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Fetal programming as the cause of all the evils in
adult humans: atherosclerosis and coronary
heart disease included
Balistreri Carmela R.
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The theory of David Barker on “the fetal origin of adult
diseases” is revolutionising the pathophysiology and ae-
tiopathogenesis of adult human diseases such as ath-
erosclerosis. Atherosclerosis and related coronary heart
diseases (CHDs) appear to be the result of fetal program-
ming, with the cardiovascular system, and particularly the
endothelium component, being the principal target of this
process. This suggests that cardiovascular diseases can
take place during fetal development. This life period is cru-
cial for developmentally programming body systems (such
as the cardiovascular system), their ageing and disease. A
sophisticated interplay of exogenous-gestational environ-
mental factors with the fetal genome induces epigenetic
changes (microRNA, DNA methylation patterns and his-
tone structure alterations) and expression of altered phe-
notypes of developing systems. A poor maternal diet rich
in cholesterol, diabetes, obesity, smoking and exposure to
various environmental pollutants represent the major fac-
tors related to an increased risk and progression of ath-
erosclerosis in postnatal life. The fetal cardiovascular sys-
tem is susceptible to these factors, and developmental
programming events cause endothelial dysfunction, small
coronary arteries, stiffer vascular tree, fewer cardiomy-
ocytes, coagulopathies and atherogenic blood lipid pro-
files in the fetus. Consequently, preventive interventions
are recommended for both parents who want to have chil-
dren, for counteracting the onset of atherosclerosis and
CHDs in new generations.
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Introduction

For many decades, researchers have focussed their interest
and efforts on identifying the mechanisms involved in the
complex pathophysiology of atherosclerosis and its com-
mon complications, such as coronary heart diseases
(CHDs). Thanks to modern treatments, such as new throm-
bolysis and percutaneous coronary intervention proce-
dures, CHDs show a significant reduction in incidence [1].
In addition, the intense experimental investigation in both
animal models and humans has allowed the discovery of

mechanisms and pathways involved in the pathophysiolo-
gy of atherosclerosis and, thereby, to attribute it to diverse
processes [2]. Accordingly, the first process was choles-
terol storage, since accumulation of cholesterol and throm-
botic debris in the artery wall, and more precisely in the
intima, has been shown to be a crucial mechanism. Sub-
sequently (during the time between the 1960s and 1970s),
a typical mechanism in arterial pathology was found to be
the proliferation of smooth-muscle cells in atherosclerot-
ic plaques [2]. Today, it is considered to be a multistep
chronic inflammatory disease, because inflammation rep-
resents the primary mechanism [2]. Well-established evi-
dence supports this, indicating the inflammatory molecu-
lar and cellular pathways involved [3, 4]. These last release
into the vascular microenvironment mediators able to alter
arterial structure and function, and promote atherothrom-
botic events at a systemic level [5]. The best-studied innate
inflammatory pathways are the Toll-like receptors (TLRs),
particularly the TLR-4 and TLR-2, which have been and
are an object of research in atherosclerosis investigations
[6, 7]. Accordingly, their crucial role has been demonstrat-
ed, particularly of the TLR-4, in driving the pathway net-
works involved in the complex pathophysiology of both
atherosclerosis and CHDs [6, 7], as well as in myocardial
infarction as demonstrated by our group [8, 9].

The crucial relevance of inflammation in the onset of ath-
erosclerosis also derives from its role as an independent
mechanism in the condition of allograft arteriosclerosis
(widely quoted in [2]). These data emphasise that inflam-
mation per se, without traditional risk factors, can deter-
mine arterial hyperplasia. Today, in the era of the modern
medicine, including precision and regenerative medicine
and the biotechnologies of the last generation, the modu-
lation of inflammatory pathways, for example via TLR-4,
can influence the onset of atherosclerosis in experimental
models [10, 11]. Validation of these results in humans and
their clinical application is ongoing. In addition, these con-
cepts reduce the importance of risk factors as causal fac-
tors. This leads to the consideration that inflammation is a
“tool” that mechanistically connects alterations induced by
traditional risk factors with changes in the vascular (artery)

Correspondence:
Dr Carmela Rita Balistreri,
PhD, Department of Bio-
medicine, Neuroscience and
Advanced Diagnostics
(Bi.N.D.), University of
Palermo, Corso Tukory
211, IT-90134 Palermo,
carmelarita.bal-
istreri[at]unipa.it

Cardiovascular Medicine · PDF of the online version · www.cardiovascmed.ch

Published under the copyright license “Attribution – Non-Commercial – No Derivatives 4.0”.
No commercial reuse without permission. See http://emh.ch/en/services/permissions.html.

Page 1 of 6



wall related to onset of atherosclerosis and its complica-
tions, such CHDs

Evidence on the central role of inflammation in the patho-
physiology of atherosclerosis is leading to a search for its
primordial origins in the early stages of the life of an in-
dividual, since Dr Barker proposed the theory “of the fe-
tal origin of adult diseases” [12]. Recent findings suggest
that atherosclerosis is the result of the “fetal programming
process”, which governs the development of body systems
and sets their ageing and disease (such as atherosclerosis)
in adult life. Here, a concise overview of recent evidence
in this field is reported and discussed, with the hope to pro-
vide additional knowledge on the mechanisms and path-
ways involved, and to confirm their inflammatory basis in
order to suggest potential interventions.

Does atherosclerosis origin from fetal develop-
mental programming?

Based on Dr Barker’s theory on the fetal origin of adult
diseases [12], today the origin of the major age-related dis-
orders (ARDs) of new progeny may be attributed to devel-
opmental processes occurring during embryonic, fetal and
early postnatal life. This supports the view that the clini-
cal problems of both parents and the exposures to external
influences during the intrauterine/perinatal life of each Eu-
therian mammal, humans included, can permanently mod-
ulate the structure and functionality of specific body sys-
tems, such as the cardiovascular system, predisposing them
to ARDs such as atherosclerosis and CHD. Established ev-
idence supports these concepts. It has been reported that
new progenies born after intrauterine growth restriction
(IUGR) show an augmented risk of perinatal morbidity/
mortality, and those who survive have long-term conse-
quences, specifically a high susceptibility to developing
systemic hypertension, atherosclerosis, CHD and chronic
kidney disease [13]. Hyperactivity of the hypothalamic-pi-
tuitary-adrenal axis, systemic inflammation, and early al-
terations in vascular structure and function have, indeed,
been detected in IUGR new-borns [14]. Furthermore, ma-
ternal hypercholesterolaemia during pregnancy has been
associated with augmented fatty streak formation in human
fetal arteries and accelerated progression of atherosclerosis
during childhood. Consistent with this, data from recent
investigations in genetically more homogeneous rabbits
subjected to temporary diet-induced maternal hypercholes-
terolaemia provide evidence that this condition induces in
the offspring postnatal atherogenesis in response to the hy-
percholesterolaemia. Maternal treatments with cholesterol-
lowering agents or antioxidants have been demonstrated
to decrease fetal and postnatal atherogenesis [15]. Another
study, using an apoE mouse model, demonstrated a strong
effect of fetal programming on the development of ather-
osclerosis [16]. Other studies report that fetal exposure to
high cholesterol, diabetes and maternal obesity is signif-
icantly associated with increased risk and progression of
atherosclerosis in new-borns (amply quoted in [17, 18])
In addition, some studies have shown a relevant role of
epigenomic mechanisms in the transgenerational transmis-
sion of programmed obesity and metabolic syndrome, as
recently reviewed by Desai and colleagues [18].

The endothelium as the key target of fetal pro-
gramming

Evidence has demonstrated that endothelium is the major
target of fetal programming. Its modifications leading to
dysfunction have been shown to primarily derive from ad-
verse parental and fetal environmental conditions. In sup-
port of this evidence, it has been found that levels of the
crucial molecules involved in the physiological maturation
and differentiation of fetal endothelium (vascular endothe-
lial derived growth factor [VEDGF], its receptors and tran-
scription factors) are affected by several adverse condi-
tions, such as chronic hypoxia, maternal food restriction,
altered levels of glucocorticoids and microRNA [19]. In
addition, other studies have shown how chronic hypoxia
and altered maternal clinical conditions impact the matu-
ration and differentiation of endothelium and the vascula-
ture of all the tissues, ranging from feto-placental arteries,
carotid arteries and myocardium, to the cerebrovascular
system and renal, liver and pulmonary arteries [20–22].
Another study also reported that the IUGR condition in
rats affects the function of both endothelium cells and their
progenitors [23, 24]. The relevance of this evidence is par-
ticularly stressed by Musa and co-workers [25]. They have
recently reviewed the data, from about 230 studies, on the
key role of maternal and intrauterine conditions on en-
dothelium structure and function in the offspring, by re-
porting all the related alterations mechanisms and path-
ways involved.

Furthermore, an investigation published in 2018 and con-
ducted in equine embryos has shown that maternal obesity
induces long-term effects in offspring, predisposing them
to obesity and metabolic syndrome [26]. Similar data have
been obtained from a study conducted in the transgenic
apoE*3 Leiden mouse [27]. Specifically, the impact of ma-
ternal consumption of dietary partially hydrogenated veg-
etable oil (PHVO; P), and ruminant milk fat (R) on the
development of atherosclerosis in their offspring has been
investigated [27]. Data obtained demonstrated that there is
a significant effect of maternal diet during pregnancy on
the development of atherosclerosis in the offspring, and
particularly in new-borns born from mothers fed R or P
diet during pregnancy [27]. In addition, the group of Dr
Martino reported that epigenetic factors have a key role in
determining these effects in offspring and may be used as
biomarkers for early detection of children at risk and as tar-
gets for developing new therapies [17].

Based on this evidence, endothelium appears to be the key
target of fetal programming, and this determines its suscep-
tibility to develop dysfunction, conditions related to many
human pathologies, not only of the cardiovascular system
such as ARDs and, indeed, essentially linked to the ageing
process [28–31].

Furthermore, the key role of inflammation as key deter-
minant of programmed atherosclerosis in new-borns is
emerging, as reported in next section.

Inflammation as key determinant of pro-
grammed atherosclerosis in newborns

Given the well-recognised role of inflammation in the on-
set of CVDs such as atherosclerosis and CHDs, its im-
portance in offspring that have experienced prenatal in-
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Figure 1: All the factors recognised to modulate foetal programming that determines an increased activation of hypothalamic-pituitary-adrenal
axis and consequently sustained inflammation. These mechanisms both impact through epigenetic factors the expression of cardiovascular
phenotypes that lead to long-term alterations in structure and function of endothelium, modulating its subsequent functioning in neonatal and
adulthood periods provoking dysfunction, contributing to small coronary arteries, stiffer vascular tree, fewer cardiomyocytes, coagulopathies
and atherogenic blood lipid profiles. All these adverse conditions significantly will increase the susceptibility to onset of atherosclerosis and
coronary heart diseases.

flammation exposure (PIE) has also been investigated.
Specifically, it has been demonstrated that maternal in-
fluenza exposure and febrile genitourinary infections affect
fetal cardiovascular development, predisposing the proge-
ny to CVDs such as atherosclerosis [32–36]. Similar data
have been obtained by investigating maternal pre-pregnan-
cy obesity and diabetes, and excessive gestational weight
gain. Specifically, under these maternal conditions an in-
creased activation of inflammatory pathways and a sus-
tained macrophage infiltration in the placenta has been
detected [37–40]. Furthermore, early onset of maternal
higher blood pressure or preeclampsia during pregnancy
have been associated with a sustained response of inflam-
matory CD4+ T cell subsets, accompanied by higher plas-
ma levels of interleukin-6 (IL-6), IL-17 and tumour necro-
sis factor (TNF)-α in mothers [41]. In addition, it has been
demonstrated that maternal hypertension can affect early
childhood blood pressures and cardiovascular health in
the offspring [42, 43]. Maternal smoking has been also
demonstrated to cause a proinflammatory state, including
elevated maternal serum levels of TNF-α and IL-1β, that
is recognised as an independent risk factor for CVDs
[44–46]. This sustained inflammation has been also
demonstrated to be the result of the crosstalk among in-
flammatory pathways (such as TLR-4), oxidative stress,
over-activation of the renin-angiotensin system (RAS),
NF-κB (nuclear factor “kappa-light-chain-enhancer” of ac-

tivated B cells) deregulated homeostasis, epigenetic repro-
graming, and dysregulation of the immune system and the
hypothalamic-pituitary-adrenal axis [47]. This evidence
has been recently stressed by Deng and co-workers in
a well-structured review [47]. Moreover, oral administra-
tion with pyrrolidine dithio-carbamate (PDTC), a potent
antioxidant, in the second pregnancy trimester has been
shown to effectively prevent PIE-programmed hyperten-
sion, vascular damage [48] and myocardial remodelling
[49] in rats. In addition, early postnatal treatment with
PDTC, N-acetyl-l-cysteine (NAC), a glutathione precur-
sor, or Tempol, a superoxide dismutase-mimetic drug, has
been found to prevent PIE-programmed CVDs in animal
models [48]. Consequently, treatments against inflamma-
tion, oxidative stress, etc. in prenatal and early postnatal
life might be appropriate therapeutic methods for the pre-
vention of PIE-CVDs.

Conclusions and perspectives

Mounting evidence from epidemiological, clinical and ex-
perimental studies has clearly shown a close association
between developmental adversity in utero and an augment-
ed risk of diverse diseases, such as atherosclerosis, in later
life [12]. Fetal stressors such as hypoxia, infections, mal-
nutrition, obesity and fetal exposure to nicotine, alcohol,
cocaine and glucocorticoids may directly or indirectly im-
pact cardiovascular programming, by inducing a sustained
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Figure 2: Some interventions and therapeutic approaches that might reduce the inflammatory status responsible for the altered programming
of the cardiovascular system, and recommendations for modifying the diet, performing physical exercise and adopting interventions on the gut
microbiome in both parents before and during gestation, and in neonatal and adult life of new-borns, are also suggested.

inflammation and activation of hypothalamic-pituitary-
adrenal axis, alterations to cellular and molecular levels
of cardiovascular system, with the result of programming
the endothelium and the susceptibility to onset of diverse
pathologies, such as atherosclerosis [8] (figure 1). The fun-
damental mechanisms and pathways are not completely
recognised. However, the role of inflammation and epige-
netic mechanisms on developing endothelium appears to
be very relevant [9]. Consequently, pharmacological ma-
nipulations of both inflammation and epigenetic mecha-
nisms in the second pregnancy trimester might represent
promising interventional strategies. Accordingly, several
experimental studies in animals show promising data based
on the use of DNA methylation inhibitors and other agents,
such as plant-derived isoflavone-genistein, leptin, folate,
fish oil, omega-3 and vitamin D (figure 2). These treat-
ments can modify the corresponding abnormal epigenetic
alternations and ameliorate the adverse programming ef-
fects caused by prenatal stress [50]. Helpful effects have
been also obtained modifying diet, physical exercise and
performing interventions on the gut microbiome [51, 52].
Scrupulous studies are essential to advance our knowledge
in this field and to develop appropriate treatments, such as
prenatal or postnatal supplementations.

Disclosure statement
No financial support and no other potential conflict of interest relevant
to this article were reported.

References
1 Benjamin EJ, Blaha MJ, Chiuve SE, Cushman M, Das SR, Deo R, et al.;

American Heart Association Statistics Committee and Stroke Statistics

Subcommittee. Heart Disease and Stroke Statistics-2017 Update: A Re-
port From the American Heart Association. Circulation.
2017;135(10):e146–603. doi: http://dx.doi.org/10.1161/
CIR.0000000000000485. PubMed.

2 Libby P. Inflammation in atherosclerosis. Arterioscler Thromb Vasc Bi-
ol. 2012;32(9):2045–51. doi: http://dx.doi.org/10.1161/ATVBA-
HA.108.179705. PubMed.

3 Libby P. Vascular biology of atherosclerosis: overview and state of the
art. Am J Cardiol. 2003;91(3):3–6. doi: http://dx.doi.org/10.1016/
S0002-9149(02)03143-0. PubMed.

4 Pant S, Deshmukh A, Gurumurthy GS, Pothineni NV, Watts TE, Romeo
F, et al. Inflammation and atherosclerosis--revisited. J Cardiovasc Phar-
macol Ther. 2014;19(2):170–8. doi: http://dx.doi.org/10.1177/
1074248413504994. PubMed.

5 Chistiakov DA, Melnichenko AA, Grechko AV, Myasoedova VA,
Orekhov AN. Potential of anti-inflammatory agents for treatment of ath-
erosclerosis. Exp Mol Pathol. 2018;104(2):114–24. doi:
http://dx.doi.org/10.1016/j.yexmp.2018.01.008. PubMed.

6 Roshan MH, Tambo A, Pace NP. The Role of TLR2, TLR4, and TLR9
in the Pathogenesis of Atherosclerosis. Int J Inflamm. 2016;2016:. doi:
http://dx.doi.org/10.1155/2016/1532832. PubMed.

7 Jia SJ, Niu PP, Cong JZ, Zhang BK, Zhao M. TLR4 signaling: a poten-
tial therapeutic target in ischemic coronary artery disease. Int Im-
munopharmacol. 2014;23(1):54–9. doi: http://dx.doi.org/10.1016/
j.intimp.2014.08.011. PubMed.

8 Balistreri CR, Candore G, Colonna-Romano G, Lio D, Caruso M, Hoff-
mann E, et al. Role of Toll-like receptor 4 in acute myocardial infarction
and longevity. JAMA. 2004;292(19):2339–40. PubMed.

9 Balistreri CR, Colonna-Romano G, Lio D, Candore G, Caruso C. TLR4
polymorphisms and ageing: implications for the pathophysiology of age-
related diseases. J Clin Immunol. 2009;29(4):406–15. doi:
http://dx.doi.org/10.1007/s10875-009-9297-5. PubMed.

10 Mortensen MB, Kjolby M, Gunnersen S, Larsen JV, Palmfeldt J, Falk E,
et al. Targeting sortilin in immune cells reduces proinflammatory cy-
tokines and atherosclerosis. J Clin Invest. 2014;124(12):5317–22. doi:
http://dx.doi.org/10.1172/JCI76002. PubMed.

11 Balistreri CR, Ruvolo G, Lio D, Madonna R. Toll-like receptor-4 signal-
ing pathway in aorta aging and diseases: “its double nature”. J Mol Cell

Review article Cardiovasc Med. 2020;23:w02113

Cardiovascular Medicine · PDF of the online version · www.cardiovascmed.ch

Published under the copyright license “Attribution – Non-Commercial – No Derivatives 4.0”.
No commercial reuse without permission. See http://emh.ch/en/services/permissions.html.

Page 4 of 6

http://dx.doi.org/10.1161/CIR.0000000000000485
http://dx.doi.org/10.1161/CIR.0000000000000485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28122885&dopt=Abstract
http://dx.doi.org/10.1161/ATVBAHA.108.179705
http://dx.doi.org/10.1161/ATVBAHA.108.179705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22895665&dopt=Abstract
http://dx.doi.org/10.1016/S0002-9149(02)03143-0
http://dx.doi.org/10.1016/S0002-9149(02)03143-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12645637&dopt=Abstract
http://dx.doi.org/10.1177/1074248413504994
http://dx.doi.org/10.1177/1074248413504994
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24177335&dopt=Abstract
http://dx.doi.org/10.1016/j.yexmp.2018.01.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29378168&dopt=Abstract
http://dx.doi.org/10.1155/2016/1532832
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27795867&dopt=Abstract
http://dx.doi.org/10.1016/j.intimp.2014.08.011
http://dx.doi.org/10.1016/j.intimp.2014.08.011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25158302&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15547160&dopt=Abstract
http://dx.doi.org/10.1007/s10875-009-9297-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19459036&dopt=Abstract
http://dx.doi.org/10.1172/JCI76002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25401472&dopt=Abstract


Cardiol. 2017;110:38–53. doi: http://dx.doi.org/10.1016/j.yjm-
cc.2017.06.011. PubMed.

12 Barker DJ. The developmental origins of adult disease. J Am Coll Nutr.
2004;23(6, Suppl):588S–95S. doi: http://dx.doi.org/10.1080/
07315724.2004.10719428. PubMed.

13 Christensen M, Kronborg CS, Carlsen RK, Eldrup N, Knudsen UB. Ear-
ly gestational age at preeclampsia onset is associated with subclinical
atherosclerosis 12 years after delivery. Acta Obstet Gynecol Scand.
2017;96(9):1084–92. doi: http://dx.doi.org/10.1111/aogs.13173.
PubMed.

14 Yzydorczyk C, Armengaud JB, Peyter AC, Chehade H, Cachat F, Juvet
C, et al. Endothelial dysfunction in individuals born after fetal growth
restriction: cardiovascular and renal consequences and preventive ap-
proaches. J Dev Orig Health Dis. 2017;8(4):448–64. doi:
http://dx.doi.org/10.1017/S2040174417000265. PubMed.

15 Palinski W, Napoli C. The fetal origins of atherosclerosis: maternal hy-
percholesterolemia, and cholesterol-lowering or antioxidant treatment
during pregnancy influence in utero programming and postnatal suscep-
tibility to atherogenesis. FASEB J. 2002;16(11):1348–60. doi:
http://dx.doi.org/10.1096/fj.02-0226rev. PubMed.

16 Goharkhay N, Sbrana E, Gamble PK, Tamayo EH, Betancourt A, Villar-
real K, et al. Characterization of a murine model of fetal programming
of atherosclerosis. Am J Obstet Gynecol. 2007;197(4):416.e1–5. doi:
http://dx.doi.org/10.1016/j.ajog.2007.08.002. PubMed.

17 Martino F, Magenta A, Pannarale G, Martino E, Zanoni C, Perla FM, et
al. Epigenetics and cardiovascular risk in childhood. J Cardiovasc Med
(Hagerstown). 2016;17(8):539–46. doi: http://dx.doi.org/10.2459/
JCM.0000000000000334. PubMed.

18 Desai M, Jellyman JK, Ross MG. Epigenomics, gestational program-
ming and risk of metabolic syndrome. Int J Obes. 2015;39(4):633–41.
doi: http://dx.doi.org/10.1038/ijo.2015.13. PubMed.

19 Pearce WJ, Khorram O. Maturation and differentiation of the fetal vas-
culature. Clin Obstet Gynecol. 2013;56(3):537–48. doi:
http://dx.doi.org/10.1097/GRF.0b013e31829e5bc9. PubMed.

20 Adeoye OO, Bouthors V, Hubbell MC, Williams JM, Pearce WJ. VEGF
receptors mediate hypoxic remodeling of adult ovine carotid arteries. J
Appl Physiol (1985). 2014;117(7):777–87. doi: http://dx.doi.org/
10.1152/japplphysiol.00012.2014. PubMed.

21 Yzydorczyk C, Armengaud JB, Peyter AC, Chehade H, Cachat F, Juvet
C, et al. Endothelial dysfunction in individuals born after fetal growth
restriction: cardiovascular and renal consequences and preventive ap-
proaches. J Dev Orig Health Dis. 2017;8(4):448–64. doi:
http://dx.doi.org/10.1017/S2040174417000265. PubMed.

22 Muñoz-Muñoz E, Krause BJ, Uauy R, Casanello P. LGA-newborn from
patients with pregestational obesity present reduced adiponectin-mediat-
ed vascular relaxation and endothelial dysfunction in fetoplacental arter-
ies. J Cell Physiol. 2018;233(10):6723–33. doi: http://dx.doi.org/
10.1002/jcp.26499. PubMed.

23 Oliveira V, de Souza LV, Fernandes T, Junior SDS, de Carvalho MHC,
Akamine EH, et al. Intrauterine growth restriction-induced deleterious
adaptations in endothelial progenitor cells: possible mechanism to im-
pair endothelial function. J Dev Orig Health Dis. 2017;8(6):665–73. doi:
http://dx.doi.org/10.1017/S2040174417000484. PubMed.

24 Menendez-Castro C, Rascher W, Hartner A. Intrauterine growth restric-
tion - impact on cardiovascular diseases later in life. Mol Cell Pediatr.
2018;5(1):4. doi: http://dx.doi.org/10.1186/s40348-018-0082-5.
PubMed.

25 Musa MG, Torrens C, Clough GF. The microvasculature: a target for nu-
tritional programming and later risk of cardio-metabolic disease. Acta
Physiol (Oxf). 2014;210(1):31–45. doi: http://dx.doi.org/10.1111/
apha.12131. PubMed.

26 Sessions-Bresnahan DR, Heuberger AL, Carnevale EM. Obesity in
mares promotes uterine inflammation and alters embryo lipid finger-
prints and homeostasis. Biol Reprod. 2018;99(4):761–72. doi:
http://dx.doi.org/10.1093/biolre/ioy107. PubMed.

27 Gates L, Langley-Evans SC, Kraft J, Lock AL, Salter AM. Fetal and
neonatal exposure to trans-fatty acids impacts on susceptibility to ather-
osclerosis in apo E*3 Leiden mice. Br J Nutr. 2017;117(3):377–85. doi:
http://dx.doi.org/10.1017/S0007114517000137. PubMed.

28 Balistreri CR, ed. Endothelial progenitor cells (EPCs) in ageing and age-
related diseases: from their physiological and pathological implications
to translation in personalized medicine [Special issue]. Mech Ageing
Dev. 2016;159:1–80.

29 Balistrieri CR Endothelial progenitor cells: a new real hope or only an
unrealizable dream? Dordrecht: Springer International Publishing; 2017.
pp 1–80.

30 Regina C, Panatta E, Candi E, Melino G, Amelio I, Balistreri CR, et al.
Vascular ageing and endothelial cell senescence: Molecular mechanisms

of physiology and diseases. Mech Ageing Dev. 2016;159:14–21. doi:
http://dx.doi.org/10.1016/j.mad.2016.05.003. PubMed.

31 Madonna R, Novo G, Balistreri CR. Cellular and molecular basis of the
imbalance between vascular damage and repair in ageing and age-relat-
ed diseases: As biomarkers and targets for new treatments. Mech Ageing
Dev. 2016;159:22–30. doi: http://dx.doi.org/10.1016/
j.mad.2016.03.005. PubMed.

32 Acs N, Bánhidy F, Puhó E, Czeizel AE. Pregnancy complications and
delivery outcomes of pregnant women with influenza. J Matern Fetal
Neonatal Med. 2006;19(3):135–40. doi: http://dx.doi.org/10.1080/
14767050500381180. PubMed.

33 Mazumder B, Almond D, Park K, Crimmins EM, Finch CE. Lingering
prenatal effects of the 1918 influenza pandemic on cardiovascular dis-
ease. J Dev Orig Health Dis. 2010;1(1):26–34. doi: http://dx.doi.org/
10.1017/S2040174409990031. PubMed.

34 Cocoros NM, Lash TL, Ozonoff A, Nørgaard M, DeMaria A, Jr, An-
dreasen V, et al. Prenatal influenza exposure and cardiovascular events
in adulthood. Influenza Other Respir Viruses. 2014;8(1):83–90. doi:
http://dx.doi.org/10.1111/irv.12202. PubMed.

35 Bôtto-Menezes C, Silva Dos Santos MC, Lopes Simplício J, Menezes de
Medeiros J, Barroso Gomes KC, de Carvalho Costa IC, et al. Plasmodi-
um vivax Malaria in Pregnant Women in the Brazilian Amazon and the
Risk Factors Associated with Prematurity and Low Birth Weight: A De-
scriptive Study. PLoS One. 2015;10(12):. doi: http://dx.doi.org/10.1371/
journal.pone.0144399. PubMed.

36 Ou Y, Mai J, Zhuang J, Liu X, Wu Y, Gao X, et al. Risk factors of dif-
ferent congenital heart defects in Guangdong, China. Pediatr Res.
2016;79(4):549–58. doi: http://dx.doi.org/10.1038/pr.2015.264.
PubMed.

37 Aceti A, Santhakumaran S, Logan KM, Philipps LH, Prior E, Gale C, et
al. The diabetic pregnancy and offspring blood pressure in childhood: a
systematic review and meta-analysis. Diabetologia.
2012;55(11):3114–27. doi: http://dx.doi.org/10.1007/
s00125-012-2689-8. PubMed.

38 Costa-Silva JH, de Brito-Alves JL, Barros MA, Nogueira VO, Paulino-
Silva KM, de Oliveira-Lira A, et al. New Insights on the Maternal Diet
Induced-Hypertension: Potential Role of the Phenotypic Plasticity and
Sympathetic-Respiratory Overactivity. Front Physiol. 2015;6:345. doi:
http://dx.doi.org/10.3389/fphys.2015.00345. PubMed.

39 Ma RC, Tutino GE, Lillycrop KA, Hanson MA, Tam WH. Maternal dia-
betes, gestational diabetes and the role of epigenetics in their long term
effects on offspring. Prog Biophys Mol Biol. 2015;118(1-2):55–68. doi:
http://dx.doi.org/10.1016/j.pbiomolbio.2015.02.010. PubMed.

40 Burton GJ, Fowden AL, Thornburg KL. Placental Origins of Chronic
Disease. Physiol Rev. 2016;96(4):1509–65. doi: http://dx.doi.org/
10.1152/physrev.00029.2015. PubMed.

41 Ribeiro VR, Romao-Veiga M, Romagnoli GG, Matias ML, Nunes PR,
Borges VTM, et al. Association between cytokine profile and transcrip-
tion factors produced by T-cell subsets in early- and late-onset pre-
eclampsia. Immunology. 2017;152(1):163–73. doi: http://dx.doi.org/
10.1111/imm.12757. PubMed.

42 Tobón-Castaño A, Solano MA, Sánchez LG, Trujillo SB. [Intrauterine
growth retardation, low birth weight and prematurity in neonates of
pregnant women with malaria in Colombia]. Rev Soc Bras Med Trop.
2011;44(3):364–70. PubMed.

43 Lazdam M, de la Horra A, Diesch J, Kenworthy Y, Davis E,
Lewandowski AJ, et al. Unique blood pressure characteristics in mother
and offspring after early onset preeclampsia. Hypertension.
2012;60(5):1338–45. doi: http://dx.doi.org/10.1161/HYPERTENSION-
AHA.112.198366. PubMed.

44 Niu Z, Xie C, Wen X, Tian F, Yuan S, Jia D, et al. Potential pathways by
which maternal second-hand smoke exposure during pregnancy causes
full-term low birth weight. Sci Rep. 2016;6(1):24987. doi:
http://dx.doi.org/10.1038/srep24987. PubMed.

45 Huang L, Luo Y, Wen X, He YH, Ding P, Xie C, et al. Gene-gene-envi-
ronment interactions of prenatal exposed to environmental tobacco
smoke, CYP1A1 and GSTs polymorphisms on full-term low birth
weight: relationship of maternal passive smoking, gene polymorphisms,
and FT-LBW. J Matern Fetal Neonatal Med. 2019;32(13):2200–8.
PubMed.

46 Niu Z, Xie C, Wen X, Tian F, Ding P, He Y, et al. Mediating role of ma-
ternal serum interleukin-1beta and tumor necrosis factor-alpha in the as-
sociation between environmental tobacco smoke exposure in pregnancy
and low birth weight at term. J Matern Fetal Neonatal Med.
2018;31(10):1251–8. doi: http://dx.doi.org/10.1080/
14767058.2017.1312332. PubMed.

47 Deng Y, Song L, Nie X, Shou W, Li X. Prenatal inflammation expo-
sure-programmed cardiovascular diseases and potential prevention.

Review article Cardiovasc Med. 2020;23:w02113

Cardiovascular Medicine · PDF of the online version · www.cardiovascmed.ch

Published under the copyright license “Attribution – Non-Commercial – No Derivatives 4.0”.
No commercial reuse without permission. See http://emh.ch/en/services/permissions.html.

Page 5 of 6

http://dx.doi.org/10.1016/j.yjmcc.2017.06.011
http://dx.doi.org/10.1016/j.yjmcc.2017.06.011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28668304&dopt=Abstract
http://dx.doi.org/10.1080/07315724.2004.10719428
http://dx.doi.org/10.1080/07315724.2004.10719428
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15640511&dopt=Abstract
http://dx.doi.org/10.1111/aogs.13173
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28542803&dopt=Abstract
http://dx.doi.org/10.1017/S2040174417000265
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28460648&dopt=Abstract
http://dx.doi.org/10.1096/fj.02-0226rev
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12205026&dopt=Abstract
http://dx.doi.org/10.1016/j.ajog.2007.08.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17904984&dopt=Abstract
http://dx.doi.org/10.2459/JCM.0000000000000334
http://dx.doi.org/10.2459/JCM.0000000000000334
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27367935&dopt=Abstract
http://dx.doi.org/10.1038/ijo.2015.13
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25640766&dopt=Abstract
http://dx.doi.org/10.1097/GRF.0b013e31829e5bc9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23820122&dopt=Abstract
http://dx.doi.org/10.1152/japplphysiol.00012.2014
http://dx.doi.org/10.1152/japplphysiol.00012.2014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25038104&dopt=Abstract
http://dx.doi.org/10.1017/S2040174417000265
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28460648&dopt=Abstract
http://dx.doi.org/10.1002/jcp.26499
http://dx.doi.org/10.1002/jcp.26499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29377113&dopt=Abstract
http://dx.doi.org/10.1017/S2040174417000484
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28689502&dopt=Abstract
http://dx.doi.org/10.1186/s40348-018-0082-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29560535&dopt=Abstract
http://dx.doi.org/10.1111/apha.12131
http://dx.doi.org/10.1111/apha.12131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23758932&dopt=Abstract
http://dx.doi.org/10.1093/biolre/ioy107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29741587&dopt=Abstract
http://dx.doi.org/10.1017/S0007114517000137
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28222826&dopt=Abstract
http://dx.doi.org/10.1016/j.mad.2016.05.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27155208&dopt=Abstract
http://dx.doi.org/10.1016/j.mad.2016.03.005
http://dx.doi.org/10.1016/j.mad.2016.03.005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26993150&dopt=Abstract
http://dx.doi.org/10.1080/14767050500381180
http://dx.doi.org/10.1080/14767050500381180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16690505&dopt=Abstract
http://dx.doi.org/10.1017/S2040174409990031
http://dx.doi.org/10.1017/S2040174409990031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20198106&dopt=Abstract
http://dx.doi.org/10.1111/irv.12202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24373293&dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0144399
http://dx.doi.org/10.1371/journal.pone.0144399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26675007&dopt=Abstract
http://dx.doi.org/10.1038/pr.2015.264
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26679154&dopt=Abstract
http://dx.doi.org/10.1007/s00125-012-2689-8
http://dx.doi.org/10.1007/s00125-012-2689-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22948491&dopt=Abstract
http://dx.doi.org/10.3389/fphys.2015.00345
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26635631&dopt=Abstract
http://dx.doi.org/10.1016/j.pbiomolbio.2015.02.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25792090&dopt=Abstract
http://dx.doi.org/10.1152/physrev.00029.2015
http://dx.doi.org/10.1152/physrev.00029.2015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27604528&dopt=Abstract
http://dx.doi.org/10.1111/imm.12757
http://dx.doi.org/10.1111/imm.12757
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28502089&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21625805&dopt=Abstract
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.198366
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.198366
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23045462&dopt=Abstract
http://dx.doi.org/10.1038/srep24987
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27126191&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29338478&dopt=Abstract
http://dx.doi.org/10.1080/14767058.2017.1312332
http://dx.doi.org/10.1080/14767058.2017.1312332
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28347163&dopt=Abstract


Pharmacol Ther. 2018;190:159–72. doi: http://dx.doi.org/10.1016/
j.pharmthera.2018.05.009. PubMed.

48 Deng Y, Deng Y, He X, Chu J, Zhou J, Zhang Q, et al. Prenatal inflam-
mation-induced NF-κB dyshomeostasis contributes to renin-angiotensin
system over-activity resulting in prenatally programmed hypertension in
offspring. Sci Rep. 2016;6(1):21692. doi: http://dx.doi.org/10.1038/
srep21692. PubMed.

49 Chen X, Tang Y, Gao M, Qin S, Zhou J, Li X. Prenatal exposure to
lipopolysaccharide results in myocardial fibrosis in rat offspring. Int J
Mol Sci. 2015;16(5):10986–96. doi: http://dx.doi.org/10.3390/
ijms160510986. PubMed.

50 Li Y, Gonzalez P, Zhang L. Fetal stress and programming of hypoxic/is-
chemic-sensitive phenotype in the neonatal brain: mechanisms and pos-

sible interventions. Prog Neurobiol. 2012;98(2):145–65. doi:
http://dx.doi.org/10.1016/j.pneurobio.2012.05.010. PubMed.

51 Workalemahu T, Grantz KL, Grewal J, Zhang C, Louis GMB, Tekola-
Ayele F. Genetic and Environmental Influences on Fetal Growth Vary
during Sensitive Periods in Pregnancy. Sci Rep. 2018;8(1):7274. doi:
http://dx.doi.org/10.1038/s41598-018-25706-z. PubMed.

52 Balistreri CR. Anti-Inflamm-Ageing and/or Anti-Age-Related Disease
Emerging Treatments: A Historical Alchemy or Revolutionary Effective
Procedures? Mediators Inflamm. 2018;2018:. doi: http://dx.doi.org/
10.1155/2018/3705389. PubMed.

Review article Cardiovasc Med. 2020;23:w02113

Cardiovascular Medicine · PDF of the online version · www.cardiovascmed.ch

Published under the copyright license “Attribution – Non-Commercial – No Derivatives 4.0”.
No commercial reuse without permission. See http://emh.ch/en/services/permissions.html.

Page 6 of 6

http://dx.doi.org/10.1016/j.pharmthera.2018.05.009
http://dx.doi.org/10.1016/j.pharmthera.2018.05.009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29803628&dopt=Abstract
http://dx.doi.org/10.1038/srep21692
http://dx.doi.org/10.1038/srep21692
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26877256&dopt=Abstract
http://dx.doi.org/10.3390/ijms160510986
http://dx.doi.org/10.3390/ijms160510986
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26006233&dopt=Abstract
http://dx.doi.org/10.1016/j.pneurobio.2012.05.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22627492&dopt=Abstract
http://dx.doi.org/10.1038/s41598-018-25706-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29740100&dopt=Abstract
http://dx.doi.org/10.1155/2018/3705389
http://dx.doi.org/10.1155/2018/3705389
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29576745&dopt=Abstract

