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EDITORIAL

Maternal Hypertension Affects Heart

Growth in Offspring

Kent L. Thornburg

colleagues showed that English men and women

with low birth weight had high rates of cardiac
mortality in adulthood." That finding set off an explo-
sion of epidemiological and basic science studies that
extended Barker’s findings to other populations across
the globe. We now know that babies born at the ex-
tremes of the birth weight scale are at risk for isch-
emic heart disease, heart failure, hypertension, type 2
diabetes mellitus, and other chronic conditions. Birth
weight is not the only indicator of offspring risk. The
list of maternal stressors that impart risk for chronic
disease in offspring has grown over 3 decades on
the basis of hundreds of animal and human studies.
Known maternal stressors include malnutrition, toxic
chemicals, fetal hypoxia, placental shape, and a host of
other detrimental social determinants.? Even common
medical conditions affecting a pregnancy are associ-
ated with elevated cardiovascular risk for both mother
and child. In this issue of the Journal of the American
Heart Association (JAHA), Aye and colleagues® have
documented another maternal medical condition that
may portend heart disease risk in offspring: pregnancy-
induced hypertension,* referred to herein as gestational
hypertension (GH).

Afew decades ago, Professor David Barker and
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GH AND INFANT HEART GROWTH

Aye et al® sought to determine the degree to which
maternal hypertensive disorders are associated with
indexed right and left myocardial masses, chamber
volumes, and performances in the infant at birth and at
3 months. Offspring of hypertensive mothers are likely
to become hypertensive themselves.® In such offspring,
blood pressure increases from childhood into adult-
hood and is a significant cause of high blood pressure
in young adults. These hypertensive young adults have
increased left ventricular (LV) wall mass and reduced
chamber volume.® A critical gap in current knowledge
is the degree to which the abnormal growth trajectory
of the myocardium is driven by maternal hypertension
before birth versus being a postnatal response to el-
evated systolic load or hormonal influences.

Aye et al® used echocardiography to make car-
diac measurements in 134 infants at term birth and
at 3 months of age. Fifty-four had mothers who were
normotensive over the course of gestation, and 80
had GH alone or the more severe form, preeclamp-
sia. The echocardiographic analyses included LV
and right ventricular (RV) volumes, myocardial mass,
and dynamic function. Measurements were indexed
to body surface area or body size. Data were ana-
lyzed by sex, body size, blood pressure, and severity
of maternal disease. LV and RV masses were similar
at birth, whereas end diastolic volume in the RV was
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some 20% smaller at birth in infants born to hyper-
tensive mothers. At 3 months, the RV volume deficit
persisted. The indexed free wall masses were 8%
larger in the LV and 23% larger in the RV compared
with hearts from normotensive mothers. Increases in
RV mass and deficits in end diastolic volume were
related to the severity of the maternal disorder. There
were no functional differences between groups.

NORMAL AND ABNORMAL
CARDIOVASCULAR ADAPTATIONS TO
PREGNANCY

There is no other time in life, outside of pregnancy,
when the normal human body experiences such dra-
matic physiological changes in the cardiovascular sys-
tem.” As pregnancy proceeds, a woman’s total oxygen
consumption increases, and her blood volume and red
cell mass expand. Cardiac output increases by some
50% as the result of increased heart rate, ventricular
stroke volumes, and decreased systemic vascular
input impedance. The walls of arteries, veins, and car-
diac chambers are remodeled to increase compliance.
Renal blood flow and glomerular filtration rates are
increased by 50%.” The uterine arteries enlarge and
remodel profoundly to augment blood flow for the pla-
centa and the growing fetus.

In some pregnancies, these cardiovascular modi-
fications are inadequate or affected by other maternal
conditions. Maladaptation may lead to more serious
complications, including hypertensive syndromes.®
Hypertensive disorders of pregnancy encompass hy-
pertension, end organ pathological conditions, and
severe morbidities, including seizures and stroke.® A
subset of women with GH acquires organ-specific
pathological features that define preeclampsia, a
syndrome that presents in many forms.'® Proteinuria,
endothelial dysfunction, and pronounced edema are
common features that can worsen to include the
HELLP syndrome (hemolysis, elevated liver enzymes,
and low platelet count). In the most severe cases,
preeclampsia includes disease end-organ damage
or eclampsia and seizure activity; such conditions
account for =7% of maternal deaths per year in the
United States'" and many more in low- and middle-
income countries.

ROOT CAUSES OF GH

The root causes of GH are unknown but not for lack
of causative theories.” The underlying cause of GH
remains a mystery. Many cases of preeclampsia are
associated with shallow implantation of the placenta,
characterized by poor remodeling of spiral arteries
that feed the maternal placenta and the abnormal
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release of exosomes and circulating factors that
promote endothelial dysfunction. The placenta is
also a culprit in nonpreeclampsia hypertension on
the basis of its size and shape. Like most complex
chronic diseases, there are genetic and environ-
mental influences that elevate the risk of acquiring
preeclampsia. Although genome-wide association
studies and other genetic studies'® have found loci
associated with the disease, none of them link to a
known pathophysiological process that enlightens
the cause of preeclampsia. Although there is grow-
ing evidence that some women are predisposed to
preeclampsia because of underlying genetic propen-
sities or cardiovascular vulnerabilities before preg-
nancy,' the strength of these findings in explaining
GH is weakened by the fewer cases of preeclampsia
in subsequent pregnancies. The involvement of the
placenta is not a controversial concept because, in
most cases, the delivery of the fetus and placenta
reverses the hypertensive condition.

THE GH-FETAL HEART GROWTH
CONNECTION

The “elephant in the room” question is: how does the
gestational hypertensive syndrome associate with
altered cardiac growth in the fetus? The answer is
unknown. The Aye et al® discovery of associations be-
tween maternal hypertension and cardiac remodeling
in offspring is new and exciting but has no certain bio-
logical explanation.

The Figure represents a mechanistic paradigm, ele-
ments of which could be tested in a prospective study.
It suggests underlying propensities in mothers, envi-
ronmental, epigenetic, and genetic, that alter placenta-
tion. The role of the placenta in causing preeclampsia
is unclear, but there is evidence that a poorly perfused
placenta, because of either its own inadequate vascu-
larization or poor remodeling of the uterine circulation,
leads to oxidative stress within the placenta and within
fetal tissues. In addition, a poorly constructed umbili-
cal microcirculation elevates the impedance faced by
the developing heart. This high resistance condition is
common among babies whose intrauterine growth is
restricted.’®

The fetal myocardium grows by cardiomyocyte
replication with concomitant growth of the microcir-
culation over the first two thirds of gestation. In the
last third of pregnancy, cardiomyocytes go through
a maturation phase that includes terminal differenti-
ation in which nuclear DNA goes through endoredu-
plication. At the time of birth, some 70% to 80% of
cells have terminally differentiated and are no longer
proliferating.'® Over the next few months of postnatal
life, most cells in the myocardium will cease to divide.
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Figure. A framework for understanding the origins of fetal cardiac remodeling in hypertensive

pregnancies.

The model incorporates known or suspected physiological underpinnings of maternal hypertension
likely to affect cardiac growth regulation during prenatal life. It also points to the elevation in maternal
cardiovascular disease risk associated with gestational hypertension.

Thus, the number of cells in the myocardium around
the time of birth is set and maintained over the lifes-
pan. After birth, myocardial growth mostly depends
on cardiomyocyte hypertrophy and the expansion of
other constituents.

The maturation process of fetal myocardium is
sensitive to 2 primary influences: hemodynamic load
and hormone-mediated regulation of proliferation
and terminal differentiation. These processes are well
described in large mammals, such as sheep."” Over
the last third of gestation, acutely increased systolic
load in experimental animals leads to a short spurt
of proliferation among fetal cardiomyocytes, followed
by a steady increase in terminal differentiation and
cessation of proliferation. Thus, chronically “loaded”
fetal hearts have fewer cardiomyocytes at birth com-
pared with normal hearts. Elevated systolic load
augments cellular maturation and abnormal hyper-
trophy, resulting in altered heart chamber anatomical
characteristics.

The fetal ventricles pump in parallel against a com-
mon arterial pressure. The RV is more sensitive to arte-
rial pressure because it is the larger of the 2 chambers
and has a larger radius/wall thickness ratio, higher wall
stress, and a mechanical disadvantage.'® Increases in
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fetal arterial pressure reduce RV stroke volume com-
pared with the smaller LV. Long-term elevations in fetal
arterial pressure lead to remodeling of the ventricles,
especially the RV, which may thicken its free wall at
the expense of its chamber volume, consistent with the
findings of Aye et al.3

Why did the mass of the ventricles in hearts of ba-
bies whose mothers had hypertension increase abnor-
mally over the first 3 months after birth? Under normal
circumstances, systemic arterial pressure more than
doubles within minutes after birth, whereas pulmo-
nary arterial pressure decreases with dilation of the
pulmonary bed and closure of the ductus arteriosus.
Thus, there is a load-driven stimulation of hypertrophy
that occurs normally in the LV. In the Aye et al study,®
both the RV and the LV increased in mass over the
first 3 months in infants born to hypertensive moth-
ers. However, the RV mass outgrew the LV. One can
speculate that vascular impedances were greater in
infants born to hypertensive mothers even with normal
increases in blood pressure, through loss of vascular
compliance. The vulnerable RV would be stimulated
to undergo hypertrophic growth after birth if the com-
promised pulmonary bed did not dilate adequately on
the initiation of breathing.'® Do these changes lead to
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elevated risk for myocardial disease in later life? No
one knows. However, on the basis of extensive animal
studies, one can speculate that babies born to moth-
ers who have GH/pregnancy-induced hypertension
will have elevated risk for ischemic heart disease and/
or heart failure in later life.

WHAT NEXT?

The study by the talented Leeson team?® showed a
previously unknown cardiac growth response in in-
fants born to hypertensive mothers. For this reason,
the report is highly noteworthy. However, we are left
wondering on 2 fronts: (1) maternal physiological pro-
files across gestation that were associated with the hy-
pertension are unknown; (2) the degree to which GH
alone versus hypertension with preeclampsia influence
cardiac growth in offspring remains uncertain. These
issues await further study.

The complexity of blood pressure regulation, as
artfully explained by Arthur Guyton decades ago, is
often forgotten.?® The integration of systems includes
mechanisms that underlie cardiac output, peripheral
resistance, and the renal regulation of blood volume,
all of which are influenced by a host of circulating sub-
stances, dynamic autonomic activity, renal regulation
of blood volume, and structural features of the vascu-
lar tree. Although our understanding of blood pressure
regulatory mechanisms in adults has progressed over
the past 4 decades, it has not led to many large sys-
tematic studies of hypertension in pregnancy. The field
is in need of a comprehensive prospective study that
includes women expecting to become pregnant and
then followed up at frequent intervals over the entire
course of their pregnancy. With the acquisition of all-
encompassing biological data, including “omic” data
across the whole of pregnancy, it would it be possible
to uncover many currently mysterious regulators of hy-
pertensive pregnancies and their effects on offspring.
Although such studies would be expensive, the result-
ing savings in morbidity, mortality, and human suffer-
ing would make such an effort cost-effective indeed.
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