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Abstract. - The risk stratification of young
adults between subjects who will develop a
mild form of atherosclerosis and subjects who
will undergo a severe disease remains inaccu-
rate. In the eighties of the previous century, Da-
vid JP Barker has demonstrated the relationship
between fetal conditions and occurrence of pa-
thologies in adulthood. In this paper, the multi-
ple evidence that might explain the increased
susceptibility to severe forms of atherosclero-
sis, including stroke and cardiac infarct, in sub-
jects who underwent intrauterine growth re-
striction (IUGR) will be analyzed. Specifically,
we will review those inter-connected data indi-
cating an association between a low weight at
birth and an adult phenotype which might fa-
vor a severe outcome of atherosclerosis. Young
and adult subjects born too small (IUGR) or too
early (pre-terms) might represent a subgroup of
“at risk subjects”, more susceptible toward se-
vere forms of atherosclerosis. Given that low
birth weight (LBW) may be considered a surro-

gate of IUGR, this phenotypic feature could be
considered among those indispensable clini-
cal data collected in every patient presenting
with atherosclerosis, irrespectively of age. Ac-
cording to the hypothesis that structural arte-
rial changes might represent the link between
LBW and susceptibility to atherosclerosis lat-
er in life, we suggest that the prevention of ath-
erosclerosis should begin at birth. Regenera-
tive and physiological substances such as thy-
mosin Beta-4 could be challenged for a new “ar-
terial regenerative medicine” in the perinatal pe-
riod. The goal of this new approach should be
the reinforcement of the structure of the arterial
wall, allowing LBW newborns to avoid the most
severe complications of atherosclerosis later in
life: a dream that our research could contribute
to bringing to life.
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Introduction

Atherosclerotic cardiovascular disease, includ-
ing myocardial infarction, ischemic cardiomy-
opathy, stroke and peripheral arterial disease,
accounts for most of the mortality worldwide'.
An epidemiologic transition has been observed
in recent years, regarding the incidence of athero-
sclerotic disease in different geographical areas.
Previously considered a major health problem
restricted to the industrialized world, today ath-
erosclerosis is spreading around the globe, with
high picks of incidence in the more populous
developing areas®*. Multiple factors are involved
in the changing landscape of atherosclerosis. Un-
dernutrition and micronutrient deficiency contin-
ue to affect mothers and children of developing
countries. Moreover, low birth weight (LBW) and
retarded fetal growth are at least twice as com-
mon in developing countries. As a consequence,
the association between LBW and atherosclerosis
should be considered in these geographical zones*
(Figure 1).

This global spread has been paralleled by
an evolution of concepts regarding pathogen-
esis, prevention, and therapy of atherosclero-
sis, changing the landscape of this complex
multifactorial disease’ (Figure 2). The clini-
cal spectrum of patients with atherosclerosis is
broad, ranging from asymptomatic subjects to
mild-moderate disease, to patients with severe
and critical illness, including stroke and cardiac
infarct®. The changing face of atherosclerosis re-
gards even the classic candidates for heart attack
and stroke. Previously, at-risk groups for severe
complications of atherosclerosis were identified
in middle-aged smoking men, with hypertension
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Figure 1. Schematic representation of the multiple factors
involved the spread atherosclerosis in developing countries.
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Figure 2. Schematic representation of the differences
between the previous classic candidate and today classic
candidate in the changing landscape of atherosclerosis.

and hypercholesterolemia. Today we have to fo-
cus our attention on younger people, obese and
women, as well as to very old people’. However,
even if some important parameters of risk have
been identified in the past years, the models of
risk related to the occurrence of stroke and myo-
cardial infarction are largely imperfect. This
suggests that there are missing key elements
that need to be identified. Risk factors should be
identified, in particular, for apparently healthy
young adults at higher risk for undergoing se-
vere complications related to the atherosclerotic
process®. Their early identification might allow
planning of effective targeted therapies in the
early course of the disease. Among the multiple
new concepts relating to atherosclerosis, envi-
ronmental conditions occurring during pregnan-
cy have been indicated as a risk factor for the
development of atherosclerosis later in life>!?. In
particular, maternal dyslipidemia might induce
preterm birth and change the phenotype of the
newborn, favoring the insurgence of a meta-
bolic syndrome and atherosclerosis in adult-
hood'". LBW in neonates undergoing intrauter-
ine growth restriction (IUGR) has been indicat-
ed as a potential risk factor for endothelial cell
dysfunction, which later on might predispose to
early insurgence of atherosclerosis'?. According
with this hypothesis, vascular susceptibility to
undergo plaque formation in the arterial wall
might be programmed before birth.

In this review, we will discuss the evidence
emerging from the literature on the possible
association between a derangement in fetal de-
velopment of the cardiovascular system and the
early insurgence and progression of atheroscle-
rotic plaques later in life.
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The Barker Hypothesis

In the eighties of the previous century, David
J.P. Barker published a pivotal study” in which
maternal malnutrition during gestation was cor-
related with the susceptibility of the newborn
to develop atherosclerosis and ischemic heart
disease in adulthood. The Barker’s hypothesis
was based on epidemiological data on the occur-
rence of coronary heart disease in subjects whose
body weight at birth was recorded. A statisti-
cally significant correlation was found between
the death rates from coronary heart disease and
birth weight. Higher rates of cardiac attack were
evidenced in subjects with LBW as compared
to subjects with a birth weight in the normal
range'*'">. Over the years, the Barker’s hypothesis
has been confirmed by evidence collected in mul-
tiple human diseases. [UGR has been associated
with a susceptibility to undergo end-stage kidney
disease in adulthood. The following sequence
of events has been proposed: (1) malnutrition
during gestation; (2) negative influence on kidney
development; (3) low nephron number at birth;
(4) vascular lesions in middle and small kidney
arterial vessels; (5) glomerulosclerosis; (6) kidney
failure'®. Interestingly, in recent years multiple
studies allowed a better understanding of the un-
derlying pathways that link LBW to an increased
cardiovascular risk*.

LBW and Severe Outcome
of Atherosclerosis

According with the Barker’s hypothesis, the
knowledge of LBW might help to identify a
subgroup of young/adult subjects, apparently in
good health, but at higher risk for develop the se-
vere forms of atherosclerosis. However, an open
question remains: which is the linkage between
LBW and a severe course of atherosclerosis? The
first answer regards the biological implications of
LBW. In those newborns at term, LBW (<2,500
g) has been indicated as a robust surrogate of [U-
GR, and a strong predictor of long-term morbid-
ity'”. LBW may be also related to preterm labor,
prematurity being associated with the incomplete
development of multiple fetal organs, including
lungs' kidneys' and brain****. According to the
developmental origin of diseases in adulthood
(DODA), LBW might represent the “first hit”.
LBW might reflect epigenetic factors occurring
during gestation and should represent a predis-
position to develop cardiovascular disease later
in life. Exposure to other environmental factors
in the postnatal life, including a fat diet, might

represent the “second hit”. The latter is necessary
for the clinical presentation of the disease, deter-
mining an additive model where predisposition
and external causes interact to produce a critical
condition. The study by Goodfellow et al** may
clarify the link between IUGR and a predisposi-
tion of the arteries of LBW newborn to undergo
atherosclerosis later in life. Starting from the
knowledge that hypertension and ischemic heart
disease are associated with LBW, a condition
defined ‘the Small Baby Syndrome’, the authors
tested the hypothesis that endothelial dysfunction
might precede the development of atherosclerotic
plaques in LBW subjects. To verify this hypoth-
esis, Goodfellow and coworkers measured by
ultrasonic ‘wall-tracking’ of flow-related brachial
artery dilatation both in low (<2.5 kg) and nor-
mal (3.0-3.8 kg) birth weight subjects. Flow-re-
lated dilatation was impaired in LBW children,
as compared to normal birth weight subjects.
These findings indicate that endothelial dysfunc-
tion represents the major consequence of fetal
malnutrition, contributing to the insurgence of
the ‘Small Baby Syndrome’ later in life. A further
study aimed at verifying the impact of LBW on
the cardiovascular risk in adulthood, confirmed
the association of LBW with reduced flow-medi-
ated dilatation and with endothelial dysfunction
in young adults. According with the authors,
LBW should be considered a relevant factor in
the pathogenesis of atherosclerosis later in life*.

The Relationship Between Fetal
Programming and the Molecular
Pathways Triggered by
Atherosclerosis: the Pro-Thrombotic
Pro-Inflammatory Phenotype

Trying to explain the correlation between LBW
and a severe outcome of atherosclerosis implies to
consider the multiple molecular pathways trig-
gered inside the atherosclerotic plaque®. The first
one is related to the hemostasis and thrombosis
system, which has been indicated as a key factor
in the evolution of the atherosclerotic plaque.
Changes in the hemostasis and thrombosis sys-
tem are involved in the insurgence of intra-plaque
hemorrhage, intravascular coagulation, thrombo-
sis and embolism in a subset of patients.

IUGR may have relevant consequences on the
hemostasis and thrombosis system. Both fibrino-
gen and Factor VII serum levels in adults are in-
fluenced by maternal malnutrition during gesta-
tion and by LBW?%, A study aimed at verifying
the association between IUGR and susceptibility
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to develop thrombotic events later in life revealed
an association between LBW and polymorphisms
for factor V Leiden and prothrombin, ending
with a thrombophilic phenotype in adulthood?.
According with these studies, LBW might be
considered a robust surrogate for dysregulation
of the homeostasis and thrombosis system. More-
over, LBW should be interpreted as a predictor of
insurgence of intra-plaque hemorrhage or throm-
botic events in the atherosclerotic plaque later in
life. Failure in adequate controlling of the homeo-
stasis of some coagulative factors seems therefore
an outcome of LBW.

Nevertheless, a massive inflammatory and co-
agulative response may be very dangerous in the
evolution of the atherosclerotic plaque, because it
can lead to a diffuse thrombotic angiopathy. As
reported above, endothelial susceptibility due to
LBW may represent a critical background for the
insurgence and progression of atherosclerosis®**.

A pro-thrombotic phenotype associated with
LBW is essentially due to the involvement of the
endothelial cells, which change their anti-throm-
botic properties into a pro-thrombotic behavior.
The endothelial cells of people who have in their
background a LBW could be more prone to react
to the cytokine storm elicited by multiple factors*®.

Again, it could be a realistic option to consider
that endothelial cells of people born with a LBW
could loss the fine balance between anti- and
pro-coagulant forces, a typical feature of endo-
thelial cells in physiology®. In healthy subjects,
the hemostatic system can avoid an excess of
fibrin formation and deposition within the blood
vessels on the one hand but can stop bleeding on
the other. A fine regulation is therefore required
to assure an optimal balance. All actions of the
hemostatic system are therefore controlled to
maintain people distant from both Scylla (bleed-
ing) and Charybdis (thrombosis)*.

Fibrinolysis is another important defensive
system, whose action is to remove fibrin from the
endothelial cell surface. Fibrinolysis is in turn
well balanced by a fine control of its inducers and
inhibitors®. Finally, endothelial cells can provide
also substances, such as nitric oxide, prostacyclin
and an ADP deactivation molecule, in order to
maintain platelets distant from their layer, thus
avoiding their aggregation and involvement in the
thrombotic process*.

If, on one hand, endothelial cells in healthy
subjects protect the host from thrombus formation,
on the other hand, they become strongly prothrom-
botic when a direct injury occurs. In other words,
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it is reasonable to advance the hypothesis that
endothelial cells of people with LBW are more
prone to elicit a prothrombotic response towards
cytokines released from innate immunity cells, in-
cluding monocytes. According with this hypothe-
sis, LBW subjects’ endothelial cells might undergo
an excessive response to any injury, which would
be repaired in normal subjects. A lower thresh-
old towards a chronic endothelial dysfunction is
perhaps the mechanism that in a long time could
make the endothelial cells’ behavior less “friend-
ly” and protective. The exposition of tissue factor,
the trigger of the coagulative cascade®, along with
the involvement of activated platelets at the sites
of the injury, could be the result of a chronic en-
dothelial irritative response. To better understand
this mechanism, one should realize that our hemo-
static system is always working, even in normal
subjects, as a car engine idles. A small amount of
fibrin deposition, in physiology, is removed by fi-
brinolysis. This fine control of the hemostatic sys-
tem protects vessels from thrombotic occlusions.
However, if this mechanism is not properly able
to maintain this delicate balance, a progressive en-
dothelial dysfunction may develop. As it happens
in chronic diseases, endothelial degradation may
occur in the atherosclerotic plaques. Atheroscle-
rosis might thus develop more rapidly in those
subjects with LBW than in patients with normal
birth weight. The outcome of this LBW-related en-
dothelial dysfunction may be the susceptibility to
undergo severe cardiovascular or cerebral events,
including myocardial infarction and stroke. Even
within the atherosclerotic plaque, a dysregulation
in the monocytes capturing oxidized lipoproteins
(LDL) may easily lead to the rupture of the fibrous
cap of the plaque. In physiological homeostatic
conditions, macrophages undergo apoptosis, being
efficiently cleared by a process called efferocyto-
sis. However, in advanced atherosclerosis, defec-
tive efferocytosis may result in necrosis of these
uncleared macrophages, ending with the formation
of the necrotic core that can facilitate the rupture
of the atherosclerotic plaque®. A loss of this con-
trol may further contribute to the progression of
the inflammatory burden of the atherosclerotic
plaque (Figure 3).

Fetal Programming of
Cardiovascular Diseases

The first studies of Barker et al”® were mainly
focused on the role played by an adverse in-
trauterine environment on the susceptibility to
develop cardiovascular diseases later in life. Ma-
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Figure 3. Schematic representation of the mechanisms le-
ading to the increased susceptibility of the severe complica-
tions of atherosclerosis in [IUGR and LBW.

ternal and fetal malnutrition during gestation was
shown to be associated with the susceptibility
to undergo ischemic heart disease in adulthood,
originating the theory of the fetal origins of cor-
onary heart disease’™*®. More recently, multiple
studies® have shown that IUGR results in heart
remodeling, ending with a less efficient heart lat-
er in life. These findings confirmed the existence
of long-term cardiovascular consequences caused
by fetal growth restriction and LBW*.

Among the multiple open questions regarding
the relationship between LBW and the suscepti-
bility to develop severe adult diseases, one con-
cerns the identification of the cells involved in
fetal maldevelopment due to an adverse intrauter-
ine environment. Endothelium has been indicated
as the main target of maternal malnutrition, and
fetal endothelial dysfunction during gestation has
been implicated in the insurgence of multiple or-
gan failure in the newborn*. Endothelial damage
has been proposed as the principal responsible
for vascular remodeling, which might persistently
modify the elastic properties of the arterial wall*.
The sequence of events hypothesized is the fol-
lowing: (1) endothelial dysfunction (starting in
the intrauterine life); (2) changes in thickness of
the intima and media of aorta, carotid arteries
and coronary vessels; (3) changes in arterial stiff-
ness; (4) susceptibility to undergo hypertension®.

Fetal Programming of
the Immune Response

The immune system has been included among
the multiple physiological systems in which in-
trauterine fetal programming may have relevant

consequences persisting in adulthood**. Physical,
social, and psychological maternal stress during
pregnancy may cause significant changes in cyto-
kine production persisting after birth*. Evidence*
indicate that negative prenatal exposure represents
a risk factor for the development of immune dis-
eases later in life. Intrauterine growth restriction
may also be associated with dysfunction of the
innate immune system in preterm infants. LBW
newborns are characterized by the inability to
determine an appropriate immune response?’. Col-
lectively, these data suggest that immune diseases
in children and in adults may have developmental
origins and should be included in the Barker’s
hypothesis*. It could be interesting to know, in
each patient affected by atherosclerosis, whether
the immune response is controlled and balanced
against foreign challenges. In other words, is an
excess of the immune response a key factor as-
sociated to severe forms of atherosclerosis*? The
recent report of plasma cells clusters in a subset of
patients with carotid atherosclerotic plaques rein-
forced the hypothesis that an exaggerated immune
response might represent a pathogenetic factor
responsible for endothelial damage in a subset of
patients with atherosclerosis®. Collectively, these
data could explain why the burden of atherosclero-
sis is so different among the patients, ranging from
an asymptomatic condition to a fatal outcome.
Ideally, a test investigating both the individual im-
mune harmonization and the response to a foreign
attack would be very useful in patients affected by
atherosclerosis, to assess the individual immune
capacity in front of a “friendly fire”.

Discussion

According to the evidence we summarized
above, it is reasonable to hypothesize that athero-
sclerosis should be introduced in the spectrum
of human diseases whose severity might be in-
fluenced by fetal programming. In particular,
a growing body of data’® suggest a possible
relevant role for fetal programming in shaping
the susceptibility of adult subjects, apparently in
good health, to undergo a severe clinical course
of atherosclerosis. Thus, according with the Bark-
er’s hypothesis*®, considering the relevant con-
sequences of IUGR persisting in the adult life,
LBW could be added to the other risk factors
utilized in clinical practice for assessing disease
severity and mortality, in the evaluation of pa-
tients with atherosclerosis.
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This is supported by multiple relevant find-
ings, which indicate LBW as an important index
of fetal growth restriction. LBW is associated
with suboptimal development of multiple critical
organs, including lungs, heart, vessels, kidneys,
and brain (Figure 4). Regarding the cardiovascu-
lar system, IUGR is associated with an adapta-
tive fetal response, which includes the following
pathological changes:

— Changes in fibrinogen and Factor VII serum
levels and dysregulation of the hemostasis and
thrombosis system?’;

— Acquisition of a pro-thrombotic phenotype,
with higher susceptibility to develop thrombot-
ic events®’;

— Heart remodeling, ending with a less efficient
cardiac function®’;

— Endothelial dysfunction, which represents a
risk factor for the insurgence and progression
of atherosclerosis?**%;

— Remodeling of arteries, including changes in
the elastic properties of the arterial wall, a
structural change predisposing to the insur-
gence and progression of atherosclerosis®;

— Dysfunction of the innate immune system?,
which represents a risk factor for immune dis-
eases in childhood and adulthood*:.

Conclusions
Based on data reported in this paper, our

working hypothesis, aligned with a long-standing
research line in the field of fetal programming
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Figure 4. Schematic representation of the Barker’s hypothe-
sis applied to the developmental origin of atherosclerosis ba-
sed on malnutrition during gestation.
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of adult human diseases'>?**>3%  indicates that
young and adult subjects born too small (IUGR)
or too early (pre-terms) should be considered
as a distinct subgroup of “at risk subjects” for
the development of severe, if not fatal, forms
of atherosclerosis. The adaptative fetal response
to reduction of nutrient supply during gestation
is responsible for a specific phenotype, charac-
terized by persisting metabolic, functional, and
structural changes in critical organs, including
the arterial wall. These structural and cell chang-
es might favor the insurgence of the cytokine
storm and the development of diffuse thrombotic
events. These are the most relevant critical events
for the development of the unstable plaque, the
atherosclerotic lesion typically associated with
the most severe forms of atherosclerosis.

Given that self-reported LBW has been demon-
strated to be a good surrogate of TUGR¥, we
suggest that its acquisition should be included
among the indispensable data from every subject
affected by atherosclerosis. The identification of
a new “at risk” group, among young/adults un-
dergoing atherosclerosis, might allow in clinical
practice the identification of the severe form of
the disease in the early phases. The identification
of this “at risk” group in the pre-symptomatic
phase might give significant advantages in the
therapeutic approach. Knowing individual birth
weight could be used for identifying subjects at
a higher cardiovascular risk in the general popu-
lation, starting from childhood. In these subjects,
more precise prevention of cardiovascular disease
could be afforded by a periodical follow up in
their life, overall checking for minimizing other
adjunctive risk factors (the second hit) such as
obesity, smoking and wrong diet.

Finally, once accepted that the development
of atherosclerotic plaques in adulthood may be
related to something that went wrong during
gestation, a new challenge is presenting to sci-
entists involved in atherosclerosis: which way
to put things back to track? Starting from the
assumption that self-repair is the best medicine
for any broken tissue, researchers should first
consider the physiological regenerative approach
previously proposed for the prevention of chronic
renal disease due to disarrangement in kidney de-
velopment™. Following this approach, prevention
of atherosclerosis should start at birth*. Regener-
ative and physiological substances, such as thy-
mosin Beta-4%, could be challenged against this
dangerous phenomenon first in the basic research,
and then, by planning clinical trials in newborns
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with LBW, providing a very long follow-up. Arte-
rial regenerative medicine in the perinatal period
might thus reinforce the structure of the arterial
wall, allowing LBW newborns to escape athero-
sclerosis later in life: a dream that our research
could bring to life.
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