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Abstract

Low birth weight serves as a crude proxy for impaired growth during fetal life and indicates a
failure for the fetus to achieve its full growth potential. Low birth weight can occur in response to
numerous etiologies that include complications during pregnancy, poor prenatal care, parental
smoking, maternal alcohol consumption or stress. Numerous epidemiological and experimental
studies demonstrate that birth weight is inversely associated with blood pressure and coronary
heart disease. Sex and age impact the developmental programming of hypertension. In addition,
impaired growth during fetal life also programs enhanced vulnerability to a secondary insult.
Macrosomia, which occurs in response to maternal obesity, diabetes and excessive weight gain
during gestation, is also associated with increased cardiovascular risk. Yet, the exact mechanisms
that permanently change the structure, physiology and endocrine health of an individual across
their lifespan following altered growth during fetal life are not entirely clear. Transmission of
increased risk from one generation to the next in the absence of an additional prenatal insult
indicates an important role for epigenetic processes. Experimental studies also indicate that the
sympathetic nervous system, the renin angiotensin system, increased production of oxidative stress
and increased endothelin play an important role in the developmental programming of blood
pressure in later life. Thus, this review will highlight how adverse influences during fetal life and
early development program an increased risk for cardiovascular disease including high blood
pressure and provide an overview of the underlying mechanisms that contribute to the fetal origins
of cardiovascular pathology.

INTRODUCTION

This review will provide an overview of the fetal or developmental origins of cardiovascular
(CV) disease and pathology. Numerous studies implicate an association between influences
during fetal life that slow or accelerate fetal growth with an increased risk in later life for
hypertension, death from coronary heart disease, metabolic disease and chronic kidney
disease (9, 10, 20, 87, 104). Experimental models investigating the underlying mechanisms
that link insults during fetal life with increased risk for chronic disease mimic the many
causes that impair fetal growth in the human population including maternal complications
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during pregnancy such as hypertension and diabetes, maternal obesity and excessive weight
gain during pregnancy, or parental smoking, maternal alcohol consumption and maternal
stress (3, 32, 103, 114, 116, 123, 141, 241). Sex and age impact programmed CV risk (3, 21,
32, 84,132, 145, 249) and events that alter growth during fetal life increase susceptibility to
a second insult in later life (143, 252). Risk for a pregnancy complicated by preeclampsia,
diabetes or preterm delivery is increased in low birth weight women (80, 81, 82). Thus,
influences during early life that alter growth and development exert long-term consequences
on the CV health of an individual across their lifespan. Impaired growth during fetal life also
impacts the CV health of the next generation (6) implicating epigenetic processes (222) in
the etiology of disease that has its origins during fetal life and early development.
Experimental studies not only provide proof of principle that adverse influences during fetal
life program long-term CV consequences, but they also indicate that the sympathetic
nervous system, the renin angiotensin system, increased oxidative stress and increased
production of endothelin contribute to the etiology of CV disease that has its origins in fetal
life.

HISTORY & ETIOLOGY OF THE FETAL ORIGINS OF CARDIOVASCULAR

DISEASE

Historical perspective

From the 1940’s through the 1970’s Widdowson and McCance examined the impact of early
undernutrition on later growth and development (227). In the 1970’s Forsdahl noted that
poverty in early life followed by prosperity in later life increased the risk for CV disease
(56). However, following Barker’s hypothesis in the 1980’s (9) the foundation for the fetal
programming of chronic disease, now referred to as the Developmental Origins of Health
and Disease (DOHaD) was formulated. Barker postulated that CV disease might have its
origins in fetal life based on the observation that the geographical distribution of infant
mortality in the early 1900’s closely resembled that of death from ischemic heart disease
approximately 60 years later (9). He noted that areas with the greatest mortality were the
regions that were the most deprived (9). Using birth weight as a crude marker for poor fetal
growth, Barker noted an inverse relationship between birth weight and blood pressure (10)
further strengthening the hypothesis that adverse influences during fetal life that slow
growth and increase the risk for infant mortality in early life also program an increased risk
for CV disease in those that survive (8). He postulated that when fetal nutritional demand
was less that nutritional supply, the fetus would adapt for survival during gestation resulting
in a redistribution of blood flow to spare the brain at the expense of other organs which in
turn would alter the structure, metabolism, physiology, and endocrinology of the impacted
areas in a manner that would “program” an increased risk for higher blood pressure and CV
disease after birth (8). Since Barker’s first observation, numerous studies have examined the
inverse relationship between birth weight and blood pressure (104). Hypertension serves as a
risk factor for CV disease and birth weight is also inversely associated with other CV risk
factors including chronic kidney disease (233), endothelial dysfunction (109), and
cholesterol (34). Numerous maternal factors such as a mother’s body composition, her
health and nutrition during pregnancy in addition to parental smoking, maternal alcohol
consumption or maternal age, and prenatal care can impact fetal growth and ultimately birth
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weight. Accelerated weight gain in early postnatal life enhances the adverse impact
following slow fetal growth (193) and accelerated growth during the early postnatal period
is sufficient to impact systolic blood pressure (SBP) as well as diastolic blood pressure
(DBP) (12). Accelerated weight gain not only impacts CV and metabolic parameters
following low birth weight, but cardiometabolic risk is also aggravated in children born
large for gestational age followed by accelerated post-natal growth (119). Thus, these
studies indicate that the period of susceptibility to long-term programming of CV risk
extends beyond birth. Hence, Barker’s original hypothesis involved a focus on fetal life.
However, expansion of the period of vulnerability now highlights the post-natal period
expanding the theory to include the developmental origins of adverse events in early life in
importance on later chronic and CV health.

Low birth weight and the impact of fetal undernutrition was the initiating factor in the
development of the DOHabD theory. Low birth weight, or 5.5 pounds full term is used as a
crude marker indicative of failure to meet one’s full growth potential during fetal life (8).
Low birth weight and asymmetric growth restriction reflect one fetal condition related
increased CV risk in later life (8). However, recent studies indicate that intrauterine growth
restriction (IUGR) indicative of poor fetal growth impacts later chronic health may also
include preterm delivery (38). Preterm birth, <37 weeks, is linked to higher blood pressure
in later life (38, 108). Total fat mass (22) and insulin resistance (54) are increased in
individuals born preterm, but total cholesterol and triglycerides are not altered in young
adulthood in individuals born preterm (33). Nephrogenesis continues following birth prior to
34-36 weeks gestation. Total kidney volume is reduced in preterm infants relative to term
infants (92) suggesting that nephron number may be reduced although studies have yet to
confirm. Preterm individuals exhibit abnormal glomerular morphology (15) although all
glomeruli may not be affected (15). Therefore, these studies indicate that the mechanisms
that program increased CV risk and high blood pressure following preterm birth differ from
those that contribute to increased risk in those born low birth weight but at full term.

Obesity is a growing epidemic worldwide and maternal adiposity and excessive maternal
weight gain during gestation greatly impacts the CV health of the offspring in later life in
addition to increasing the risk for Type 2 Diabetes (T2D) (50, 126). Fetal exposure to
maternal obesity also has an adverse impact on later chronic health of the offspring
including increased body mass index (BM1), total body and abdominal fat mass, SBP,
insulin levels and lower high-density lipoprotein cholesterol levels (61). Experimental
models utilizing diet-induced obesity in the mouse (178) or rat (180) as a developmental
insult report that fetal exposure to maternal obesity programs an increase in blood pressure
in the offspring providing proof of principle that obesity in one generation programs
impaired chronic health in the next generation. Fetal exposure to a maternal diet rich in fat
also programs a marked increase in blood pressure in the offspring (95) indicating that fetal
exposure to overnutrition is just as detrimental as fetal exposure to undernutrition in regards
to long-term CV health. Whether nephron number is compromised following fetal exposure
to overnutrition or maternal obesity is not yet known. However, these studies indicate that
the developing fetus is sensitive to nutritional supply regardless of whether it involves
excessive calories or is restricted in relation to access to proper nutritional needs.
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To summarize, based on the similar geographical distribution of infant mortality to death
from ischemic heart disease (9), Barker proposed that poor nutrition during early life
increases susceptibility to later CV risk (8). Langley-Evans et al. provided proof of concept
that undernutrition during fetal life programs an increase in blood pressure in later life
utilizing an animal model of maternal protein restriction during gestation in the rat (103).
Since this first direct test of Barker’s hypothesis, numerous other experimental models using
the rat and different species have been developed to study the mechanisms that link insults
during prenatal life with increased risk for CV, renal and metabolic disease in later life.
Many of these mimic the maternal causes of low birth weight such as maternal
undernutrition, maternal stress or alcohol consumption, and maternal smoking (103, 114,
141, 241, 249) whereas others mimic complications during pregnancy that are linked to
increased CV risk in the offspring such as preeclampsia and gestational diabetes (3, 37,
238). These studies demonstrate that numerous factors contribute to the etiology of impaired
growth (53, 97) and impact the physiology of an individual during development leading to
increased CV risk and chronic disease (83). In addition these studies demonstrate that
despite differences in the type of maternal or nutritional insult, an increase in SBP indicative
of increased CV risk is observed in later life.

Etiology of impaired growth during fetal life

Complications during pregnancy that include preeclampsia or diabetes, maternal obesity or
excessive weight gain during pregnancy, parental smoking, maternal stress or alcohol
consumption in addition to maternal age and poor prenatal care impact fetal growth and
contribute to the development of increased risk for CV disease in the offspring (50, 52, 60,
69, 126, 142, 201). Some of these factors are preventable; all of these adverse early life
exposures impact long-term CV health in manner that may be sex and age dependent.

Maternal undernutrition—The theory of fetal programming originated from studies
noting an inverse relationship between birth weight and blood pressure (10, 105). Low birth
weight indicative of poor fetal nutrition can occur due to numerous etiologies including
maternal undernutrition induced under conditions of famine. The Dutch Famine birth cohort
includes men and women born as singleton births following in utero exposure to famine
during the Dutch Hunger Winter of 1944-1945. Birth records from the Dutch Famine Birth
cohort indicate that late gestational exposure to famine is associated with a reduction in birth
weight (197). Early gestational exposure to famine is associated with increased prevalence
of coronary heart disease (173). Exposure to famine during fetal life is also associated with
an increased risk for hypertension (218) and elevated triacylglycerol concentrations in later
life (39). In men HDL-cholesterol concentrations are lower (39) and the effect of famine on
lipid profiles is independent of current BMI (172). Exposure to Holocaust conditions during
early life is also linked to greater prevalence of CV risk including increased BMI,
hypertension, diabetes, congestive heart failure and dyslipidemia (13). Nutritional restriction
during fetal life in the human is usually associated with extreme economic conditions or a
military crisis. However, these studies provide direct support for Barker’s hypothesis and
indicate that the human fetus is sensitive to insults that restrict nutritional needs during
development and indicate that undernutrition during fetal life is associated with an increased
risk for CV and metabolic disease in later life.
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Numerous experimental models use maternal undernutrition as a means to examine the
mechanisms that link birth weight and blood pressure. Global undernutrition (70% food
restriction) during gestation in the rat programs a marked increase in blood pressure
associated with vascular dysfunction in the offspring in later life (152). Global
undernutrition also programs an increase in blood pressure in the mouse that is associated
with cardiac enlargement and an increase in coronary perivascular fibrosis (93). Maternal
protein restriction (8% versus 18%) during gestation programs an increase in blood pressure
in rat offspring that occurs in the absence of hypertension in the mother (100). Maternal
protein restriction during fetal life also programs hypertension in the mouse (64), sheep (62)
or cow (135) indicating that the long-term impact of nutritional insults during fetal life on
later CV health is not species-specific. A reduction in nephron number is another common
outcome observed in models induced by nutrient restriction in early life (62, 241). Sex
influences the severity of programmed insult with female offspring exposed to a moderate
reduction in maternal protein restriction protected from the development of hypertension and
a reduction in nephron number in early life (242).

Preeclampsia—~Preeclampsia is major health issue that impacts maternal and fetal health
during gestation (5). Chronic hypertension, preeclampsia in a previous pregnancy, age of 35
years or older, diabetes and renal disease in addition to obesity and autoimmune disease
increases the risk for preeclampsia (5). The diagnosis for preeclampsia was recently
reevaluated and the revised criteria no longer includes proteinuria but can involve any of the
following including a SBP of 160 mmHg or higher, thrombocytopenia, impaired liver
function, progressive renal insufficiency, pulmonary edema, or new-onset cerebral or visual
disturbances (5). Recent studies indicate that preeclampsia not only increases the risk for CV
disease in the later life of the mother (82), but it also implicates a greater risk for CV disease
in the offspring (35, 82, 83). Adolescent offspring of preeclamptic pregnancies exhibit an
increase in adiposity (227) and SBP (35, 52, 142) that persists into adulthood (125) (Figure
1) (52). In female offspring the association between fetal exposure to preeclampsia and SBP
in adolescence is confounded by higher weight gain and BMI (221). Thus, fetal exposure to
pregnancy complicated by preeclampsia programs increased CV risk in the offspring.

The placenta plays a central role in the etiology of preeclampsia and placental insufficiency
is the initiating event that leads to the development of preeclampsia and increased CV risk in
the offspring (153). Different models of placental insufficiency are used to investigate the
link between fetal exposure to reduced uteroplacental perfusion and later programmed risk
(3, 157, 238). Ligation of the uterine arteries, the bilateral uterine ligation model, when
initiated at day 18 of gestation in the rat programs a reduction in nephron number (238)
associated with vascular dysfunction (208), and hypertension in male offspring (238).
Initiation of bilateral uterine ligation at day 19 of gestation in the rat also programs a
reduction in nephron number (157). A mechanical reduction in flow to the uteroplacental
unit initiated at day 14 of gestation in the rat (100), the reduced uterine perfusion model,
induces hypertension (3) and impaired vascular function (155) in the offspring in a manner
that is sex-specific (Figure 2) (3) and age-dependent (84). Placental insufficiency in the
sheep results in greater extracellular matrix deposition and arterial stiffness (45) indicating
that reduced perfusion to the fetus programs increased CV risk despite the species used for
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study. Although all of these models of placental insufficiency do not result in maternal
hypertension during pregnancy, they do program increased CV risk and many exhibit similar
mechanistic pathways in the etiology of programmed hypertension indicating a reduction in
placental perfusion as a contributory factor.

Placental insufficiency results in a reduction in the supply of nutrients and oxygen to the
fetus. Whereas some investigators utilize nutrient restriction as an insult during fetal life or
placental insufficiency, fetal exposure to maternal hypoxia is also used to mimic the
maternal conditions that restrict fetal growth and program increased CV risk in the offspring
(113, 236). Vascular function is impaired in rat offspring at 4 months of age following
maternal hypoxia (11.5% O, vs. 21% from days 15 to 21 of gestation) (134) whereas left
ventricular hypertrophy, left ventricular diastolic dysfunction and pulmonary hypertension
are present by 12 months of age (176). Prenatal exposure to hypoxia programs hypertension
in male but not female offspring by 14 months of age (21) demonstrating a sex-specific
response to a fetal insult that is apparent in models induced via nutrient restriction (241,
242) and placental insufficiency (3, 238). In addition, these studies that utilize prenatal
hypoxia or placental insufficiency indicate that age may augment programmed CV risk (84,
207)

Maternal diabetes and diabetes during pregnancy—Pregnancies complicated by
diabetes have an increased risk for high birth weight (225) and development of the
Metabolic Syndrome (18). High birth weight is an increased risk factor for obesity in
offspring (88). Yet, increased adiposity in offspring exposed to maternal diabetes is not
always associated with increased adiposity in the mother (154). Insulin resistance is higher
in offspring exposed to gestational diabetes (18, 94). Vascular markers for endothelial
dysfunction including E-selectin, vascular adhesion molecule 1 are increased in children
exposed to maternal diabetes during fetal life (231). Leptin, waist circumference (231), BMI
(217, 231), and SBP (217, 231) are also increased in childhood and adolescence following
fetal exposure to maternal diabetes implicating the long-term adverse impact of maternal
diabetes on later CV and metabolic health in the offspring. Yet, increased adiposity in
offspring of pregnancies complicated by diabetes may contribute to the increased SBP (248).
Diabetes during pregnancy is also associated with a greater risk for a low birth weight
delivery (75). A systematic review and meta-analysis reveals a strong correlation between
diabetes in the mother and increased SBP during childhood in the offspring (2) with a
stronger association noted for male offspring, but not female offspring (2). Thus, further
studies are needed to determine if sex impacts the programming of later CV risk following a
pregnancy complicated by diabetes.

Based on findings from epidemiological studies, fetal exposure to diabetes during pregnancy
is another experimental model utilized to examine mechanisms that program chronic disease
following a fetal insult. Diabetes induced by injection of streptozotocin in late gestation in
the rat programs hypertension in the male (91, 253) but not the female offspring (91). Renal
function is impaired is association with hypertension in response to fetal exposure to
maternal diabetes (140, 171). Offspring of a pregnancy complicated by diabetes also exhibit
salt sensitivity (140). Exposure to maternal diabetes throughout gestation also programs
vascular dysfunction in association with hypertension and reduced renal function (170)
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implicating this as a viable model for study of mechanisms linking fetal insults with later
chronic disease.

Maternal obesity and excessive weight gain during pregnancy—Women that are
overweight prior to pregnancy increase the risk for abdominal obesity in their offspring
regardless of other maternal health factors (159). Increased weight gain during gestation also
increases offspring BMI in early adulthood (60, 126). Thus, these studies suggest that
weight gain prior to and during pregnancy adversely impacts body composition in the
offspring. However, the impact of maternal weight and weight gain during pregnancy is not
limited to just adverse influences on body composition in the offspring. Gestational weight
gain is associated with an increase in SBP in the offspring in early adulthood (60, 126).
Maternal obesity also programs a greater risk for coronary heart disease and T2D in
adulthood; observations noted in a large birth cohort independent of socioeconomic
measures (50). However, the prevalence for T2D is greater in women than men and the
association between maternal obesity and stroke is present only in women (50). Thus, this
study indicates that sex impacts the adverse impact of exposure to maternal obesity during
gestational life with women exhibiting greater sensitivity to programmed risk relative to
men following fetal exposure to maternal obesity. Race impacts perinatal outcome with risk
for low birth weight increased in African American women regardless of maternal BMI
(127).

The increasing prevalence of obesity in the US and its impact on gestational health and fetal
and maternal outcomes after delivery (130) warrant further studies to elucidate the
mechanisms that programmed increased CV risk. In the mouse diet-induced obesity in the
dam programs an increase in adiposity associated with an increase in nighttime (active
phase) blood pressure in male and female offspring with a greater effect observed in female
offspring of obese dams (178). Fasting insulin and glucose levels are also elevated in later
life in mice exposed to maternal obesity during gestation (178). Diet-induced obesity in the
rat also programs an increase in blood pressure in male and female offspring that is
associated with a marked increase in leptin, insulin and triglycerides (180).

Overnutrition during gestation also impacts later chronic health of the offspring. Male and
female offspring of lard-fed dams exhibit impaired vascular function (95) suggesting that
fetal exposure to overnutrition is a potential mediator of CV risk that originates during
development. However, male offspring of lard-fed rats are normotensive (Figure 3) (95)
whereas female offspring are hypertensive in young adulthood (Figure 4) (95) indicating
that sex impacts the effect of this nutritional insult on later blood pressure regulation.
Whether age will impact these findings is not yet known. Both male and female offspring
develop hypertension following fetal exposure to dams fed a high sucrose diet (179). Yet,
only female offspring of sucrose fed dams develop obesity and impaired glucose tolerance,
(179). Thus, these studies indicate that female offspring exhibit greater sensitivity to over-
nutritional insults during fetal life and provide further evidence that sex impacts CV risk
following a developmental insult.
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Maternal smoking and alcohol consumption

Adverse maternal lifestyle factors are associated with increased disease risk in their
offspring. Parental cigarette use during pregnancy increases the risk for IUGR and low birth
weight (96, 196). Additionally, parental smoking during pregnancy is associated with
increased CV risk factors in the offspring in later life including increased BMI (44) and SBP
(Figure 5) (191). Alcohol consumption during pregnancy is also associated with low birth
weight and preterm birth (141). Yet, parental use of cigarette products and alcohol are
modifiable risk factors. Thus, these studies highlight the importance of public awareness
regarding the adverse impact of maternal smoking or alcohol consumption on the CV health
of the unborn baby and indicate a need for experimental studies to provide mechanistic
investigation into the etiology of programmed CV risk.

Prenatal exposure to nicotine in the rat does not program an increase in baseline blood
pressure in male offspring at 5 months of age (249). However, the blood pressure response
to an acute infusion of Angiotensin Il (Ang 11) is significantly greater in the male offspring
exposed to acute Ang Il relative to control counterparts in young adulthood (Figure 6) (249)
implicating increased CV risk originates from fetal exposure to nicotine. Female offspring in
this model of fetal programming do not exhibit an enhanced blood pressure response to
acute Ang Il in early adulthood (Figure 6) (249). Yet, the blood pressure response to acute
Ang Il is increased n female offspring exposed to prenatal nicotine versus their female
control counterparts by 22 months of age (207) suggesting that age abolishes this protective
effect in the female. Age also leads to the development of hypertension at 22 months of age
in male offspring exposed to prenatal nicotine (207) implicating that age as a second hit may
be necessary to induce the development of hypertension in this model. Prenatal exposure to
alcohol reduces nephron number in rat (65) and sheep offspring (66) and it also programs
hypertension in rat offspring (65). Thus, these studies indicate that modifiable maternal risk
factors can adversely impact chronic health in later life indicating that further mechanistic
investigation is needed to fully understand the long-term impact of these insults on the CV
health of the offspring across the lifespan.

Chronic stress in early life—The prevalence of low birth weight is increased two-fold
in the African American population relative to the Caucasian population (139). Health prior
to conception does not explain the racial/ethnic disparity in low birth weight (202).
However, chronic stress prior to conception increases the risk of low birth weight (201). In
addition, psychosocial stress in early life can impact later CV and metabolic health (For
review, see 115). The mechanisms that contribute to the racial disparities in the prevalence
of low birth weight are not clear. However, societal stress resulting in race-specific
inequalities in educational, health care, housing and employment opportunities may serve as
a determinant that contributes to the African American reproductive disadvantage (46). The
Amsterdam Born Children and their Development Study (219) and the Adverse Childhood
Experiences Study (47) are being used to examine the link between stress in early life and
later chronic disease. Although early life stress may require a second stressor in later life to
impact chronic disease, early life stress in addition to racial/ethnic disparities in fetal health
may contribute to the developmental origins of increased CV risk.
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Based on studies demonstrating that stress during pregnancy is associated with a significant
reduction in birth weight (189) and that adverse childhood experiences are associated with
an increase in ischemic heart disease (47), experimental models have been developed to
investigate the mechanisms by which psychological factors in early life contribute to
impaired CV health in later life. Maternal separation during lactation is a model of early life
stress (EL S) that does not program overt hypertension in offspring (116). However, blood
pressure in response to chronic Ang |1 is significantly elevated in offspring exposed to ELS
relative to hypertension that develops in control offspring in response to chronic Ang 1l
(116). Thus, sensitivity to vasoactive factor Ang Il is enhanced following this developmental
insult. Female ELS offspring exhibit a delay in the development of Ang Il-induced
hypertension relative to male ELS (Figure 7) (115) Furthermore, the degree of Ang Il-
induced hypertension is attenuated in female ELS offspring compared to male ELS offspring
(Figure 7) (115) indicating that sex impacts the programming of CV risk in this model of
ELS. Therefore, females in this model, like that observed in models induced by nutritional
insults, are protected to some degree relative to their male littermates. In addition, this model
involves a developmental insult that is induced during postnatal period emphasizing that
adverse programming of CV risk is not just limited to fetal life; hence the transition of
terminology from fetal to developmental programming of chronic health and disease.

Events that influence growth and development during early life exert a long-term impact on
chronic health that persists across the lifespan. Stressors during early life that impact later
health include nutritional insults, maternal disorders, maternal smoking and alcohol
consumption, and psychological stress. Although numerous investigators note a relationship
between the environment during early life and later chronic health, the development of a
formal theory outlining what is now referred to as the DOHaD was first postulated by
Barker and now encompasses a broad and greatly expanding field of investigative research.
The etiology of impaired fetal growth and adverse influences that program an increase in
later CV risk and chronic disease are varied. Despite the timing, pre- or post-natal, or the
insult, stress, maternal weight gain, parental smoking or maternal alcohol consumption,
undernutrition or overnutrition, these numerous adverse exposures during early life program
increased risk for CV disease. An extensive number of experimental models have been
developed to mimic the numerous factors that contribute to impaired fetal growth within the
human population. These animal studies indicate that in addition to the gestational period,
the period of plasticity that can program later chronic health extends beyond birth.
Importantly, experimental models using early pre- and postnatal influence are contributing
to our understanding of the etiology of the developmental origins of health and disease.

THE UNDERLYING MECHANISMS THAT PROGRAM AN INCREASE IN
CARDIOVASCULAR RISK FOLLOWING A FETAL INSULT

The experimental models used to investigate the underlying mechanisms that link adverse
events in early life with later increased CV risk vary, but despite the method of
developmental insult, common outcomes are observed with involvement of similar
mechanistic pathways reported in the developmental programming of increased CV risk. In
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addition, adverse events that alter growth and development during fetal life also program an
enhanced vulnerability to an additional insult in later life which can impact programmed CV
risk. This section will highlight the potential mechanisms that contribute to the etiology of
the developmental origins of CV disease and also discuss the impact of additional factors
such as sex, age and enhanced susceptibility to a second hit that contribute to increased CV
risk that has its origins in early life.

Prenatal glucocorticoids

A reduction in placental expression of 11 beta-hydroxysteroid dehydrogenase type 2 (11B-
HSD2) is observed in pregnancies complicated by preeclampsia (185) and IUGR (19).
Placental 11B-HSD2 activity is reduced in late gestation in the experimental model induced
via maternal protein restriction (102) implicating a commonality between human and
experimental studies. 11B-HSD2 inactivates cortisol protecting the fetus from exposure to
maternal glucocorticoids. Thus, these studies suggest that disruption of placental 11B-HSD2
may be a contributory factor in the fetal programming of increased CV risk. Fetal exposure
to glucocorticoids induced via direct administration of exogenous glucocorticoids (245) or
through pharmacological inhibition of maternal 11B-HSD?2 in the rat (111) restricts growth
during fetal life (111, 165) and programs an increase in blood pressure (111, 245), a
reduction in nephron number (43, 150), and impaired vascular function in the offspring (72).
Adverse programming of CV risk induced by fetal exposure to maternal undernutrition is
prevented by pharmacological blockade of maternal glucocorticoid synthesis (101)
suggesting a direct role for glucocorticoids as a critical mediator in the etiology of
programmed risk. However, direct administration of glucocorticoids during gestation does
reduce food intake in the pregnant rat (240) suggesting that the mechanisms involved in the
programming of CV risk in this model may also be mediated by nutrient restriction. Prenatal
dexamethasone also programs a sex difference with administration on days 13-18 of
gestation in the rat associated with a marked increase in blood pressure in male offspring but
not female counterparts (Figure 8) (151). In addition, the impact of prenatal exposure to
glucocorticoids on birth weight in one generation is transmitted to the next in the absence of
an additional gestational insult suggesting epigenetic mechanisms may contribute to
inherited risk (48)

The hypothalamo-pituitary-adrenal (HPA) axis plays a critical role during development and
is very sensitive to exposure to glucocorticoids during fetal life. Alterations in the HPA axis
can result from fetal exposure to stress (121), alcohol (229), undernutrtion (110) or
overnutrition (195) and lead to long-term hyper- or hyposensitivity to stimuli (239).
Hyperresponsiveness of the HPA may involve activation of the fetal sympathetic nervous
system (SNS) (254) resulting in the developmental programming of greater stress reactivity
contributing to increased CV risk in the offspring in later life (for review see 74).

Sex steroids

It is well-established that within the general population men exhibit a higher blood pressure
relative to age-matched females prior to menopause (Figure 9) (226). Whether sex impacts
programmed CV risk following an adverse insult during early life is not as clear. An inverse
association between birth weight and blood pressure is noted in both men and women (7, 30,
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31). Lawlor et a. investigated whether sex impacts this association using a meta-analysis of
all observational studies and noted no sex difference during childhood or adulthood (107).
However, absolute risk for coronary heart disease is increased in low birth weight men in
young adulthood relative to age-matched low birth weight women suggesting that sex may
impact the increased risk for CV disease that originates in early life (223). Many models of
fetal and developmental programming exhibit a sex difference in blood pressure with female
offspring protected to a greater degree relative to male counterparts (3, 21, 37, 115, 132,
151, 242; for an extensive review see 83). Males are more susceptible to the development of
hypertension in models of fetal undernutrition, an observation noted in the rat (241), and the
sheep (62). Yet, females are more susceptible to the developmental programming of
hypertension following prenatal exposure to a maternal diet rich in lard (95) suggesting that
the sex-specific programming of CV risk is insult specific. Prenatal exposure to hypoxia
programs left ventricular hypertrophy in male but not female offspring at 12 months of age;
yet, both males and females exposed to prenatal hypoxia exhibit echocardiographic signs of
left ventricular dysfunction (1174).

In the model of programming induced via exposure to placental insufficiency, male but not
female IUGR rats exhibit hypertension in young adulthood (3) suggesting a role for sex
steroids in mediating the sex difference in adult blood pressure. Plasma levels of
testosterone are elevated two-fold in male IUGR rats relative to age-matched male control in
young adulthood in this model (Figure 10) (145). Hypertension is abolished by castration in
the male IUGR (Figure 11) (145) implicating that hypertension programmed by fetal
exposure to placental insufficiency during late gestation in the rat is testosterone-dependent
indicative of a correlative role for testosterone in the etiology of hypertension in male IUGR
offspring in this model of developmental insult. Castration; however, does not abolish
hypertension in male rats programmed by prenatal exposure to maternal protein restriction,
9% vs. 18% (Figure 12) (243). Circulating testosterone levels are not elevated in this model
where male but not female offspring are hypertensive (243). Therefore, other causative
factors contribute to the sex difference in adult blood pressure that is programmed by fetal
exposure to moderate maternal protein restriction. Although testosterone does not differ in
male rats exposed to early life stress (EL S) under baseline conditions, chronic Ang Il
induces a marked increase in circulating testosterone levels associated with enhanced Ang Il
hypertension in the ELS male rats relative to control counterparts; observations abolished by
castration (115). Castration also abolishes the enhanced pressor response to acute Ang Il in
male IUGR rats programmed in response to placental insufficiency (149). Thus, these
studies suggest that testosterone may serve as a contributory modulator to the sexual
dimorphism of developmental programming of blood pressure.

Although a permissive role is indicated for testosterone in mediating the sex difference in
blood pressure following specific developmental insults, estrogen is also reported to play a
protective role against programmed CV risk. Female IUGR rats exposed to placental
insufficiency induced by a mechanical reduction in uteroplacental perfusion are
normotensive after puberty (3). Estrogen levels do not differ in the female IUGR rats
relative to age-matched female control after puberty; yet, ovariectomy in young adulthood
induces hypertension in the female IUGR relative to the intact female IUGR and the intact
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and ovariectomized female control (Figure 13) (144). Estrogen replacement restores blood
pressure back to normotensive levels (144) and also attenuates enhanced responsiveness to
acute Ang Il in the female IUGR rat (147) suggesting estradiol serves as protective factor
against the programming of hypertension in the female IUGR in this model of
developmental insult. Female offspring exposed to placental insufficiency induced by
bilateral uterine ligation are also normotensive in young adulthood relative to male
counterparts and female control (132). Whether estrogen mediates the sex difference in
blood pressure in this model is not yet known. Prenatal exposure to nicotine also programs a
sex difference in CV risk (249). Male offspring exposed to prenatal nicotine exhibit an
enhanced blood pressure response to acute Ang |1 that is not observed in the female
counterparts in young adulthood (Figure 6) (249). Ovariectomy induces a heightened acute
pressor response to acute Ang Il in the female rat exposed to nicotine during fetal life, an
effect that is abolished in ovariectomized animals by estrogen replacement (Figure 14)
(251). Thus, these studies provide compelling data indicating that estrogen is a protective
modulator against the adverse programming of hypertension and increased CV risk in
female offspring in early adulthood. However, age may abolish protection against
programmed risk in female offspring exposed to a developmental insult (84).

Female IUGR offspring exposed to placental insufficiency that are normotensive in young
adulthood (3) develop hypertension by 12 months of age (84). Enhanced sensitivity to acute
Ang Il also develops with age in female rats exposed to prenatal nicotine (207). Age impacts
the association between birth weight and blood pressure in men and women (106). Birth
weight predicts blood pressure in women at 60 but not 50 years of age (7). Birth weight is
also strongly associated with an increased risk for coronary heart disease in women after
menopause (106). Whether age evokes a differential impact on the effect of low birth weight
on later blood pressure in men versus women has not yet been specifically addressed. In
addition, whether menopause impacts the developmental origins of CV disease in women is
not yet clear.

Many factors can impact the normal age at menopause (182). Menopause normally occurs
around 50 to 55 years of age (23, 182). Smoking and severe weight loss or vigorous exercise
accelerates early age at menopause (182). Undernutrition during fetal life is also associated
with early age at menopause (49) suggesting that events during fetal life impact reproductive
aging. Age at menopause increases the risk for CV disease (182) and birth weight impacts
the timing of menopause with low (198, 215) and high (215) birth weight (Figure 15) (215)
in addition to fetal exposure to maternal smoking associated with earlier age at menopause
(215). Undernutrition in the rat programs accelerated ovarian failure (14) and early estrous
acyclicity (28, 71) indicative of early reproductive senescence. Thus, early reproductive
aging also has its origins in fetal life. Whether early reproductive aging is directly related to
an increase in CV risk in low birth weight women is not yet known and further studies are
needed to clearly address this disparity in sex-specific risk.

To summarize, the developmental programming of chronic disease by experimental models
that slow fetal growth including placental insufficiency, nutrient restriction, prenatal
nicotine and early life stress program a sex difference in blood pressure under basal
conditions and in the enhanced blood pressure response to vasoactive factors such as Ang I1.
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Sex steroids may contribute to this sexual dimorphism with testosterone acting as a
permissive modulator whereas estrogen may serve as a protective modulator against the
developmental programming of CV risk in young adulthood. Whether sex impacts CV
health in individuals born low birth weight is not clear and the exact impact of age and
reproductive health on CV risk that originates during fetal life is not yet known. Further
studies are needed to elucidate the importance of sex steroids, the exact mechanisms by
which sex steroids contribute to the development of hypertension, and how sex and
reproductive health contribute to the complexity of chronic disease that is programmed by
exposure to adverse influences during early life.

Renin-angiotensin-aldosterone system

The renin angiotensin aldosterone system (RAAS) is a critical mediator of salt and water
homeostasis. Angiotensin (Ang I1) is the most biologically active peptide in the RAS and it
exerts its effects on sodium reabsorption and vasoconstriction via its angiotensin type 1
receptor (AT 1R) (131). Angiotensin converting enzyme (ACE) converts Ang | to Ang II;
ACE?2 contributes to the production of Ang (1-9) and Ang (1-7), peptides that counteract
the vasoconstrictor actions of Ang Il in conjunction with the angiotensin type 2 receptor
(AT2R) (131). The contribution of the RAAS to the developmental programming of
hypertension in later life originates during fetal life and involves changes in expression of
the RAS that are age- and sex-specific.

Children born to preeclamptic pregnancies have alterations in the RAAS that includes
increased circulating levels of aldosterone (129, 227). Boys born small for gestational age
exhibit a significant increase in ACE activity and circulating Ang Il associated with a
marked increase in SBP (58). Whether increases in components of the RAAS directly
contribute to the increase in blood pressure in boys born small has not been directly tested.
However, the marked increase in SBP in girls born small for gestational age is not
associated with an increase in circulating levels of ACE and Ang Il or other components of
the RAAS (58). Thus, other factors may contribute to the developmental programming of
increased blood pressure in female children exposed to slow growth during fetal life.
Whether expression of the RAAS alters with age in the human population exposed to a
developmental insult is not yet known.

During nephrogenesis renal expression of renin is decreased in rats exposed to placental
insufficiency (64) and maternal protein restriction (241) (for an extensive review see Table
2, Moritz et al, 131). The RAAS is important for proper nephrogenesis (70) suggesting that
nutritional insults during fetal life that reduce renal expression of the RAAS contribute to
impaired renal development resulting in a reduction in nephron number in the adult
offspring (247). The RAAS also exerts a long-term impact on the developmental
programming of hypertension that initiates in postnatal life prior to puberty. Blockade of the
RAAS from 2-4 weeks of age with the ACE inhibitor, captopril, prevents the development
of hypertension up to 12 weeks of age in offspring exposed to maternal protein restriction
(190). This study suggests that the period sensitive to the long-term programming of
increased CV risk by a developmental insult extends up to 4 weeks of age in the rat, well
beyond the end of nephrogenic period. Yet, blockade of the RAAS via ACE inhibition with
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enalapril from 2 to 4 weeks of age only impacts blood pressure in male IUGR rats during the
treatment period in a model of hypertension programmed by placental insufficiency (67).
Therefore these studies indicate that the extended period of susceptibility may be insult
specific or that early blockade may be unable to reverse the adverse programming of
hypertension following specific developmental insults.

Expression of the RAAS in adult animals varies by developmental insult and is sex-specific
(for an extensive review, see Table 2 in Moritz et al, 131). Although expression of renal
renin and angiotensinogen are reduced at birth in IUGR rats exposed to placental
insufficiency, renal renin and renal angiotensinogen expression are increased in conjunction
with hypertension in young adulthood (67). Renal ACE activity is also elevated in male
IUGR rats exposed to placental ischemia during fetal life (67). Yet, renal Ang Il peptide
expression, renal AT1R density (67) and plasma renin activity (145) do not differ upon
comparison of hypertensive male IUGR relative to their age-matched normotensive male
controls. Thus, inadequate suppression of the RAS occurs in response to increased blood
pressure in this model of developmental insult. Deregulating of the RAAS is also observed
in other models of developmental insult. Rats exposed to protein restriction during fetal life
exhibit a marked increase in plasma renin activity (116). Prenatal exposure to
glucocorticoids up-regulates expression of the renal RAS (192). Thus, inappropriate
activation of the RAS may occur in response to a developmental insult. The importance of
the RAS is indicated in studies whereby blockade of the RAS abolishes hypertension
programmed by a developmental insult (123, 145, 160). Hypertension programmed in
response to placental insufficiency in the male IUGR rat is abolished by ACE inhibition
with enalapril (Figure 16) (145). Hypertension in offspring exposed to maternal protein
restriction is also abolished by the ACE inhibitor enalapril (123, 160). Thus, these studies
indicate that the RAAS contributes to the etiology of hypertension that originates during
fetal life and that the developmental programming of hypertension involves common
mechanistic pathways despite the method of developmental insult.

Sex differentially impacts expression of the RAAS in experimental models of developmental
insult (For an extensive review see Mortiz et al, 131). Female IUGR offspring exposed to
placental insufficiency in the rat are normotensive in young adulthood but develop a marked
increase in blood pressure following ovariectomy (144). ACE inhibition induced via a 2
week treatment with enalapril abolishes hypertension induced by ovariectomy in the female
IUGR rat (144) demonstrating an important role for the RAAS in hypertension that develops
following loss of the ovarian hormones. Hypertension induced via ovariectomy in the female
IUGR rat is associated with a marked reduction in renal ACE2 mRNA expression (Figure
17) (144). Renal ACE2 mRNA and protein expression and activity are up-regulated in the
intact female IUGR rat (144) that is normotensive in young adulthood (3) suggesting that
modulation of the RAAS by estrogen may contribute to the sex difference in blood pressure
programmed by this developmental insult and serve as a protective mechanism against the
development of hypertension in the female IUGR rat. Yet, sex-specific modulation of the
RAAS may vary by prenatal insult. Down-regulation of renal AT,R mRNA and protein
expression are associated with an increase in renal AT;R mRNA and protein expression in
female offspring exposed to IL-6 during fetal life (177). Renal ACE activity is also
increased in the female but not male offspring exposed to IL-6 during prenatal life (177).
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The programming of increased blood pressure following prenatal exposure to IL-6 is
significantly greater in female rats relative to their male littermates (177). In addition,
circulating aldosterone levels are significantly elevated in the female but not the male rats
exposed to prenatal 1L-6 (177) suggesting that sex-specific alterations in the RAAS may also
predispose the female to greater risk in a manner that is insult specific.

Sex also impacts blood pressure sensitivity to Ang Il following a developmental insult. Male
IUGR offspring in the model of programming induced by reduced uterine perfusion exhibit
a greater blood pressure response to acute Ang Il relative to control counterparts (149). The
enhanced blood pressor response is specific to the vasoactive factor Ang Il and does not
involve alterations in vessel morphology (149). Castration abolishes hypersensitivity to
acute Ang Il in the male IUGR implicating that testosterone as a modulator of this
interaction (149). Female IUGR in this model also exhibit a hyperresponsiveness that is
specific to acute Ang Il and is exacerbated by ovariectomy (147). Thus, estrogen is also a
modulator of this response. Sex differences in Ang Il sensitivity are not limited to just this
model of developmental insult. Prenatal nicotine programs a sex-specific response with male
offspring more sensitive in young adulthood relative to female counterparts (249); however,
this sex difference is abolished with age (207). Hypertension induced in response to chronic
Ang Il is greater in male rats exposed to ELS relative to their female or control counterparts
(118). In addition, the development of hypertension in response to chronic Ang Il is delayed
in female ELS rats relative to male rats exposed to ELS (118) indicating that females are
less sensitive. Testosterone may also modulate enhanced Ang |1 hypertension in the male
ELS rats (118). However, in this model estrogen does not appear to play a modulatory role
(118). Although the exact mechanisms mediating hypersensitivity to Ang Il are not yet
known, enhanced sensitivity to Ang Il following a developmental insult may involve
programming of the HPA axis (74).

Adverse programming of the RAAS is not limited to just the kidney. Fetal exposure to a
maternal high fat diet programs a marked increase in body weight and total fat mass
associated with a marked increase in SBP at 6 months of age in the female offspring (68).
Angiotensinogen expression in adipose tissue is up-regulated at birth and remains increased
at 6 months of age in offspring exposed to a maternal high fat diet (68). ACE and AT»R
expression are also elevated in the adipose tissue at 6 months of age (68). Whether
circulating or intrarenal levels of the RAAS are altered is not reported but increased adipose
angiotensinogen expression is observed in other animal models of obesity (89) and the
RAAS impacts adipose cell mass in the presence of a high fat diet (255). Central expression
of the ATqR is increased in offspring exposed to maternal protein restriction (160) and
nicotine exposure (124). Blood pressure is not increased in young adulthood in offspring
exposed to perinatal nicotine (249). Yet, the acute blood pressure response to Ang Il is
significantly enhanced (249) indicative of increased sensitivity to this vasoactive factor. The
mechanisms involved may be multifactorial and include a decrease in baroreflex sensitivity
(249) in conjunction with the generation of oxidative stress within the vasculature (250).
Thus, multiple mechanisms contribute to increased CV risk following a developmental
insult and include the RAAS, the sympathetic nervous system (SNS) and oxidative stress.
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Sympathetic nervous system

The SNS is thought to play an important role in the etiology of hypertension (51). Several
studies indicate that SNS activation is increased in low birth weight individuals (17, 85,
181); yet not all studies agree. Muscle SNS activity is decreased in healthy low birth weight
individuals in young adulthood (230). Children of women with greater pre-pregnancy
weight do not exhibit an increase in heart rate, or sympathetic drive despite the increase in
BMI and SBP at 5-6 years of age (60). However, increases in circulating catecholamines
indicative of enhanced SNS activation are observed in different experimental models of low
birth weight including models that use placental insufficiency in the rat (90) or sheep (76),
or a model induced via protein restriction in the rat (156). Basal renal sympathetic nerve
activity is elevated in rat offspring of diabetic dams that are hypertensive in adulthood (37)
and in rabbits exposed to a high fat diet during development (162). Thus, these studies
indicate that despite the species or method of fetal insult, activation of the SNS may
contribute to the fetal programming of increased CV risk. Maternal obesity programs
hypertension in rat offspring that is abolished by alpha-1/beta-adrenergic blockade (180)
indicating a critical role for SNS activation in the fetal programming of hypertension in
offspring of obese rats. Activation of the renal nerves is indicated to contribute to essential
hypertension (51). Renal denervation abolishes hypertension in male offspring in adulthood
in models of fetal programming induced by placental insufficiency (4), prenatal exposure to
glucocorticoids (32) or maternal diabetes (37). Therefore, these studies provide proof that
activation of the renal sympathetic nerves contributes to hypertension in adult offspring
following a developmental insult. Renal denervation also prevents the development of
hypertension in male IUGR offspring programmed by fetal exposure to placental
insufficiency (148) implicating an inherent role for renal SNS activation in the etiology of
fetal programming of CV risk. However, the renal nerves may also contribute to the
development of hypertension that develops with age in female IUGR rats that are
normotensive in young adulthood (3).

Female IUGR rats in the model of placental insufficiency induced via a mechanical
reduction in uteroplacental perfusion develop an age-dependent increase in blood pressure
that is associated with a concurrent increase in total fat mass and visceral fat by 12 months
of age relative to age-matched, same-sex control counterparts (84). Circulating levels of
leptin are also increased in the female IUGR rats by 12 months of age (84). Leptin, released
from adipocyctes, activates the SNS (205) and blood pressure is increased in the mouse by
infusion of leptin indicating a direct role for leptin in the etiology of obesity-related
hypertension (205). Bilateral renal denervation normalizes blood pressure in the female
IUGR rat at 12 months of age relative to its denervated control counterpart (Figure 18) (84)
abolishing the hypertension that develops with age in female IUGR rats. Thus, in the model
induced via placental insufficiency, the renal nerves contribute to the development of
hypertension that is inherent and present prior to puberty in male IUGR rats (148) and the
renal nerves also contribute to the development of hypertension that occurs in an age- and
adiposity-dependent manner in female offspring (84). The exact source for renal
sympathetic nerve activation in this model is not yet known, but involves a mechanism that
is sex and age-dependent. SNS activity is also increased in obese women (58) and activation
of the SNS contributes to obesity-induced hypertension (73). Thus, while the renal nerves
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have an innate role in the fetal programming of hypertension in the male IUGR rat,
programming of hypertension in the female IUGR fat is age-dependent in a manner that may
involve the development of age-dependent increases in adiposity.

The stimulus for innate activation of the renal sympathetic nervous system in male IUGR
rats programmed in response to reduced uterine perfusion may have its origins in activation
of the central RAS (41). Expression of the AT1R is significantly increased in regions of the
brain central to CV control in rats programmed during fetal life by exposure to maternal
protein restriction (160). Importantly, ICV administration of either an ACE inhibitor or an
AT{R antagonist abolishes hypertension programmed in response to this fetal insult (160)
implicating an important role for the central RAS in the etiology of hypertension
programmed in response to this fetal insult. There is substantial evidence that Ang Il within
the central nervous system regulates the renal sympathetic nerves (For an extensive review,
see 41). Whether suppression of the central RAS will abolish hypertension in models
programmed via placental insufficiency or prenatal exposure to dexamethasone is not yet
tested. However, these findings indicate that activation of the central RAS modulate
sympathetic activity of the peripheral nerves contributing to the neural control of renal
function and blood pressure.

The underlying mechanism by which renal sympathetic nerve activation mediates the
development of hypertension following a developmental insult is not clear but may involve
modulation of sodium reabsorption along the tubule. All segments of the renal tubule are
innervated (41) and an increase in renal sympathetic nerve activation increases sodium
reabsorption within the renal tubule (163). Prenatal exposure to glucocorticoids programs a
significant increase in renal Na*-K*-2CI~ cotransporter (NKCC2), thiazide-sensitive
cotransport (NCC), and type 3 Na*/H* exchanger (NHE3) protein abundance in male
offspring that is abolished by bilateral renal denervation (Figure 19) (32). Thus, increased
renal sympathetic nerve activation in male offspring exposed to a prenatal insult may
involve an increase in sodium transport in the renal tubule and contribute to the
programming of hypertension following a fetal insult.

Oxidative stress

Oxidative stress is indicated in the etiology of organ damage and chronic disease (235).
Whether the production of reactive oxygen species is a cause or a consequence of disease
pathology is not clear (235). Experimental studies indicate that oxidative stress contributes
to pathophysiological changes in the vasculature in the heart and kidneys, and also
contributes to the normal regulation of physiological function (235). Markers of oxidative
stress including urinary Fo-isoprostanes and thiobarbituric-acid-reactive-substances
(TBARS) are elevated in children born small for gestational age (59). The level of TBARS
is positively associated with SBP in these children (59) suggesting that increases in
oxidative stress may contribute to elevations in SBP observed in children following a
developmental insult. However, superoxide dismutase activity (SOD) activity is also
elevated implicating a compensatory mechanism that may also be programmed in response
to the impaired growth during fetal life (59).
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Experimental models also demonstrate an important role for oxidative stress in the
developmental programming of increased CV risk. Renal markers of oxidative stress are
elevated in male IUGR rats in association with hypertension in young adulthood (Figure 20)
(146). Treatment with the antioxidant, tempol, abolishes hypertension in male IUGR
offspring in this model of programming induced via placental insufficiency in the rat (146).
Tempol also abolishes hypertension in male offspring exposed to maternal protein restriction
that also exhibit an increase in renal markers of oxidative stress (123). Thus, these studies
suggest that common mechanistic pathways contribute to the fetal programming of
hypertension despite the model of fetal insult. However, fetal programming of oxidative
stress may vary in a manner that is tissue specific. Expression and activity of anti-oxidants
are not altered in the kidney of male IJUGR programmed by placental insufficiency relative
to male control (146). Yet, male offspring exposed to nicotine during fetal life exhibit a
marked reduction in SOD activity in conjunction with an increase in vascular
malondialdehyde, a marker of oxidative damage within the aorta (Figure 21) (233).
Heightened vascular responsiveness to acute Ang Il in male offspring exposed to prenatal
nicotine is abolished by tempol and apocynin, a NADPH oxidase inhibitor (250) suggesting
that oxidative stress also contributes to the fetal programming of increased CV risk in this
model in a manner that involves an imbalance in both anti- and pro-oxidant production.

Sex also impacts the developmental programming of increased oxidative stress. Unlike their
male counterparts, renal markers of oxidative stress are not increased in normotensive
female IUGR exposed to placental insufficiency (Figure 20) (146). In addition, unlike their
male counterparts, expression and activity of renal antioxidants are up-regulated in female
IUGR relative to female control (146) indicating a sex-specific increase in anti-oxidant
enzymes that may be preventative against the programming of hypertension in the female
IUGR rat. Superoxide production is increased within the microvessels of female offspring
exposed to maternal protein restriction (57). Vascular anti-oxidant enzyme levels do not
differ, but treatment with apocynin decreases superoxide production within the mesenteric
vessels and improves vascular responses to acetylcholine and bradykinin (57). Thus,
activation of pro-oxidant enzymes rather than a loss of anti-oxidant enzymes within the
vasculature are the contributory factors in that contribute to impaired vascular function in
females exposed to fetal undernutrition. Fetal exposure to a high fat diet also increases
markers of oxidative stress in the brain of the offspring (233) Thus, tissue-, sex- and insult-
specific programming of oxidative stress is observed in different experimental models of
fetal insult. Clearly, additional studies are warranted to fully elucidate the importance of pro-
versus anti-oxidants in the developmental programming of CV health and disease and to
determine if differential programming of oxidant enzymes contributes to sex difference in
programmed CV risk.

Oxidative stress plays a critical role in normal placental development and contributes to fetal
growth restriction when oxygen resources become limited in pregnancies complicated by
hypoxia (136). Perinatal antioxidant treatment reduces blood pressure in later life in the
Spontaneously Hypertensive rat (SHR) indicating that increased exposure to reactive
oxygen species during fetal life contributes to the later development of hypertension in the
SHR (164). Treatment with antioxidants during fetal life also prevents the development of
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hypertension in offspring exposed to protein restriction during fetal life (26). Maternal
obesity compromises the pro-and anti-oxidant status within the fetal/placenta unit resulting
in an increase in markers of oxidative stress (122). Antioxidant treatment during pregnancy
prevents the development of increase adiposity and impaired glucose tolerance in offspring
of pregnant rats fed a Western style diet rich in fat and sugar (188). Thus, these studies
indicate that fetal exposure to oxidative stress contributes to the developmental
programming of CV and metabolic risk.

Endothelin system

Early life stress induced by maternal separation during lactation programs an exaggerated
acute stress-mediated pressor response in the adult animal that is abolished by blockade of
the endothelin type A receptor (ET AR) and the endothelin type B receptor (ETgR) (114),
receptors that mediate the actions of endothelin, a potent vasoconstrictor. Enhanced vascular
sensitivity to endothelin is observed in male offspring exposed to maternal undernutrition
(216) or fetal hypoxia (21) suggesting that programming of the endothelin system may
contribute to developmental origins of CV risk. Only male offspring of hypoxic dams
exhibit the enhanced responsiveness to endothelin (21). In addition, SBP in male rats
exposed to fetal hypoxia are more responsive to endothelin receptor blockade that their
female littermates (21) suggesting that endothelin may contribute to sex differences in the
fetal programming of CV disease.

Role of inflammatory cytokines

Fetal exposure to maternal protein restriction programs an increase in renal inflammation
(199) implicating a role for inflammation in the etiology of increased programmed CV risk.
Prenatal exposure to the inflammatory cytokine interleukin-6 (1L -6) programs hypertension
associated with alterations in expression of the RAS and sodium excretion in offspring
exposed to this prenatal insult (177). Although investigation into the importance of
inflammation in the programming of hypertension is limited, these studies implicate an
important role for inflammatory processes in the etiology of chronic disease that originates
in early life.

Epigenetic processes

Epigenetic processes involve heritable changes in gene function and expression that occur in
the absence of changes in the DNA sequence (25). These processes can include alterations in
the methylation pattern of the DNA, modifications in the histones, or changes in small non-
coding RNAs (For an extensive review, see 25). The developmental programming of
chronic disease in one generation following a developmental insult (F1) can be transmitted
to the next (F2) generation (6, 78, 158) suggesting that epigenetic processes may contribute
to the transgenerational programming of chronic disease. Placental insufficiency in the rat
programs endothelial dysfunction in the F1 generation that is transmitted to the F2
generation in the absence of an additional prenatal insult (6, 161). Transmission of
hypertension and vascular dysfunction is also present in the F3 generation of male offspring
following global nutrient restriction in the F1 (161) Elevated fasting insulin levels and an
enhanced insulin response to a glucose challenge is observed in the F2 offspring of F1
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offspring exposed to nicotine during their gestational life (F1)(78). Transgenerational
transmission of insulin resistance is also noted following IUGR in the F1 generation (209).
Maternal protein restriction programs insulin resistance in the F1 and F2 generations (158)
implicating the ability of insults in one generation to impact the chronic health of the
subsequent F2 generation. Thus, these studies indicate that the transmission of programmed
risk is observed in different models of insult providing additional support that epigenetics
may be a common mechanism in the programming of later chronic disease.

Specific genes targeted by epigenetic processes that may contribute to the developmental
programming of chronic disease including CV and metabolic disturbances include 11B-
HSD2 (11), components of the RAS such as the ACE (64) in addition to the AT{R (16) and
AT,R (64), and the glucose transporter 4 (GLUT4) (256) which contributes to glucose
homeostasis via uptake of glucose in the skeletal muscle. Alterations in genes important for
proper hepatic and cardiac metabolism such as peroxisomal proliferator-activated receptor
(PPAR)-a and the liver X (LXR) gene which is involved in fatty aid metabolism are also
impacted by epigenetic processes (120, 194, 220). Changes in expression of these gene
products are associated with marked alterations in the methylation patterns in CpG sites
within the promoter region (11, 64, 194, 220), the acetylation pattern of histones involved in
modulation of gene expression (1, 11, 120), and up-or down-regulation of miRNAs, specific
regulators of mMRNA translation (64). A role for epigenetic processes in the developmental
programming of chronic disease is reported in offspring exposed to fetal glucocorticoid
exposure (16), placental insufficiency (11), prenatal nicotine (120), maternal protein
restriction (64, 194, 220, 256) and a maternal diet high in fat (1) with epigenetic
modifications noted for genes located in the brain (64), liver (1, 120, 220), kidney (11), heart
(194) and muscle (256). In addition, epigenetic modifications reported in one generation
following fetal exposure to undernutrition (F1) are present in the next (F2) generation (128)
implicating the transmission and maintenance of epigenetic modifications from one
generation to the next. Thus, these studies indicate that insults during development program
changes in the expression of gene products via epigenetic manipulations.

Enhanced susceptibility to an additional stress

Influences that alter fetal growth not only enhance the risk for CV disease in later life, but
also enhance susceptibility to an additional insult and impact natural stressors such as
pregnancy. The impact of fetal growth on later chronic health is diverse an can result an
increase in blood pressure an increased risk for metabolic disturbances which may augment
CV risk in individuals already compromised by adverse exposures to a maternal insult
during gestational life.

Enhanced susceptibility to renal disease—A reduction in nephron number is a
common observation noted for many experimental models regardless of the developmental
insult (132, 150, 237, 241). Although long-term follow-up indicates that the prevalence for
hypertension and microalbuminuria are increased in kidney donors (183), renal function and
blood pressure remain well preserved years following a donor uninephrectomy (63, 138).
However, uninephrectomy induced during the nephrogenic period in the rat programs overt
hypertension associated with a greater risk for renal injury (133, 241) implicating that a
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reduction in nephron number during “development” per se is sufficient to induce
hypertension in later life. Yet, prenatal exposure to glucocorticoids programs hypertension
in the presence or absence of a reduction in nephron number (151) suggesting that nephron
number is not the sole determinant of programmed hypertension in this model of
developmental insult. Reductions in nephron number are also observed in the absence of
hypertension following fetal exposure to placental insufficiency in late gestation (151).
Furthermore, a reduction in nephron number that occurs during development by blockade of
factors important for proper glomerular development including the RAS (117, 244) or
cyclooxygenase-2 (COX2) (166) program hypertension, altered renal function and increased
CV risk in the offspring in a manner that is sex and age-dependent (166, 167). Thus, the
development of hypertension in many models of developmental insult is present in the
absence of a reduced nephron number (150) indicating that a reduction in the number of
functional glomeruli that occurs during nephrogenesis is not the primary cause of increased
blood pressure following a developmental insult. However, a reduction in nephron number
and functioning glomeruli may predispose an individual to increased susceptibility to an
additional or secondary insult. Low birth weight in humans is associated with a reduction in
nephron number (79). The risk for end stage renal disease is increased in low birth weight
individuals relative to their normal birth weight counterparts that are hypertensive, diabetic
or both (100) suggesting that impaired kidney development during development predisposes
an individual to increased susceptibility to renal disease and injury in later life when
superimposed with other chronic disease risk. Evidence supporting this concept of increased
vulnerability to a second insult is provided in the model of IUGR induced by placental
insufficiency in the rat (143). Renal superoxide production is increased in association with a
significant increase in markers of renal injury in male IUGR rats following a mild ischemia/
reperfusion event that does not result in an increase in oxidative stress or renal injury in
control male rats exposed to the same insult (143). Treatment with an antioxidant attenuates
renal injury in the male IUGR implicating a role for increased production of reactive oxygen
species by the IUGR rat in response to the mild ischemic event (Figure 22) (143). Prenatal
exposure to hypoxia programs enhanced susceptibility to a cardiac ischemia/reperfusion
injury in the IUGR offspring relative to control (176) indicating that enhanced sensitivity to
a secondary insult is not limited to just the kidney. Postnatal exposure to a diet high in fat
following prenatal hypoxia exacerbates susceptibility to cardiac injury following acute
ischemia (175). The additional exposure of a postnatal diet rich in fat and sugar also
exacerbates IUGR-induced hypertension (137) suggesting that a second hit may work
synergistically to augment the programming of chronic disease. Thus, fetal programming
enhances vulnerability to a second insult during postnatal life augmenting the adverse
impact of increased CV risk that originates during fetal life.

Pregnancy — a second strike in LBW women—Pregnancy may serve as a second hit
in women born with compromised growth during fetal life (82). Pregnancy involves
significant anatomical and physiological changes in order to meet the needs of the
developing fetus (207). Pregnancy also involves significant alterations in the regulation of
glucose homeostasis that when disrupted results in the development of gestational diabetes
(42). Preexisting factors such as increased adiposity (213) and endothelial dysfunction (191)
contribute to the etiology of the maternal syndrome of preeclampsia (170) and are risk
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factors programmed in response to altered fetal growth (83). Birth weight is associated with
an increased risk for metabolic disease (24, 50). Thus, factors that increase the risk for
chronic disease following a developmental insult may also increase the risk for a pregnancy
complicated by hypertension and diabetes in women with compromised growth during fetal
life. Several studies indicate that maternal birth weight predicts a woman’s risk for a
pregnancy complicated by preeclampsia (81) or gestational diabetes (80, 186). Maternal
weight also increases the risk for preterm delivery (36). Complications during pregnancy
such as preeclampsia and gestational diabetes are associated with a greater prevalence for
CV and metabolic disease after delivery (55, 184). Thus, altered growth during fetal life not
only increases the risk for chronic disease in later life, but it also increases a woman’s risk
for complications during pregnancy. Complications that arise during pregnancy often serve
as an indicator for increased CV risk after pregnancy. Thus, pregnancy may serve as a
second hit that provides an additional adverse impact a woman’s health across her lifespan
following compromised growth and development during her fetal life.

Developmental programming of impaired metabolic health and increased CV risk

Fetal exposure to complications during pregnancy including IUGR and maternal factors
such as obesity and smoking that program an increased risk of hypertension and CV disease
in the offspring are also associated with an increased risk for impaired glucose homeostasis
and T2D (24, 27, 50, 169). CV disease is the most common cause of death in individuals
with T2D (77). Many other CV risk factors including hypertension and obesity are observed
in conjunction with T2D contributing to the strong association between diabetes and death
from CV disease (77). Thus, insults during fetal life can have a broad impact on the overall
chronic health of an individual through the developmental programming of hypertension
(105), coronary heart disease (9), and impaired metabolic health (27, 169) with the
developmental programming of impaired metabolic health serving as an additional or second
hit against increased CV risk

Experimental models indicate that undernutrition during fetal life programs impaired
glucose homeostasis in a manner that is sex and insult specific. Fetal exposure to maternal
protein restriction in the rat is associated with an increase in fasting glucose levels in male
offspring in young adulthood (156); bilateral uterine ligation in the rat programs an increase
in fasting glucose levels in the female (86). Male rat offspring exposed to maternal protein
restriction exhibit glucose intolerance (156); however, female rat offspring develop
hyperinsulinemia associated with a reduction in insulin signaling implicating sex- and insult-
specific pathways contribute to impaired glucose homeostasis following a developmental
insult. Bilateral uterine ligation in the rat programs a reduction in beta-cell mass in male and
female offspring in young adulthood (203) whereas maternal protein restriction in the rat
programs a reduction in beta cell mass at a similar age only in the male (212). Impaired
beta-cell development following an early life insult involves epigenetic modification of
genes that regulate beta-cell development including Pdx-1 (200). Expression of Pdx-1 is
reduced during the neonatal period in IUGR offspring exposed to placental insufficiency
(200). Administration of a pancreatic beta-cell trophic factor, exendin-4, prevents the
development of impaired glucose homeostasis in the IUGR rat by restoring beta-cell
differentiation and preventing impaired beta-cell formation (200) implicating an important
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role for impaired pancreatic function in the developmental programming of impaired
glucose homeostasis following fetal exposure to a under-nutritional insult. Adiposity is
increased in rat offspring exposed to maternal obesity during gestation in association with
hyperglycemia (40) indicating that the developmental programming of increased metabolic
risk occurs in pregnancies complicated by overnutrition and maternal obesity in addition to
undernutrition and IUGR.

Impaired glucose homeostasis may also involve a shift in hepatic gluconeogenesis. Placental
insufficiency in the rat programs an increase in hepatic glucose production in [JUGR
offspring that exhibit insulin resistance (224). Gluconeogenesis is regulated by the PEPCK
and glucose-6-phosphatase (G6PC) genes. Expression of these genes is up-regulated in the
IUGR offspring suggesting impaired signaling in the liver contributes to the increase in
gluconeogenesis (224). Maternal protein restriction in the rat also programs an increase in
hepatic PEPCK and G6PC genes (112) suggesting that gluconeogenic production of glucose
is impaired regardless of the nutritional developmental insult. These alterations are apparent
prior to birth in IUGR sheep exposed to placental insufficiency (214) implicating a
compensatory mechanism that may contribute to survival of the fetus in times of nutritional
stress but when persists beyond birth, contributes to impaired glucose regulation and
homeostasis.

Insulin resistance in the adult IUGR rat is also associated with impaired skeletal muscle
glucose uptake (187). Thus, nutritional insults during development also program a disabled
insulin responsiveness of the skeletal muscle to glucose. Impaired translocation of GLUT4
to the cell surface contributes to the development of insulin resistance following a
developmental insult. Protein expression of the GLUT4 is decreased in the skeletal muscle
of the IUGR rat in association with impaired GLUT4 translocation following fetal
undernutrition (211). Compromised GLUT4 translocation in the IUGR rat involves a defect
in pyruvate oxidative phosphorylation in the skeletal mitochondria that reduces ATP
production (187). Offspring of diabetic dams also exhibit impaired translocation of GLUT4
in the skeletal and adipose tissue associated with glucose intolerance (210). Thus, insulin
resistance involves impaired skeletal muscle uptake of glucose which may contribute to the
later development of T2D following a developmental insult.

To summarize, insults during fetal life program impaired glucose homeostasis that involves
alterations in the pancreas, skeletal muscle and liver impacting overall insulin release and
glucose uptake mediated via impaired signaling that may result from epigenetic processes.
In addition, programming of insulin resistance is transmitted to the next generation (209), an
observation noted in the fetal programming of high blood pressure (7) further implicating an
important role for epigenetic processes in the etiology of chronic disease that has its origins
in early life.

Perspectives

Despite the extensive progress made during the past couple of decades in elucidating the
underlying mechanisms that link early life with later chronic health and disease,
consideration of an individual’s exposure to maternal complications during gestational life
or birth weight as a marker of fetal growth are not considered in the management of chronic
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disease or prevention of increased CV risk. Lackland et al. addressed the influence of birth
weight on antihypertensive therapy and reported that birth weight is associated with a
greater use of calcium channel blockers in black women and ACE inhibitors in white men
(99). This study suggests that birth weight influences the efficacy of antihypertensive
medication and also notes the importance of sex in the consideration of clinical treatment.
Yet studies beyond this initial investigation are lacking and the impact of birth weight is not
yet considered when outlining options for treatment and prevention in individuals with birth
weights that exceed the lower and upper limits in regards to size. In addition, very few
studies separate outcome by sex. Experimental studies demonstrate that sex impacts the
chronic health of the offspring in response to a fetal insult. Experimental studies also
demonstrate that programming of key systems involved in the long-term control of blood
pressure regulation are sex-specific; yet, these observations are not considered in the
management of chronic health for low birth weight individuals. Age also impacts the
developmental programming of chronic health. Yet, few studies are investigating the
importance of age a modulator of programmed health. Costs related to aging studies in
experimental protocols may be a contributory factor but in light of the aging population,
additional studies are clearly warranted. The etiology of programming insults also varies
greatly within the general population. Experimental studies note that similar mechanistic
pathways contribute to increased blood pressure and CV risk that is programmed in response
to a developmental insult, but whether different programming events during the early life of
an individual contributes to increased programmed CV risk in a manner that differentially
alters management of chronic disease is not yet known. Clearly studies are needed to address
how birth weight and differing developmental insults impact clinical management and
healthcare across the lifespan.

CONCLUSION

The etiology of impaired growth during fetal life varies and encompasses complications
during pregnancy such as preeclampsia and gestational diabetes, maternal obesity, excessive
weight gain or undernutrition during pregnancy, preterm delivery, paternal smoking,
maternal alcohol consumption or stress (Figure 23). The mechanisms that link adverse
exposures during early life with increased risk for CV disease in later life are many. Yet,
despite the method of developmental insult or the species studied, experimental models
report common mechanistic pathways that contribute to the underlying etiology of
programmed CV risk. Human and experimental studies report inappropriate activation of the
RAAS in association with an increase in blood pressure following a fetal insult. SNS activity
is also elevated in low birth weight individuals. Animal studies that induce IUGR or expose
offspring to obesity during fetal life provide proof of principle for the importance of the
RAAS and the renal nerves in the fetal programming of hypertension (Figure 23). An
imbalance in anti- and pro-oxidants resulting in increased oxidative stress is observed in low
birth weight humans and experimental models of developmental insult and the importance
for oxidative stress and endothelin as mediators of increased CV risk is also demonstrated in
animal studies (Figure 23). A reduction in nephron number that originates during fetal life
enhances vulnerability to a second insult and may be the contributory factor that facilitates
the increased risk for end stage renal disease in low birth weight individuals that develop
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hypertension or T2D in later life (Figure 23). Preeclampsia is a risk factor for CV disease
after delivery. Impaired growth during fetal life is associated with increased adiposity and
vascular dysfunction, risk factors for preeclampsia and gestational diabetes. Birth weight
predicts a woman’s risk for developing a pregnancy complicated by preeclampsia and
diabetes (Figure 23) indicating the long-term impact that an adverse exposure during early
life has on a woman’s health across her lifespan. Birth weight also predicts an individual’s
risk for type 2 diabetes and experimental models demonstrated that adverse influences
during fetal life program hyperglycemia and insulin resistance in the offspring contributing
to the development of T2D and subsequent increased CV risk (Figure 23).

To summarize, investigation into the developmental origins of health and disease is a rapidly
expanding field. Adverse influences that slow or accelerate growth during early life have
long-lasting effects on the health of an individual and can result in increased adiposity,
vascular dysfunction, impaired glucose homeostasis, elevated blood pressure, and increased
risk for renal and CV disease in later life. The gestational health of a woman has its origins
in her own gestational life indicating that complications during pregnancy in one generation
can significantly impact the gestational health of the next generation. Further studies are
needed to fully elucidate the mechanisms that program increased CV risk in later life in
order to improve the overall health of individuals that are at risk due to impaired growth
during early life.
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Figure 1.

Relationship between offspring of women with preeclampsia and systolic blood pressure.
(Used with permission, Figure 1, 35).
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Figure 2.
Measure of MAP in a rat model of IUGR induced by reduced uterine perfusion. Data shown

is for both male and female IUGR versus control offspring, at 4, 8, and 12 weeks of age.
*P<0.05 vs. male control; TP<0.05 vs. female control; $+P<0.01 vs. control; and 8P<0.01 vs.
control. All data are mean+SEM. (Used with permission, Figure 1, 3).
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Figure 3.

Systolic and diastolic blood pressures in male offspring of control (O, O) or lard-fed dams
(, =) at 80, 180, and 360 days old (n=6 for all groups at all-time points). Data are expressed
as night (N) and day (D) 12-hour averages over 7 days (1-7). Values are mean+SEM. (Used
with permission, Figure 2, 95).
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Figure 4.
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Systolic and diastolic blood pressures in female offspring of control dams (O, O0) at 80 days
(n=6), 180 days (n=5), and 360 days (n=6) or lard-fed dams (¢, =) at 80 days (h=6), 180 days
(n=5), and 360 days (n=6). Data are expressed as night (N) and day (D) 12-hour averages
over 7 days (1-7). Values are mean+SEM. *P<0.05, **P<0.01. (Used with permission,

Figure 3, 95).
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Figure5.

Influence of current parental smoking on BP in preschool children (**P=0.0001, *P<0.05).
The boundary of the box closest to zero indicates the 25th percentile, the line within the box
marks the median, and the boundary of the box farthest from zero indicates the 75th
percentile. Whiskers (error bars) above and below the box indicate the 90th and 10th
percentiles. (Used with permission, Figure 1, 191.
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Effect of nicotine on Ang Il-induced BP response in adult male and female offspring. SBP,
DBP, and MAP responses to Ang Il (10 pg/kg) were measured in adult male and female
offspring that had been exposed in utero to saline control or nicotine. Data are means=SEMs
and were analyzed by 2-way ANOVA with a posthoc test. *P<0.05, nicotine vs control.

(Used with permission, Figure 1, 249).
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Figure?.
The effect of chronic Ang Il on blood pressure in male and female offspring exposed to

early life stress (ELS) relative to control conterpart. ANG Il-induced hypertension is delayed
and attenuated in female MatSep rats compared with control rats. B*P < 0.05 vs.
corresponding sex control group, #P < 0.05 vs. corresponding male group. (Used with
permission, Figure 1A, 115).
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Figure8.
Systolic blood pressures in 6-month-old rats that received prenatal dexamethasone or

vehicle. Blood pressure was taken in trained rats using a tail cuff. Male rats (A) that received
prenatal dexamethasone on days 13 and 14, 15 and 16, and 17 and 18 had elevated blood
pressure compared with control rats. Female rats (B) were not hypertensive. There are at
least 10 male rats in each group. There were 8 female rats in each group except days 11 and
12 and days 19 and 20, in which there were 5 rats. (Used with permission, Figure 5, 151).
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Figure9.
The increase of daytime and nighttime SBP with age by ethnicity and gender. (Figure 1,
226).
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Figure 10.

Serum testosterone levels measured in control and IUGR adult offspring. Blood collection
followed decapitation at 16 wk of age. Control intact (n = 17), IUGR intact (n = 16), control
CTX (n=16), and IUGR CTX (n = 15) *P < 0.05 vs. control; TP < 0.05 vs. intact
counterpart. All data are expressed as means + SE. (Used with permission, Figure 5, 145).
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Figure 11.

The effect of castration on blood pressure in a rat model of intrauterine growth restriction
(IUGR) induced by placental insufficiency. Mean arterial pressure (MAP) was measured by
radio telemetry from 12 to 16 wk of age in conscious, free-moving animals that underwent
either sham (intact) or castration (CTX) at 10 wk of age. Control intact (n = 9), control CTX
(n=8), IUGR intact (n=8), and IUGR CTX (n=7). *P < 0.05 vs. control intact; TP < 0.05
vs. IUGR intact. All data are expressed as means = SE. (Used with permission, Figure 1,
145).
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Figure12.

Avrterial pressure and renal hemodynamics in adult intact male, castrated (CAS) male and
female offspring of rats fed either a normal or protein-restricted diet during pregnancy.
Values are means + SE. *P < 0.05 compared with value for intact males of same diet group.
TP < 0.05 compared with value for CAS males. $P < 0.05 compared with normal protein
animals of same sex group. (Used with permission, Figure 1, 243).
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Figure13.

Ovariectomy and blood pressure in IUGR offspring. MAP was measured by radiotelemetry
from 12 to 16 weeks of age in animals that underwent either sham (intact) or OVX at 10
weeks of age. Control intact (n=7), control OVX (n=7), IUGR intact (n=7), and IUGR OVX
(n=8). *P<0.01 vs IUGR intact. All data are expressed as mean+SEM. (Used with
permission, Figure 1, 144).
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Effect of nicotine on angiotensin Il (Ang I1)-induced blood pressure (BP) response in sham,
ovariectomy (OVX), and OVX+E, offspring. Diastolic BP (DBP), systolic BP (SBP), and
mean arterial BP (MAP) responses to Ang Il (10 ug/kg) were measured in sham, OV X, and
OVX+E; groups of female offspring that had been exposed in utero to saline control or
nicotine. All of the data are expressed as means+=SEM from 6 animals in each group.
tP<0.05 vs saline group; *P<0.05 vs data points in saline group. (Used with permission,

Figure 1, 251).
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Figure 15.

Percentage (SE) post-menopausal by age 44-45 years by birthweight. (Used with
permission, Figure 2, 215).
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Figure 16.

The effect of renin-angiotensin system (RAS) blockade with angiotensin converting enzyme
(ACE) inhibition in adult male IUGR offspring. The ACE inhibitor enalapril was
administrated at a dose of 250 mg/I via drinking water for 2 wk starting at 14 wk of age in
IUGR offspring. MAP was measured by radio telemetry from 12 to 16 wk of age in
conscious and free-moving animals that underwent either sham (intact) or castration (CTX)
at 10 wk of age. IUGR intact untreated (n = 8), IUGR CTX untreated (n=7), IUGR intact
treated (n = 8), IUGR CTX treated (n = 8). *P < 0.05 vs. IUGR intact, TP < 0.05 vs. IUGR
intact; and $P < 0.05 vs. IUGR CTX. All data are expressed as means + SE. (Used with
permission, Figure 2, 145).
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Figure17.
Renal ACE and ACE2 mRNA expression in intact and ovariectomized control and IUGR

offspring. Renal ACE and ACE2 mRNA expressions were assessed using real-time PCR.
Results were calculated using the 272ACT method and expressed in folds increase/decrease
of the gene of interest; control-intact (n=7), IUGR-intact (n=7), control-OVX (n=7), and
IUGR-OVX (n=8). *P<0.05 vs control-intact ACE2. tP<0.05 vs IUGR-intact ACE2. All of
the data are expressed as mean+SEM. (Used with permission, Figure 5, 144).
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RDV

Mean arterial pressure in female control and IUGR rats measured by (a) telemetry or (b)
chronically instrumented catheters in the conscious state 2 weeks post bilateral renal
denervation. *P<0.05, 1P<0.01, P<0.001. Data values represent mean+SE. (Used with

permission, Figure 5, 84).
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Figure19.

Effect of prenatal dexamethasone and renal denervation on type 3 Na*/H* exchanger
(NHES3) protein abundance. (Used with permission, Figure 3, 32).
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Figure 20.

Renal superoxide production and urinary excretion of F-isoprostanes in male and female
control and intrauterine growth-restricted (IUGR) offspring treated with the superoxide
dismutase (SOD) mimetic Tempol (1 mmol/L) or vehicle (tap water ad libitum) from 14
weeks to 16 weeks of age. A, 24-hour urinary excretion of F,-isoprostane; B, Renal basal
superoxide anion production; and C, Renal NADPH oxidase—dependent superoxide anion
production. *P<0.05 vs untreated male control, #P<0.05 vs untreated male IUGR, tP<0.05
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vs untreated male IUGR. Data values represent mean=SE. (1, control; B, [JUGR. (Used with
permission, Figure 3, 146).
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Effect of antenatal nicotine on vascular malondialdehyde (MDA) and superoxide dismutase
(SOD) activities. Pregnant rats were treated with saline (control) or nicotine, MDA (A) and
SOD activity (B) were determined in aortas isolated from 5 months old male offspring. Data
are means £ SEM of tissues from five animals. *P < 0.05 versus control. (Used with
permission, Figure 4, 233).

Compr Physiol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Alexander et al.

A

Tubular Injury Scores

NBW

LBW

Page 62

[] NBW
B sw
4
5-
o t
1_
== "N —aim —

Sham I'R Sham I/R
Untreated Tempol Treated

I/R + Tempol

Sham I’'R
; e O TN

P Do nipenlies ' |
= "

Figure 22.
A: renal tubular injury scores in response to a mild I/R in NBW and LBW rats untreated and

treated with tempol. The degree of tubular injury was scored using an established method of
semiquantitive evaluation of 10 fields randomly selected per each examined kidney (high-
power fields). All data are expressed as means + SE. *P < 0.005 vs. all other groups. TP <
0.05 vs. LBW untreated counterpart. B: microphotographs representing renal tubular injury
in response to a mild I/R in NBW and LBW rats untreated and treated with tempol. a: NBW
sham. b: LBW sham. ¢: NBW mild renal I/R. d: LBW mild renal I/R. e NBW mild renal I/R
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+ tempol. f: LBW mild renal I/R + tempol. (All pictures are hematoxylin and eosin at x400
magnification. Scale bars = 50 pm.) (Used with permission, Figure 8, 143).
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Figure 23.

Schematic diagram of the fetal programming of cardiovascular risk that originates from
adverse exposure to maternal insults during gestational life and programs alterations in
structure and physiology that contribute to the development of increased cardiovascular risk

in later life.
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