use of such interventions for the treat-
ment of diseases associated with epigenetic alterations (Fig. 2.1).
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Fig. 2.1 Fetal/perinatal insults may induce epigenetic alterations (DNA methylation, histone
deacetylation) that can alter transcription. Despite being stable and maintained during cell division
throughout the life span, epigenetic alteration may be reversed by pharmacological agents, such as
histone deacetylase inhibitors (Sodium Butyrate, Trichostatin A, Valproic Acid)

2.3 Pulmonary Arterial Hypertension and Fetal
Programming

Very recently, we provided evidence, in both experimental animal models and in
humans, that the pulmonary circulation is also an important target for the develop-
mental programming of adult disease.

2.3.1 Environmental Insult During the Perinatal Period

During the perinatal period, the pulmonary circulation undergoes important struc-
tural and functional changes to allow the sudden transition from gas exchange by
the placenta to gas exchange by the lungs. During this period, the pulmonary circu-
lation is particularly vulnerable to noxious stimuli.

In line with this concept, in rats, exposure to hypoxia during the first days of life
induces a transient increase of pulmonary artery pressure, and predisposes to exag-
gerated pulmonary vasoconstrictor responses to hypoxia and monocrotaline in
adulthood [14].

During studies at the high-altitude research laboratory Capanna Regina
Margherita in the Alps (4559 m), we have demonstrated a similar phenomenon in
young healthy adults who had suffered from transient lack of oxygen during the
first few days after birth [31]. Indeed, in these subjects, the altitude-induced
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Fig. 2.2 Pulmonary-artery pressure measured at low (560 m) and at high altitude (4550 m) in
young adults having suffered from transient perinatal hypoxia and control subjects

increase in pulmonary artery pressure was more than 50 % larger than in control
subjects (Fig. 2.2).

The mechanism underlying this exaggerated vasoconstrictor response is not
known yet, but there is evidence that this pathologic response is related to a func-
tional rather than a structural defect. Data in rats show that transient hypoxia during
the first few days leads to decreased eNOS expression in the lungs [36]. Thus,
impaired NO synthesis may represent a potential mechanism. In line with this
hypothesis, NO inhalation caused a substantially larger decrease in pulmonary
artery pressure in the subjects with a perinatal insult than in control subjects.

These findings provided the first evidence in humans that a transient insult
to the pulmonary circulation during the perinatal period leaves a persistent imprint
(possibly defective NO synthesis) which, when activated later in the life, predis-
poses to a pathological response. This observation also suggests that survivors of
perinatal pulmonary hypertension may be at risk of developing this disorder later
in life.

Based on these findings, we wondered whether an insult occurring earlier during
gestation may have similar long-term effects on the pulmonary circulation and, if
so, may predispose to chronic hypoxic pulmonary hypertension.

To answer these questions, in collaboration with Bolivian researchers at the
Instituto Boliviano de Biologia de Altura, we studied cardiopulmonary adaptation
in high-altitude dwellers living in La Paz, Bolivia (3600—4000 m).
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2.3.2 Environmental Insults During Late Fetal Period

Preeclampsia is the most frequent complication of pregnancy, and its prevalence is
particularly high in high-altitude populations. Preeclampsia refers to the new onset
of hypertension and proteinuria after 20 weeks of gestation in a previously normo-
tensive woman. It occurs in approximately 5—15 % of pregnancies worldwide and is
associated with endothelial dysfunction in the mother which is related to the release
of circulating vasculotoxic factors and the induction of augmented oxidative stress
by the diseased placenta [16, 20, 24, 39]. We speculated that these circulating fac-
tors may pass the placental barrier and leave a persistent imprint in the pulmonary
circulation of the offspring that may predispose to a pathological response later in
life. Accordingly, we found that offspring of preeclampsia had exaggerated pulmo-
nary hypertension. These important observations provide the first evidence in
humans that a pathological event during late fetal development predisposes the off-
spring to pulmonary vascular dysfunction.

The preeclampsia-induced predisposition for exaggerated hypoxic pulmonary
hypertension may have clinical consequences. Exaggerated hypoxic pulmonary
hypertension is an important underlying mechanism of high-altitude pulmonary
edema [32, 33]. Offspring of preeclampsia may be at risk for this problem. In line
with this speculation, several offspring of preeclampsia had suffered from re-entry
high-altitude pulmonary edema. Moreover, offspring of preeclampsia living at high
altitude, or living at low altitude and suffering from disease states associated with
chronic hypoxemia, may be at greater risk for developing sustained pulmonary
hypertension and right heart failure.

The underlying mechanisms are not known.

Augmented oxidative stress may represent a candidate mechanism. Fetal insults
are associated with a persistent increase of oxidative stress in the offspring in humans
and experimental animals [9, 10]. Oxidative stress causes endothelial dysfunction
and facilitates hypoxic pulmonary vasoconstriction in experimental animal models
[8, 19]. Exaggerated oxidative stress during the fetal period may induce endothelial
dysfunction in the offspring by causing epigenetically-induced alterations of the
expression of genes involved in the regulation of endothelial function [44].

Consistent with this hypothesis, adult offspring of restrictive diet pregnancies, a
mouse model of exaggerated oxidative stress during gestation [9] display pulmo-
nary endothelial dysfunction in vitro and exaggerated hypoxia-induced pulmonary
hypertension and right ventricular hypertrophy in vivo. This pulmonary vascular
dysfunction was related, at least in part, to augmented oxidative stress, because
Tempol normalized acetylcholine-induced vasodilation in vitro in offspring of
restrictive diet pregnancy, and its administration during restrictive diet pregnancy
prevented the pulmonary vascular dysfunction and exaggerated hypoxia-induced
right ventricular hypertrophy in the offspring.

Furthermore, preliminary data from our group show that in offspring of pre-
eclampsia exaggerated hypoxic pulmonary hypertension was related, at least in
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Fig. 2.3 Activity of epigenetic regulatory mechanisms during development

part, to increased oxidative stress, because TBARS plasma levels were increased
and treatment with the antioxidant Vitamin C almost normalized pulmonary-artery
pressure.

To test for the role of epigenetic mechanisms, we assessed pulmonary DNA
methylation and examined the effects of the deacetylation inhibitor sodium butyrate
on DNA methylation [3, 5, 18] and pulmonary vascular responsiveness in the off-
spring of restrictive diet pregnacies.

In very preliminary experiments, we observed that restrictive diet during gesta-
tion in mice was associated with altered global DNA methylation in the lung.
Furthermore, administration of the histone deacetylatase inhibitor Butyrate during
pregnancy prevented the alteration of DNA methylation in lung tissue of the off-
spring. Prevention of these pulmonary DNA methylation alterations in the offspring
was associated with prevention of pulmonary endothelial dysfunction in vitro and
exaggerated hypoxic pulmonary hypertension in vivo. This very interesting obser-
vation suggests that epigenetic alterations may be involved in the restrictive diet-
induced impairment of pulmonary endothelial function in mice.

Epigenetic regulatory mechanisms play an important role not only during the
fetal/perinatal period but also around conception during gametogenesis (Fig. 2.3).

Primordial germ cells undergo epigenetic erasure as they migrate along the geni-
tal ridge, and epigenetic marks are reestablished during gametogenesis. For exam-
ple, after fertilization, there is active demethylation of the paternal pronucleus, and
then a second wave of passive demethylation of the zygote genome. Imprinted
genes are protected from this erasure. We therefore wondered whether environmen-
tal insults occurring during this period may have similar long-term effects in the
offspring.
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Fig. 2.4 Fetal/perinatal insults that have been shown to predispose to systemic and pulmonary
vascular dysfunction in human offspring

2.3.3 Environmental Insults During Gametogenesis

Assisted reproductive technologies (ART) involve the manipulation of early
embryos at a time when they may be particularly vulnerable to external distur-
bances. ART is a modulator of the epigenome in several animal species and in
humans [2, 45]. In humans, this method is associated with a higher than expected
frequency of rare imprinting disorders (i.e. Beckwith-Wiedeman and Angelman
syndrome) [4]. The safety of ART for long-term health is therefore of utmost impor-
tance, but there is little information [27, 37]. This may be related at least in part to
the young age of the progeny, since clinically manifest chronic disease may not yet
have had time to develop.

Based on our previous observations in offspring of preeclampsia [34] and in
young adults who had suffered from transient perinatal hypoxia [31] (see above),
we speculated that ART might predispose to vascular dysfunction (Fig. 2.4).

Consistent with this speculation, recent studies in normal mice suggest that ART
is associated with alterations of the activity of enzymes involved in the regulation of
metabolic and cardiovascular homeostasis as well as arterial hypertension in the
adult offspring [41]. No information was available in humans.

Data from our group now demonstrate that children born after ART present sys-
temic and pulmonary vascular dysfunction on high-altitude exposure (a condition
known to facilitate detection of vascular dysfunction in subjects with endothelial
dysfunction) (See chap. 4).
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2.4 Conclusion

Cardiovascular and metabolic diseases were thought to result from the interaction
between the behavior of an individual and his genetic inheritance. Recent data indi-
cate, however, that fetal programming also plays an important pathogenic role.

Among the underlying mechanisms by which fetal programming may lead to
cardiovascular dysfunction, augmented oxidative stress and/or epigenetic altera-
tions appear to play a major role. Fetal programming may occur at various stages of
development and there is evidence that fetal programming-induced alterations are
transmissible from cell to cell throughout life and then also to the next generation.

More importantly from a medical therapeutic standpoint, epigenetic alterations
may be reversed by pharmacological interventions opening a window for the poten-
tial prevention and treatment of cardiovascular and metabolic diseases associated
with fetal programming.
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