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Abstract

Hypertension is a risk factor for cardiovascular disease, the leading cause of death worldwide.
Although multiple factors contribute to the pathogenesis of hypertension, studies by Dr. David
Barker reporting an inverse relationship between birth weight and blood pressure led to the
hypothesis that slow growth during fetal life increases blood pressure and the risk for
cardiovascular disease in later life. It is now recognized that growth during infancy and childhood
in addition to exposure to adverse influences during fetal life contribute to the developmental
programming of increased cardiovascular risk. Numerous epidemiological studies support the link
between influences during early life with later cardiovascular health; experimental models provide
proof of principle and indicate that numerous mechanisms contribute to the developmental origins
of chronic disease. Sex impacts the severity of cardiovascular risk in experimental models of
developmental insult. Yet, few studies examine the influence of sex on blood pressure and
cardiovascular health in low birth weight men and women. Fewer still assess how aging impacts
sex differences in programmed cardiovascular risk. Thus, the aim of this review is to highlight
current data regarding sex differences in the developmental programming of blood pressure and
cardiovascular disease.
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Introduction

Over the last 30 years a large body of epidemiological literature supports the inverse
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relationship between birth weight and blood pressure (BP) reported by Dr. David Barker in
1986. In this study Dr. Barker reported a link between impaired fetal growth and ischemic
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heart disease in adulthood [1]. Using an atlas of England and Wales, Barker compared the
geographical distribution of infant mortality between 1921 and 1925 with death rates in
adults from ischemic heart disease between 1968 and 1978 [1]. He noted that the
geographical distribution of these deaths was strongly correlated suggesting that factors that
heightened the risk of fetal mortality also increased susceptibility to cardiovascular (CV)
disease in those individuals that survived their first year of life. Based on this observation,
Barker hypothesized that increased susceptibility to CV disease in adulthood resulted from
poor fetal nutrition indicative of intrauterine growth restriction (IUGR). Although Dr.
Anders Forsdahl initiated the theory that adverse influences in early life such as poor social
conditions could increase the risk for CV in later life [2], Dr. Barker was the first to propose
that undernutrition 7n uteroresulted in structural and physiological changes that allowed the
fetus to survive an adverse nutritional environment but at the expense of an increased risk for
coronary heart disease in later life [3]. Since Barker’s original observation, investigation into
the fetal origins of CV disease has grown exponentially and expanded to include
investigation into the early life origins of metabolic and reproductive consequences as well
as expansion of the window for timing of adverse consequences on later chronic health.
Thus, early observations by Barker linking birth weight and blood pressure now include the
influence of early postnatal events on vulnerability to chronic disease.

It is well established that men have higher blood pressure that age-matched women prior to
menopause [4]. Few epidemiological studies report the effect of sex on the developmental
origins of increased BP and risk for CV disease. Numerous experimental studies denote a
strong sex difference in the developmental programming of BP with male offspring
exhibiting a significant increase in BP in young adulthood whereas female offspring
remaining normotensive [5-8]. However, females exposed to an insult in early life do not
remain protected against the developmental programming of increased BP [9]. Low birth
weight (LBW) defined as 5.5 pounds of less, affects approximately 8% of all births in the
United States. Therefore, this review will highlight the developmental origins of
hypertension and CV disease and current data related to the effect of sex and aging on the
relationship between early life and BP.

Birth weight and blood pressure: the effect of childhood growth and age on the
developmental programming of cardiovascular disease

Numerous studies support the inverse relationship between birth weight and BP in children
and also indicate the contributory effect of postnatal weight gain on BP following slow fetal
growth. A cross-sectional study of nearly 16,000 children indicated a significant negative
association between birth weight and absolute BP that became stronger when corrected for
body weight [10]. Singhal et al. demonstrated that higher mean arterial pressure (MAP) was
promoted by faster weight gain in children born small [11]. A prospective study by Belfort
et al. suggested that children born small with the most rapid postnatal weight gain had the
highest systolic BP [12]. Hindmarsh et al. demonstrated that weight gain in the first 6
months of life was the greater predictive of BP than birth weight at age 3 [13]. Thus, these
studies indicate an important role for temporal changes in growth during early life in the
prediction of BP during childhood (Figure 1). Law et al. examined the impact of early
growth on BP in adulthood. In this study systolic BP was increased in LBW adults but the
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highest systolic BP was in observed in LBW individuals that exhibited accelerated growth
from 1 to 5 years of age [14]. However, unlike the study by Hindmarsh et al, weight gain in
infancy in the absence of impaired fetal growth was not linked to higher BP in adult life
[14]. Thus, this finding suggested that accelerated weight gain in early life exacerbated
increased CV risk initiated in fetal life (Figure 1). Yet, in the absence of slow fetal growth,
accelerated growth in early life exerted an adverse effect on BP in childhood that may not be
sustained into adulthood.

BP is known to increase with age within the general population [4] and epidemiological
studies are also investigating the effect of age on the relationship between birth weight and
BP. Barker et al. reported an inverse relationship between birth weight and systolic BP in
childhood and young adulthood; however, the relationship was stronger at age 36 relative to
age 10 [15]. Childhood BP is a predictor of adult BP [16]. Thus, this study supported the
observation that childhood BP predicted adult BP and also demonstrated that the inverse
relationship between birth weight and BP was present in children prior to the contribution of
confounding variables such as cigarette smoking. Law et al. demonstrated that the increase
in BP in a cohort of low birth weight adults at 22 years of age was amplified from childhood
[14]. A similar observation was reported by Moore et al. although this association was
greater in those that were heavier in young adulthood [17,18]. Law et al. also reported that
the association between birth weight and BP amplified into old age [19]. However, the direct
effect of age on BP across the lifespan was not examined within the same cohort in this
study [19]. Ulterwal et al. directly tested the effect of age on BP in a longitudinal study
followed for 14 years [20]. Although this study noted a strong inverse association between
birth weight and systolic BP at all ages, the association was not amplified with increasing
age [20]. Thus, conclusions drawn by Ulterwaal et al. were contradictory to the observations
reported by Law or Moore. However, using studies published in Medline that involved linear
regression analyses of birth weight and BP, Head et al. determined that the association
between birth weight and BP became more negative as the age of the cohort increased [21].
Thus, a number of studies indicate that the relationship between birth weight and BP is
amplified with age (Figure 1) but additional studies are needed to clarify the effect of age on
the relationship between birth weight and BP.

Despite an abundance of evidence supporting the concept that low birth weight babies
exhibit an increased predisposition to elevated BP in later life, there is also evidence
supporting the theory that high birth weight also increases the risk for elevated BP in
childhood (Figure 1). A retrospective longitudinal based study by Bowers et al.
demonstrated that higher birth weight was associated with a significantly increased risk for
hypertension in both boys and girls with a greater risk of hypertension observed in children
with the largest postnatal weight gain [22]. Another longitudinal study by Huang et al.
concluded that high birth weight babies exhibited an increased risk for hypertension in
childhood but greater weight gain during years 1 to 8 but not the first 12 months of life
increased this risk [23]. However, a systematic review and meta-analysis of relevant studies
indicated that high birth weight predicted an increase in BP in childhood; yet, the risk of
hypertension in adulthood was inversely associated with age. Thus, older high birth weight
individuals were less prone to develop hypertension relative to their normal birth weight
counterparts [24]. Thus, these studies implicate the importance of growth during fetal life
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and childhood on the developmental origins of CV disease in later life and emphasize that
overnutrition during development can be just as detrimental as undernutrition on CV health.

Yet, not all studies indicate relevance for birth weight on BP in later life. A systematic
review by Huxley et al. noted that most studies reporting a negative effect of birth weight on
blood pressure adjusted for current weight, but smaller sample size studies were more likely
to be biased in the results due to failure to account for other confounding variables [25].
Falkner et al. reported no association between birth weight and BP in children [26].
Similarly, no significant correlation between birth weight and systolic BP was observed in
an adolescent cohort where blood pressure was determined via 24-hour ambulatory
monitoring [27]. Yet, Lurbe et al. reported that 24-hour systolic BP was significantly higher
in the lowest birth weight group when measured via the 24 hour ambulatory method but not
by conventional office methods [28]. Another study using data collected from US
Collaborative Perinatal Project reported that birth weight was positively associated with BP
in childhood [29]. Thus, in spite of the ample amount of literature supporting the hypothesis
of an inverse relationship between birth weight and future BP, a number of studies fail to
demonstrate a negative relationship. Whether accuracy of birth weight information, the use
of conventional versus 24 hour ambulatory monitoring of BP or age of the cohort affects
these findings requires more extensive investigation.

Birth weight and blood pressure: the effect of sex on the developmental programming of
cardiovascular disease

The effect of sex on the association between birth weight and BP varies by age (Figure 2). In
a large cohort studied at 10 years of age Barker et al. reported that BP did not differ in LBW
boys relative to LBW girls [15]. In a longitudinal study conducted by Moore and colleagues,
men and women exhibited an inverse correlation between birth weight and BP at age 20
[18]. However, after adjustment for current weight, the correlation was stronger in LBW
women relative to LBW men [18]. Yet, a longitudinal study by Law et al. reported that
systolic BP at age 22 was higher in LBW men relative to LBW women, an effect not
attenuated by adult body mass index (BMI) [14]. Jarvelin et al. showed that men exhibited
an inverse relationship between birth weight and BP at age 31 regardless of current BMI
whereas gestational age and BP showed a greater association than birth weight and BP in
women [30]. Barker et al. also examined the inverse relationship between birth weight and
BP in men and women at 36 years of age in a large cohort born the same week in 1946 [15].
This study demonstrated an inverse relationship between birth weight and BP in both men
and women although systolic BP was higher in LBW men relative to age-matched LBW
women [15]. A retrospective study by Chen et al. investigating the effects of prenatal and
early childhood famine exposure on risk for hypertension in adulthood indicated that women
but not men at age 46 born during the Chinese famine had a higher risk for developing
hypertension in adulthood [31]. Gamborg and others examined the inverse relationship
between birth weight and systolic BP in a meta-regression analysis of 20 Nordic studies that
adjusted for confounding factors including BMI, smoking, socioeconomic status and
gestational age [32]. The inverse relationship between birth weight and systolic BP was
significant for both sexes, the association became stronger with age, but the association was
stronger in females at age 50 than men [32]. No sex difference in the birth weight to BP
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relationship was observed in another meta-analysis that separated studies in children (under
18) or adults [33]. However, the authors found that few performed formal tests for statistical
interactions when investigating sex differences suggesting that more rigorous studies are
needed to address the importance of sex in programmed CV risk.

Hypertension is a risk factor for CV disease and birth weight also affects an individual’s risk
for CV disease. Vos et al. compared birth weight to absolute risk for coronary heart disease
using data from the Atherosclerosis Risk in Young Adults (ARYA) study [34]. Overall risk
calculated using the Framingham risk score was greater in LBW men relative to LBW
women in young adulthood [34] (Figure 2). However, Lawlor et al. reported that by middle
age the risk for CV disease was increased in LBW women relative to men [35] (Figure 2).
The mechanisms that contribute to the shift in greater risk for CV disease in LBW women
relative to LBW men with age are unknown. Early onset menopause increases the risk for
heart disease and stroke in women [36]. Several studies suggest that LBW is associated with
early onset menopause [37, 38]. Whether reproductive status is linked to CV risk in LBW
women is not known but these studies implicate the need for further studies to elucidate the
effect of reproductive health on CV risk in LBW women.

Birth weight and blood pressure: Summary of epidemiological studies

Thus, despite a number of studies that dispute the inverse relationship between birth weight
and blood pressure, numerous compelling epidemiological studies suggest that birth weight
is inversely associated with BP. Whether men and women differ in programmed CV risk
across their lifespan is not entirely clear but LBW men (Figure 2). The etiology of influences
during early life that alter birth weight and later increased BP and CV risk may contribute to
these differential findings. The transition from childhood through puberty and earlier age at
time of menopause may also influence whether sex affects the birth weight and blood
pressure relationship and contribute to sex difference in programmed risk that occurs with
aging. Yet, experimental studies provide proof of principle and allow investigation into the
mechanisms that contribute to the developmental origins of increased BP. In addition, these
studies are investigating how sex affects later programmed CV risk.

Experimental models of developmental origins of adult disease: Proof of Principle

Models of developmental programming were derived to study chronic diseases such as
hypertension, altered endocrine function, and obesity. Experimental models mimic the
human conditions that alter fetal growth and development and are associated with increased
risk for chronic disease. A consistent finding in many of these models includes sex
differences in BP following a developmental insult (Table 1). Therefore, these experimental
models are useful to investigate the mechanisms that contribute to the etiology of increased
CV risk and to investigate the mechanisms that contribute to the sexual dimorphic
programming of increased BP.

Experimental model: Placental insufficiency

Placental insufficiency is a model of fetal programming that mimics the etiology of
preeclampsia. Preeclampsia is a disease of high blood pressure during pregnancy [39] and
offspring of pregnancies complicated by preeclampsia exhibit a significant increase in BP
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[40]. Intrauterine growth restriction within the Western world is more likely due to poor
placental perfusion implicating that this is a relevant model for investigation into the
mechanisms that contribute to the inverse relationship between birth weight and BP. The
model of placental insufficiency induced via a reduction in uterine perfusion results in IUGR
and a sex difference in blood pressure with male IUGR offspring exhibiting a significant
increase in BP in young adulthood whereas female IUGR offspring are normotensive [5]
(Figures 3 and 4). Ojeda et al. demonstrated that castration at 10 weeks of age completely
abolished hypertension in male IUGR offspring whereas it had no effect on BP in age-
matched male control offspring [41] (Figure 3). Castration normalized testosterone values;
however, serum testosterone levels were two-fold greater in intact male IUGR relative to
intact male control [41] suggesting that hypertension in male IUGR offspring was
testosterone dependent. The contribution of sex steroids in the developmental programming
of hypertension may involve modulation of neurohormonal systems. It is well established
that sex hormones can alter expression of the renin-angiotensin system (RAS) in a sex-
specific manner [42]. The RAS is a hormonal cascade that contributes to the regulation of
the long-term control of BP and volume homeostasis. Blockade of the RAS with enalapril,
an angiotensin converting enzyme (ACE) inhibitor, abolished the significant increase in BP
in male IUGR offspring [41] (Figure 3) implicating an important role for the RAS in the
etiology of IUGR-induced hypertension in male offspring. Renal expression of renin and
angiotensinogen are androgen dependent in the male spontaneously hypertensive rat (SHR)
[43]. Grigore et al. reported that mMRNA expression of renal renin and angiotensinogen
expression were increased in hypertensive male IUGR offspring at 16 weeks of age relative
to age-matched normotensive male controls [44]. So despite the increase in BP in male
IUGR offspring, renal expression of renin remained inappropriately elevated. Although renal
expression of angiotensin 1l (Ang I1) or its receptor (AT1R) was not altered, male IUGR
offspring exhibited an enhanced pressor response to acute Ang Il that was also abolished by
castration [45] providing further support for an important role for testosterone in the
programming of increased BP in male IUGR offspring. Similar to activation of RAS,
testosterone increases oxidative stress in the male SHR [46—47]. Thus, these findings
suggest oxidative stress as another potential mechanism in the developmental programming
of hypertension. Tempol, a superoxide dismutase mimetic, normalized BP in male IUGR
offspring relative to male control [48] (Figure 3). In addition to the effects on BP, chronic
tempol in male IUGR offspring caused a significant reduction in Fo-isoprostanes, a marker
of renal oxidative stress, and expression of renal markers of oxidative stress that were
elevated in untreated male IUGR offspring relative to male control counterparts [48]
suggesting that reactive oxygen species (ROS) may also be a contributory factor in the
etiology of hypertension in male IUGR rats. Thus, these findings indicate testosterone may
contribute to elevated BP in male IUGR via up-regulation of the RAS and increased
production of ROS (Figure 3).

In the human population, men exhibit higher BP compared to women through adulthood
[49] until women enter menopause [50]. Although the importance of estradiol on CV health
in women after menopause is controversial, BP was significantly elevated in female IUGR
following ovariectomy whereas ovariectomy had no effect on BP in female control [51]
(Figure 4). Restoration of estradiol levels to physiologically relevant levels in
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ovariectomized offspring reduced BP in control and IUGR to similar levels [51] implicating
that estradiol may be protective against the developmental programming of increased BP in
female IUGR offspring in young adulthood. In contrast to testosterone’s effects on the RAS,
estrogens are important in regulating the vasodepressor arm of the RAS including up-
regulation of renal expression of ACE2 and AT2R [52]. The RAS is also implicated in
contributing to sex differences in BP control in other models of developmental insults [52]
and protection against CV disease in women [53-54]. Chronic blockade of the RAS with the
ACE inhibitor, enalapril, abolished hypertension induced via ovariectomy in female IUGR
offspring suggesting that the RAS contributes to the development of hypertension following
loss of ovarian hormones in female IUGR rats [51]. It is proposed that estrogen modulates
alterations in the balance of the vasoconstrictor to vasodilator actions of the RAS by
impacting the ACE and ACE2 pathways [53-54]. Renal expression of ACE2 was elevated in
intact female IUGR relative to intact female control; ovariectomy abolished this increase
[51] (Figure 4) indicating that ovariectomy caused a shift in the vasoconstrictor to
vasodilator balance. Renal markers of oxidative stress were not elevated in normotensive
female IUGR offspring. However, female IUGR offspring exhibited an increase in
expression and activity of renal catalase, an antioxidant [48] (Figure 4). There are numerous
studies that indicate that estrogen is protective against hypertension by exhibiting
antioxidant effects [55]. Thus, ovarian hormones may contribute to the compensatory
increase in renal ACE2 expression in female IUGR offspring to oppose the adverse
programming effect of IUGR on BP in female offspring. Up-regulation of anti-oxidant
pathways may be another compensatory protective mechanism.

It is well established that BP increases with age in both men and women [56]. Aging is also
suggested to amplify the effect of birth weight on BP in LBW individuals [57] suggesting
that aging may serve as a secondary influence on BP following a developmental insult. To
investigate the impact of aging on BP in female IUGR offspring, female IUGR rats were
studied at 12 months of age to avoid the confounding effect of persistent estrus that occurs in
the SD rat around 18 months of age [58]. Female IUGR offspring exhibited a significant
increase in BP at 12 months of age compared to age-matched controls when measured via
radio telemetry [9]. Despite having comparable body weights, female IUGR exhibited a
significant increase in total and visceral adiposity and an elevation in circulating leptin
compared to age-matched controls [9]. Increased adiposity resulting in increased leptin is
also seen in women [59], and is noted to have detrimental outcomes on BP [60]. Leptin is an
adipose-derived chemokine that is elevated in obese patients. Experiments from Mark et al.,
demonstrated that leptin acts as a central mediator between increases in adiposity and
elevated BP via activation of the sympathetic nervous system to the kidney [61]. To
investigate the role of the renal nerves on the increase in BP that developed by one year of
age in female IUGR offspring, female rats underwent either sham or bilateral renal
denervation. Hypertension was abolished in the female IUGR offspring following renal
denervation whereas no significant change in BP was observed in female age-matched
controls [9] (Figure 4). Interestingly, the renal nerves also contributed to the etiology of
hypertension that develops in male IUGR offspring in young adulthood [62] (Figure 3)
suggesting that IUGR programs a sex specific role for the renal nerves in BP that is age-
dependent in male and female IUGR rats. Thus, IUGR female offspring did not remain
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protected against increased BP indicating the importance of further studies to investigate the
impact of age on BP and CV health in low birth weight women.

Bilateral uterine ligation is another model of placental insufficiency that involves a shorter
duration of insult but more severe exposure to reduced uterine perfusion. Total ligation of the
uterine arteries and veins at day 18 of gestation induces a significant reduction in birth
weight and litter size [63] and a significant correlation between birth weight and BP in male
IUGR offspring at 12 weeks of age [64]. Schreuder et al. reported that glomerular number
was decreased while mean glomerular volume was increased in association with a
significant increase in protein excretion in male IUGR rats [65] (Figure 3). A reduction in
glomerular number, indicative of a reduction in nephron endowment, is also observed in low
birth weight humans [66] implicating the physiological relevance of this model. Moritz et al.
reported that male IUGR offspring exhibited a significant increase in BP relative to normal
male birth weight offspring [67]; yet, despite a significant reduction in total glomerular
number associated with an increase in individual glomerular volume, BP was not increased
with in female IUGR although creatinine levels were elevated in later life [68] (Figure 3).
Thus, findings using this model suggested that male offspring were more susceptible to an /in
uteroinsult than their female counterparts. In addition, these studies demonstrated the
complexity of the effect of the fetal environment on later BP and CV risk.

Experimental model: Prenatal hypoxia

Prenatal hypoxia is another experimental model of developmental programming that is
linked with increased risk for CVD [69-70]. This model of intrauterine stress induced by
long-term hypoxia deprives the fetus of oxygen vital for proper development. Maternal food
intake is also reduced potentially causing another developmental programming effect [69,
71-72]. Epidemiological studies indicate that /n utero insults influence endothelial function
in fetal life [73], children [74], or young adults [75]. Experimental models of prenatal
hypoxia support these observations noted in low birth weight individuals via a mechanism
that involves impairment in the nitric oxide system [71]. Studies by Williams et al.
demonstrated that prenatal hypoxia programmed premature aging of vasculature in [JUGR
male offspring [69, 71] whereas Morton et al. demonstrated that female IUGR offspring
exhibited a loss of NO-induced vasodilation that occurred at a later age than male IUGR
[70]. To further examine the sex difference in the developmental programming of CV risk
Bourque et al. investigated vascular reactivity to endothelin-1 (ET-1), a potent
vasoconstrictor [76]. Male IUGR exhibited a greater vascular response to ET-1 compared to
male controls, yet there was no difference in response to ET-1 in female offspring [76]
(Figure 3). BP was increased in male IUGR by 12 months of age but female IUGR remained
normotensive relative to age-matched female controls [76]. Thus, these results indicated that
males were more susceptible to CV risk following the developmental insult of maternal
hypoxia indicative of the sex-specific programming of BP observed in other models of
placental insufficiency.

Experimental model: Prenatal maternal protein restriction

Maternal protein restriction during gestation was one of the first models developed to
investigate the link between birth weight, BP and CV risk [77]. This model which mimics
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chronic undernutrition in regions that suffer from extreme malnutrition in developing
countries is useful for studying the mechanisms by which early growth patterns are related to
adult cardiovascular disease. However, the developmental programming effects of a maternal
low protein diet vary greatly due to differences in dietary components of the protein
restricted diets [77-78] and the method used for measurement of BP [6—7,79-80].
Additionally, the severity of the restriction of protein in the maternal diet also results in sex-
specific programming of CV risk [6-7].

This model has been used by numerous investigators and studies by Woods and colleagues
reported that moderate maternal protein restriction (9% versus 18% protein) programmed a
significant increase in BP in male low-protein offspring [6] that despite a decrease in
nephron number was not associated with a change in glomerular filtration rat (GFR) [6].
Glomerular volume was increased [6] providing compensation. However, studies by Woods
et al. also demonstrated that a moderate reduction in maternal protein during gestation did
not alter BP in female low protein offspring [6]. Joles et al. reported that, fetal exposure to
low protein during gestation increased renal injury in the aging male kidney [81] (Figure 3).
Yet, an additional study indicated that female offspring exposed to moderate maternal
protein restriction during fetal life were protected against the accelerated development of
renal injury [79]. Removal of the ovarian hormones accelerated age-related reductions in
GFR and worsened albuminuria in female low protein offspring [79] (Figure 4) indicating
that similar to the model of placental insufficiency, ovarian hormones played a protective
role in the programming of chronic health in female offspring. However, BP was increased
in both male and female offspring exposed to a more severe reduction in protein intake
within the maternal diet (6% versus 18% reduction) [77]. A similar finding was confirmed
by Vehaskari et al. [80]. Mortality rates were greater in the low protein offspring in this
study [80] indicating that prenatal protein restriction moderately shortened the lifespan of
the low protein offspring. Castration did not attenuate hypertension programmed by prenatal
protein restriction in the male offspring [82]. However, unlike male ITUGR offspring in the
model of placental insufficiency [41], circulating testosterone levels were not elevated by
prenatal exposure to low protein [82]. Thus, these studies indicated that females exposed to a
developmental insult do not remain protected against increased CV risk in later life; yet,
programming of increased CV and renal risk was related to the severity of the developmental
insult.

The RAS is also implicated in the etiology of hypertension induced by maternal protein
restriction. Blockade of the RAS by enalapril abolished the increase in BP in low protein
offspring relative to untreated low protein rats (Figure 3) but was unable to prevent the
increase in mortality programmed by this developmental insult [83]. The RAS is important
in renal development [52]. Renal expression of renin and angiotensinogen were reduced
during nephrogenesis in offspring exposed to maternal protein restriction [6]. Nephron
number was also decreased indicating renal development was impaired in association with
suppression of the RAS [6] (Figure 3). Suppression of the RAS during nephrogenesis is also
reported for models of developmental programming induced by placental insufficiency [84—
85]. Thus, these results indicated that developmental programming results in temporal
changes in the RAS with the importance of the RAS in the programming of impaired renal
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development and increased BP implicated despite the different model of developmental
insult [6, 41, 44, 83] (Figure 3).

To elucidate the differential effect of exposure to a prenatal versus a postnatal diet of
maternal protein restriction, Lozano et al. examined offspring that were cross-fostered from
mothers fed a normal or a low protein diet during pregnancy to mothers fed a normal or low
protein diet during lactation [86]. Results indicated that cross-fostering of an offspring from
a low protein mother (6% protein) to a mother on regular chow (18%) prevented the
development of hypertension; whereas cross-fostering of an offspring from a mother on
regular chow to a mother on the 6% or protein restricted diet was sufficient to induce an
increase in BP [86]. Therefore, these results indicated that the postnatal environment
modulated the effect of the prenatal environment on BP and was able to reverse or induce an
altered phenotype. These studies mimic findings noted in humans where temporal changes
in weight gain alter BP in childhood [10-13]

Experimental model: Global nutrient restriction

A global restriction in nutrient intake is also used to investigate the link between
developmental influences and later CV risk. Global nutrient restriction during gestation in
the guinea pig reduced birth weight and increased BP in male offspring [87]. Global nutrient
restriction in one generation also resulted in transgenerational effect with BP increased in
male offspring of the F2 and F3 generations despite the absence of additional insult during
their gestational period [88]. The effect of exposure to maternal undernutrition in the F1 also
impaired vascular function in the F1 offspring and subsequent generations [88] Nutrient
restriction initiated prior to pregnancy also reduced life expectancy in the second-generation
male offspring [89]. Thus, these studies suggested that fetal exposure to nutrient restriction
in one generation not only increased CV risk in the F1 generation, but also transmitted that
risk to the next generations of male offspring.

Experimental model: Early Life Stress

Exposure to socioeconomic stress in early life or prenatal exposure to maternal stress is
associated with an increased risk for CV disease [90-917]. Loria et al. demonstrated that
maternal separation as a model of early life stress (ELS) did not program a significant
increase in baseline BP [92]. However, BP was significantly increased to a greater extent in
male ELS pups exposed to chronic Ang Il compared to male control offspring [92]. The
development of hypersensitivity to chronic Ang Il was delayed in female ELS rats [92]
implicating a sex difference in the BP response to a vasoactive factor. Circulating
testosterone levels were increased in male ELS rats exposed to chronic Ang Il and castration
prevented hypersensitivity to chronic Ang Il in male ELS rats [93] (Figure 3). Thus,
testosterone also contributes to the etiology of enhanced sensitivity to Ang Il that originated
from exposure to an adverse environment during early life.

Experimental model: Prenatal Glucocorticoid

Prenatal administration of glucocorticoids are often given to pregnant women to accelerate
fetal pulmonary maturation [94]; yet, experimental studies indicate that glucocorticoids may
exert an adverse CV effect on the developing fetus with consequences manifesting in later
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life [95]. Rat offspring born to dams that received a daily dexamethasone injection
throughout gestation exhibited a 50% reduction in nephron number in association with a
30% reduction in GFR in young adulthood [96]. BP was elevated by 2 months of age in the
dexamethasone exposed offspring [96] indicating that fetal exposure to glucocorticoids was
sufficient to increase CV risk in the offspring. Another study resulted in hypertension at 6
months of age in male but not female rat offspring exposed to prenatal glucocorticoids [8].
Male offspring of pregnant ewes exposed to betamethasone during gestation developed
hypertension associated with a decrease in nephron number, and a reduction in sodium
excretion relative to male controls [97]. However, female dexamethasone exposed ewes did
not demonstrate an impaired sodium excretion [97]. Thus, these studies indicated that
glucocorticoid exposure during fetal life had sex-specific effects on renal function that were
not species specific. Singh et al. demonstrated that a reduction in nephron number in rat
pups exposed to glucocorticoids during prenatal life was associated with suppression of the
renal RAS [98] (Figure 3). Bilateral renal denervation abolished increased systolic BP in
male rat offspring exposed to prenatal dexamethasone [99] (Figure 3). Thus, the mechanisms
that contribute to increased BP following fetal exposure to glucocorticoids includes
pathways reported to contribute to the etiology of increased programmed CV risk in other
models of developmental insult.

Experimental model: Prenatal Nicotine

Maternal smoking is associated with an increased risk of BP in postnatal life [100]. Nicotine
is one of the major components of cigarette smoke, and it readily crosses the placenta into
the fetal circulation [101]. Excess nicotine causes permanent changes in the nicotinic
receptors and alterations in activity of the central and peripheral nervous systems [102]
implicating nicotine exposure as a mediator of reprogramming of vascular tone and
alterations in BP. Prenatal exposure to nicotine during gestation at a dose that is comparable
to moderate to heavy smoke inhalation reduced birth weight in offspring of nicotine-treated
dams [103]. Male nicotine-treated offspring exhibited vascular dysfunction not observed in
their female littermates [103]. Male nicotine-treated offspring also exhibited an enhanced
increase in the BP response to acute Ang Il relative to Ang Il-treated male controls whereas
the increase in BP in response to acute Ang Il was not elevated in female prenatal nicotine
offspring relative to their female control counterparts [104]. Thus, this study demonstrated a
sex difference in vascular function and the BP response to acute Ang Il following prenatal
exposure to nicotine. Xiao et al. also reported that ovariectomy induced a significant
increase in the BP response to acute Ang Il [105]; ovariectomy also increased vascular AT{R
expression in female nicotine-treated offspring [106]. Estrogen replacement reversed these
findings [105] implicating that estradiol was protective against the developmental
programming of CV risk through a mechanism that involved modulation of the RAS (Figure
4). Ovariectomy also induced a significant increase in vascular production of reactive
oxygen species in female offspring exposed to prenatal nicotine relative to ovariectomized
controls that was reversed by estradiol replacement [105] (Figure 4).. However, protection
against increased CV risk in female offspring following prenatal nicotine exposure was lost
with aging. BP responses to acute Ang Il were significantly enhanced in female rats exposed
to prenatal nicotine when aged to 22 months [107]. Thus, this study demonstrated that aging
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Conclusion

as a second hit further exacerbated the adverse programming of CV risk in male and female
offspring following exposure to nicotine during fetal life.

The etiology of hypertension is not well understood. Epidemiological studies indicate that
birth weight is inversely associated with BP suggesting that adverse influences during early
life may contribute to the development of hypertension in later life. Whether LBW results in
sex-specific programming of higher BP within the human population is unclear (Figure 2).
Accuracy of birth weight records, differences in age at the time of study, a lack of
consideration for confounding variables such as weight gain in early life, and accuracy of the
methodology used for BP measurement may contribute to conflicting results. Clearly
additional studies using precise anthropometric measurements at birth, consideration for
confounding factors that include adjustment for weight gain during early life and current
BMI, 24 hour ambulatory measure of BP conducted at specific time points that coincide
with childhood, early adulthood, and age after menopause are needed to effectively address
the effect of sex and aging on the developmental programming of blood pressure.

Numerous experimental studies that mimic the causes of LBW are being utilized to
investigate the etiology of the developmental origins of high blood pressure. These models
demonstrate a distinct sex difference with males affected to a greater extent than females in
young adulthood (Table I). Yet, experimental studies also suggest that females do not remain
protected against increased BP in later life (Table I). Reporting of sex differences also varies
in experimental studies. Accuracy of the methodology used for measure of BP, severity of
the developmental insult or the age of the animal at the time of study may be contributing
factors. Yet, animal studies are better able to control for confounding variables and thus,
experimental studies provide strong proof of principle that a moderate insult during early life
programs a sex difference in BP in young adulthood. Experimental studies also implicate a
role for sex steroids and involvement of the RAS, the renal nerves, endothelin and oxidative
stress in the etiology of BP regulation following a developmental insult (Figures 3 and 4).
Recent studies indicate that maternal undernutrition in the rat programs early reproductive
senescence [108-109] (Figure 4). Whether this is linked to loss of protection against CV risk
is not yet known. However, further studies are needed to clarify the mechanisms that
contribute to the development of increased BP in LBW individuals and the effect of sex and
aging across the lifespan on CV risk following a developmental insult in order to determine
the clinical implications for these findings.
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Summary Statement

Compelling epidemiology studies suggest that birth weight is inversely associated with
blood pressure. Experimental studies indicate a sex difference with males more
susceptible to developmental insults than females. However, experimental studies suggest
that aging abolishes the sex difference exacerbating cardiovascular risk in the female.
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Clinical Perspective

Compelling evidence from experimental models indicate that the /n utero
environment leads to sex differences in the long-term control of blood

pressure with males more adversely affected relative to females in young
adulthood. However, epidemiological studies provide inconsistent results.

Experimental models are identifying potential mechanisms that contribute
to sex differences in the developmental programming of blood pressure.
These studies implicate the renin angiotensin system, the renal nerves,
endothelin and oxidative stress with modulation by sex steroids providing a
contributory role. Experimental studies also suggest that aging can abolish
sex differences in blood pressure implicating a loss of protection against
programmed cardiovascular risk in females in later life.

Few epidemiological or population studies are investigating the effect of sex
on blood pressure in low birth weight individuals. Therefore, further
investigation into whether sex affects blood pressure following low birth
weight and whether aging serves as a second insult to exacerbate
cardiovascular risk is clearly needed in order to better address therapeutic
options and provide better health care for low birth weight individuals as
they age.
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Figure 1.

Flowchart of the influences that alter the developmental programming of blood pressure
across the lifespan.
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Figure 2.
Summary of age-specific sex differences in blood pressure and cardiovascular risk in low

birth weight men and women.
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Figure 3.
Schematic demonstrating the potential mechanisms that contribute to the developmental

programming of increased blood pressure in male offspring.
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Figure 4.

Potential mechanisms for the developmental programming of pro- and anti-hypertensive
pathways in female offspring.
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Table |

Sex differences in birth weight and blood pressure: findings from experimental studies

Model Age Blood pressure Method  Reference
Mechanical Reduction in Uterine Perfusion 16 weeks Male: Increased Telemetry 41
16 weeks  Female: Normotensive  Telemetry 51
12 months Female: Increased Telemetry 9
Bilateral Uterine Ligation 12 weeks Male: Increased Telemetry 64
22 weeks Male: Increased Tail Cuff 67
18 months  Female: Normotensive  Tail Cuff 68
Prenatal Hypoxia 12 months Male: Increased Tail Cuff 76
12 months  Female: Normotensive  Tail Cuff 76
Modest Protein Restriction (9% versus 18%) 21 weeks Male: Increased Catheter 6
21 weeks  Female: Normotensive  Catheter 7
12 months Female: Increased Telemetry 79
Severe Protein Restriction (5-6% versus 18%) 4 weeks Male: Increased Tail Cuff 80
4 weeks Female: Increased Tail Cuff 80
10 weeks Male: Increased Tail Cuff 80
10 months Female: Increased Tail Cuff 80
Prenatal Dexamethasone 6 months Male: Increased Tail Cuff 8
6 months  Female: Normotensive  Tail Cuff 8
Prenatal Nicotine 22 months Male: Increased Catheter 107
22 months  Female: Normotensive ~ Catheter 107
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