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Abstract

In recent years, the rapid development of medical and pharmacological
interventions has led to a steady decline in certain noncommunicable chronic diseases
(NCDs), such as cancer. However, the overall incidence of cardiovascular diseases
(CVDs) has not seemed to decline. CVDs have become even more prevalent in many
countries and represent a global health threat and financial burden. An increasing
number of epidemiological and experimental studies have demonstrated that maternal
insults not only can result in birth defects but also can cause developmental functional
defects that contribute to adult NCDs. In the current review, we provide an overview
of evidence from both epidemiological investigations and experimental animal studies
supporting the concept of developmental reprogramming of adult CVDs in offspring
that have experienced prenatal inflammation exposure (PIE) during fetal development
(PIE-programmed CVDs), a disease-causing event that has not been effectively
controlled. This review describes the epidemiological observations, data from animal
models, and related mechanisms for the pathogenesis of PIE-programmed CVDs. In
addition, the potential therapeutic interventions of PIE-programmed CVDs are
discussed. Finally, we also deliberate the need for future mechanistic studies and
biomarker screenings in this important field, which creates a great opportunity to
combat the global increase in CVDs by managing the adverse effects of inflammation
for prepregnant and pregnant individuals who are at risk for PIE-programmed CVDs.
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1. Introduction

With the decreased prevalence of communicable diseases worldwide,
noncommunicable diseases (NCDs) have become the greatest threat and burden of
global health expenses, particularly in developing countries and regions that are
undergoing socioeconomic transition. NCDs mainly include cardiovascular diseases
(CVDs), cancers, respiratory diseases, diabetes and various metabolic diseases, which
account for over 70% of global deaths (39.5 million of 56.4 million global deaths),
according to the 2015 Global Health Observatory (GHO) of the World Health
Organization (WHO) (Mendis, Davis, & Norrving, 2015). Among NCDs, CVDs are
the leading causes of death (17.7 million deaths in 2015; 45% of all NCD deaths)
(Mendis, et al., 2015). The clinical therapies and preventive measures for CVDs have
become one of the highest expenditures in health care systems around the world in the
efforts to combat all forms of NCDs (Laslett, et al., 2012). However, the incidence
and mortality of CVDs continue to rise rapidly worldwide, and even the treatment
strategies toward managing traditional risk factors, such as lipid levels and blood
pressure, show significant beneficial effects in the secondary prevention of CVDs
(Gaita & Sperling, 2015). CVD risk factors, such as hypertension, hyperglycemia,
Type |l diabetes, dyslipidemia, atherosclerosis, and metabolic syndrome, are now
more prevalent in adults and even inadolescents into the 21st century (Alvarez, Vieira,
Sichieri, & Veiga, 2011; Eisenmann, 2003). All of this evidence indicates that other
potential critical factors responsible for CVDs were overlooked in the past. The

current dominant scientific opinion assumes that genetic predisposition coupled with



adult lifestyle contributes to the development of CVDs; however, adult lifestyle
changes and weight loss have been relatively unsuccessful in reducing the burden of
CVDs at the public health level (Hanson & Gluckman, 2014).

In the past several decades, extensive epidemiological investigations and
experimental animal studies have demonstrated that early-life environmental insults,
such as maternal exposure to smoking, nicotine, ethanol and caffeine, as well as
several maternal disease conditions, such as obesity, bacterial vaginitis, stress, and
malnutrition, contribute to an increased risk of NCDs, a process that is termed the
developmental origins of health and disease (DOHaD) (D. J. Barker, 2004; D. J.
Barker, Osmond, Forsen, Kajantie, & Eriksson, 2005; Costa-Silva, et al., 2015;
Hanson & Gluckman, 2014; McMillen & Robinson, 2005). Given the practical
constraints of prospective studies and the limited evidence from retrospective studies,
the concept of DOHaD may have been largely overlooked in the past two decades but
has received much attention in light of the recent, rapidly accumulating evidence from
a series of epidemiological investigations and animal model-based studies (D. Barker,
Barker, Fleming, & Lampl, 2013; Hanson & Gluckman, 2014; Rando & Simmons,
2015). This concept of DOHaD has a great implication for our understanding of the
etiologies and disease-causing mechanisms of many forms of NCDs, including CVDs
(Hanson & Gluckman, 2014).

Prenatal inflammation exposure (PIE) has been brought to our attention for more
than ten years. The inflammation can be caused by 1) the classic inflammatory

pathway, also called “hot” inflammation, which is driven by pathogens usually



accompanied by a febrile reaction, such as found in viral, bacterial and parasitic
infections (Calay & Hotamisligil, 2013) or 2) an unknown etiology with a chronic and
relatively lower degree of inflammation, such as chronic inflammation from the
placenta and metabolic inflammation (called “metaflammation”), that is not
accompanied by an increased basal energy expenditure—also called “cold”
inflammation (Calay & Hotamisligil, 2013). Autoimmune diseases, such as systemic
lupus erythematosus, result in chronic inflammation and yield a multitude of adverse
reproductive and obstetric outcomes (Oktem, Yagmur, Bengisu, & Urman, 2016).
Both maternal “hot” and “cold” inflammatory conditions can lead to an increased
incidence of CVDs in offSpring; as such, we named this category ‘PIE-programmed
CVDs”. In this review, we will discuss the concept derived from epidemiological and
experimental studies and the potential mechanisms for PIE-programed CVDs. We
hope this analysis will help to understand the overall physiological and
pathophysiological bases for PIE-programmed CVDs and to create potential, effective

strategies for the early intervention of PIE-programmed CVDs.

2. Epidemiological evidence supporting “PIE-programmed CVDs”

CVDs, which mainly include ischemic heart disease, stroke, hypertensive heart
disease, cardiomyopathies, rheumatic heart disease, atrial fibrillation, aortic aneurysm,
peripheral vascular disease, and endocarditis, currently contribute most to the total
global burden of disease (Moran, Roth, Narula, & Mensah, 2014). PIE remains an

important  unresolved public health problem worldwide, including the



abovementioned “hot inflammation” driven by pathogens (Bastek, Weber, McShea,
Ryan, & Elovitz, 2014; Gorgas, 2008; Gravett, et al., 2012) and “cold inflammation”
(Kim, Romero, Chaemsaithong, & Kim, 2015) caused by obesity, diabetes and other
metabolic diseases (Calay & Hotamisligil, 2013). The initial evidence of maternal
inflammation contributing to CVDs comes from association analyses showing that
inflammatory diseases during pregnancy are commonly associated with low birth
weight and preterm birth (Boggess, Beck, Murtha, Moss, & Offenbacher, 2006; Hay,
et al., 1994), which is prone to cause an increased incidence of CVDs in offspring
(Arends, et al., 2005; de Boo & Harding, 2006; Eriksson, 2016). One remarkable
observation comes from a series of studies on the population born during the period of
the influenza pandemic in 1918; this pool of the population has a significant increased
level of CVDs (Cocoros, et al., 2014; Mazumder, Almond, Park, Crimmins, & Finch,

2010; Myrskyla, Mehta, & Chang, 2013) (Fig. 1).

2.1 Maternal hot inflammation and PIE-programed CVDs

Strong evidence to support the notion that maternal inflammation is causally
associated with CVDs came from a series of studies of offspring in the influenza
pandemic era, which was further supported by observations that maternal influenza
exposure (Acs, Banhidy, Puho, & Czeizel, 2005; Ou, etal., 2016) and febrile
genitourinary infections (Botto, et al., 2014) cause cardiovascular malformations in
the fetus. In 2010, a retrospective study of 1918-1919 influenza pandemic (Influenza

A, HIN1 subtype) cohorts (over 101,068 individuals) in the United States that was



conducted by the National Center for Health Statistics (USA) revealed that prenatal
influenza infection was closely associated with a > 20% excess amount of CVDs,
including ischemic heart disease and diabetes in 62-82-year-old individuals, relative
to cohorts born without exposure to the influenza (Mazumder, etal., 2010). This study
found that the population born in the first quarter of 1919 that was exposed to the
influenza in the second trimester of pregnancy had an overall 10.9% excess of heart
disease, with 25.4% excess ischemic heart disease and 20.8% excess diabetes
compared to the cohorts born in other periods of this influenza epidemic. Gender
differences showed differential birth quarter effects, with only men born in the first
quarter of 1919 having a significantly higher percentage of total heart diseases
(23.1%), with more ischemic heart diseases (32.7%) and hypertensive heart diseases
(21.6%) compared to women (Mazumder, et al., 2010). Another independent study in
the United States, conducted by the National Health Interview Survey, also confirmed
the abowve findings that prenatal influenza exposure resulted in an increased incidence
of CVDs. However, the study revealed that the cohorts exposed to the second or third
waves of influenza during early gestation had decreased risk levels for developing
CVDs (Myrskyla, et al., 2013). Recently, another study of a Danish cohort reported
that the overall incidence of myocardial infarction showed an increased trend in the
1918 and 1968 influenza pandemic cohorts, despite lacking statistical significance
(Cocoros, etal., 2014), which might be attributed to the ungroup analysis based on the
specified exposure time during pregnancy. Taken together, these findings suggest that

the time window of viral exposure during gestation is critical to the development of



future CVDs, of which the second trimester might be the most important window (Fig.

1 and Table 1).

2.2 Maternal cold inflammation and PIE-programed CVDs

Cold inflammation is the consequence of disease conditions such as obesity,
maternal diabetes or hyperglycemia, hypertension, preeclampsia, and smoking.
Several studies have shown that maternal cold inflammation has a significant positive
correlation with CVDs in offspring. Maternal pre-pregnancy obesity, diabetes and
excessive gestational weight gain, whose inflammatory pathways are activated
(Burton, Fowden, & Thornburg, 2016) together with macrophage accumulation and
inflammation in the placenta (Challier, et al., 2008), are considered important risk
factors for the development of cardiovascular and metabolic diseases in early
postnatal life and adulthood. This topic has been extensively reviewed in several
recent publications (Aceti, et al., 2012; Costa-Silva, Simoes-Alves, & Fernandes,
2016; Ma, Tutino, Lillycrop, Hanson, & Tam, 2015; Roberts, Frias, & Grove, 2015).
Early onset of maternal higher blood pressure or preeclampsia during pregnancy can
lead to an imbalance between inflammatory and anti-inflammatory profiles in CD4" T
cell subsets, accompanied by higher plasma levels of interleukin-6 (IL-6), IL-17 and
tumor necrosis factor (TNF)-a in mothers (Ribeiro, et al., 2017). This imbalance can
affect early childhood blood pressures and cardiovascular health in the offspring. For
example, the GUSTO Birth Cohort Study showed that the peripheral systolic blood

pressure of offspring increased by 0.08 mmHg at 3 years of age with every 1 mmHg



increase in the maternal central systolic blood pressure; another study found that the
systolic blood pressure of offspring born to mothers with early-onset preeclampsia
increased by 7.88 mmHg compared with those born to mothers with late-onset
preeclampsia at the age of 6 to 13 years. (Himmelmann, Svensson, & Hansson, 1993,
1994; Jayet, et al., 2010; Lazdam, et al., 2012; Lim, et al., 2015; Tenhola, Rahiala,
Halonen, Vanninen, & Voutilainen, 2006). Maternal smoking or even second-hand
smoke exposure, causing a proinflammatory status including elevated maternal serum
levels of TNF-o and interleukin (IL)-1B (Niu, etal., 2017; Niu, et al., 2016), is
recognized as an independent risk factor for CVDs (Behl, etal., 2013; Cohen, Vella,
Jeffery, Lagercrantz, & Katz-Salamon, 2008; Lawlor, etal., 2004). However, the
direct causal relationship between the maternal cold inflammation and these
abovementioned diseases needs to be further determined.

Collectively, the evidence discussed here indicates that both “hot” and “cold”
maternal inflammation can lead to an increased incidence of CVDs (Fig. 2 and Table

1).

2.3 Maternal hot and cold inflammation-induced preterm birth and low birth
weight

The close link of PIE to offspring CVDs can also be traced from the close
association of preterm birth and low birth weight in PIE-offspring, as preterm birth
and low birth weight are known to be related to the development of CVDs

(Bertagnolli, Luu, Lewandowski, Leeson, & Nuyt, 2016; Eriksson, 2016; Ligi,



Grandvuillemin, Andres, Dignat-George, & Simeoni, 2010; Norman, 2010) (Fig. 1
and Fig. 2). There are many epidemiological observations that maternal viral
infections are closely related to preterm birth and low birth weight. For example,
individuals infected with influenza produce a lower proportion of preterm births
(8.0%) and low birth weight newborns (4.7%) (Acs, Banhidy, Puho, & Czeizel, 2006;
Doyle, Goodin, & Hamilton, 2013; S. S. Lee & Wong, 2012); women with circulating
hepatitis B virus (HBV) DNA show a higher proportion of spontaneous preterm births
(7.3%) than women without HBV infection (1.6%) (Elefsiniotis, et al., 2010;
Mouloudi, et al., 2012; Sirilert, Traisrisilp, Sirivatanapa, & Tongsong, 2014); the
incidence of preterm delivery is 19.7% in human immunodeficiency virus
(HIV)-infected women and 8.5% in healthy women (Lépez, et al., 2016; Lopez, et al.,
2012; Lopez, et al., 2015; Rollins, et al., 2007; Uneke, Duhlinska, & Ujam, 2009);
prematurity is 77% higher in infants of mothers with malaria caused by Plasmodium
falciparum than in infants of mothers with malaria by caused by Plasmodium vivax
(Botto-Menezes, et al., 2015; Nair & Nair, 1993; Tobon-Castano, Solano, Sanchez, &
Trujillo, 2011). In addition, urogenital infections during pregnancy, such as bacterial
vaginosis (Klebanoff, et al., 2005), placental malaria infection (Menendez, et al., 2000;
Oraneli, Okeke, & Ubachukwu, 2013), Chlamydia trachomatis infection (Baud, et al.,
2015; Rours, et al, 2011), schistosomiasis (Mombo-Ngoma, et al., 2017),
Mycoplasma hominis (Paul, et al., 1998), Ureaplasma parvum infection (Agger, et al.,
2014), and sexually transmitted diseases (H. L. Johnson, Ghanem, Zenilman, &

Erbelding, 2011), also show a close association with preterm birth and low birth



weight. Other inflammatory diseases without an undefined pathogen infection during
pregnancy, including chorioamnionitis (Botet, Figueras, Carbonell-Estrany, Arca, &
The Castrillo Study, 2010; Botet, Figueras, Carbonell-Estrany, & Narbona, 2011),
intra-amniotic inflammation (Shim, et al., 2004), periodontitis (Kumar, et al., 2013;
Lauren, Minire, Maldi, Mirton, & Aferdita, 2012; Macedo, et al., 2014), systemic
lupus erythematosus (Clark, Spitzer, Nadler, & Laskin, 2003; M. J. Johnson, Petri,
Witter, & Repke, 1995), and primary sclerosing cholangitis (Ilhan, 1lhan, Gok, Gunay,
& Ertekin, 2016; Ludvigsson, et al., 2014), have also been reported to cause preterm

birth and low birth weight.

3. Development of experimental animal models for PIE-programmed CVDs

Experimental animal models for PIE-programed CVDs were established in 2004
by treating pregnant rats with human IL-6 during the entire second or third trimester
(Samuelsson, et al., 2004). IL-6 is known as one of the critical proinflammatory
cytokines produced by various cell types after immune activation or in a chronic
disease status (Hunter & Jones, 2015). Offspring from mothers that were treated with
9 ng/kg recombinant human IL-6 on gestational days 8, 10 and 12 (in the second
trimester) or on days 16, 18 and 20 (in the third trimester) showed a higher blood
pressure at 5 weeks of age and eventually developed hypertension (increased by over
40 mmHg at 24 weeks of age) and an increased heart rate by 11 weeks of age
(Samuelsson, etal., 2006; Samuelsson, etal., 2004) (Fig. 3 and Table 2).

To better mimic the complexity of persistent maternal inflammatory stimulation



in vivo, our laboratory developed a protocol by treating pregnant rats or mice with a
lower dose of lipopolysaccharide (LPS), a main component of the gram-negative
bacterial cellular wall and a specific ligand for Toll-like receptor (TLR) 4, to serve as
a nonspecific immunostimulant of bacterial infection (Lien, et al., 2000). We also
developed a similar model mimicking a fungal infection-mediated inflammatory
response by treating animals with zymosan, a key component of yeast cell walls and a
specific ligand for TLR2/6 (Volman, Hendriks, & Goris, 2005). Similar to IL-6
treatment, treating pregnant rats with LPS or zymosan on gestational days 8, 10 and
12 was able to effectively increase blood pressure levels (increased by 8.0 mmHg) in
the offspring by 6 weeks of age and eventually caused hypertension (increased by 40
mmHg) at an older age (Liao, etal.,, 2008; Y. L. Wei, Li, & Zhou, 2007) (Fig. 3). The
offspring also demonstrated pathological alterations in their vascular structure at the
neonatal stage and finally progressed to significant dysfunctions in adulthood (S.
Zhao, Zhang, Cao, Liu, & Li, 2014). In addition, animals that were maternally
exposed to LPS or zymosan had increased levels of myocardial fibrosis and
myocardial remodeling (Chen, et al., 2015; Y. Wei, et al., 2013), significantly reduced
glomerular numbers and creatinine clearance rates, but higher urinary protein levels,
indicating renal injury (Hao, Zhang, Yuan, et al., 2010) (Fig. 4). Our ongoing studies
indicated that a short-term- or transient-stimulus inflammatory challenge by using a
one-time LPS or poly (1:C) (a synthetic double-stranded RNA that mimics a viral
infection) treatment on gestational day 10 was also able to increase the blood pressure

levels in rat offspring [Ji, Deng, et al., unpublished observation]. As previous findings



showed that poly(l:C) injection with different dosages and at different time points
during pregnancy could lead to different outcomes of behavioral abnormalities by
perturbing brain development at different stages (Chow, Yan, & Wu, 2016; Meyer,
Feldon, Schedlowski, & Yee, 2005), it would be interesting to systematically
characterize the different dosages and different time points of prenatal LPS or poly
(I:C) challenge on the development of PIE-programed CVDs (Table 2).

It has been postulated that a “multihit” mechanism (i.e., exposure to multiple risk
factors prenatally and postnatally) contributes to the induction of various diseases,
such as autism and schizophrenia (Estes & McAllister, 2016). Consistent with this
hypothesis, our studies also demonstrated that disease conditions of myocardial
remodeling (Q. Zhang, et al., 2016), hypertension (Deng, Zhang, et al., 2016) and
atherosclerosis [Ji, Deng, et al., unpublished observation] are similar to the “multihit”
mechanism, a combination of prenatal exposure of unwanted inflammatory
stimulation and postnatal exposure to various pathogenic stresses. For example, adult
rat offspring with PIE at 20 weeks of age with two weeks of postnatal isoproterenol
(ISO) challenge, a critical component that can activate the sympathetic nervous
system and trigger stress-induced cardiomyopathy (Lymperopoulos, Rengo, & Koch,
2013), displayed augmented left-ventricular systolic dysfunction, cardiac hypertrophy
and myocardial fibrosis (Q. Zhang, et al., 2016). Furthermore, the offspring with PIE
at the age of 16 weeks with 4 weeks of deoxycorticosterone acetate (DOCA) and salt
(DOCA-salt) treatment, an aldosterone analogue that mimicked the

hyperaldosteronism-induced hypertension (Aronova, lii, & Zarnegar, 2014), showed a



significantly greater hypertensive response leading to increased arterial vascular
remodeling and endothelial dysfunction in both conduit and resistance vasculature
(Deng, Zhang, et al., 2016). As such, PIE is likely to serve as a CVD-primer (Fig. 4

and Table 2).

4. Molecular mechanisms of PIE-programmed CVDs

The rapidly growing interest in biomedical research to determine the complicated
molecular pathogenic mechanisms that underlie the early development of various
NCDs is considered the first and critical step for the eventual identification of
preventative and therapeutic strategies. Previously, a series of studies identified
several potential common pathways relevant to PIE-programmed CVDs, including the
crosstalk among reprogramed inflammatory pathways, oxidative stress,
over-activation of the renin-angiotensin system (RAS), NF-kB dyshomeostasis,
epigenetic reprograming, and dysregulation of the immune system and

hypothalamic-pituitary-adrenal (HPA) axis (Fig. 5).

4.1 Crosstalk among inflammation, oxidative stress, RAS and NF-kB in PIE
models

It has been shown that inflammatory responses are synergistically activated with
oxidative stress and RAS, which play critical roles in the development and
progression of CVDs, such as hypertension, atherosclerosis, nephropathy, and

cardiomyopathy (Ayoub, Pothineni, Rutland, Ding, & Mehta, 2017; Guzik & Touyz,



2017; Pacurari, Kafoury, Tchounwou, & Ndebele, 2014). Current findings suggest
that this crosstalk mechanism is involved in the pathogenesis of PIE-programed
CVDs (Fig. 5).
4.1.1 Strong inflammatory response in utero and the proinflammatory state in
the adult cardiovascular system

Inflammation plays critical roles in the development of CVDs (Marchant, et al.,
2012; McMaster, Kirabo, Madhur, & Harrison, 2015). In PIE models, in addition to
some proinflammatory cytokines that may cross the placental barrier to the embryo
(Aaltonen, Heikkinen, Hakala, Laine, & Alanen, 2005; Zaretsky, Alexander, Byrd, &
Bawdon, 2004), inflammatory cytokines (e.g., TNF-a, IL-1p and IL-6) can be
robustly activated in embryos shortly after maternal exposure to LPS and poly (I:C)
(Ashdown, etal., 2006; Cardenas, et al.,, 2010; Deng, Deng, etal., 2016; Liverman, et
al., 2006; Urakubo, Jarskog, Lieberman, & Gilmore, 2001). The proinflhmmatory
cytokines TNF-a and IL-6 are strong risk factors for PIE-induced CVDs in offspring.
Prenatal exposure to IL-6 alone was able to result in hypertension in adults
(Samuelsson, et al., 2004), which is in contrast to IL-6 knockouts, in which
hypertension induced by angiotensin Il and acute stress was attenuated (D. L. Lee, et
al., 2004; D. L. Lee, et al., 2006). We also have found that offspring from mothers
receiving maternal LPS stimulation showed modest but significantly increased levels
of the proinflammatory cytokines IL-6, TNF-a and IL-1p in vascular tissues and
kidney (Deng, Deng, et al., 2016; Guo, et al., 2016). Our more recent studies further

revealed that dysregulation of the NF-«xB signaling pathway plays a critical role in



mediating the elevated inflammatory response and PIE-programmed CVDs (Deng,
Deng, etal., 2016; Deng, Zhang, etal., 2016). NF-xB is known as a common key
transcription factor in various inflammatory responses. It is downstream of nearly all
danger-sensing receptors of innate and adaptive immune systems (Smale, 2012).
Prenatal exposure to LPS causes NF-«B activation in fetal and adult aortic tissues
(Deng, Deng, etal., 2016; S. Zhao, et al., 2014), which is likely due to a persistently
lower level of IxBa (Deng, Deng, et al., 2016), a critical molecule for retaining
NF-xB dimers in the cytoplasm in an inactive state (Ruland, 2011). Both prenatal or
postnatal NF-xB inhibition by pyrrolidine dithiocarbamate (PDTC) was able to
prevent hypertension and alleviate damage to the myocardium (Chen, et al., 2015),
vasculature system (Deng, Deng, et al., 2016) and kidney (Guo, et al., 2016).
Dyshomeostasis of NF-«xB was found to be associated with abnormal RAS
overactivation in thoracic aortic tissues (Deng, Deng, et al., 2016), sensitizing the
offspring to hypertensive damage induced by DOCA-salt through impaired
peroxisome proliferator-activated receptor-y coactivator 1a (PGC-1a)-mediated
antioxidation (Deng, Zhang, et al., 2016). In addition, PIE in obese pregnant females
elevated the activity of TLR4/NF-kB signaling in the offSpring, which was likely
responsible for enhanced adipogenesis and insulin resistance in the fetal skeletal
muscle at late gestation (X. Yan, et al., 2010), and exaggerated atherosclerotic lesions
of the entire aorta in the offspring through augmenting the periaortic adipose
tissue-specific proinflammatory response in apolipoprotein E (ApoE)-deficient mice

(Wakana, etal., 2015). Taken together, all these findings suggest that the



NF-kB-mediated inflammatory response plays a critical role, possibly through a
common pathogenic pathway, in the development of PIE-programed CVDs.
4.1.2 Oxidative stress

Reactive oxygen species (ROS), a fundamentally important aspect in cellular
physiology, are generated by both enzymatic and nonenzymatic systems and are
scavenged by endogenous antioxidant enzymes (Nathan & Cunningham-Bussel,
2013). Once the balance between the generation and clearance of ROS is disrupted,
oxidative stress occurs, which leads to cellular and tissue damage triggering a vicious
spiral cycle of inflammation and oxidative stress (Niemann, et al., 2017). Oxidative
stress is involved in the pathogenesis of CVDs (Munzel, etal., 2017; Niemann, etal.,
2017; Sack, Fyhrquist, Saijonmaa, Fuster, & Kovacic, 2017). Mounting evidence has
shown oxdative stress as pervasive pathological changes in the cardiovascular system
in offspring experiencing prenatal adverse stimuli, including maternal high-fat intake,
maternal nicotine exposure and maternal protein restriction (Chisaka, et al., 2016;
Resende, et al., 2013; Xiao, et al., 2015).

In a PIE rat model with prenatal LPS exposure, ROS levels were found to be
significantly increased, but no significant oxidative damage was found in both
myocardial and vascular tissues in the offspring. However, under a second insult in
adulthood, significant oxidative damage was found in the cardiovascular system in
adults (Deng, Zhang, et al., 2016; Q. Zhang, et al., 2016). Interestingly, it seemed that
two different mechanisms were involved in oxidative stress in response to a second

insult between myocardial and vascular tissues in PIE offspring. In the myocardium



of adult PIE offspring, increased expression of both oxidase and antioxidant enzymes
together with p38 mitogen-activated protein kinase (MAPK) activation maintained the
relative modest ROS activation but without oxidative damage. As ISO could directly
activate the p38 MAPK signal pathway through the G protein-coupled receptor
(GPCR) (Magocsi, Vizi, Selmeczy, Brozik, & Szelenyi, 2007), a positive feedback
loop between the p38 MAPK signal pathway and ROS was ignited when challenged
with ISO as a second insult, augmenting the oxidative stress by the dramatic
upregulation of NADPH (Q. Zhang, et al., 2016). In the vascular system, the
PGC-1o-mediated antioxidant capacity was impaired by the NF-«kB overactivation,
but not the ROS-p38 MAPK-ROS positive feedback loop, which apparently was the
key responsible pathway for the aggravated oxidative damage induced by the
postnatal DOCA-salt treatment (Deng, Zhang, et al., 2016) (Fig. 4).
4.1.3 Overactivation of the RAS in the cardiovascular system

The RAS is a momentous endocrine, paracrine and intracrine vasoactive system
that plays critical roles in the normal physiological regulation of cardiovascular
functions and contributes to the development of cardiovascular, hypertensive, and
renal diseases (Li, Zhang, & Zhuo, 2017). The RAS family mainly includes
angiotensinogen, renin, angiotensin I, angiotensin-converting enzyme (ACE), ACEZ2,
angiotensin Il (Ang I1), Ang Il type 1 receptor (AT1R), and Ang Il type 2 receptor
(AT2R). Some of the key members of the RAS (including ACE, AT1R and AT2R)
have already been developed as pharmacological targets to effectively treat heart,

hypertensive and renal diseases (Bader, 2010). Plasma angiotensinogen is primarily



generated in the liver and is then converted into angiotensin | by Kidney-derived renin
in plasma. Ang | is then converted into Ang Il by ACE, which is primarily present on
endothelial cells. The actions of Ang Il are then transmitted into the target cells by
ATIR and AT2R, leading to an increase in blood volume and blood pressure via the
stimulation of vasoconstriction, sodium retention, thirst, aldosterone synthesis and
secretion from the adrenal cortex, and the sympathetic nervous system (Li, et al,
2017). However, angiotensin could also be generated in local tissue, such as the brain,
heart, blood vessels and kidney. Compared to the circulating RAS, the local RAS
components are known to regulate the function of these organs and are involved in the
tissue damage that eventually contributes to the pathogenesis of CVDs (e.g.,
hypertension) (Li, etal., 2017).

In PIE-programmed CVD models, our laboratory has found that the circulating
Ang Il level is not altered in the offspring of LPS-treated mothers. However, the
tissue Ang Il, ACE and AT1R expression levels are significantly increased in the
offspring’s kidneys (Hao, Kong, Zhang, & Zhao, 2013; Hao, Zhang, Li, et al., 2010),
vascular system (He, etal., 2011), hearts (Y. Tang, Zhou, & Li, 2014) and adipose
tissue (Gao, et al., 2014). Elevated local RAS activities are also found in the kidneys
of offspring from zymosan-treated mothers (Hao, Zhang, Li, etal., 2010). In addition,
the induction of proinflammatory factors by hyperglycemia exposure in utero alters
the gene expression of RAS components in the offspring, which may in part account
for the programmed hypertension (J. Yan, Li, Su, Zhang, & Yang, 2014).

Interestingly, the intrarenal Ang Il level is decreased in PIE neonates, suggesting



that the elevated RAS activity might be a secondary event of other signaling pathways.
As we found that the prenatal or postnatal NF-«B inhibitor PDTC was able to reverse
the RAS over-activation in the hearts (Y. Tang, etal.,, 2014), vascular tissues (Deng,
Deng, etal., 2016) and kidneys (Guo, et al., 2016; Hao, Zhang, Li, et al., 2010), we
believed that NF-kB has crosstalk with RAS. In addition, Wang et al. found that
administering 4-hydroxy-2, 2, 6, 6-tetramethylpiperidine-N-oxyl (TEMPOL) (a ROS
scavenger) to PIE-offspring could also reverse RAS overactivity in the vascular
system (X. Wang, etal., 2015).

Taken together, the evidence in Section 4.1 suggests that the crosstalk among
inflammation, oxidative stress and local RAS activity in cardiovascular tissues has
important roles in the development of CVDs in PIE offspring, whereas the

dysfunctional NF-«B signal pathway may act as a checkpoint in this process.

4.2 Epigenetic reprograming

Epigenetic mechanisms, such as DNA methylation, histone modification or
noncoding RNA molecules, are believed to be involved in the developmental
reprograming  of adult diseases, especially metabolic syndrome and
neuropsychological diseases caused by early life adverse exposure, which is well
reviewed in several recent articles (Bale, 2015; Dunford & Sangster, 2017; Kirchner,
Osler, Krook, & Zierath, 2013). DNA methylation and histone modification are
believed to be involved in the development of and predisposition to metabolic

diseases. For example, maternal and paternal periconceptional nutrition, such as



protein restriction or high-fat diets, alters the DNA methylation state of ribosomal
DNA (rDNA) in germ cells, which is involved in the development of metabolic
syndrome (Holland, et al.,, 2016). In a sheep model, maternal undernutrition leads to
tissue-specific epigenetic modification of the glucocorticoid receptor (GR) (including
decreased GR promoter methylation, decreased histone lysine 27 trimethylation, and
increased histone H3 lysine 9 acetylation) in different brain areas of adult offspring,
participating in regulating the offSpring’s energy balance (Begum, et al., 2013).
Maternal obesity or weight loss altered the balance between “writers” and “erasers” of
histone acetylation in the fetal liver and placental labyrinth, leading to fetal growth
restriction in mice (Panchenko, et al., 2016).

In animal models of PIE-programmed neurodevelopmental disorders, several
studies have reported that PIE can provoke the alteration of enzymatic activities that
are responsible for DNA methylation or histone modification (Reviewed in
(Weber-Stadlbauer, 2017). Unfortunately, it has not been well-studied whether the
potential changes of epigenetic regulation contribute to PIE-programmed CVDs. We
made initial efforts to analyze the global DN A methylation level of the renal cortex,
and we found it was dramatically increased in PIE-offspring (J. Wang, et al., 2017).
Consistent with this finding, DNA methyltransferase (DNMT) 1 and DNMT3B,
enzymes responsible for DNA methylation (Lyko, 2017), were found to be increased
in renal tissue (J. Wang, et al., 2017). In addition, we found an increased level of
histone H3 acetylation of the ACE promoter in the renal cortex of PIE-offspring (J.

Wang, et al., 2016). This limited evidence suggests that epigenetic alteration is pivotal



for the development of PIE-programmed CVDs. It is important to further profile the
changes in DNA methylation, histone modification or noncoding RNAs genome wide

in the cardiovascular tissues in PIE-offspring (Fig. 5).

4.3 Dysregulated immune systemand HPA axis in PIE-offspring
4.3.1 Reprogrammed immune systemin PIE-offspring

The immune response almost participates in every phase of CVD development
and progression, including hypertension, atherosclerosis and heart disease.
Overactivation of both the innate and the adaptive immune systems is involved in the
damage of hypertensive end-organs, the formation and activation of atherosclerotic
plagues, and cardiac injury (Epelman, Liu, & Mann, 2015; Rodriguez-Iturbe, Pons, &
Johnson, 2017; Tabas & Lichtman, 2017).

For the adaptive immune system, pregnant mice challenged with poly (I:C) at
E12.5 (second trimester), a critical time window for the initiation of the immune
system and hematopoietic stem cells (HSCs) during fetal development (Clements &
Traver, 2013; Dzierzak & Speck, 2008), exhibit a significantly reduced total number
of regulator T (Treg, CD4"CD25"Foxp3™) cells in the spleen but an increased
production of IL-6 and IL-17 produced by CD4™ T cells (Hsiao, McBride, Chow,
Mazmanian, & Patterson, 2012; Mandal, et al., 2013; Mandal, Marzouk, Donrelly, &
Ponzio, 2010, 2011). When treated with zymosan (a TLR2 agonist) or MOG35-55 (an
encephalitogenic peptide), the offspring also showed increased cellular and cytokine

responses, respectively, which led to a preferential differentiation toward Th17 cells



(Mandal, et al., 2013). PIE-offspring treated with LPS at E12.5 also showed an
elevated percentage of interferon (IFN)- vy and IL-17A" CD4" T cells in the spleen
and liver (Luan, etal., 2015). At a later stage (E17.0) of treatment with LPS, the
offspring also showed a similar trend with increased cell-mediated immunity;,
including increased levels of IL-12, IL-6 and IFN-y when postnatally challenged with
ovalbumin (Zager, Pinheiro, Ferraz-de-Paula, Ribeiro, & Palermo-Neto, 2013). These
findings suggest a proinflammatory phenotype in PIE offspring, likely due to the
alterations in development and/or immunological memory of the adaptive immune
system.

Changes in the innate immune system have also been analyzed in PIE animal
models. PIE-offspring from poly (I:C) treatment at E12.5 showed elevated levels of
peripheral Gr-1" cells in the spleen and increased myeloid lineage differentiation by
HSCs (Hsiao, et al., 2012). Bone marrow-derived macrophages generated from the
offspring of poly (I:C)-treated mothers showed an increased potential to differentiate
into M1 macrophages, which suggests activated inflammatory macrophages in
PIE-offspring (Onore, Schwartzer, Careaga, Berman, & Ashwood, 2014).

In PIE-programmed CVDs, we found similar changes in PIE-offspring prenatally
treated with poly (I:C) or LPS at E10.5, an earlier time window that is critical for
HSC differentiation (Clements & Traver, 2013; Dzierzak & Speck, 2008), including a
decreased abundance of Treg cells [Ji, Deng, et al., unpublished observation]. In
addition, we also found an elevated ratio of matured dendritic cells and macrophages

but a reduced ratio of monocytes in PIE-offspring prenatally treated with poly (I:C) or



LPS at E10.5 [Ji, Deng, etal., unpublished observation]. The alteration of the immune
system in PIE-offspring is likely responsible for the atherosclerogenesis because the
transfer of bone marrow cells from PIE-offspring prenatally treated with poly (I:C) or
LPS to ApoE-deficient mice resulted in more atherosclerotic plaques in the aorta [Ji,
Deng, etal., unpublished observation]. These findings suggest that dysregulation of
both the innate and adaptive immune system contributes to the pathogenesis of
PIE-programed CVDs.

Due to the dramatic changes in both HSC and lymphocyte differentiation during
different time windows of embryonic development (Clements & Traver, 2013;
Dzierzak & Speck, 2008), the phenomenon of different alterations of immune cell
subsets by different time points of inflammatory stimulation could be conceivable.
For example, PIE-offspring prenatally treated with LPS at E12.5 showed a decreased
number of Treg (CD4" Foxp3™) cells in the thymus (Luan, et al., 2015), but
PIE-offspring prenatally treated with poly (I:C) or LPS at E10.5 showed reduced
numbers of Treg cells in the spleen [Ji, Deng, et al., unpublished observation].
However, the overall proinflhmmatory phenotype due to the imbalanced immune
homeostasis exists in the offspring of PIE models, which merits further studies to find
the common initiating factors responsible for the imbalanced immune homeostasis.
This research will help to elucidate the mechanisms of PIE-programmed CVDs (Fig.
5).

4.3.2 Dysregulation of HPA axis activity in PIE-offspring

Exposure to environmental, physical, or physiological stresses causes systematic



activation of various biological stress responses. The stress response, including the
endocring, immune, and cardiovascular systems, comprises a complex interaction
between components of the central nervous system (CNS) and peripheral systems
(Kadmiel & Cidlowski, 2013; Selye, 1956). The HPA axis, including the
paraventricular nucleus (PVN) of the hypothalamus, the anterior pituitary gland, and
the cortex of the adrenal gland, plays a critical role in homeostatic maintenance in
response to stress through regulating adrenal hormones and glucocorticoids. Stress
can activate the hypophysiotropic neurons in the PVN that can release
corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP). CRH and
AVP travel through the median eminence and hypophyseal portal vessels and reach
the anterior pituitary, where they stimulate the synthesis and secretion of
adrenocorticotropic hormone (ACTH). ATCT reaches the zona fasciculata of the
adrenal cortex and promotes the synthesis and release of the primary stress hormones,
namely, glucocorticoids (Burford, Webster, & Cruz-Topete, 2017). Through
circulation, glucocorticoids reach various cardiovascular tissues (such as the heart,
vasculature, adipose tissue, and muscle) and bind to the GR, which triggers beneficial
actions on the cardiovascular function, immune system, and secondary metabolism in
response to stress. Glucocorticoids could also create negative feedback to inhibit
activation of the HPA axis through their levels in the hypothalamus and pituitary
gland (Burford, etal., 2017). However, if there is sustained elevation of
glucocorticoid levels induced by chronic stress, the levels of CVD incidence will

increase (Burford, et al., 2017; Kadmiel & Cidlowski, 2013); similarly, the incidence



of metabolic diseases and psychiatric symptoms will increase as well (Chrousos, 2009;
Constantinof, Moisiadis, & Matthews, 2016).

The activity of the HPA axis is dramatically affected by pregnancy, causing
increased cortisol and ACTH levels during gestation (J. R. Lindsay & Nieman, 2005).
The activity of the HP A axis is highly susceptible to maternal adverse stimulants such
as alcohol (X. Zhang, Sliwowska, & Weinberg, 2005), a protein-restricted diet
(Bertram, Trowern, Copin, Jackson, & Whorwood, 2001; Langley-Evans, 1997;
Langley-Evans, Gardner, & Jackson, 1996), a high-fat diet (Sasaki, de Vega, St-Cyr,
Pan, & McGowan, 2013), smoking (McDonald, et al., 2006; Stroud, et al., 2014),
preeclampsia (Henley, Brown, Pennell, Lye, & Torpy, 2016), which contribute to
many CVDs (van Montfoort, Finken, le Cessie, Dekker, & Wit, 2005). Direct
evidence shows that early-life overactivation of the HPA axis by excessive maternal
glucocorticoids exposure leads to reprograming of the HPA axis in offspring and
elevates their incidence of CVDs, such as hypertension (Edwards, Benediktsson,
Lindsay, & Seckl, 1993; R. S. Lindsay, Lindsay, Edwards, & Seckl, 1996; J. I. Tang,
Kenyon, Seckl, & Nyirenda, 2011). Several studies have revealed that PIE contributes
to the reprogramming of the HPA axis. Epidemiological investigations indicate that
infants exposed to chorioamnionitis with funisitis show increased levels of salivary
cortisol at the corrected age of 18 months compared to infants with no infections or
chorioamnionitis alone (Gover, et al., 2013). In a rat animal model, prenatal 1L-6
exposure resulted in hypertension and dysregulation of HPA axis activity in adult rats,

such as reducing the mMRNA expression of the mineralocorticoid receptor (Nr3c2) and



glucocorticoid receptor (Nr3cl) in the hippocampus and increasing the
corticotropin-releasing factor (CRF) level in the hypothalamus and CRF receptor type
1 (Crhrl) mRNA expression in the pituitary (Samuelsson, et al., 2004). Prenatal LPS
exposure leads to an increase in maternal corticosterone levels (Babri, Doosti, &
Salari, 2014; Kirsten, Lippi, Bevilacqua, & Bernardi, 2013) and heightens the
corticosterone responses in adult PIE-offspring (Lin, Lin, & Wang, 2012).

The altered crosstalk between the immune response and the HPA axis has
important roles in the development and progression of CVVDs. For example,
psychological stress induces atherosclerosis, and under psychological stress,
activation of the HPA and sympathetic adrenal medullary (SAM) axes activates
immune reactions in immune cells, which results in elevated levels of
proinflammatory cytokines, such as IL-1B, TNF-a and IL-6. These proinflammatory
cytokines can change the level of stress hormones, which leads to either activation or
suppression of the HPA or SAM regulatory feedback loop. If the positive feedback
between the immune response and the HPA axis is established, it will damage the
vascular endothelium function and increase the recruitment of circulating monocytes
and their conversion into foam cells (Gu, Tang, & Yang, 2012). Given the evidence
that fetal programming of the HPA-immune system plays critical roles in the
development of metabolic diseases (Fisher, Steele, & Karrow, 2012), it is conceivable
that analyzing details of the HPA-immune system will provide more potential targets

for developing a therapeutic intervention for PIE-programmed CVDs (Fig. 5).



4.4 Immuno-inflammatory changes at the maternal-fetus interface of PIE models
The placental origin of various adult chronic diseases has been extensively
studied and well appreciated in previous studies (Burton, etal., 2016). The placenta is
the organ that performs various activities (including nutrient transport and endocrine

functions) and forms the interface between the fetus and its mother, underpinning
fetal development. The maternal-fetus interface acts as a physical barrier, impeding
the entry of pathogens and some maternal immune molecules and immune cells into
the fetal circulation (Burton, et al., 2016). A dysfunctional placenta leads to
insufficient nutrients or excessive unneeded materials arriving at the fetus, which
causes embryonic defects or embryonic development reprogramming, resulting in
future postnatal chronic diseases. For example, mothers treated with glucocorticoids
exhibited reduced activity of 11pB-hydroxysteroid dehydrogenase (HSD) in the
placenta, followed by exposure of the fetus to excess levels of glucocorticoids, which
Is associated with adult hypertension (Edwards, et al., 1993).

Elevated levels of the placental inflammation response may have some adverse
effects on placental transport capacity, infiltration of immune cells, and placental
hemorrhage (Abrahams, etal., 2005; Baines, Duclos, Antecka, & Haddad, 1997;
Huang, etal., 2008; Kim, etal., 2015; Liong & Lappas, 2017; H. Zhao, et al., 2015).
These effects in turn will lead to intrauterine growth restriction, low birth weight, and
higher proinflammatory cytokines in the fetus, which is also associated with adult
CVDs (Bukowski, et al., 2017; Burton, et al., 2016; Straughen, et al., 2017).

In PIE rat models, there are several direct lines of evidence supporting this



hypothesis. Prenatal exposure to LPS or poly (I:C) leads to robustly elevated levels of
proinflammatory cytokines, such as TNF-o, IL-1p, IL-6 and IL-10 in the placenta and
amniotic fluid, irrespective of the high or low dose of inflammatory stimulants
(Ashdown, et al., 2006; Cai, Pan, Pang, Evans, & Rhodes, 2000; Deng, Deng, et al.,
2016; Urakubo, et al., 2001). In other chronic inflammatory statuses during pregnancy,
smoking mothers have more natural Killer cells and inflammatory macrophages in the
first-trimester decidua (Prins, et al., 2012); obesity in pregnancy can stimulate the
accumulation of macrophage and proinflammatory mediators in the placenta (Challier,
et al., 2008). The similar changes in the placenta as those in PIE models further
support our idea that the chronic inflammatory status caused by other diseases during
pregnancy, such as obesity, diabetes, hyperglycemia, hypertension, preeclampsia, and
smoking, plays critical roles in mediating the development of CVDs in adults.
However, the ratio and functional changes of each immune cell subset in the placenta
after PIE challenge and the role of these changes in the development of

PIE-programmed CVDs are still largely unknown.

5. Potential preventive strategies for PIE-programmed CVDs

Timely symptom-based treatments for CVDs are beneficial, but such treatments
have a limited degree or are often too late to be effective. Interventions in young and
even fetal individuals are now believed to be more effective and lower the risk factors
in the next generation via the reproductive cells (Hanson & Gluckman, 2014).

Therefore, an increasing number of countries, especially those with aging societies,



have adopted an important measure for early- life prevention of NCDs. As a successful
example, the intense promotion of breastfeeding initiated by East Germany yielded a
lower prevalence of obesity in young individuals compared to that in the
corresponding West Berlin population, which was not introduced to intense
breastfeeding (Do6rner, Rodekamp, & Plagemann, 2008).

There are some limited exploratory studies seeking potential effective preventive
strategies during pregnancy or in young offspring by using PIE animal models. We
found that pharmacological treatments in the second trimester with PDTC could
effectively prevent PIE-programmed hypertension, vascular damage (Deng, Deng, et
al., 2016; Hao, Zhang, Yuan, et al., 2010), and myocardial remodeling (Chen, et al.,
2015; Y. Wei, et al., 2013) in rats. Interestingly, early postnatal treatment with PDTC,
NAC, or TEMPOL could also prevent PIE-programmed CVDs (Deng, Deng, et al.,
2016; Deng, Zhang, et al., 2016; X. Wang, et al., 2014; X. Wang, et al., 2015; Q.
Zhang, et al.,, 2016), suggesting that both prenatal and early postnatal life can be
considered the therapeutic window for the prevention of PIE-CVDs.

As the concept of DOHaD has been accepted in our community, the avoidance of
various adverse insults during gestation seems obvious to preclude PIE-programmed
CVDs. Some risk factors are easier to control, such as avoiding malnutrition, smoking,
and the intake of nicotine, ethanol and caffeine. The more difficult measure to prevent
PIE-programmed CVDs is the control of infection-induced inflammation or chronic
inflammatory states due to various disease conditions during pregnancy. Therefore,

the first and critical step for the eventual identification of preventative and therapeutic



strategies is to determine the complex molecular pathogenic mechanisms that underlie
the early development of various NCDs. Another important challenge for us is to
search for specific diagnostic biomarkers (including various proinflammatory
cytokines) in both maternal serum and umbilical cord blood after a definite
inflammatory challenge in individuals who have the potential for developing
PIE-programmed CVDs. Given the limitations of screening for targets in humans, PIE
animal models become an important resource, especially with respect to their
usefulness for comparing the types and differences of PIE-programmed CVDs
triggered at various time windows during pregnancy. Such research will help us to
understand the wvulnerability of infected individuals to various PIE-programmed
CVDs.

Hence, we need to focus our efforts on the disease-causing mechanisms and
search for specific diagnostic biomarkers to develop a universal therapeutic strategy
for the prevention of PIE-programmed CVDs, especially from the aspect of
stress-response and hormone-secretion regulation in both the mother and offspring.
Our future studies in this important field will provide a great opportunity to uncover
novel interventions by managing the adverse effects of inflammation in prepregnant

and pregnant individuals who are at risk for PIE-programmed CVDs.

Conflict of Interest Statement

The authors declare that there are no conflicts of interest.



Acknowledgments

This work was in part supported by the National Natural Science Foundation of
China (81520108029, 81503083, 81773742, 81473210, 81470446, 81273507 and
31401237) and the National Institute of Health (PO1HL134599-01). The authors
apologize to all researchers whose past research has contributed to the thesis of this
review, but whose work is not cited in this review because of the limited space or

being missed inadvertently.



References

Aaltonen, R., Heikkinen, T., Hakala, K., Laine, K., & Alanen, A. (2005). Transfer of proinflammatory
cytokines across term placenta. Obstet Gynecol, 106, 802-807.

Abrahams, V. M., Visintin, |, Aldo, P. B., Guller, S., Romero, R., & Mor, G. (2005). Arole for TLRs in the
regulation of immune cell migration by first trimester trophoblast cells. J Immunol, 175,
8096-8104.

Aceti, A, Santhakumaran, S., Logan, K. M., Philipps, L. H., Prior, E., Gale, C., Hyde, M. J., & Modi, N.
(2012). The diabetic pregnancy and offspring blood pressure in childhood: a systematic
review and meta-analysis. Diabetologia, 55,3114-3127.

Acs, N., Banhidy, F., Puho, E., & Czeizel, A. E. (2005). Maternal influenza during pregnancy and risk of
congenital abnormalities in offspring. Birth Defects Res A Clin Mol Teratol, 73, 989-996.

Acs, N., Banhidy, F., Puho, E., & Czeizel, A. E. (2006). Pregnancy complications and delivery outcomes
of pregnant women with influenza.J Matern-Fetal Neo M, 19, 135-140.

Agger, W. A, Siddiqui, D., Lovrich, S. D., Callister, S. M., Borgert, A. J., Merkitch, K. W., Mason, T. C.,
Baumgardner, D. J., Burmester, J. K., Shukla, S. K., Welter, J. D., Stewart, K. S., Washburn, M.
J., & Bailey, H. H. (2014). Epidemiologic factors and urogenital infections associated with
preterm birthina midwestern U.S. population. Obstet Gynecol, 124,969-977.

Alvarez, M. M., Vieira, A. C., Sichieri, R., & Veiga, G. V. (2011). Prevalence of metabolic syndrome and
of its specific components among adolescents from Niteroi City, Rio de Janeiro State, Brazil.
Arq Bras Endocrinol Metabol, 55, 164-170.

Arends, N. J., Boonstra, V. H., Duivenvoorden, H. J., Hofman, P. L., Cutfield, W. S., & Hokken-Koelega,
A. C. (2005). Reduced insulin sensitivity and the presence of cardiovascular risk factors in
short prepubertal children born small for gestational age (SGA). Clin Endocrinol (Oxf), 62,
44-50.

Aronova, A, lii, T. J., & Zarnegar, R. (2014). Management of hypertension in primary aldosteronism.
World J Cardiol, 6,227-233.

Ashdown, H., Dumont, Y., Ng, M., Poole, S., Boksa, P., & Luheshi, G. N. (2006). The role of cytokines in
mediating effects of prenatal infection on the fetus: implications for schizophrenia. Mol
Psychiatry, 11,47-55.

Babri, S., Doosti, M. H., & Salari, A. A. (2014). Strain-dependent effects of prenatal maternal immune
activation on anxiety- and depression-like behaviors in offspring. Brain Behav Immun, 37,
164-176.

Bader, M. (2010). Tissue renin-angiotensin-aldosterone systems: Targets for pharmacological therapy.
Annu Rev Pharmacol Toxicol, 50, 439-465.

Baines, M. G., Duclos, A. J,, Antecka, E., & Haddad, E. K. (1997). Decidual infiltration and activation of
macrophages leads to early embryo loss. AmJ Reprod Immunol, 37,471-477.

Bale, T. L. (2015). Epigenetic and transgenerational reprogramming of brain development. Nat Rev
Neurosci, 16,332-344.

Barker, D., Barker, M., Fleming, T., & Lampl, M. (2013). Developmental biology: Support mothers to
secure future public health. Nature, 504,209-211.

Barker, D. J. (2004). The developmental origins of adultdisease.JAm Coll Nutr, 23, 5885-595S.

Barker, D. J.,, Osmond, C., Forsen, T. J., Kajantie, E., & Eriksson, J. G. (2005). Trajectories of growth
among children who have coronary events as adults. NEngl J Med, 353, 1802-1809.



Bastek, J. A., Weber, A. L., McShea, M. A, Ryan, M. E.,, & Elovitz, M. A. (2014). Prenatal inflammation
is associated with adverse neonatal outcomes. Am J Obstet Gynecol, 210, 450.e451-410.

Baud, D., Goy, G., Vasilevsky, S., Osterheld, M. C., Roth-Kleiner, M., Croxatto, A., & Greub, G. (2015).
Roles of bovine Waddlia chondrophila and Chlamydia trachomatis in human preterm birth.
New Microbes New Infect, 3,41-45.

Begum, G., Davies, A., Stevens, A., Oliver, M., Jaquiery, A., Challis, J., Harding, J., Bloomfield, F., &
White, A. (2013). Maternal undernutrition programs tissue-specific epigenetic changes in the
glucocorticoid receptorinadultoffspring. Endocrinology, 154, 4560-4569.

Behl, M., Rao, D., Aagaard, K., Davidson, T. L., Levin, E. D., Slotkin, T. A., Srinivasan, S., Wallinga, D.,
White, M. F., Walker, V. R, Thayer, K. A, & Holloway, A. C. (2013). Evaluation of the
association between maternal smoking, childhood obesity, and metabolic disorders: a
national toxicology programworkshop review. Environ Health Perspect, 121, 170-180.

Bertagnolli, M., Luu, T. M., Lewandowski, A. J., Leeson, P., & Nuyt, A. M. (2016). Preterm Birth and
Hypertension: Is There a Link? Curr Hypertens Rep, 18, 28.

Bertram, C., Trowern, A. R., Copin, N., Jackson, A. A., & Whorwood, C. B. (2001). The maternal diet
during pregnancy programs altered expression of the glucocorticoid receptor and type 2
11lbeta-hydroxysteroid dehydrogenase: potential molecular mechanisms underlying the
programming of hypertension in utero. Endocrinology, 142,2841-2853.

Boggess, K. A, Beck, J. D., Murtha, A. P., Moss, K., & Offenbacher, S. (2006). Maternal periodontal
disease in early pregnancy and risk for a small-for-gestational-age infant. Am J Obstet
Gynecol, 194, 1316-1322.

Botet, F., Figueras, J., Carbonell-Estrany, X., Arca, G., & The Castrillo Study, G. (2010). Effect of
maternal clinical chorioamnionitis on neonatal morbidity in very-ow birthweight infants: a
case-control study. J Perinat Med, 38, 269-273.

Botet, F., Figueras, J., Carbonell-Estrany, X., & Narbona, E. (2011). The impact of clinical maternal
chorioamnionitis on neurological and psychological sequelae in very-low-birth weight infants:
a case-control study.J Perinat Med, 39,203-208.

Botto-Menezes, C., Silva Dos Santos, M. C., Lopes Simplicio, J., Menezes de Medeiros, J., Barroso
Gomes, K. C., de Carvalho Costa, I. C., Batista-Silva, E., Teixeira do Nascimento, C., da Silva
Chagas, E. C., Jardim Sardinha, J. F., Simoes de Santana Filho, F., Brock, M., Bardaji, A., &
Martinez-Espinosa, F. E. (2015). Plasmodium vivax Malaria in Pregnant Women in the
Brazilian Amazon and the Risk Factors Associated with Prematurity and Low Birth Weight: A
DescriptiveStudy. PLoS One, 10, e0144399.

Botto, L. D., Panichello, J. D., Browne, M. L., Krikov, S., Feldkamp, M. L., Lammer, E., Shaw, G. M., &
National Birth Defects Prevention, S. (2014). Congenital heart defects after maternal fever.
Am J Obstet Gynecol, 210,359 e351-359e311.

Bukowski, R., Sadovsky, Y., Goodarzi, H., Zhang, H., Biggio, J. R., Varner, M., Parry, S., Xiao, F., Esplin, S.
M., Andrews, W., Saade, G. R, llekis, J. V., Reddy, U. M., Baldwin, D. A, & C, E. K. S. N. I.
(2017). Onset of human preterm and term birth is related to unique inflammatory
transcriptome profiles atthe maternal fetal interface. Peerj, 5.

Burford, N. G., Webster, N. A., & Cruz-Topete, D. (2017). Hypothalamic-Pituitary-Adrenal Axis
Modulation of Glucocorticoids in the Cardiovascular System. Int J Mol Sci, 18.

Burton, G. J.,, Fowden, A. L., & Thornburg, K. L. (2016). Placental Origins of Chronic Disease. Physiol
Rev, 96, 1509-1565.



Cai, Z., Pan, Z. L, Pang, Y., Evans, O. B., & Rhodes, P. G. (2000). Cytokine induction in fetal rat brains
and brain injury in neonatal rats after maternal lipopolysaccharide administration. Pediatr
Res, 47, 64-72.

Calay, E. S., & Hotamisligil, G. S. (2013). Turning off the inflammatory, but not the metabolic, flames.
Nat Med, 19, 265-267.

Cardenas, I., Means, R. E., Aldo, P., Koga, K., Lang, S. M., Booth, C. J., Manzur, A., Oyarzun, E., Romero,
R., & Mor, G. (2010). Viral infection of the placenta leads to fetal inflammation and
sensitization to bacterial products predisposingto preterm labor. J Immunol, 185,1248-1257.

Challier, J. C., Basu, S., Bintein, T., Minium, J., Hotmire, K., Catalano, P. M., & Hauguel-de Mouzon, S.
(2008). Obesity in pregnancy stimulates macrophage accumulation and inflammation in the
placenta. Placenta, 29,274-281.

Chen, X., Tang, Y., Gao, M., Qin, S., Zhou, J., & Li, X. (2015). Prenatal exposure to lipopolysaccharide
results in myocardialfibrosis in ratoffspring. Int J Mol Sci, 16, 10986-10996.

Chisaka, T., Mogi, M., Nakaoka, H., Kan-No, H., Tsukuda, K., Wang, X. L., Bai, H. Y., Shan, B. S., Kukida,
M., Iwanami, J., Higaki, T., Ishii, E., & Horiuchi, M. (2016). Low-Protein Diet-Induced Fetal
Growth Restriction Leads to Exaggerated Proliferative Response to Vascular Injury in
Postnatal Life. Am J Hypertens, 29,54-62.

Chow, K. H., Yan, Z., & Wu, W. L. (2016). Induction of Maternal Immune Activation in Mice at
Mid-gestation Stage with Viral Mimic Poly(1:C). J Vis Exp, e53643.

Chrousos, G. P. (2009). Stress and disorders of the stress system. Nat Rev Endocrinol, 5,374-381.

Clark, C. A, Spitzer, K. A., Nadler, J. N., & Laskin, C. A. (2003). Preterm deliveries in women with
systemic lupus erythematosus. J Rheumatol, 30,2127-2132.

Clements, W. K., & Traver, D. (2013). Signalling pathways that control vertebrate haematopoietic
stem cell specification. Nat Rev Immunol, 13, 336-348.

Cocoros, N. M,, Lash, T. L., Ozonoff, A., Norgaard, M., DeMaria, A., Jr., Andreasen, V., & Sorensen, H. T.
(2014). Prenatal influenza exposure and cardiovascular events in adulthood. Influenza Other
Respir Viruses, 8, 83-90.

Cohen, G., Vella, S., Jeffery, H., Lagercrantz, H., & Katz-Salamon, M. (2008). Cardiovascular stress
hyperreactivity in babies of smokers and in babies born preterm. Circulation, 118,
1848-1853.

Constantinof, A, Moisiadis, V. G.,, & Matthews, S. G. (2016). Programming of stress pathways: A
transgenerational perspective. J Steroid Biochem Mol Biol, 160,175-180.

Costa-Silva, J. H., de Brito-Alves, J. L, Barros, M. A, Nogueira, V. 0., Paulino-Silva, K. M., de
Oliveira-lira, A, Nobre, I. G., Fragoso, J., & Leandro, C. G. (2015). New Insights on the
Maternal Diet Induced-Hypertension: Potential Role of the Phenotypic Plasticity and
Sympathetic-Respiratory Overactivity. Front Physiol, 6, 345.

Costa-Silva, J. H.,, Simoes-Alves, A. C., & Fernandes, M. P. (2016). Developmental Origins of
Cardiometabolic Diseases:Role of the Maternal Diet. Front Physiol, 7, 504.

de Boo, H. A., & Harding, J. E. (2006). The developmental origins of adult disease (Barker) hypothesis.
Aust N Z ] Obstet Gynaecol, 46, 4-14.

Deng, Y., Deng, Y., He, X., Chu, J., Zhou, J., Zhang, Q., Guo, W., Huang, P., Guan, X., Tang, Y., Wei, Y.,
Zhao, S., Zhang, X., Wei, C., Namaka, M., Yi, P, Yu, J, & L, X. (2016). Prenatal
inflammation-induced NF-kappaB dyshomeostasis contributes to renin-angiotensin system

over-activity resultingin prenatally programmed hypertension in offspring. Sci Rep, 6, 21692.



Deng, Y., Zhang, Q., Luo, H., Chen, X., Han, Q., Wang, F., Huang, P., Lai, W,, Guan, X., Pan, X,, Ji, Y., Guo,
W., Che, L, Tang, V., Gu, L., Yu, J., Namaka, M., Deng, Y., & Li, X. (2016). Sustained elevation
of NF-kappaB activity sensitizes offspring of maternal inflammation to hypertension via
impairing PGC-1alpharecovery. Sci Rep, 6,32642.

Dorner, G., Rodekamp, E., & Plagemann, A. (2008). Maternal deprivation and overnutrition in early
postnatal life and their primary prevention: Historical reminiscence of an “ecologic
experiment” in Germany. human_ontogenetics, 2,51-59.

Doyle, T. J., Goodin, K., & Hamilton, J. J. (2013). Maternal and Neonatal Outcomes among Pregnant
Women with 2009 Pandemic Influenza A(H1IN1) lllness in Florida, 2009-2010: A
Population-Based CohortStudy. Plos One, 8.

Dunford, A. R., & Sangster, J. M. (2017). Maternal and paternal periconceptional nutriton as an
indicator of offspring metabolic syndrome risk in later life through epigenetic imprinting: A
systematic review. Diabetes Metab Syndr.

Dzierzak, E., & Speck, N. A. (2008). Of lineage and legacy: the development of mammalian
hematopoietic stem cells. Nat Immunol, 9, 129-136.

Edwards, C. R., Benediktsson, R., Lindsay, R. S., & Seckl, J. R. (1993). Dysfunction of placental
glucocorticoid barrier: link between fetal environment and adult hypertension? Lancet, 341,
355-357.

Eisenmann, J. C. (2003). Secular trends in variables associated with the metabolic syndrome of North
American childrenand adolescents:a review and synthesis. AmJ Hum Biol, 15, 786-794.

Elefsiniotis, I., Tsoumakas, K., Vezali, E., Glynou, I., Drakoulis, N., & Saroglou, G. (2010). Spontaneous
preterm birth in women with chronic hepatitis B virus infection. Int J Gynaecol Obstet, 110,
241-244.

Epelman, S., Liu, P. P.,, & Mann, D. L. (2015). Role of innate and adaptive immune mechanisms in
cardiacinjuryandrepair. Nat Rev Immunol, 15,117-129.

Eriksson, J. G. (2016). Developmental Origins of Health and Disease - from a small body size at birth to
epigenetics. Ann Med, 48, 456-467.

Estes, M. L., & McAllister, A. K. (2016). Maternal immune activation: Implications for neuropsychiatric
disorders. Science, 353,772-777.

Fisher, R. E., Steele, M., & Karrow, N. A. (2012). Fetal programming of the neuroendocrine-immune
system and metabolic disease.JPregnancy, 2012,792934.

Gaita, D., & Sperling, L. (2015). Prevention and Control of Cardiovascular Diseases: What Works?
World Health Organization Chron, 207-217.

Gao, M., Zhang, X., Chen, X., Mi, C,, Tang, Y., Zhou, J., & Li, X. (2014). Prenatal exposure to
lipopolysaccharide results in local RAS activation in the adipose tissue of rat offspring. PLoS
One, 9,e111376.

Gorgas, D. L. (2008). Infections related to pregnancy. Emerg Med Clin North Am, 26, 345-366, viii.

Gover, A, Chau, V., Miller, S. P, Brant, R., McFadden, D. E., Poskitt, K. J,, Synnes, A., Weinberg, J., &
Grunau, R. E. (2013). Prenatal and postnatal inflammation in relation to cortisol levels in
preterm infants at 18 months corrected age. J Perinatol, 33, 647-651.

Gravett, C. A, Gravett, M. G., Martin, E. T., Bernson, J. D., Khan, S., Boyle, D. S., Lannon, S. M.,
Patterson, J.,, Rubens, C. E., & Steele, M. S. (2012). Serious and life-threatening
pregnancy-related infections: opportunities to reduce the global burden. PLoS medicine 9,
e1001324.



Gu, H.F.,Tang, C. K., & Yang, Y. Z. (2012). Psychological stress,immune response, and atherosclerosis.
Atherosclerosis, 223, 69-77.

Guo, W., Guan, X., Pan, X.,, Sun, X., Wang, F., Ji, Y., Huang, P., Deng, Y., Zhang, Q., Han, Q., Yi, P.,
Namaka, M., Liu, Y., Deng, Y., & Li, X. (2016). Post-Natal Inhibition of NF-kappaB Activation
Prevents Renal Damage Caused by Prenatal LPS Exposure. PLoS One, 11,e0153434.

Hanson, M. A., & Gluckman, P. D. (2014). Early developmental conditioning of later health and disease:
physiology or pathophysiology? Physiol Rev, 94, 1027-1076.

Hao, X. Q., Kong, T., Zhang, S. Y., & Zhao, Z. S. (2013). Alteration of embryonic AT(2)-R and
inflammatory cytokines gene expression induced by prenatal exposure to lipopolysaccharide
affects renal development. Exp Toxicol Pathol, 65, 433-439.

Hao, X. Q., Zhang, H. G., Li, S. H,, Jia, Y, Liu, Y., Zhou, J. Z.,, Wei, Y. L., Hao, L. Y., Tang, Y., Su, M., & Li, X.
H. (2010). Prenatal exposure to inflammation induced by zymosan results in activation of
intrarenal renin-angiotensin systemin adult offspringrats. Inflammation, 33,408-414.

Hao, X. Q., Zhang, H. G., Yuan, Z. B., Yang, D. L., Hao, L. Y., & Li, X. H. (2010). Prenatal exposure to
lipopolysaccharide alters the intrarenal renin-angiotensin system and renal damage in
offspringrats. Hypertens Res, 33, 76-82.

Hay, P. E.,, Lamont, R. F., Taylor-Robinson, D., Morgan, D. J,, Ison, C., & Pearson, J. (1994). Abnormal
bacterial colonisation of the genital tract and subsequent preterm delivery and late
miscarriage. BMJ, 308, 295-298.

He, X. Y., Deng, Y. C., Li, S. H., Wei, Y. L, Hao, L. Y., Zhang, X. X., & Li, X. H. (2011). [Prenatal exposure
to lipopolysaccharide results in vascular renin-angiotensin system dysfunction in offspring
rats]. Zhonghua Xin Xue Guan Bing Za Zhi, 39, 853-856.

Henley, D., Brown, S., Pennell, C,, Lye, S., & Torpy, D. J. (2016). Evidence for central hypercortisolism
and elevated blood pressure in adolescent offspring of mothers with pre-eclampsia. Clin
Endocrinol (Oxf), 85, 583-589.

Himmelmann, A., Svensson, A., & Hansson, L. (1993). Blood pressure and left ventricular mass in
children with different maternal histories of hypertension: the Hypertension in Pregnancy
Offspring Study. J Hypertens, 11, 263-268.

Himmelmann, A., Svensson, A., & Hansson, L. (1994). Five-year follow-up of blood pressure and left
ventricular mass in children with different maternal histories of hypertension: the
Hypertension in Pregnancy Offspring Study. J Hypertens, 12,89-95.

Holland, M. L., Lowe, R., Caton, P. W., Gemma, C., Carbajosa, G., Danson, A. F., Carpenter, A. A, Loche,
E., Ozanne, S. E., & Rakyan, V. K. (2016). Early-life nutrition modulates the epigenetic state of
specific rDNA genetic variants in mice. Science, 353, 495-498.

Hsiao, E. Y., McBride, S. W., Chow, J., Mazmanian, S. K., & Patterson, P. H. (2012). Modeling an autism
risk factor in mice leads to permanent immune dysregulation. Proc Natl Acad Sci U S A, 109,
12776-12781.

Huang, S. J., Chen, C. P., Schatz, F.,, Rahman, M., Abrahams, V. M., & Lockwood, C. J. (2008).
Pre-eclampsia is associated with dendritic cell recruitment into the uterine decidua. J Pathol,
214,328-336.

Hunter, C. A., & Jones, S. A. (2015). IL-6 as a keystone cytokine in health and disease. Nat Immunol, 16,
448-457.

Ilhan, M., Ilhan, G, Gok, A. F. K., Gunay, K., & Ertekin, C. (2016). The course and outcomes of

complicated gallstone disease in pregnancy: Experience of a tertiary center. Turk J Obstet



Gynecol, 13,178-182.

Jayet, P. Y., Rimoldi, S. F., Stuber, T., Salmon, C. S., Hutter, D., Rexhaj, E., Thalmann, S., Schwab, M.,
Turini, P., Sartori-Cucchia, C., Nicod, P., Villena, M., Allemann, Y., Scherrer, U., & Sartori, C.
(2010). Pulmonary and systemic vascular dysfunction in young offspring of mothers with
preeclampsia. Circulation, 122, 488-494.

Johnson, H. L, Ghanem, K. G., Zenilman, J. M., & Erbelding, E. J. (2011). Sexually transmitted
infections and adverse pregnancy outcomes among women attending inner city public
sexuallytransmitted diseases clinics. Sex Transm Dis, 38, 167-171.

Johnson, M. J., Petri, M., Witter, F. R., & Repke, J. T. (1995). Evaluation of preterm delivery in a
systemic lupus erythematosus pregnancy clinic. Obstet Gynecol, 86, 396-399.

Kadmiel, M., & Cidlowski, J. A. (2013). Glucocorticoid receptor signaling in health and disease. Trends
Pharmacol Sci, 34,518-530.

Kim, C. J., Romero, R., Chaemsaithong, P., & Kim, J. S. (2015). Chronic inflammation of the placenta:
definition, classification, pathogenesis, and clinical significance. Am J Obstet Gynecol, 213,
S53-69.

Kirchner, H., Osler, M. E., Krook, A., & Zierath, J. R. (2013). Epigenetic flexibility in metabolic
regulation:diseasecauseand prevention? Trends Cell Biol, 23,203-209.

Kirsten, T. B., Lippi, L. L., Bevilacqua, E., & Bernardi, M. M. (2013). LPS exposure increases maternal
corticosterone levels, causes placental injury and increases IL-1Beta levels in adult rat
offspring:relevance to autism. PLoS One, 8, €82244.

Klebanoff, M. A., Hillier, S. L., Nugent, R. P., MacPherson, C. A,, Hauth, J. C,, Carey, J. C., Harper, M.,
Wapner, R. J., Trout, W., Moawad, A., Leveno, K. J., Miodovnik, M., Sibai, B. M., Vandorsten, J.
P., Dombrowski, M. P., O'Sullivan, M. J., Varner, M., Langer, O., National Institute of Child, H.,
& Human Development Maternal-Fetal Medicine Units, N. (2005). Is bacterial vaginosis a
stronger risk factor for preterm birth when it is diagnosed earlier in gestation? Am J Obstet
Gynecol, 192,470-477.

Kumar, A, Basra, M., Begum, N., Rani, V., Prasad, S., Lamba, A. K., Verma, M., Agarwal, S., & Sharma, S.
(2013). Association of maternal periodontal health with adverse pregnancy outcome. J
Obstet Gynaecol Res, 39, 40-45.

Langley-Evans, S. C. (1997). Hypertension induced by foetal exposure to a maternal low-protein diet,
in the rat, is prevented by pharmacological blockade of maternal glucocorticoid synthesis. J
Hypertens, 15,537-544.

Langley-Evans, S. C., Gardner, D. S., & Jackson, A. A. (1996). Maternal protein restriction influences
the programming of the rat hypothalamic-pituitary-adrenal axis.JNutr, 126,1578-1585.

Laslett, L. J., Alagona, P., Jr., Clark, B. A., 3rd, Drozda, J. P., Jr., Saldivar, F., Wilson, S. R., Poe, C., & Hart,
M. (2012). The worldwide environment of cardiovascular disease: prevalence, diagnosis,
therapy, and policy issues: a report from the American College of Cardiology. J Am Coll
Cardiol, 60,51-49.

Lauren, M., Minire, A., Maldi, X., Mirton, M., & Aferdita, M. (2012). The impact of periodontitis in the
preterm birth and body size of newborns. Mater Sociomed, 24, 44-47.

Lawlor, D. A, Najman, J. M., Sterne, J., Williams, G. M., Ebrahim, S., & Davey Smith, G. (2004).
Associations of parental, birth, and early life characteristics with systolic blood pressure at 5
years of age: findings from the Mater-University study of pregnancy and its outcomes.
Circulation, 110,2417-2423.



Lazdam, M., de la Horra, A, Diesch, J., Kenworthy, Y., Davis, E., Lewandowski, A. J., Szmigielski, C.,
Shore, A., Mackillop, L, Kharbanda, R., Alp, N., Redman, C., Kelly, B., & Leeson, P. (2012).
Unique blood pressure characteristics in mother and offspring after early onset preeclampsia.
Hypertension, 60, 1338-1345.

Lee, D. L, Leite, R., Fleming, C., Pollock, J. S., Webb, R. C., & Brands, M. W. (2004). Hypertensive
response to acute stress is attenuated in interleukin-6 knockout mice. Hypertension, 44,
259-263.

Lee, D. L, Sturgis, L. C., Labazi, H., Osborne, J. B., Jr,, Fleming, C., Pollock, J. S., Manhiani, M., Imig, J. D.,
& Brands, M. W. (2006). Angiotensin |l hypertension is attenuated in interleukin-6 knockout
mice. Am J Physiol Heart Circ Physiol, 290, H935-940.

Lee, S. S., & Wong, N. S. (2012). Relationship between population configuration and the spatial
pattern of pandemicinfluenza A (H1N1) 2009 in Hong Kong. Hong Kong Med J, 18,310-317.

Li, X. C., Zhang, J., & Zhuo, J. L. (2017). The vasoprotective axes of the renin-angiotensin system:
Physiological relevance and therapeutic implications in cardiovascular, hypertensive and
kidney diseases. Pharmacol Res, 125,21-38.

Liao, W., Wei, Y., Yu, C., Zhou, J,, Li, S, Pang, Y., Li, G., & Li, X. (2008). Prenatal exposure to zymosan
results in hypertensioninadultoffspringrats. Clin Exp Pharmacol Physiol, 35, 1413-1418.

Lien, E., Means, T. K., Heine, H., Yoshimura, A., Kusumoto, S., Fukase, K., Fenton, M. J., Oikawa, M.,
Qureshi, N., Monks, B., Finberg, R. W., Ingalls, R. R., & Golenbock, D. T. (2000). Toll-like
receptor 4 imparts ligand-specific recognition of bacterial lipopolysaccharide. J Clin Invest,
105, 497-504.

Ligi, I., Grandvuillemin, ., Andres, V., Dignat-George, F., & Simeoni, U. (2010). Low birth weight infants
and the developmental programming of hypertension: a focus on vascular factors. Semin
Perinatol, 34, 188-192.

Lim, W. Y, Lee,Y.S., Yap, F. K., Aris, |. M., Lek, N., Meaney, M., Gluckman, P. D., Godfrey, K. M., Kwek,
K., Chong, Y. S., Saw, S. M., Pan, A, & group, G. s. (2015). Maternal Blood Pressure During
Pregnancy and Early Childhood Blood Pressures in the Offspring: The GUSTO Birth Cohort
Study. Medicine (Baltimore), 94, e1981.

Lin, Y. L, Lin, S. Y., & Wang, S. (2012). Prenatal lipopolysaccharide exposure increases anxiety-like
behaviors and enhances stress-induced corticosterone responses in adult rats. Brain Behav
Immun, 26,459-468.

Lindsay, J. R, & Nieman, L K. (2005). The hypothalamic-pituitary-adrenal axis in pregnancy:
challenges in diseasedetection and treatment. Endocr Rev, 26,775-799.

Lindsay, R. S., Lindsay, R. M., Edwards, C. R., & Seckl, J. R. (1996). Inhibition of 11-beta-hydroxysteroid
dehydrogenase in pregnant rats and the programming of blood pressure in the offspring.
Hypertension, 27,1200-1204.

Liong, S., & Lappas, M. (2017). Lipopolysaccharide and double stranded viral RNA mediate insulin
resistance and increase system a amino acid transportin human trophoblast cells in vitro.
Placenta, 51, 18-27.

Liverman, C. S., Kaftan, H. A,, Cui, L, Hersperger, S. G., Taboada, E., Klein, R. M., & Berman, N. E.
(2006). Altered expression of pro-inflammatory and developmental genes in the fetal brainin
a mouse model of maternal infection. Neurosci Lett, 399, 220-225.

Lépez, M., Figueras, F., Coll, O., Goncé, A, Hernandez, S., Loncd, M., Vila, J., Gratacds, E., & Palacio, M.

(2016). Inflammatory Markers Related to Microbial Translocation Among HIV-Infected



Pregnant Women: A Risk Factor of Preterm Delivery. J Infect Dis, 213, 343-350.

Lopez, M., Figueras, F., Hernandez, S., Lonca, M., Garcia, R., Palacio, M., & Coll, 0. (2012). Association
of HIV infection with spontaneous andiatrogenic preterm delivery: effect of HAART. AIDS, 26,
37-43.

Lopez, M., Palacio, M., Gonce, A., Hernandez, S., Barranco, F. J., Garcia, L, Lonca, M., Coll, J. O,,
Gratacos, E., & Figueras, F. (2015). Risk of intrauterine growth restriction among HIV-infected
pregnant women: a cohort study. Eur J Clin Microbiol Infect Dis, 34,223-230.

Luan, R., Cheng, H., Li, L., Zhao, Q., Liu, H., Wu, Z., Zhao, L, Yang, J., Hao, J., & Yin, Z. (2015). Maternal
Lipopolysaccharide Exposure Promotes Immunological Functional Changes in Adult Offspring
CD4+ T Cells.Am J Reprod Immunol, 73,522-535.

Ludvigsson, J. F., Bergquist, A., Ajne, G., Kane, S., Ekbom, A., & Stephansson, O. (2014). A
population-based cohort study of pregnancy outcomes among women with primary
sclerosing cholangitis. Clin Gastroenterol Hepatol, 12,95-100e101.

Lyko, F. (2017). The DNA methyltransferase family: a versatile toolkit for epigenetic regulation. Nat
Rev Genet.

Lymperopoulos, A., Rengo, G., & Koch, W. J. (2013). Adrenergic nervous system in heart failure:
pathophysiology and therapy. Circ Res, 113, 739-753.

Ma, R. C, Tutino, G. E., Lillycrop, K. A.,, Hanson, M. A,, & Tam, W. H. (2015). Maternal diabetes,
gestational diabetes and the role of epigenetics in their long term effects on offspring. Prog
Biophys Mol Biol, 118, 55-68.

Macedo, J. F., Ribeiro, R. A., Machado, F. C., Assis, N. M., Alves, R. T., Oliveira, A. S., & Ribeiro, L. C.
(2014). Periodontal disease and oral health-related behavior as factors associated with
preterm birth: a case-control studyinsouth-eastern Brazil.J Periodontal Res, 49, 458-464.

Magocsi, M., Vizi, E. S., Selmeczy, Z., Brozik, A., & Szelenyi, J. (2007). Multiple G-protein-coupling
specificity of beta-adrenoceptor in macrophages. Immunology, 122,503-513.

Mandal, M., Donnelly, R., Elkabes, S., Zhang, P., Davini, D., David, B. T., & Ponzio, N. M. (2013).
Maternal immune stimulation during pregnancy shapes the immunological phenotype of
offspring. Brain Behav Immun, 33, 33-45.

Mandal, M., Marzouk, A. C., Donnelly, R., & Ponzio, N. M. (2010). Preferential development of Th17
cells in offspring ofimmunostimulated pregnant mice. J Reprod Immunol, 87,97-100.
Mandal, M., Marzouk, A. C., Donnelly, R., & Ponzio, N. M. (2011). Maternal immune stimulation
during pregnancy affects adaptive immunity in offspring to promote development of TH17

cells. Brain Behav Immun, 25, 863-871.

Marchant, D. J., Boyd, J. H., Lin, D. C., Granville, D. J., Garmaroudi, F. S., & McManus, B. M. (2012).
Inflammationin myocardial diseases. CircRes, 110, 126-144.

Mazumder, B., Almond, D., Park, K., Crimmins, E. M., & Finch, C. E. (2010). Lingering prenatal effects
of the 1918 influenza pandemic on cardiovascular disease. JDev Orig Health Dis, 1, 26-34.

McDonald, S. D., Walker, M., Perkins, S. L., Beyene, J., Murphy, K., Gibb, W., & Ohlsson, A. (2006). The
effect of tobacco exposure on the fetal hypothalamic-pituitary-adrenal axis. Bjog, 113,
1289-1295.

McMaster, W. G., Kirabo, A., Madhur, M. S., & Harrison, D. G. (2015). Inflammation, immunity, and
hypertensive end-organ damage. Circ Res, 116,1022-1033.

McMillen, I. C., & Robinson, J. S. (2005). Developmental origins of the metabolic syndrome: prediction,

plasticity, and programming. Physiol Rev, 85, 571-633.



Mendis, S., Davis, S., & Norrving, B. (2015). Organizational update: the world health organization
global status report on noncommunicable diseases 2014; one more landmark step in the
combat againststrokeand vascular disease. Stroke, 46, €121-122.

Menendez, C., Ordi, J., Ismail, M. R., Ventura, P. J., Aponte, J. J., Kahigwa, E., Font, F., & Alonso, P. L.
(2000). The impact of placental malaria on gestational age and birth weight. J Infect Dis, 181,
1740-1745.

Meyer, U., Feldon, J., Schedlowski, M., & Yee, B. K. (2005). Towards an immuno-precipitated
neurodevelopmental animal model of schizophrenia. Neurosci Biobehav Revreviews, 29,
913-947.

Mombo-Ngoma, G., Honkpehedji, J., Basra, A., Mackanga, J. R., Zoleko, R. M., Zinsou, J., Agobe, J. C,,
Lell, B., Matsiegui, P. B., Gonzales, R., Agnandji, S. T., Yazdanbakhsh, M., Menendez, C.,
Kremsner, P. G., Adegnika, A. A., & Ramharter, M. (2017). Urogenital schistosomiasis during
pregnancy is associated with low birth weight delivery: analysis of a prospective cohort of
pregnant women and their offspringin Gabon. Int J Parasitol, 47, 69-74.

Moran, A. E,, Roth, G. A, Narula, J., & Mensah, G. A. (2014). 1990-2010 global cardiovascular disease
atlas. Glob Heart, 9, 3-16.

Mouloudi, E., Vasiliadis, T., Aslanidis, T., Karapanagiotou, A., Papanikolaou, V., & Gritsi-Gerogianni, N.
(2012). Preterm delivery in a parturient candidate for emergency liver transplantation after
hepatitis B virus infection related fulminantliver failure. Transplant Proc, 44, 2765-2767.

Munzel, T., Camici, G. G., Maack, C., Bonetti, N. R., Fuster, V., & Kovacic, J. C. (2017). Impact of
Oxidative Stress on the Heart and Vasculature: Part 2 of a 3-Part Series. JAm Coll Cardiol, 70,
212-229.

Myrskyla, M., Mehta, N. K., & Chang, V. W. (2013). Earlylife exposure to the 1918 influenza pandemic
and old-age mortality by causeof death. Am J Public Health, 103, e83-90.

Nair, L. S., & Nair, A. S. (1993). Effects of malaria infection on pregnancy. Indian J Malariol, 30,
207-214.

Nathan, C., & Cunningham-Bussel, A. (2013). Beyond oxidative stress: an immunologist's guide to
reactive oxygen species. Nat Rev Immunol, 13,349-361.

Niemann, B., Rohrbach, S., Miller, M. R., Newby, D. E., Fuster, V., & Kovacic, J. C. (2017). Oxidative
Stress and Cardiovascular Risk: Obesity, Diabetes, Smoking, and Pollution: Part 3 of a 3-Part
Series. JAm Coll Cardiol, 70, 230-251.

Niu, Z., Xie, C.,, Wen, X., Tian, F., Ding, P., He, Y., Fan, L, Yuan, S., Jia, D., & Chen, W. Q. (2017).
Mediating role of maternal serum interleukin-1beta and tumor necrosis factor-alpha in the
association between environmental tobacco smoke exposure in pregnancy and low birth
weight at term. J Matern Fetal Neonatal Med, 1-8.

Niu, Z., Xie, C., Wen, X., Tian, F., Yuan, S., Jia, D., & Chen, W. Q. (2016). Potential pathways by which
maternal second-hand smoke exposure during pregnancy causes full-term low birth weight.
Sci Rep, 6, 24987.

Norman, M. (2010). Preterm birth--an emerging risk factor for adult hypertension? Semin Perinatol,
34,183-187.

Oktem, O., Yagmur, H., Bengisu, H., & Urman, B. (2016). Reproductive aspects of systemic lupus
erythematosus. J Reprod Immunol, 117,57-65.

Onore, C. E., Schwartzer, J. J., Careaga, M., Berman, R. F., & Ashwood, P. (2014). Maternal immune

activation leads to activated inflammatory macrophages in offspring. Brain Behav Immun, 38,



220-226.

Oraneli, B. U., Okeke, O. C., & Ubachukwu, P. 0. (2013). Effect of placental malaria on birth weight of
babies in Nnewi, Anambra state, Nigeria.J Vector Borne Dis, 50, 13-17.

Ou, Y., Mai, J,, Zhuang, J., Liu, X.,, Wu, Y., Gao, X., Nie, Z.,Qu, Y., Chen, J., Kielb, C., Lauper, U., & Lin, S.
(2016). Risk factors of different congenital heart defects in Guangdong, China. Pediatr Res, 79,
549-558.

Panchenko, P. E., Voisin, S., Jouin, M., Jouneau, L., Prezelin, A., Lecoutre, S., Breton, C., Jammes, H.,
Junien, C., & Gabory, A. (2016). Expression of epigenetic machinery genes is sensitive to
maternal obesity and weight loss inrelation to fetal growth in mice. Clin Epigenetics, 8, 22.

Paul, V. K., Gupta, U., Singh, M., Nag, V. L., Takkar, D., & Bhan, M. K. (1998). Association of genital
mycoplasma colonization with low birth weight. IntJ Gynaecol Obstet, 63, 109-114.

Prins, J. R., Hylkema, M. N., Erwich, J. J., Huitema, S., Dekkema, G. J., Dijkstra, F. E., Faas, M. M., &
Melgert, B. N. (2012). Smoking during pregnancy influences the maternal immune response
inmice and humans.Am J Obstet Gynecol, 207,76 e71-14.

Rando, O. J., & Simmons, R. A. (2015). I'm eating for two: parental dietary effects on offspring
metabolism. Cell, 161, 93-105.

Resende, A. C., Emiliano, A. F., Cordeiro, V. S., de Bem, G. F., de Cavalho, L. C., de Oliveira, P. R., Neto,
M. L, Costa, C. A., Boaventura, G. T., & de Moura, R. S. (2013). Grape skin extract protects
against programmed changes in the adult rat offspring caused by maternal high-fat diet
duringlactation.JNutr Biochem, 24,2119-2126.

Ribeiro, V. R.,, Romao-Veiga, M., Romagnoli, G. G., Matias, M. L, Nunes, P. R., Borges, V. T. M,,
Peracoli, J. C.,, & Peracoli, M. T. S. (2017). Association between cytokine profile and
transcription factors produced by T-cell subsets in early- and late-onset pre-eclampsia.
Immunology, 152,163-173.

Roberts, V. H., Frias, A. E., & Grove, K. L. (2015). Impact of maternal obesity on fetal programming of
cardiovasculardisease. Physiology (Bethesda), 30, 224-231.

Rodriguez-lturbe, B., Pons, H., & Johnson, R. J. (2017). Role of the Immune System in Hypertension.
Physiol Rev, 97,1127-1164.

Rollins, N. C., Coovadia, H. M., Bland, R. M., Coutsoudis, A., Bennish, M. L., Patel, D., & Newell, M. L.
(2007). Pregnancy outcomes in HIV-infected and uninfected women in rural and urban South
Africa.J Acquir Immune Defic Syndr, 44,321-328.

Rours, G. 1., Duijts, L., Moll, H. A,, Arends, L. R., de Groot, R,, Jaddoe, V. W., Hofman, A., Steegers, E. A,
Mackenbach, J. P., Ott, A, Willemse, H. F., van der Zwaan, E. A., Verkooijen, R. P., & Verbrugh,
H. A. (2011). Chlamydia trachomatis infection during pregnancy associated with preterm
delivery: a population-based prospective cohortstudy. Eur J Epidemiol, 26, 493-502.

Ruland, J. (2011). Return to homeostasis: downregulation of NF-kappaB responses. Nat Immunol, 12,
709-714.

Sack, M. N., Fyhrquist, F. Y., Saijonmaa, O. J., Fuster, V., & Kovacic, J. C. (2017). Basic Biology of
Oxidative Stress and the Cardiovascular System: Part 1 of a 3-Part Series. J Am Coll Cardiol, 70,
196-211.

Samuelsson, A. M., Alexanderson, C., Molne, J., Haraldsson, B., Hansell, P., & Holmang, A. (2006).
Prenatal exposure to interleukin-6 results in hypertension and alterations in the
renin-angiotensin system of the rat. J Physiol, 575,855-867.

Samuelsson, A. M., Ohrn, I., Dahlgren, J., Eriksson, E., Angelin, B., Folkow, B., & Holmang, A. (2004).



Prenatal exposure to interleukin-6 results in hypertension and increased
hypothalamic-pituitary-adrenal axis activityinadultrats. Endocrinology, 145, 4897-4911.

Sasaki, A, de Vega, W. C., St-Cyr, S., Pan, P., & McGowan, P. O. (2013). Perinatal high fat diet alters
glucocorticoid signalingand anxiety behavior in adulthood. Neuroscience, 240,1-12.

Selye, H. (1956). Endocrine reactions duringstress. Curr Res Anesth Analg, 35,182-193.

Shim, S. S., Romero, R., Hong, J. S., Park, C. W., Jun, J. K., Kim, B. |., & Yoon, B. H. (2004). Clinical
significance of intra-amniotic inflammation in patients with preterm premature rupture of
membranes. Am J Obstet Gynecol, 191, 1339-1345.

Sirilert, S., Traisrisilp, K., Sirivatanapa, P., & Tongsong, T. (2014). Pregnancy outcomes among chronic
carriers of hepatitis Bvirus. International Journal of Gynecology & Obstetrics, 126, 106-110.

Smale, S. T. (2012). Dimer-specific regulatory mechanisms within the NF-kappaB family of
transcription factors. Immunol Rev, 246,193-204.

Straughen, J. K., Misra, D. P, Divine, G., Shah, R., Perez, G., VanHorn, S., Onbreyt, V., Dygulska, B.,
Schmitt, R., Lederman, S., Narula, P.,, & Salafia, C. M. (2017). The association between
placental histopathology and autismspectrumdisorder. Placenta, 57, 183-188.

Stroud, L. R, Papandonatos, G. D., Rodriguez, D., McCallum, M., Salisbury, A. L., Phipps, M. G., Lester,
B., Huestis, M. A,, Niaura, R., Padbury, J. F., & Marsit, C. J. (2014). Maternal smoking during
pregnancy and infant stress response: test of a prenatal programming hypothesis.
Psychoneuroendocrino, 48, 29-40.

Tabas, I., & Lichtman, A. H. (2017). Monocyte-Macrophages and T Cells in Atherosclerosis. Immunity,
47,621-634.

Tang, J. 1., Kenyon, C. J., Seckl, J. R., & Nyirenda, M. J. (2011). Prenatal overexposure to glucocorticoids
programs renal 1lbeta-hydroxysteroid dehydrogenase type 2 expression and salt-sensitive
hypertension inthe rat. J Hypertens, 29,282-289.

Tang, Y., Zhou, J., & Li, X. (2014). Prenatal exposure to lipolysaccharide result in expression cha nges of
myocardial renin angiotensinsystem in offspring rats. Zhonghua Xin Xue Guan Bing Za Zhi, 42,
418-423.

Tenhola, S., Rahiala, E., Halonen, P., Vanninen, E., & Voutilainen, R. (2006). Maternal preeclampsia
predicts elevated blood pressure in 12-year-old children: evaluation by ambulatory blood
pressuremonitoring. Pediatr Res, 59, 320-324.

Tobon-Castano, A., Solano, M. A., Sanchez, L. G.,, & Trujillo, S. B. (2011). [Intrauterine growth
retardation, low birth weight and prematurity in neonates of pregnant women with malaria
in Colombial. Rev Soc Bras Med Trop, 44,364-370.

Uneke, C. J.,, Duhlinska, D. D., & Ujam, T. N. (2009). Effects of Maternal Plasmodium falciparum
Malariaand HIVinfection on Birth Weight in Southeastern Nigeria. Mcgill ] Med, 12, 42.

Urakubo, A., Jarskog, L. F., Lieberman, J. A., & Gilmore, J. H. (2001). Prenatal exposure to maternal
infection alters cytokine expression in the placenta, amniotic fluid, and fetal brain. Schizophr
Res, 47, 27-36.

van Montfoort, N., Finken, M. J., le Cessie, S., Dekker, F. W., & Wit, J. M. (2005). Could cortisol explain
the association between birth weight and cardiovascular disease in later life? A meta-analysis.
Eur J Endocrinol, 153,811-817.

Volman, T. J.,, Hendriks, T., & Goris, R. J. (2005). Zymosan-induced generalized inflammation:
experimental studies into mechanisms leading to multiple organ dysfunction syndrome.
Shock, 23,291-297.



Wakana, N., Irie, D., Kikai, M., Terada, K., Yamamoto, K., Kawahito, H., Kato, T., Ogata, T., Ueyama, T,
Matoba, S., & Yamada, H. (2015). Maternal high-fat diet exaggerates atherosclerosis inadult
offspring by augmenting periaortic adipose tissue-specific proinflammatory response.
Arterioscler Thromb Vasc Biol, 35, 558-569.

Wang, J., Cui, J,, Chen, R, Deng, Y., Liao, X., Wei, Y., Li, X,, Su, M., Yu, J., & Yi, P. (2017). Prenatal
Exposure to Lipopolysaccharide Alters Renal DNA Methyltransferase Expression in Rat
Offspring. PLoS One, 12, e0169206.

Wang, J., Yin, N,, Deng, Y. C., Wei, Y. L., Huang, Y. H., Pu, X. Y., Li, L., Zheng, Y. R., Guo, J. X,, Yu,J. H,, Li,
X.H., & Yi, P. (2016). Ascorbic Acid Protects against Hypertension through Downregulation of
ACE1 Gene Expression Mediated by Histone Deacetylationin Prenatal Inflammation-Induced
Offspring. Sci Rep, 6.

Wang, X., Luo, H., Chen, C., Chen, K., Wang, J., Cai, Y., Zheng, S., Yang, X., Zhou, L, Jose, P. A., & Zeng,
C. (2014). Prenatal lipopolysaccharide exposure results in dysfunction of the renal dopamine
D1 receptor in offspring. Free Radic Biol Med, 76, 242-250.

Wang, X., Wang, J., Luo, H., Chen, C.,, Pei, F., Cai, Y., Yang, X., Wang, N., Fu, J., Xu, Z., Zhou, L., & Zeng,
C. (2015). Prenatal lipopolysaccharide exposure causes mesenteric vascular dysfunction
through the nitric oxide and cyclic guanosine monophosphate pathway in offspring. Free
Radic Biol Med, 86, 322-330.

Weber-Stadlbauer, U. (2017). Epigenetic and transgenerational mechanisms in infection-mediated
neurodevelopmental disorders. Transl Psychiatry, 7,e1113.

Wei, Y., Du, W., Xiong, X., He, X., Ping, Y., Deng, Y., Chen, D., & Li, X. (2013). Prenatal exposure to
lipopolysaccharide results in myocardial remodellingin adult murine offspring. J Inflamm, 10,
35.

Wei, Y. L., Li, X. H., & Zhou, J. Z. (2007). Prenatal exposure to lipopolysaccharide results inincreases in
blood pressureand body weight in rats. Acta Pharmacol Sin, 28, 651-656.

Xiao, D., Huang, X., Li, Y., Dasgupta, C.,, Wang, L., & Zhang, L. (2015). Antenatal Antioxidant Prevents
Nicotine-Mediated Hypertensive Response in Rat Adult Offspring. Biol Reprod, 93, 66.

Yan, J., Li, X,, Su, R., Zhang, K., & Yang, H. (2014). Long-term effects of maternal diabetes on blood
pressureandrenal function inratmale offspring. PLoS One, 9, €88269.

Yan, X., Zhu, M. J., Xu, W., Tong, J. F., Ford, S. P., Nathanielsz, P. W., & Du, M. (2010). Up-Regulation of
Toll-like Receptor 4/Nuclear Factor-kappa B Signaling Is Associated with Enhanced
Adipogenesis and Insulin Resistance in Fetal Skeletal Muscle of Obese Sheep at Late
Gestation. Endocrinology, 151, 380-387.

Zager, A, Pinheiro, M. L., Ferraz-de-Paula, V., Ribeiro, A., & Palermo-Neto, J. (2013). Increased
cell-mediated immunity in male mice offspring exposed to maternal immune activation
duringlate gestation. Int Inmunopharmacol, 17, 633-637.

Zaretsky, M. V., Alexander, J. M., Byrd, W., & Bawdon, R. E. (2004). Transfer of inflammatory cytokines
across theplacenta. Obstet Gynecol, 103,546-550.

Zhang, Q., Deng, Y., Lai, W., Guan, X., Sun, X., Han, Q,, Wang, F.,, Pan, X,, Ji, Y., Luo, H., Huang, P, Tang,
Y., Gu, L., Dan, G., Yu, J., Namaka, M., Zhang, J., Deng, Y., & Li, X. (2016). Maternal
inflammation activated ROS-p38 MAPK predisposes offspring to heart damages caused by
isoproterenol via augmenting ROS generation. Sci Rep, 6,30146.

Zhang, X., Sliwowska, J. H., & Weinberg, J. (2005). Prenatal alcohol exposure and fetal programming:

effects on neuroendocrine and immune function. Exp Biol Med (Maywood), 230,376-388.



Zhao, H., Kalish, F., Schulz, S., Yang, Y., Wong, R. J., & Stevenson, D. K. (2015). Unique Roles of
Infiltrating Myeloid Cells in the Murine Uterus during Early to Midpregnancy. J Immunol, 194,
3713-+.

Zhao, S., Zhang, H., Cao, D., Liu, Y., & Li, X. (2014). Lipopolysaccharide exposure during pregnancy
leads to aortic dysfunctionin offspringrats. PLoSOne, 9, €102273.



Tables

Table 1 Epidemiological studies linking maternal insults with diseases in offspring

Key studies Maternal Offspring Country Major findings
insults disease
Boggess et | Periodontal | Preterm birth, | USA Moderate or severe
al., 2006 disease low birth periodontal disease
weight early in pregnancy is
associated with the
delivery of a
small-for-gestational-ag
e infant.
Hay et al., | Bacterial Preterm England Late miscarriage and
1994 infection delivery preterm delivery are
associated with the
presence of bacterial
vaginosis in early
pregnancy.
Arends etal., | Preterm Type 2 Netherland | The development of
2005 birth diabetes S type 2 diabetes mellitus
mellitus and and CVDs are already

cardiovascular

diseases

present during

childhood in short




prepubertal children
born small for

gestational age (SGA).

Erikssonet

al., 2016

Low birth
height and

weight

Heart disease,

type 2

diabetes

Finland

Early growth patterns
are associated with
coronary heart disease,
type 2 diabetes and

other health outcomes.

Cocoros et

al., 2014

Influenza

Cardiovascula

r events

Danish

Prenatal exposure to the
1918 influenza
pandemic is associated
with cardiovascular

events in adulthood.

Mazumder et

al., 2010

Influenza

CVDs

USA

Maternal infections in
the fetus result in the
programming of
cardiovascular risk
factors that are
independent of maternal

malnutrition.

Myrskyla et

al,, 2013

Influenza

Respiratory

and

National

Health

Early disease exposure

increases old-age




cardiovascular | Interview mortality through
diseases Survey noncancer causes,
which include
respiratory and
cardiovascular diseases.
Acs et al., | Influenza Cardiovascula Maternal influenza
2005 r congenital during pregnancy
abnormalities results in the risk of
congenital
abnormalities in
offspring.
Ou, et al, | Fever, Congenital China Maternal fever, diabetes
2016 diabetes, heart defects and influenza are
influenza, dominant risk factors
and associated with
threatened congenital heart defects.
abortion
Botto, et al., | Febrile Congenital USA Febrile genitourinary
2014 genitourinar | heart defects infections are associated

y infections

with selected heart
defects, particularly

right-sided obstructive




defects.

Mazumder et

al., 2010

Influenza

Ischemic heart

disease

USA

Prenatal exposure to the
1918 influenza
pandemic resulted in
>20% excess
cardiovascular diseases
in the offspring at 60 to

82 years of age.

Aceti et al,

2012

Type 2

diabetic

Higher
systolic blood

pressure

Offspring of diabetic
mothers have a higher
systolic BP than

controls.

Roberts et

al., 2015

Obesity

CVDs

Maternal obesity during
pregnancy results in a
subsequent impact on
fetal cardiovascular

development.

Tenhola et

al., 2006

Preeclampsi

Hypertension

Kuopio

Maternal preeclampsia
is associated with
elevated BP in

offspring.

Himmelman

Hypertensio

Higher blood

Sweden

Maternal histories of




n et al,

1993, 1994

pressure

hypertension maintain
their rank with regard to
left ventricular mass

during adolescence.

Jayet, et al.,

2010

Preeclampsi

Pulmonary
and systemic
vascular

dysfunction

Switzerlan

Preeclampsia leaves a
persistent defect in the
systemic and pulmonary
circulation of the

offspring.

Lazdam et

al., 2012

Preeclampsi

Hypertension

England

Mothers who develop
early-onset
preeclampsia and the
offspring of these
pregnancies display
specific adverse
blood-pressure
characteristics later in

life.

Lim et al,

2015

Hypertensio

Hypertension

Singapore

Maternal central
pulsatile blood pressure

components (SBP and

PP) during pregnancy




are associated  with

higher blood pressures

in offspring.

Cohen et al., | Smoking Hypertension | Sweden There is early postnatal

2008 programming of human
cardiovascular
dysfunction by maternal
smoking.

Lawlor, et | Smoking Hypertension | Switzerlan | Childhood blood

al., 2004 d pressure tracks into

adulthood; interventions
are aimed at early-life
risk factors, such as
quitting smoking during

pregnancy.




Table 2 Experimental animal models for PIE-programmed CVDs

Animal model Disease Reported molecular | Age at Ref.
phenotypes mechanism evaluation

Pregnant rats Higher blood Not studied 5and 11 Samuelsson,

injected with pressure weeks etal, 2004 ,

human IL-6 2006

during the

entire second

or third

trimester

Pregnant rats Higher blood Not studied 6 weeks of | Liao, et al.,

treated with pressure age and 2008; Y. L.

LPS or older Wei, Li, &

zymosan on Zhou, 2007

gestational

days 8, 10 and

12

Prenatal rats Endothelium NF-xB 7 and 16 Deng etal.,

injected with dysfunction in dyshomeostasis weeks 2016

LPS in the

second

trimester

thoracic aortas;

hypertension

contributes to RAS
overactivity,

resulting in




hypertension in

offspring.
Adult offspring | Hypertension; NF-xB 20 weeks Deng etal.,
rats of increasing over-activation 2016
LPS-treated sensitivity to impairs the
mothers with 4 | DOCA-salt PGC-1la-
weeks of challenge mediated
DOCA-salt antioxidant
treatment capacity, which

results in an

increased

sensitivity of

offspring to

hypertensive

damage induced by

DOCA-salt
Adult offspring | Cardiac Activated ROS-p38 | 22 weeks Zhang etal.,
rats of hypertrophy and | MAPK predisposes 2016

LPS-treated

mothers with 2

weeks of ISO

treatment at 20

myocardial
fibrosis;
increasing

sensitivity to

offspring to heart
damage caused by
ISO via

augmenting ROS




weeks ISO challenge generation

Figure Legends

Fig. 1. Direct and indirect epidemiological evidence for PIE-programed CVDs.
Timeline of the initial reported epidemiological studies for both direct and indirect
evidence for PIE-programed CVDs. The direct evidence from the cohorts with
prenatal influenza exposure indicates that the second trimester of gestation is the most
sensitive time window for PIE-programed CVDs.

Abbreviations: CVDs, cardiovascular diseases; PIE, prenatal inflammatory exposure.
Fig. 2. Both systemic maternal or placental “hot” and “cold” inflammation are
associated with adult CVDs in offspring. This schematic summarizes the etiologies
for both maternal systemic or placental “hot” and “cold” inflammation associated
with PlE-associated CVDs. ~Abbreviations: CMYV, cytomegalovirus; CVDs,
cardiovascular diseases; HBV, hepatitis B virus; HIV, human immunodeficiency virus;
HPV, human papillomavirus; HRV, human rhinovirus; HSV, herpes simplex virus; PIE,
prenatal inflammatory exposure.

Fig. 3. Animal models for PIE-programed CVDs. This schematic depicts the current
models for PIE-programed CVDs with the injection of LPS (Y. L. Wei, et al., 2007),
Poly (I:C) [Guan, Deng, etal. Unpublished data], zymosan (Liao, et al., 2008) or IL-6
(Samuelsson, et al., 2006; Samuelsson, et al., 2004) at the indicated time points during
pregnancy by using a rat or mouse. The time points for the onset of circulation and

occurrence of primitive macrophages, aortic clusters, AGM and HSCs are also added




to the timeline of pregnancy (Clements & Traver, 2013; Dzierzak & Speck, 2008).
Abbreviations: AGM, aorta-gonad-mesonephros; CVDs, cardiovascular diseases;
HSCs, hematopoietic stem cells; PIE, prenatal inflammatory exposure.

Fig. 4. Proposed model of PIE as a CVDs primer. Early-life NF-kB dyshomeostasis
plays essential roles in the aging-related development of hypertension and heart
diseases through triggering the crosstalk among inflammation, RAS overactivity and
ROS activation (Deng, Deng, et al., 2016; Deng, Zhang, et al., 2016; Y. Wei, et al.,
2013). Two different mechanims may be involved in oxidative stress responding to a
second insult between myocardial and vascular tissues in PIE offspring. In the heart,
the positive feedback loop between the p38 MAPK signal pathway and ROS is ignited
when challenged with ISO as a second insult, augmenting oxidative stress by
dramatically upregulating the expression of NADPH oxidase (Q. Zhang, et al., 2016).
However, in the vasculature, NF-xB overactivation impairing the PGC-1a-mediated
antioxidant capacity, but not the p38 MAPK-ROS positive feedback loop, is the key
responsible pathway for the aggravated oxidative damage by DOCA-salt treatment at
the adult stage (Deng, Zhang, et al., 2016).

Abbreviations: CVDs, cardiovascular diseases; DOCA-salt, deoxycorticosterone
acetate (DOCA) and salt; ISO, isoproterenol; MAPK, mitogen-activated protein
kinase; PIE, prenatal inflammatory exposure; RAS, renin—angiotensin system; ROS,
reactive oxygen species.

Fig. 5. Mechanisms underlying PIE-programed CVDs. Schematic representation of

the multiple signal pathways (such as inflammation, oxidative stress, RAS, NF-xB



and epigenetic reprograming) in cardiovascular tissues and the dysregulation of the
immune system and HPA axis, which may predispose PIE offspring to CVDs. 1
indicates upregulation of protein expression or increased cell abundance; | indicates
downregulation of protein expression or decreased cell abundance.

Abbreviations: ACE, angiotensin-converting enzyme; Ang Il, angiotensin II; AT1R,
Ang Il type 1 receptor; CRF, corticotropin-releasing factor; CRFR, hypothalamus and
CRF receptor type 1 (Crhrl); CVDs, cardiovascular diseases; DNMT, DNA
methyltransferase; GR, glucocorticoid receptors; HPA, hypothalamic-pituitary-adrenal;
MR, mineralocorticoid receptors; PIE, prenatal inflammatory exposure; RAS, renin—
angiotensin system; ROS, reactive oxygen species; Treg, regulator T; Th17, T helper

cell type 17.
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