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Persistent challenges in managing pulmonary
vascular disease progression and poor
outcomes, despite the aggressive use of
current drug therapies, highlight the need
for identifying novel targets for intervention
and therapeutic strategies that extend
beyond pulmonary vasodilator therapy
alone (1). Recent efforts to enhance clinical
and molecular phenotyping of patient
populations with pulmonary arterial
hypertension (PAH) by incorporating
“precision medicine” strategies through
genetics, genomic and proteomic biomarkers,
technologies that enhance right ventricular
assessments and lung vascular imaging,
and other methods, have generated much
excitement that will likely improve patient
outcomes (2–5). In addition, a key
contributor to morbidity is the relatively
late diagnosis in many patients with PAH,
whose disease is not recognized until the
onset of clinical signs and symptoms, when
substantial pulmonary vascular disease is
already present. Thus, a contemporary
focus in PAH is on early identification and
intervention of at-risk patients before the
development of significant pulmonary
vascular disease (2).

Conclusions from large epidemiologic
studies in unselected patients cast new light
on the spectrum of risk associated with
cardiopulmonary hemodynamics. These
reports identify a sizeable population that

appears vulnerable clinically due to pulmonary
arterial pressure that is minimally elevated
but below the currently accepted range of
abnormal (6, 7). This trend reiterates
the importance of focus on pulmonary
hypertension before end-stage disease and in
this way parallels pivotal clinical trial data in
patients with idiopathic PAH (8) and systemic
sclerosis (SSc)-associated PAH (9) that favor
early and aggressive therapeutic intervention to
improve outcome. Furthermore, converging
observations reporting on the mechanisms
underlying pediatric and adult PAH have
begun to identify previously unrecognized
genetic, molecular, and developmental
factors that predict future or adult-onset
PAH, including preeclampsia (PrE),
chorioamnionitis, and placental insufficiency
with intrauterine growth restriction (10–13)
(Figure 1). Collectively, these advances set
the framework for a new and potentially
transformative era in pulmonary hypertension
in which preventative medicine and patient-
specific therapies are a principal emphasis.

Clinical Detection of
Pulmonary Vascular Disease
at Inception

New Insights on the Spectrum of
Clinical Risk in Pulmonary
Hypertension
The current definition of pulmonary
hypertension requires a mean pulmonary

artery pressure (mPAP) greater than or
equal to 25 mm Hg assessed by right
heart catheterization (RHC) performed
supine at rest (14). The designation of
25 mm Hg as a diagnostic threshold is
based on consensus opinion achieved
originally during the first World
Symposium on Pulmonary Hypertension in
Geneva, Switzerland in 1973 (15). However,
evidence in support of this was based
on early-era RHC studies performed in
normal volunteers. From this, it was
determined that “the mean pressure in
the pulmonary artery does not normally
exceed 15 mm Hg . . . and never exceeds
20 mm Hg. Hypertension is defined if
the pressure exceeds 25 mm Hg” (15).
A number of subsequent studies have
confirmed that mPAP greater than
or equal to 25 mm Hg is, in fact, an
independent predictor of adverse outcome
in patients with PAH (16), parenchymal
lung disease (17), left heart dysfunction (18),
and sickle cell disease (19), among other
patient subgroups. However, fresh data
from large and diverse populations
provides a contemporary opportunity to
interpret the significance of mPAP less
than 25 mm Hg (20).

In the Rochester Epidemiology Project,
the relationship between pulmonary artery
systolic pressure (PASP) measured
noninvasively and outcome was assessed in
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a cross-sectional cohort (N = 2,042; mean
age, 63 yr) over a median follow up of
9 years. A stepwise increase observed in
age-adjusted hazard for mortality beginning
at PASP greater than 23 mm Hg was
2.74 per 10-mm Hg increment (P, 0.001),
which was maintained after excluding
patients with established cardiopulmonary
disease (hazard ratio, 2.73; P = 0.016) (21).
Directionally similar findings were also
observed among African Americans in
the longitudinal Jackson Heart Study
(N = 3,125; mean age, 56 yr), in which each
10-mm Hg incremental increase in PASP
(average, 27.9 mm Hg), when assessed
echocardiographically, was associated with
a significant increase in the hazard for heart
failure–related hospital admission at 3.5
years (hazard ratio, 2.75; P, 0.0001) (22).

Given the limited accuracy of
echocardiography for estimating mildly

elevated pulmonary artery pressure (23),
however, sufficiently powered cardiac
catheterization studies remained necessary
to confirm trends from these and other
noninvasive studies. Recently, RHC results
from a national, unselected cohort of
Veteran patients (N = 21,727) showed a
continuous relationship between mPAP
and adjusted hazard for all-cause mortality
beginning at z19 mm Hg (6). Patients with
mPAP 19 to 24 mm Hg, which represented
z25% of the study population, were at
significantly increased risk for mortality and
hospitalization by 23 and 7%, respectively,
compared with patients with mPAP less
than or equal to 18 mm Hg. Furthermore,
the consequences of an increase in mPAP by
1 mm Hg on mortality risk was highest in
that analysis between 19 and 24 mm Hg
compared with any mPAP level greater than
or equal to 25 mm Hg.

A summary of reports illustrating the
clinical significance of subdiagnostic mPAP
level is provided in Table 1. Overall,
findings from these studies suggest that
unrecognized opportunity may exist to
influence adverse outcome before evidence
of end-stage pulmonary hypertension,
although at this time data informing the
consequences of treating at-risk patients by
virtue of mPAP less than 25 mm Hg remain
forthcoming. Early identification of
pulmonary vascular disease is clearly
important in the pediatric setting as
well, even in the neonatal setting,
especially in preterm infants. For example,
mild echocardiographic evidence of
pulmonary hypertension at postnatal
Day 7 is highly predictive of the
subsequent risk for bronchopulmonary
dysplasia (BPD) and late pulmonary
hypertension (24).
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Figure 1. Developmental origins of pulmonary arterial hypertension (PAH). This figure illustrates the concept that fetal programming and developmental events can
cause sustained disruption of vascular signaling pathways and growth that increases the risk for late-onset PAH. Decreased vascular surface area due to antenatal
factors, such as preeclampsia, maternal hypertension, obesity, and placental dysfunction, may limit progressive growth of the lung vascular bed, which further
shortens the timing of disease onset and trajectory in response to secondary injuries, such as hemodynamic stress, inflammation and infection, toxins, dietary and
metabolic factors, and others. PVD=pulmonary vascular disease.
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Barriers to Early Diagnosis: Lessons
from PAH
Pulmonary arterial obliteration or severe
narrowing may be present in up to 70%
of the pulmonary circulatory bed in patients
at the time of PAH treatment initiation
(2). Delayed diagnosis of pulmonary
hypertension or PAH is a well-established
contributor to inappropriate treatment and
late referral to specialized care centers (25).
This is partly due to nonspecific symptoms
that are common at the time of clinical
presentation, such as dyspnea, low
prevalence of PAH relative to other
cardiopulmonary diseases, and inadequate
awareness of pulmonary vascular disease
diagnostic criteria among healthcare
providers (26, 27). Even in modern clinical
trials, such as the AMBITION (initial use of
Ambrisentan plus Tadalafil in Pulmonary
Arterial Hypertension) study, which enrolled
treatment-naive patients with PAH (8),
baseline clinical characteristics were
indicative of moderate or severe disease
defined by mPAP z49 mm Hg, pulmonary
vascular resistance (PVR) z10 Wood units,
and World Health Organization functional

class III in z70% of participants. This
pattern is consistent across other trials
assessing the early initiation of drug therapy
(28) and overall underscores the importance
of maintaining a high clinical index of
suspicion for PAH in at-risk patients.

Exercise Testing for the Assessment
of Subclinical Pulmonary Vascular
Dysfunction
In SSc, approximately 20% of patients
with normal resting cardiopulmonary
hemodynamics ultimately develop PAH
(29). Therefore, SSc status is a unique risk
factor for PAH that does not hinge on
symptomatology or rare genetic variants.
This, in turn, identifies SSc as a target
subgroup for testing methods that provoke
pulmonary vascular dysfunction to develop a
strategy toward early diagnosis of PAH and
other forms of pulmonary vascular disease.

Kovacs and colleagues demonstrated
that in patients with SSc without
parenchymal lung disease or PAH (N = 29),
resting mPAP greater than 17 mm Hg was
associated with a decrease in 6-minute-walk
distance (3966 71 vs. 4886 76 m,

P, 0.001) and peak volume of oxygen
extraction (766 11 vs. 906 24% predicted,
P = 0.05) compared with matched patients
with mPAP less than 17 mm Hg (30). These
findings were recapitulated in a larger,
mixed cohort that included patients with
SSc as well as others with risk factors for
primary cardiac and pulmonary disease
(N = 141) (31). In that study, mPAP 20
to 25 mm Hg was present in 22% and
corresponded to increased mPAP/cardiac
output slope and decreased peak volume
of oxygen extraction (20.96 4.7 vs. 16.96
4.6 ml/min/kg, P, 0.01) at peak exercise,
as well as greater mortality at a median
follow up of 4 years (4 vs. 19%).

On the basis of these collective findings,
it is evident that classifying patients by
their cardiopulmonary hemodynamic
response to exercise has important
ramifications on diagnosing PAH early.
Yet, universally accepted criteria
defining “exercise-induced pulmonary
hypertension” (EI-PH) remain lacking.
At the World Symposium on Pulmonary
Hypertension at Dana Point in 2008 (32)
and Nice in 2013 (33), it was suggested that

Table 1. Summary of Clinical Study Data Demonstrating the Adverse Functional Consequences of Resting Pulmonary Artery
Pressure Levels below the Current Diagnostic Threshold for Pulmonary Hypertension

Study (Reference)
Patients

(N) Clinical Phenotype
PA Pressure
(mm Hg)

Diagnostic
Modality Outcome Measure

Lam et al. (21) 2,042 Random sample,
Olmsted County

PASP:
15–23 vs. 24–25;
26–29; 30–32

ECHO ↑Adj. mortality

Mutlak et al. (108) 1,054 Post-MI PASP: <35 vs. .35 ECHO ↑Heart failure admission
Choudhary et al. (22) 3,215 Jackson Heart Study PASP: >33 vs. ,33 ECHO ↑Heart failure admission
Kovacs et al. (30) 29 Scleroderma-

PAH/lung disease
mPAP: ,17 vs. .17 RHC ↓pV

:
O2

↓6MWD
Hamada et al. (109) 68 Idiopathic pulmonary

fibrosis
mPAP: ,17 vs. .17 RHC ↑Unadj. mortality

Kovacs et al. (34) 141 Referral population at
risk for PH

mPAP: ,21 vs. 21–24 RHC ↑PVR
↑mPAP/CO
↑TPG/CO
↓pV

:
O2

↓6MWD
Lau et al. (31) 290 Referral population

with unexplained
dyspnea or PH risk

mPAP: ,21 vs. 21–24 RHC ↓Exercise workload
↓6MWD
↑PVR at peak exercise
↑mPAP at peak exercise

Heresi et al. (7) 1,491 Referral population at
risk for PH

mPAP: 10–20 vs. 21–24 RHC ↑Mortality

Maron et al. (6) 21,727 Referral population,
Veterans Affairs

mPAP: <18 vs. 19–24 RHC ↑Adj. mortality
↓Adj. event-free survival

Assad et al. (110) 4,343 Referral population at
risk for PH

mPAP: <18 vs. 19–24 RHC ↑Adj. mortality

Definition of abbreviations: 6MWD= 6-minute-walk distance; Adj. = adjusted; CO = cardiac output; ECHO= echocardiography; MI =myocardial infarction;
mPAP =mean pulmonary artery pressure; PA = pulmonary artery; PAH = pulmonary arterial hypertension; PASP = pulmonary artery systolic pressure;
PH = pulmonary hypertension; pV

:
O2 = peak volume of oxygen consumption; PVR = pulmonary vascular resistance; RHC = right heart catheterization;

TPG = transpulmonary gradient; Unadj. = unadjusted.
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mPAP greater than 30 mm Hg at peak
exercise, which had previously been the sole
EI-PH criterion, was insufficient, because
this could be achieved by elevated
(but physiological) cardiac output levels
during exercise in well-trained athletes.
Additionally, the effect of increased age
on mPAP during exercise was also not
considered by the traditional EI-PH
definition, but several reports have
since addressed these issues.

In a retrospective metaanalysis of 1,187
invasive exercise tests performed between
1948 and 2003 in patients without evident
cardiopulmonary or pulmonary vascular
disease, a gradient in resting mPAP was
observed by age (,30 yr, 12.86 3.1 vs.
30–50 yr, 12.96 3.0 vs. >50 yr, 14.76
4.0 mm Hg) (34). The magnitude of this
difference across age groups exaggerated at
submaximal exercise, in which the upper limit
of normal for study subjects younger than 50
years and 50 years or older was 29 mm Hg
and 46 mm Hg, respectively. Other reports
suggest that age may also affect PVR, possibly
to a greater extent than mPAP (35).

It appears that analyzing cardiopulmonary
hemodynamic variables in combination
improves the diagnostic accuracy of exercise
testing. Total pulmonary resistance
(mPAP/cardiac output) plus mPAP at peak
exercise is superior to either measurement or
PVR alone in characterizing cardiopulmonary
hemodynamic abnormalities induced by
exercise. In one study, total pulmonary
resistance greater than 3 Wood units and
mPAP greater than 30 mm Hg yielded a
sensitivity of 0.93 and specificity of 1.0 for
discriminating control subjects from patients
with normal resting mPAP and PVR but
pulmonary vascular disease by clinical history
or left-heart disease unmasked by exercise
(36). When applied retrospectively to
historical datasets of healthy control
subjects, use of this approach was associated
with a substantial reduction in the rate of
exercise-induced pulmonary hypertension
false-positive diagnoses when compared
with traditional criteria (34).

Basic Mechanisms of Right
Ventricular–Pulmonary Arterial
Uncoupling during Exercise
Data from small studies have suggested that
impaired nitric oxide bioactivity (37),
increased uric acid (38), or transpulmonary
release of aldosterone (39) are involved in
the pathophysiology of impaired exercise
tolerance in pulmonary hypertension. More

recently, Lewis and colleagues used a
multiplexed liquid chromatography–mass
spectrometry platform to identify 21
metabolites that were associated with at
least two hemodynamic indicators of right
ventricular (RV)–pulmonary arterial
uncoupling, which describes redistribution
of cardiac work from generating blood flow
(i.e., oxygen delivery) to maintaining blood
pressure in the pulmonary circulation (40).
In patients with preserved left ventricular
systolic function and dyspnea referred for
invasive cardiopulmonary exercise testing,
a step-up in kynurenine, anthranilate, and
quinolinate levels across the pulmonary
circulation (radial arterial2 pulmonary
arterial levels) was observed in participants
with elevated PVR, decreased RV ejection
fraction, and impaired pulmonary vascular
compliance at peak exercise. By identifying
these factors, which were also increased
in peripheral plasma from patients with
PAH in that study and, collectively, are
indoleamine 2,3 dioxygenase–dependent
tryptophan metabolites as novel biomarkers
of RV–pulmonary arterial uncoupling,
the authors provide critical insights into
the pathogenesis of exercise dysfunction
in patients. However, these findings
may also shed new light on the
mechanistic underpinnings of pulmonary
vascular injury, as indoleamine 2,3
dioxygenase–dependent tryptophan
metabolites are associated with
immunomodulatory signaling in hypoxic
experimental models of PAH in vivo (41).

On the basis of the concept that early
disruption of angiogenesis or vascular
development reduces vascular surface
area, alternate strategies that better assess
microvascular growth may also prove helpful
to predict changes in the lung circulation
that precede changes in PAP and promote
RV–pulmonary arterial uncoupling.

Early-Life Programming
and Future Pulmonary
Hypertension Onset

Developmental Origins Hypothesis
and the Epidemiology of
Cardiopulmonary Disease
An inverse relationship between birth
weight and probability of coronary heart
disease later in life was established first in
1907, reproduced in the modern era (42),
and since expanded to include late-onset
asthma and pulmonary hypertension (43).

In one twin study, birth weight less than or
equal to 2,500 g corresponded to a 43%
increase in the hazard for developing
pulmonary vascular disease of any cause
after age 12 years (44). However, it is
unlikely that birth weight itself is the
principal determinate of these associations
(45). For example, abnormal placental
histology with striking vascular lesions and
evidence of “underperfusion” was strongly
associated with lower birth weights in
preterm infants and a higher risk for
pulmonary hypertension and BPD (46). Links
between antenatal stress and an increase in
risk of impaired lung development and/or
pulmonary hypertension that persists
throughout infancy have been demonstrated
in animal models of intrauterine growth
restriction, PrE, and chorioamnionitis,
perhaps reflecting the importance of impaired
angiogenesis that is common to these
syndromes and critical throughout
development (47–49).

Fetal or perinatal triggers of late-onset
right heart dysfunction, which do not hinge
on birth weight, have also been reported and
include the use of assisted reproduction
technology (50), detrimental patterns in
maternal nutrition (51), and maternal PrE
(52). More recently, echocardiogram studies
of young adults who were born prematurely
showed smaller RV chamber size, thicker
RV mass, and lower RV ejection fraction,
which were strongly related to the severity of
prematurity at birth (53).

These observations imply that
perturbing the normal maternal–fetal
relationship or placental function may
induce reprogramming of tissue-specific
response pathways activated by exposure to
adverse environmental stimuli encountered
in the childhood and early adult phases
of development. Thus, fetal/perinatal
nutritional deficiency is implicated in
dysregulation of processes critical to
PAH pathobiology, including cellular
metabolism (54), cell proliferation (55), and
tissue sensitivity to hormones (56, 57). Data
outlining the potential pathobiological
mechanisms by which to account for the
developmental origins of pulmonary
hypertension in adulthood are discussed in
detail next, with particular emphasis on
developmental plasticity and epigenetics.

Developmental Plasticity and
Epigenetic Mechanisms in PAH
Developmental plasticity describes
genotype–phenotype uncoupling in
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response to environmental stimuli that
occurs over months to years and, therefore,
falls on a spectrum between homeostasis
(e.g., seconds to minutes) and natural
selection (e.g., generational) (58).
Epigenetic mechanisms likely function as
adaptive or maladaptive interfaces between
genetic substrate and environmental stimuli
(59, 60). Some modifications are reversible
with withdrawal of the stimulus, although
epigenetic inheritance has been observed
in animal models through imprinting,
transmission of DNA methyltransferase-
deficient repetitive retrotransposons, RNA-
dependent modification of the embryonic
genome, and histone retention (61, 62). High
rates of incomplete penetrance are reported in
carriers of germline mutations associated with
PAH, which further suggest that epigenetic

mechanisms determine incident disease. For
example, only 20% of bone morphogenetic
protein receptor-2 mutation carriers express
the PAH clinical syndrome (63), despite the
fact that these mutations are identified in more
than 70% of familial PAH (64).

Principal epigenetic mechanisms
include DNA methylation, histone
deacetylation, chromatin remodeling, and
regulation of target gene expression post-
transcriptionally by interfering noncoding
RNAs. Collectively, these processes
influence gene expression without affecting
DNA sequence (as reviewed in Reference 65)
(Figure 2). Succinctly, the structural
orientation of chromosomal DNA involves
the formation of nucleosomes, which
comprise DNA chromatin-histone protein
complexes. In contrast to heterochromatin,

which is characterized by densely packed
nucleosomes and transcriptionally inactive
DNA, euchromatin contains spaced
nucleosomes accessible to nuclear factors or
repressors and, thus, is transcriptionally
regulated (66). Covalent attachment of a
methyl group to single-stranded regions of
DNA containing the cytosine-phosphate-
guanosine dinucleotide sequence (CpG)
may alter gene transcription by physically
inhibiting binding of factors that induce or
repress transcriptional activation or by
recruitment of histone deacetylase enzymes
that alters the structure of chromatin to
further inhibit access of transcriptional
factors to genes. In turn, preprogrammed
methylation induced enzymatically by
DNA methyltransferases occurs during
embryogenesis and appears to be necessary
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for ensuring normal gene coding,
although methylation in response to such
environmental stimuli as social stress and
nutritional exposure is reported in the
development of acquired cardiovascular,
neurogenic, and tumorigenic diseases
(66, 67).

Long noncoding RNAs and small
noncoding RNAs (e.g., microRNAs [miRs]
and small inhibitory RNAs) mediate
epigenetic DNA and histone modification
regulation through various mechanisms,
including transposon repression via induced
DNA methylation, histone deacetylation
through recruitment of argonaute proteins
(i.e., the catalytic component of the RNA-
induced silencing complex that promotes
gene silencing), and inhibition of gene
transcriptional initiation by targeting coding
region of DNA (e.g., the TATA-box
sequences). The role of these noncanonical
intermediaries in PAH pathogenesis has
been described recently (68), particularly
with respect to their activation after
exposure to classical triggers of pulmonary
vascular remodeling, such as hypoxia or
endothelin-1 (69, 70). Compared with
methylation reactions, the role of
noncoding RNAs in the delayed
development of PAH, however, remains
less well defined.

Oxidant Stress, Epigenetic
Modification, and Pulmonary Vascular
Disease
Perturbation to the redox potential of
pulmonary vascular cells is an important
epigenetic mechanism linked to
developmental plasticity. Decreased
pulmonary arterial compliance is observed
in offspring of rats exposed to chronic
hypoxia during gestation (71). Rexhaj
and colleagues assessed nutritional
deficiency effects on pulmonary endothelial
function (72). Offspring of pregnant mice
exposed to FIO2

16% for 2 weeks and fed a
restricted diet had impaired acetylcholine-
induced vasodilation of pulmonary artery
rings ex vivo compared with rats exposed
to hypoxia but fed a standard diet (72).
Impaired endothelium-dependent pulmonary
vasodilation corresponded to increased
PASP and RV mass. In that study, hypoxia-
induced pulmonary hypertension in
progeny from calorie-restricted mice was
associated with a decrease in the number of
methylated groups in lung tissue. The
administration of tempol, a nonspecific
antioxidant, during calorie-restricted

pregnancy normalized lung methylation,
prevented pulmonary endothelial
dysfunction, and improved pulmonary
hypertension in vivo, suggesting a redox
basis for epigenetic regulation of
pulmonary vascular function.

Hypermethylation of a CpG island
within the enhancer region of the
superoxide dismutase-2 (SOD2) promoter
down-regulates SOD2, which is an
antioxidant enzyme via its catalyzing the
dismutase of superoxide anion to the
weaker oxidant hydrogen peroxide (H2O2).
This finding parallels observations
indicating decreased expression of
mitochondrial SOD2 (in the absence of
DNA mutations) in pulmonary artery
smooth muscle cells (PASMCs) harvested
from patients with PAH (73) and
demonstrates a decrease in H2O2 that is due
to epigenetic regulation of SOD2. In other
disease models, however, an increase in
superoxide anion accumulation is a
precipitating event that induces disrupted
methylation of SOD (74). Thus, it appears
that alterations to the redox potential of
pulmonary vascular cells may be a cause
or consequence of epigenetics.

Convergence of Epigenetic
Mechanisms and PAH Pathobiology
The bromodomain (BRD) is a highly
conserved 110–amino acid motif consisting
of four a-helices linked by two loops
and is present in proteins that interact
with transcription factors, histone
acetylases, and nucleosomes to induce
epigenetic modification of DNA (75).
Up-regulation of BRD4, in part through
miR-204, promotes transcription of the
protooncogene MYC (76) in selected
tumorigenic cell lines (76). However,
there is important overlap in the molecular
basis of many cancers and the vasculopathy
of PAH (77–79). In both conditions,
up-regulation of survivin (80), nuclear
factor of activated T cells (81), hypoxia
inducible factor-1a (82), and protein kinase
B–mammalian target of rapamycin complex
signaling (55, 83) are observed and alter
cellular oxygen sensing to disrupt normal
cellular bioenergetics and induce cell
survival, growth, and proliferation.

On the basis of these associations,
Meloche and colleagues investigated miR-
204-BRD4 signaling in PASMCs harvested
from patients with PAH (68, 84). They
observed that BRD4 overexpression is
increased by sevenfold in distal pulmonary

arterioles (and increased as well in RV
cardiomyocytes) in PAH, which
was contingent on down-regulation of
miR-204 (68). In turn, molecular inhibition
of BRD4 prevented up-regulation of
nuclear factor of activated T cells-c2, Bcl-2,
and survivin in cultured PAH-PASMCs.
Treatment with miR-204 mimics and/or
pharmacological inhibition of BRD4, in
turn, reversed angioproliferation in
Sugen-5416/hypoxia-PAH rats to improve
pulmonary hypertension and RV
hypertrophy in vivo.

Others have demonstrated convergence
of epigenetic mechanisms in pulmonary
artery endothelial cells (PAECs), including
impaired transcription factor myocyte
enhancer factor 2 signaling that is due to
excess nuclear accumulation of histone
deacetylase (HDAC) 4 and HDAC5. The
functional consequences of HDAC4/5-
induced inhibition of myocyte enhancer
factor 2 includes a decrease in miR-424 and
miR-503 that promotes endothelial cell
apoptosis and the development of
plexogenic lesions in experimental PAH
in vivo (85). The possibility of HDAC
function in the development of an
abnormal phenotype in PASMCs and
fibroblasts, and as a potential treatment
target in PAH, is supported by findings
from other groups as well (86–88).

Pulmonary Vascular Disease
Inception through the Lens of
Developmental Biology
The relevance of genetic, epigenetic, and
developmental origins of pulmonary
vascular disease is illustrated by the natural
history of BPD. In the “postsurfactant era,”
BPD most often affects premature infants
born 24 to 28 weeks post-menstrual age
during the late canalicular or early saccular
phase of lung development (89). Key
triggers for BPD in at-risk infants include
exposure to hyperoxia, ventilator-induced
lung injury, inflammation, and sepsis.
Improved respiratory care, surfactant
administration, antenatal steroids,
aggressive nutritional support, and
other measures have improved survival,
yet the prevalence of BPD continues
to increase. Although abnormal lung
development is a cornerstone feature of
BPD, dysregulated vascular growth and
structure play an increasingly recognized
role in the pathogenesis of pulmonary
hypertension (90, 91), which occurs in
z25% of cases (92).
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Normal embryonic vascular
development requires vascular endothelial
cell–specific vascular endothelial growth
factor (VEGF) and its target receptors Flt-1
and Flk-1 (90). For example, tetraploid
embryos transfected with VEGF
homozygous null embryonic stem cells
result in a midgestation lethal phenotype
due, in part, to failed lung development (93).
Brief pharmacological inhibition of
VEGF signaling in the late fetus or after
birth causes sustained impairment of
alveolarization as well as severe pulmonary
hypertension (90, 94, 95). Recent studies
suggest that the developing endothelium
plays a key role in enhancing alveolar type
II cell growth and maturation through
angiocrine signaling involving nitric oxide,
hepatocyte growth factor, retinoids, and
other vasoactive factors (96, 97),
Similarly, postnatal intratracheal
adenovirus–mediated VEGF gene therapy
that restores VEGF and VEGF receptor 2
expression promotes normal lung capillary
formation and alveolarization and improves
survival in hyperoxia experimental BPD
in vivo (97). These and other similar
observations (98–100) support a
connection between impaired VEGF
bioactivity, vascular development, and
pulmonary hypertension in BPD.

Clinical data suggest that early
echocardiogram findings of pulmonary
vascular disease in preterm infants at
postnatal Day 7 were strongly associated
with the risk of subsequent pulmonary
hypertension, severe BPD, and late
respiratory events during infancy (101).
Interestingly, offspring to mothers with

PrE are at high risk for developing BPD
and pulmonary hypertension. In PrE,
oversynthesis of placental-derived Flt-1
increases VEGF–Flt-1 binding to inhibit
VEGF bioavailability (102), which
likely impairs fetal lung vascular
development due to direct effects on fetal
angiogenesis or indirectly through
impaired placental vascular structure
and function (48).

Vertical transmission of signaling
intermediaries that affects disease risk in
offspring is also observed in models of
persistent pulmonary hypertension of the
newborn, which is characterized by failure
of pulmonary vascular resistance to
attenuate after fetal transition to postnatal
circulation. In PAECs harvested from fetal
sheep undergoing partial ligation of the
ductus arteriosus in utero, for example,
decreased VEGF and endothelial nitric
oxide synthase expression is observed
compared with controls (103, 104). These
findings correspond to impaired vascular
tube formation and PAEC growth in vitro
(105) via increased Ras homolog gene
family member A (RhoA) activation (106).

Given the key role of abnormal RhoA-
dependent signal transduction in adult-
onset PAH (107), these data from pediatric
patients seem to illustrate a problem in the
larger pulmonary vascular disease field in
which the current pulmonary hypertension
classification system, tied closely to
clinical risk factors and demographics
(e.g., pediatric vs. adult, hypoxia vs. vascular
congestion), may limit the recognition of
common molecular pathways across
subphenotypes. Greater efforts are

warranted to bridge knowledge gaps
between developmental origins of disease
and late-onset pulmonary hypertension
along these lines.

Conclusions

Findings demonstrating the importance of
environmental factors during gestation for
determining pulmonary vascular function
“across the lifespan” have exposed an
important connection between fetal health,
epigenetics, and pulmonary hypertension
(Figure 2). Overlap in abnormal signaling
pathways between pediatric and adult PAH,
particularly VEGF and RhoA, indicate
potential commonality of disease origins
across clinical phenotypes that seem
unrelated currently. Clinically, a number
of large population studies now show a
consistent signal toward increased risk
for adverse outcome in patients with
cardiopulmonary hemodynamics below the
current diagnostic threshold for pulmonary
hypertension. Overall, these findings permit
a transition toward focus on factors
underling disease inception for the purpose
of innovating and ultimately implementing
preventative strategies for pulmonary
vascular disease. n
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