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Abstract

Purpose of the Review—It is well-established that the age-related increase in blood pressure is
augmented after menopause. Yet, the prevalence of hypertension is enhanced in low birth weight
women relative to normal birth weight counterparts by 60 years of age suggesting that adverse
influences during fetal life heighten cardiovascular risk in later life.

Recent Findings—A changing hormonal milieu may contribute to increased cardiovascular risk
that occurs after the menopausal transition. Low birth weight is associated with early age at
menopause. A recent study indicates that a shift towards testosterone excess following early
reproductive senescence may contribute to the etiology of age-dependent increases in blood
pressure in a rodent model of low birth weight.

Summary—This review will highlight current findings related to postmenopausal hypertension
and discuss potential mechanisms that may contribute to the enhanced cardiovascular risk that
develops with age in low birth weight women.
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Introduction

Cardiovascular (CV) disease is the leading cause of death in women in the United States (1).
Hypertension is a major risk factor for the development of CV disease and the etiology of
hypertension includes lifestyle choices, such as diet and exercise, as well as genetic
mechanisms. Yet, numerous studies suggest that adverse influences during fetal life also
promote the development of CV risk including hypertension (2). Males and females exhibit
a different timecourse in the onset of hypertension and CV risk that originates during fetal
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life (3, 4, 5, 6, 7). Experimental studies indicate that unlike their male littermates, females
exposed to an insult during fetal life do not develop an increase in blood pressure or CV risk
in young adulthood relative to female controls (3, 4, 5, 6, 8, 9. Sex differences in blood
pressure are also observed within the general population with men having higher blood
pressure relative to women prior to menopause (10). Numerous mechanisms contribute to
sex differences in primary hypertension with a role for sex steroids implicated in the
progression of CV risk (11. Sex steroids may also contribute to sex differences in the onset
of increased blood pressure that has its origins in fetal life (12).

Blood pressure increases with age and the prevalence of hypertension is higher among the
elderly (13). After age 50, the prevalence of hypertension is greater in women versus men
(14). Furthermore, the prevalence of hypertension is enhanced in low birth weight women
relative to normal birth weight counterparts by 60 years of age (15) implicating a fetal origin
in the etiology of heightened CV risk in women born small. Accelerated reproductive aging
is a risk factor for CV disease (16). Low birth weight is associated with early age at
menopause (17) and recent experimental studies demonstrate the development of early
reproductive senescence in female offspring exposed to an adverse environment during fetal
life. Whether accelerated reproductive aging in low birth weight women directly contributes
to enhanced CV risk is not known. Yet, recent studies indicate a role for sex steroids in the
development of age-dependent increases in blood pressure in an experimental model of low
birth weight (12).

Clinical studies reveal that intensive hypertension treatment is advantageous in lowering
systolic blood pressure and improving overall health (18). Although the prevalence of
controlled hypertension is greater in women relative to men at 60 years or older, the
percentage of uncontrolled hypertension in women at this age is almost 50% (19) suggesting
that current knowledge regarding appropriate sex- and age-specific therapeutics is lacking.
Birth weight and/or other perinatal factors are not yet a standard consideration in the
treatment of hypertension. Thus, the purpose of this review is to examine the role of sex
steroids in the etiology of increased blood pressure and CV risk following the onset of
menopause and to explore potential mechanisms by which CV risk is enhanced in later life
in women born low birth weight.

The Developmental Origins of Chronic Health and Disease

In the early 1980’s Dr. David Barker hypothesized a role for the fetal environment in the
determination of CV risk in later life (20). Recognition of this phenomenon, now referred to
as the developmental origins of chronic health and disease, was based on observations by
Barker and colleagues that demonstrated an association between adverse influences during
fetal life and adult mortality due to ischemic heart disease (20). Birth weight and blood
pressure are also inversely related (21) further supporting the theory that susceptibility to CV
disease can initiate /n utero. The inverse relationship between birth weight and blood
pressure is observed in both men and women (21). However, a study by Vos et al. showed
that CV risk is two-fold greater in low birth weight men relative to low birth weight females
in young adulthood (7) indicating a sex difference in susceptibility to CV risk that originates
in fetal life. Andersson and colleagues reported that the prevalence of hypertension is
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heightened in low birth weight women in later life relative to normal birth weight
counterparts suggesting that low birth weight exacerbates age-related increases in CV risk.
Yet, the effect of sex on CV risk in low birth weight individuals has not been studied in
depth. Furthermore, studies investigating age as an additional insult are also very limited.

Experimental Models of Developmental Origins

Numerous experimental models are utilized to study the mechanisms by which insults
during perinatal life are associated with an increased risk for hypertension and CV disease
(3, 4, 6, 8, 9). Many of these mimic the pathophysiological causes of low birth weight and
maternal conditions that impact fetal growth and increase later CV risk in the offspring (3, 4,
5, 6, 8, 9). Preeclampsia is a major cause of fetal morbidity and mortality in the Western
world (22). This pregnancy-specific disease is characterized by improper remodeling of the
spiral arteries resulting in poor nutrient and oxygen delivery to the fetus (22), low birth
weight (22) and increased blood pressure in the offspring (23). Alexander reported that
placental insufficiency in the rat induced via reduced uterine perfusion results in intrauterine
growth restriction (IlUGR) associated with a significant increase in blood pressure in male
IUGR offspring at 3 months of age (3). Yet, female IUGR offspring remain normotensive
relative to female control offspring (3) suggesting that females in young adulthood are less
susceptible to a developmental insult that programs increased CV risk in their male
littermates (3). Other models of developmental origins also demonstrate a sex difference in
blood pressure. Fetal undernutrition is the initiating insult in the hypothesis formulated by
Dr. Barker (24). Utilizing protein restriction as a mediator of undernutrition, Woods and
colleagues reported that a modest reduction in maternal protein intake programs
hypertension in male (4) but not female low protein rat offspring (5) in young adulthood
(approximately 5 months of age). Betamethasone is used clinically to accelerate lung
development in preterm infants. Ortiz and colleagues observed a similar sex difference in
blood pressure at 6 months of age in offspring exposed to prenatal dexamethasone (6).
Bourque et al. reported that prenatal exposure to hypoxia (8) also induces sex-specific
programming of CV risk with females protected relative to their male counterparts; a similar
finding was demonstrated by Xiao and colleagues in a model of developmental origins
induced by prenatal nicotine (9). However, recent studies indicate that females exposed to a
developmental insult do not remain protected across the lifespan. Blood pressure is
increased by 12 months of age in female IUGR offspring exposed to placental insufficiency
(12, 25) or maternal protein restriction (26). CV risk is also increased with age in female
exposed to prenatal nicotine (27). Thus, these studies suggest that protection against
programmed CV risk is lost with age in females.

Models of Post-Menopausal Hypertension

Recent studies evaluating the prevalence of hypertension within the general population
report that men in young adulthood exhibit a greater occurrence of hypertension compared
to age-matched women (19). During mid-life (50-64 years of age), this difference subsides
so that men and women display a similar prevalence of hypertension (19). However, as men
and women age, the increase in blood pressure after menopause is accelerated in women
compared to age-matched men (19). Production of E2, the predominant estrogen before
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menopause, is greatly decreased after menopause (28). Production of estrone (E1), the
predominant estrogen in postmenopausal women (PMW), is also decreased but to a lesser
degree than E2 leading to an increase in the E1/E2 ratio (28). Testosterone increases after
menopause (28) and is positively associated with blood pressure in women after menopause
(29, 30). Despite studies that show a correlation between changes in sex steroids and
increased CV risk in women as they age, the exact contribution of sex steroids remains
unclear.

Although the increased prevalence of hypertension in women following menopause is well
documented, few animal models are available to study the mechanisms of chronic disease
related to the transition into reproductive senescence. Rodents in addition, to non-human
primates, and other species are used to study the etiology and investigate potential therapies
for chronic conditions and disease related to menopause (31, 32, 33). Menopause involves a
gradual transition that occurs over a 5- to 10-year period that is referred to as
perimenopause. Perimenopause is characterized by irregular cycle lengths and fluctuating
estrogen levels. Ovariectomy is commonly used to induce a change in the hormonal milieu
to investigate the importance of sex steroids on blood pressure. However, a major limitation
for this model involves the abrupt loss of estrogens rather than a gradual decline in E2 levels
due to a slower depletion of ovarian follicles. Other limitations to studies that utilize
ovariectomy include the loss of ovarian tissue as an endocrine secreting organ, and
experiments conducted in females in young adulthood that fail to reproduce outcomes
specific to females in later life. A more recently developed model of menopause uses
repeated daily injections of a ovotoxic chemical, 4-vinylcyclohexene diepoxide (VCD), to
produce a gradual depletion of ovarian follicles in rodents in association with retention of
ovarian tissue and androgen secreting potential (31). This model mimics the natural
transition into menopause and includes a period of perimenopause during induction (31).
Another well-characterized animal model is the aged spontaneously hypertensive rat (SHR)
(32), an experimental model that mimics the sexual dimorphism of human hypertension.
Blood pressure is reduced in female SHR in young adulthood relative to age-matched male
SHR (32). Yet, blood pressure increases in age in association with a decrease in E2 levels
and an increase in testosterone levels in intact-aged SHR females relative to female
counterparts in young adulthood, and loss of the sex difference in blood pressure in the aged
female SHR relative to the age-matched male SHR (32, 34).

The Renin Angiotensin System, Sex Steroids, Menopause and Blood Pressure

The renin-angiotensin system (RAS), a major hormonal system involved in the regulation of
arterial blood pressure and sodium homeostasis, is implicated in the etiology of
postmenopausal hypertension (35). Recent studies suggest that regulation of the RAS via E2
may contribute to the development of hypertension that occurs after menopause. Dean and
colleagues reported that ovariectomy in the female rat is associated with an increase in
angiotensin converting enzyme (ACE) and angiotensin Il type 1 (AT 1) receptor expression
(36), components of the classic vasoconstrictor arm of the RAS. They further demonstrated
that these increases are abolished by E2 replacement (36) suggesting direct regulation of the
RAS by E2. In a study by Ji et al., ovariectomy decreased the activity of ACE2 (37); Baiardi
et al. reported a similar effect on AT, receptor expression in female rats (38) implicating that
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physiological changes in E2 can also alter the counter-regulatory arm of the RAS. In a study
by Dai and colleagues, treatment with an AT receptor agonist attenuated salt/DOCA-
induced hypertension in female rats in conjunction with increased ACE2 and AT, receptor
expression (39). Thus, this study by Dai et al. demonstrated that direct activation of the AT,
receptor is cardio-protective in the female rat (39). However, whether hypertension in
females after reproductive senescence involves an imbalance in the ACE/Ang Il pathway
versus the ACE2/AT receptor pathway of the RAS is not yet clear. Furthermore, whether
modulation of the RAS via E2 as noted in experimental studies conducted in young female
rats (36, 37, 38, 39) translates towards the etiology of postmenopausal hypertension is not
known.

Yanes and colleagues, using the aging female SHR as a model of postmenopausal
hypertension, reported that plasma renin activity and circulating angiotensinogen are
elevated in aged female SHR relative to younger counterparts that exhibited an elevated
blood pressure in later life (40). Although blockade of the RAS with losartan, an inhibitor of
the AT, receptor, resulted in a partial reduction in blood pressure in aged female SHR,
losartan did not fully normalize blood pressure in aged female SHR equivalent to blood
pressure in young female SHR (40). Thus, this study indicates that although the RAS
contributes to the increase in blood pressure that occurs with aging in the female SHR, other
factors may also be involved. Yanes and colleagues also demonstrated that blockade of the
RAS reduces blood pressure to a greater degree in aged male SHR relative to aged female
SHR (34) implicating a sex difference in the blood pressure response to RAS blockade in
aging rats. However, it is important to note that numerous clinical studies report that use of
RAS blockade is beneficial against hypertension after menopause (41) suggesting a potential
caveat for interpretation of results obtained from experimental models of postmenopausal
hypertension. Fernandez-Vega and colleagues found that blockade of the RAS significantly
decreased blood pressure and enhanced blood pressure control in a cohort of post-
menopausal women (42). Yet, no beneficial effect on blood pressure was observed in
postmenopausal women treated with hormone replacement therapy (HRT) (42). Clearly,
additional studies are needed to determine if E2-mediated regulation of the RAS contributes
to the increase in blood pressure that occurs after menopause.

E2 is decreased in women after menopause (28). Yet, not all studies indicate a positive effect
of estrogen replacement on CV health in postmenopausal women (43, 44). The Heart and
Estrogen/Progestin Replacement Study (HERS) (43) and the Women’s Health Initiative
(WI1H) both sought to identify whether HRT would decrease the incidence of adverse CV
events. The HERS study included postmenopausal women with coronary heart disease and
concluded that HRT does not reduce adverse CV events in this population (43). The WIH
trial was terminated early due to findings that estrogen + progestin increased the risk of
breast cancer and stroke in healthy postmenopausal women (44). However, reevaluation of
HRT in newly menopausal women versus aging patients indicates that HRT may exert less
risk (45).

Like E2, testosterone is indicated in the regulation of the local RAS and as an influence on
CV risk. In contrast to E2, testosterone inhibits AT, receptor expression in the female rat
(46). Mishra et al. reported that AT, receptor mMRNA and protein expression are lower in
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male versus female Sprague Dawley rats (46). Their study also demonstrated that
administration of exogenous androgen decreases AT receptor expression in male and
female rats, an effect that is reversed by treatment with the androgen receptor antagonist,
flutamide (46). AT, receptor expression was also decreased ex vivo in the absence of
confounding factors (46) implicating a direct effect of testosterone on AT receptor
expression. This study by Mishirea and colleagues also showed that blood pressure increases
in response to an increase in exogenous androgens in the female rat (46) suggesting that
testosterone may induce adverse CV events in the female. There is a positive association
between testosterone and blood pressure in women (30). Whether testosterone is beneficial
or permissive in the etiology of CV disease after menopause is controversial (47, 48). Yanes
and Reckelhoff propose that a shift in the testosterone to estrogen ratio contributes to
increased blood pressure after menopause (48). As highlighted above, increased testosterone
can reduce expression of the protective arm of the RAS in the female. Thus, additional
studies are needed to clarify the exact contribution of testosterone to blood pressure and CV
outcomes in women after menopause.

The Sympathetic Nervous System, Menopause and Blood Pressure

The SNS plays an important role in the regulation of blood pressure and renal function via
activation of the renal sympathetic nerves (49). A study by Hart and colleagues
demonstrated that an increase in sympathetic nerve activity is associated with an increase in
blood pressure in women after menopause (50). Furthermore, this study showed that the
sympathetic nervous system (SNS) plays a greater role in blood pressure control in women
after menopause relative to women in young adulthood (50) suggesting that activation of the
SNS contributes to the greater prevalence of hypertension in women as they age. Maranon
and colleagues also demonstrated an important role for the SNS in the etiology of increased
blood pressure in the aged female SHR, a model of postmenopausal hypertension (11). Their
studies indicated that adrenergic blockade reduces blood pressure in young and old female
SHR whereas renal denervation attenuates the increase in blood pressure to a greater extent
in the aged female SHR relative to the young (11). Thus, these studies reinforce findings
from a prospective study conducted in a large multi-ethnic cohort of postmenopausal women
that reports beta-blockers are cardio-protective in women (51).

Low Birth Weight, Early Reproductive Aging and Cardiovascular Risk

Women typically enter menopause around 50-55 years of age (52). Low birth weight
women; however, are more likely to experience menopause at 44-45 years of age compared
to normal birthweight counterparts (17). Additionally, ovarian development is impaired in
fetuses complicated by IUGR (53). Experimental models of low birth weight mimic this
finding (54, 55, 56, 57, 58) (Table 1) and demonstrate that fetal exposure to maternal
undernutrition and placental insufficiency program an accelerated depletion of ovarian
follicles (53, 55, 58) and early age at cessation of estrous cyclicity (54, 55, 56) associated
with a reduction in anti-Millerian hormone (58) and an increase in circulating testosterone
(57), factors indicative of reproductive senescence. In the rat model of IUGR induced by
placental insufficiency, Intapad et al. demonstrated that timing of cessation of estrous
cyclicity (54) coincides with the development of increased blood pressure in female IUGR
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rats at 12 months of age (Table 1) (12, 25). An increase in blood pressure, associated with a
depletion of ovarian reserve, was also observed in a bovine model of fetal undernutrition
(Table 1) (57). Collectively, these findings suggest that fetal exposure to an adverse
environment not only alters later CV health, but also influences reproductive aging in the
female offspring (Table 1). It is well-established that early onset menopause is associated
with greater CV risk (16). Andersson and colleagues reported that the prevalence of
hypertension is increased in low birth weight women relative to normal birth weight women
in later life (15). Yet, whether the association between early reproductive aging and
enhanced CV risk in low birth weight women is correlative or causative is not yet known.
Furthermore, the mechanisms that contribute to enhanced CV risk have not been elucidated.
However, recent studies using experimental models of low birth weight are investigating the
link between birthweight and later CV risk in female offspring and indicate that testosterone,
the RAS and the SNS are all potential mediators of hypertension that develops with age.

Testosterone, the Renin Angiotensin System, Blood Pressure and Models of Low Birth

Weight

Using an experimental model of low birth weight induced via placental insufficiency in the
rat, Alexander demonstrated that blood pressure is not increased in female IUGR offspring
in young adulthood (3). However, other studies from the Alexander laboratory showed that
blood pressure is increased by 12 months of age (25) in conjunction with the development of
early reproductive senescence (54), a significant increase in circulating testosterone (12, 54)
and renal expression of the AT receptor in female IUGR offspring (12). Pharmacological
blockade with flutamide, an androgen receptor antagonist, abolishes the age-dependent
increase in blood pressure in female IUGR offspring (12). Renal expression of the AT1,
receptor is also reduced in flutamide treated female IUGR relative to vehicle treated female
IUGR (12). This study also reported that the age-dependent increase in blood pressure in
female IUGR offspring at 12 months of age is abolished by blockade of the RAS using the
ACE inhibitor, enalapril (12). Therefore, these findings suggest that activation of the RAS
via testosterone may contribute to the etiology of hypertension that develops with age in the
female IUGR rat. The RAS is implicated in the etiology of post-menopausal hypertension
(41, 34); yet the relative importance of testosterone in postmenopausal hypertension remains
unclear (47, 48). Whether testosterone contributes to enhanced CV risk in low birth weight
women relative to normal birth weight women after menopause is not yet known suggesting
that additional studies are needed to investigate the role of sex steroids as mediators of age-
related enhanced CV in low birth weight women.

Sex Steroids and Low Birth Weight

Circulating androstenedione and dehydroepiandrosterone (DHEA) levels are increased at 20
years of age in low birth weight women relative to normal birth weight counterparts (59)
suggesting an altered adrenal synthesis of sex steroids. Androstenedione and DHEA serve as
precursors to testosterone and estrogens. Like testosterone, circulating levels of
androstenedione and DHEA increase during the menopausal transition (52). Testosterone is
the most biologically active androgen during menopause (60) and the adrenals function as
the primary site of androgen synthesis after menopause (52). Yet, adipose tissue is also an
important site for aromatization of androgens to estrogens, providing another site for
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production of testosterone and E2 after menopause (61). Visceral fat increases after
menopause and is positively associated with testosterone in post-menopausal women (62).
Thus, sex steroid production is altered in low birth weight women in early adulthood.
Whether sex steroid production differs in low birth weight women as they transition through
menopause is unknown. Furthermore, the role of sex steroids in the etiology of the enhanced
prevalence of hypertension in low birth weight women in later life is not known.

The Sympathetic Nervous System, Blood Pressure and Models of Low Birth Weight

Activation of the SNS contributes to increased blood pressure in menopausal women (48). A
role for the SNS is also observed in the experimental model of low birth weight induced via
placental insufficiency in the rat that exhibits a significant increase in blood pressure (25)
associated with early reproductive senescence at 12 months of age (54). Intapad et al.
demonstrated that bilateral renal denervation abolishes the age-dependent increase in blood
in female IUGR rats at 12 months of age (25). In this study, Intapad and colleagues also
reported that the significant increase in blood pressure at 12 months of age is also associated
with an increase in total fat mass, visceral adiposity and circulating leptin levels in female
IUGR rats relative to age-matched female controls (25). Leptin is a satiety hormone
produced by adipose cells that stimulates sympathetic nerve activity (63). A role for
activation of the SNS is reported in models of obesity-induced hypertension (64) suggesting
that activation of the SNS is an important link between adiposity and increased blood
pressure. Central adiposity is increased after menopause (65) with ovarian status linked to
the change in fat distribution (66). Whether enhanced activation of the SNS contributes to
the greater prevalence of hypertension in low birth weight women in later life relative to
their normal birth weight counterparts has not yet been examined. However, findings from
the study by Intapad and colleagues indicate a role for the SNS in the etiology of age-
dependent hypertension in female IUGR rats.

Conclusion

As women age, the incidence of high blood pressure increases indicative of a loss of CV
protection after menopause relative to pre-menopause. Mechanisms that contribute to the
age-related increase in blood pressure are in women are not well-understood. This review
focuses on the role of sex steroids in the etiology of post-menopausal hypertension and also
discusses potential mechanisms that may contribute to the enhanced prevalence of
hypertension in low birth weight women in later life. Although it is well-established that
birth weight and blood pressure are inversely related, few studies have investigated the effect
of age on this association; fewer still have examined the effect of age on CV risk in low birth
weight women. An experimental model of IUGR indicates a role for the RAS and the SNS
in the etiology of hypertension that develops with age in the female rat; factors also
implicated in the etiology of hypertension in PMW and in the aged female SHR, an
experimental model of post-menopausal hypertension (Table 2). Testosterone is elevated in
PMW and in the aged female SHR (Table 2). Testosterone is also elevated in female IUGR
rats that develop an increase in blood pressure associated with early reproductive senescence
at 12 months of age (Table 2); blockade of the androgen receptor abolishes age-dependent
hypertension in the female IUGR rat. However, whether testosterone plays a permissive role
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in the increased prevalence of hypertension in women after menopause, or the aged female
SHR, is not yet clearly understood. Additionally, whether testosterone contributes to the
enhanced CV risk reported in low birth weight women relative to age-matched normal birth
weight counterparts after menopause is also not known. Developing a better understanding
of mechanisms involved in the pathophysiology of the increased prevalence of hypertension
in women as they age, in particular those born low birth weight, may lead to more effective
therapeutics and pharmacological therapies.

Acknowledgments
Funding

Dr. Alexander is supported by the National Institutes of Health (HL074927, HL51971, P20GM104357) and the
American Heart Association (GRNT19900004). Ms. Davis and Ms. Newsome are supported by NIH
(T32HL105324 and F30DK112718; respectively). Dr. Ojeda has no disclosures.

References

Recent references of special note have been highlighted as either of importance (*) or very
important (**).

1. Roger VL, Go AS, Lloyd-Jones DM. Heart disease and stroke statistics-2012 update: a report from
the American Heart Association. Circulation. 2012; 125(1):e2-220. [PubMed: 22179539]

2. Mu M, Wang SF, Sheng J, Zhao Y, Li HZ, Hu CL, Tao FB. Birth weight and subsequent blood
pressure: a meta-analysis. Arch Cardiovasc Dis. 2012; 105(2):99-113. [PubMed: 22424328]

3. Alexander BT. Placental insufficiency leads to development of hypertension in growth restricted
offspring. Hypertension. 2003; 41(3):457-62. [PubMed: 12623943]

4. Woods LL, Ingelfinger JR, Nyengaard JR, Rasch R. Maternal protein restriction suppresses the
newborn renin-angiotensin system and program adult hypertension in rats. Pediatr Res. 2001; 49(4):
460-7. [PubMed: 11264427]

5. Woods LL, Ingelfinger JR, Rasch R. Modest maternal protein restriction fails to program adult
hypertension in female rats. Am J Physiol Regul Integr Comp Physiol. 2005; 289:R1131-R1136.
[PubMed: 15961538]

6. Ortiz LA, Quan A, Zarzar F, Weinburg A, Baum M. Prenatal dexamethasone programs hypertension
and renal injury in the rat. Hypertension. 2003; 41(2):328-334. [PubMed: 12574103]

7.\Vos LE, Oren A, Bots ML, Gorissen WH, Grobbee DE, Uiterwaal CS. Birth size and coronary heart
disease risk score in young adulthood. The Atherosclerosis Risk in Young Adults (ARYA) study.
Eur J Epidemiol. 2006; 21(1):33-8. [PubMed: 16450204]

8. Bourque SL, Gragasin FS, Quon AL, Mansour Y, Morton JS, Davidge ST. Prenatal hypoxia causes
long-term alterations in vascular endothelin-1 function in aged male, but not female, offspring.
Hypertension. 2013; 62(4):753-758. [PubMed: 23940196]

9. Xiao D, Xu Z, Huang X, Longo LD, Yang S, Zhang L. Prenatal gender-related nicotine exposure
increases blood pressure response to angiotensin Il in adult offspring. Hypertension. 2008; 51(4):
1239-1247. [PubMed: 18259024]

10. Burt VL, Whelton P, Roccella EJ, Brown C, Cutler JA, Higgins M, Horan MJ, Labarthe D.
Prevalence of hypertension in the US adult population. Results from the Third National Health and
Nutrition Examination Survey, 1988-1991. Hypertension. 1995; 25(3):305-313. [PubMed:
7875754]

11. Maranon RO, Lima R, Mathbout M, do Carmo JM, Hall JE, Roman RJ, Reckelhoff JF.
Postmenopausal hypertension: role of the sympathetic nervous system in an animal model. Am J
Physiol Regul Integr Comp Physiol. 2014; 306(4):R248-56. [PubMed: 24381180]

Curr Hypertens Rep. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Davis et al.

Page 10

12. Dasinger JH, Intapad S, Rudsenske BR, Davis GK, Newsome AD, Alexander BT. Chronic
blockade of the androgen receptor abolishes age dependent increases in blood pressure in female
growth restricted rats. Hypertension. 2016; 67(6):1281-90. [PubMed: 27113045]

13. Buford TW. Hypertension and aging. Ageing Res Rev. 2016; 26:96-111. [PubMed: 26835847]

14. Gao F, He D, Zhang W, Walton RG. Trends in prevalence, awareness, management, and control of
hypertension among United States adults, 1999 to 2010. J Am Coll Cardiol. 2012; 60(7):599-606.
[PubMed: 22796254]

15. Andersson SW, Lapidus L, Niklasson A, Hallberg L, Bengtsson C, Hulthen L. Blood pressure and
hypertension in middle-aged women in relation to weight and length at birth: a follow-up study. J
Hypertens. 2000; 18:1753-1761. [PubMed: 11132598]

16**. Muka T, Oliver-Williams C, Kunutsor S, Laven JS, Fauser BC, Chowdhury R, Kavousi M,
Franco OH. Association of age at onset of menopause and time since onset of menopause with
cardiovascular outcomes, intermediate vascular traits, and all-cause mortality: A systematic
review and meta-analysis. JAMA Cardiol. 2016; 1(7):767-776. This is a systematic review and
meta-analysis evaluating the effect of age at menopause on CV outcome. [PubMed: 27627190]

17. Tom S, Cooper R, Kuh D, Guralnik JM, Hardy R, Power C. Fetal environment and early age at

natural menopause in a British birth cohort study. Human Reproduction. 2010; 25(3):791-98.
[PubMed: 20047935]

18. Drawz PE, Pajewski NM, Bates JT. Effect of intensive versus standard clinic-based hypertension
management on ambulatory blood pressure: results from the SPRINT (Systolic Blood Pressure
Intervention Trial) ambulatory blood pressure study. Hypertension. 2017; 69(1):42-50. [PubMed:
27849563]

19. Yoon SS, Carroll MD, Fryar CD. Hypertension prevalence and control among adults: United
States, 2011-2014. NCHS Data Brief. 2015; (220):1-8.

20. Barker DJ, Osmond C. Infant mortality, childhood nutrition, and ischaemic heart disease in
England and Wales. The Lancet. 1986:1077-81.

21. Barker DJ, Osmond C, Golding J, Kuh D, Wadsworth ME. Growth in utero, blood pressure in
childhood and adult life, and mortality from cardiovascular disease. BMJ. 1989; 298(6673):564—7.
[PubMed: 2495113]

22. Warrington JP, George EM, Palei AC, Spradley FT, Granger JP. Recent advances in the
understanding of the pathophysiology of preeclampsia. Hypertension. 2013; 62(4):666—73.
[PubMed: 23897068]

23. Davis EF, Lazdam M, Lewandowski AH, Worton SA, Kelly B, Kenworthy Y, Adwani S, Wilkinson
AR, McCormick K, Sargent |, Redman C, Leeson P. Cardiovascular risk factors in children and
young adults born to preeclamptic pregnancies: a systematic review. Pediatrics. 2012;
129(6):e1552-61. [PubMed: 22614768]

24. Barker DJ, Gluckman PD, Godfrey KM, Harding JE, Owens JA, Robinson JS. Fetal nutrition and
cardiovascular disease in adult life. The Lancet. 1993; 341(8850):938-41.

25. Intapad S, Tull FL, Brown AD, Dasinger JH, Ojeda NB, Fahling JM, Alexander BT. Renal
denervation abolishes the age-dependent increase in blood pressure in female intrauterine growth-
restricted rats at 12 months of age. Hypertension. 2013; (4):828-34. [PubMed: 23424240]

26. Pijacka W, Clifford B, Tilburgs C, Joles JA, Langley-Evans S, McMullen S. Protective role of
female gender in programmed accelerated renal aging in the rat. Physiol Rep. 2015; 3(4) pii:
e12342.

27. Tao H, Rui C, Zheng J, Tang J, Wu L, Shi A, Chen N, He R, Wu C, Li J, Yin X, Zhang P, Zhu Z,
Tao J, Xiao J, Mao C, Xu Z. Angiotensin lI-mediated vascular changes in aged offspring rats
exposed to perinatal nicotine. Peptides. 2013; 44:111-1119. [PubMed: 23500520]

28. Rannevik G, Jeppsson S, Johnell O, Bjerre B, Laurell-Borulf Y, Svanberg L. A longitudinal study
of the perimenopausal transition: altered profiles of steroid and pituitary hormones, SHBG and
bone mineral density. Maturitas. 2008; 61:67—77. [PubMed: 19434880]

29. Wang L, Szklo M, Folsom AR, Cook NR, Gapstur SM, Ouyang P. Endogenous sex hormones,
blood pressure change, and risk of hypertension in postmenopausal women: the Multi-Ethnic
Study of Atherosclerosis. Atherosclerosis. 2012; 224(1):228-34. [PubMed: 22862963]

Curr Hypertens Rep. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Davis et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 11

Ziemens B, Wallaschofski H, Vdlzke H, Rettig R, Dorr M, Nauck M, Keevil BG, Brabant G,
Haring R. Positive association between testosterone, blood pressure, and hypertension in women:
longitudinal findings from the Study of Health in Pomerania. J Hypertens. 2013; 31(6):1106-1113.
[PubMed: 23636018]

Brooks HL, Pollow DP, Hoyer PB. The VCD mouse model of menopause and perimenopause for
the study of sex differences in cardiovascular disease and the metabolic syndrome. Physiology
(Bethesda). 2016; 31(4):250-7. [PubMed: 27252160]

Fortepiani LA, Zhang H, Racusen L, Roberts JL 2nd, Reckelhoff JF. Characterization of an animal
model of postmenopausal hypertension in spontaneously hypertensive rats. Hypertension. 2003;
41(part 2):640-45. [PubMed: 12623972]

Thorndike EA, Turner AS. In search of an animal model for postmenopausal diseases. Frontiers in
BioScience. 1998; 3:¢c17-c26. [PubMed: 9545440]

Yanes LL, Romero DG, lles JW, lliescu R, Gomez-Sanchez C, Reckelhoff JF. Sexual dimorphism
in the renin-angiotensin system in aging spontaneously hypertensive rats. Am J Physiol Regul
Integr Comp Physiol. 2006; 291(2):R383-R390. [PubMed: 16914423]

Schunkert H, Danser AH, Hense HW, Derkx FH, Kirzinger S, Riegger GA. Effects of estrogen
replacement therapy on the renin-angiotensin system in postmenopausal women. Circulation.
1997; 95(1):39-45. [PubMed: 8994414]

Dean SA, Tan J, O’Brien ER, Leenan FH. 174 -Estradiol downregulates tissue angiotensin-
converting enzyme and ANG |1 type 1 receptor in female rats. Am J Physiol Regul Integr Comp
Physiol. 2004; 288:R759- R766. [PubMed: 15550614]

Ji H, Menini S, Zheng W, Pesce C, Wu X, Sandberg K. Role of angiotensin-converting enzyme 2
and angiotensin (1-7) in 17beta-oestradiol regulation of renal pathology in renal wrap
hypertension in rats. Exp Phsiol. 2008; 93(5):648-57.

Baiardi G, Macova M, Armando |, Ando H, Tyurmin D, Saavedra JM. Estrogen upregulates renal
angiotensin Il AT1 and AT2 receptors in the rat. Regul Pept. 2005; 124(1-3):7-17. [PubMed:
15544836]

Dai SY, Zhang YP, Peng W, Shen Y, He JJ. Central infusion of angiotensin Il type 2 receptor
agonist compound 21 attenuates DOCA/NaCl-induced hypertension in female rats. Oxid Med Cell
Longev. 2016; 2016:3981790. [PubMed: 26783414]

Yanes LL, Romero DG, lliescu R, Zhang H, Davis D, Reckelhoff JF. Postmenopausal
hypertension: role of the renin-angiotensin system. Hypertension. 2010; 56(3):359-563. [PubMed:
20679182]

Yoshida H, Rosano G, Shimizu M, Mochizuki S, Yoshimura M. Gender differences in the effects
of angiotensin receptor blockers on cardiovascular disease. Curr Pharm Des. 2011; 17(11):
1090109-4.

Fernandez-Vega F, Abellan J, Vegazo O, De Vinuesa SG, Rodriguez JC, Maceira B, de Castro SS,
Nicolds RR, Lufio J. Angiotensin |1 type 1 receptor blockade to control blood pressure in
postmenopausal women: influence of hormone replacement therapy. Kidney Int Suppl. 2002;
(82):S36-41. [PubMed: 12410853]

Grady D, Herrington D, Bittner V, Blumenthal R, Davidson M, Hlatky M, Hsia J, Hulley S, Heard
A, Khan S, Newby LK, Waters D, Vittinghoff E, Wenger N. HERS Research Group.
Cardiovascular disease outcomes during 6.8 years of hormone therapy: Heart and Estrogen/
progestin Replacement Study follow-up (HERS I1). JAMA. 2002; 288(1):49-57. [PubMed:
12090862]

Rossouw JE, Anderson GL, Prentice RL, LaCroix AZ, Kooperberg C, Stefanick ML, Jackson RD,
Beresford SA, Howard BV, Johnson KC, Kotchen JM, Ockene J. Writing Group for the Women’s
Health Initiative Investigators. Risks and benefits of estrogen plus progestin in healthy
postmenopausal women: principal results from the Women’s Health Initiative randomized
controlled trial. JAMA. 2002; 288(3):321-33. [PubMed: 12117397]

45** Gurney EP, Nachtigall MJ, Nachtigall LE, Naftolin F. The Women’s Health Initiative trial and

related studies: 10 years later: a clinician’s view. J Steroid Biochem Mol Biol. 2014; 142:4-11.
This study re-evaluates the long-term effect of HRT on risk of CV disease reporting greater
benefit versus risk in patients treated within 10 years of last menstrual cycle. [PubMed:
24172877]

Curr Hypertens Rep. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Davis et al.

Page 12

46. Mishra JS, Hankins GD, Kumar S. Testosterone downregulates angiotensin 1l type-2 receptor via
androgen receptor-mediated ERK1/2 MAP kinase pathway in rat aorta. J Renin Angiotensin
Aldosterone Syst. 2016; 17(4) pii: 1470320316674875.

47. Spoletini 1, Vitale C, Pelliccia F, Fossati C, Rosano GM. Androgens and cardiovascular disease in
postmenopausal women: a systematic review. Climacteric. 2014; 17(6):625-34. [PubMed:
24559253]

48. Reckelhoff JF, Yanes LL, lliescu R, Fortepiani LA, Granger JP. Testosterone supplementation in
aging men and women: possible impact on cardiovascular-renal disease. Am J Physiol Renal
Physiol. 2005; 289(5):F941-8. [PubMed: 16210452]

49. Schlaich MP. What we need to know about renal nerve ablation for treatment of hypertension and
other states of sympathetic overactivity. Am J Physiol Renal Physiol. 2016; 311(6):F1267-F1270.
[PubMed: 27630063]

50. Hart EC, Charkoudian N, Wallin BG, Curry TB, Eisenach J, Joyner MJ. Sex and ageing differences
in resting arterial pressure regulation: The role of the beta-adrenergic receptors. J Physiol. 2011;
589:5285-5297. [PubMed: 21859824]

51. Wassertheil-Smoller S, Psaty B, Greenland P, Oberman A, Kotchen T, Mouton C, Black H, Aragaki
A, Trevisan M. Association between cardiovascular outcomes and antihypertensive drug treatment
in older women. JAMA.. 2004; 292(23):2849-59. [PubMed: 15598916]

52*. Laslely BL, Crawford S, McConnell DS. Ovarian adrenal interactions during the menopausal
transition. Minerva Ginecol. 2013; 65(6):641-51. A very interesting review that highlights the
role of the adrenals and overall endocrine changes in women during the menopausal transition.
[PubMed: 24346252]

53. de Bruina JP, Dorland M, Bruinse HW, Spliet W, Nikkels PG, Te Velde ER. Fetal growth
retardation as a cause of impaired ovarian development. Early Hum Dev. 1998; 51(1):39-46.
[PubMed: 9570030]

54. Intapad S, Dasinger JH, Brown AD, Fahling JM, Esters J, Alexander BT. Glucose intolerance
develops prior to increased adiposity and accelerated cessation of estrous cyclicity in female
growth restricted rats. Pediatr Res 2016. 2016; 79(6):962—70.

55. Bernal AB, Vickers MH, Hampton MB, Poynton RA, Sloboda DM. Maternal undernutrition
significantly impacts ovarian follicle number and increases ovarian oxidative stress in adult rat
offspring. PLoS One. 2010; 5(12):e15558. [PubMed: 21179452]

56. Guzman C, Cabrera R, Cardenas M, Larrea F, Nathanielsz PW, Zambrano E. Protein restriction
during fetal and neonatal development in the rat alters reproductive function and accelerates
reproductive ageing in female progeny. J Physiol. 2006; 572(Pt 1):97-108. [PubMed: 16497715]

57. Khorram O, Keen-Rinehart E, Chuang TD, Ross MG, Desai M. Maternal undernutrition induces
premature reproductive senescence in adult female rat offspring. Fertil Steril. 2015; 103(1):291-8.
e2. [PubMed: 25439841]

58*. Mossa F, Carter F, Walsh SW, Kenny DA, Smith GW, Ireland JL, Hildebrandt TB, Lonergan P,
Ireland JJ, Evans AC. Maternal undernutrition in cows impairs ovarian and cardiovascular
systems in their offspring. Biol Reprod. 2013; 88(4):92. An experimental study in a large animal
model of maternal undernutrition in late gestation that reports early reproductive senescence
associated with increased blood pressure in the female offspring. [PubMed: 23426432]

59. Szathmari M, Vasarhelyi, Tulassay T. Effect of low birth weight on adrenal steroids and
carbohydrate metabolism in early adulthood. Hormone Res. 2001; 55:172-178. [PubMed:
11598370]

60. Chen J, Sowers MR, Moran FM, McConell DS, Gee NA, Greendale GA, Whitehead C, Kasim-
Karakas SE, Lasley BL. Circulating bioactive androgens in midlife women. J Clin Endocrinol &
Metab. 2006; 91:4387-4394. [PubMed: 16940455]

61. Szymczak J, Milewicz A, Thijssen JHH, Blankenstein MA, Daroszewski J. Concentration of sex
steroids in adipose tissue after menopause. Steroids. 1998; 63:319-321. [PubMed: 9618794]

62. Janssen I, Powell LH, Kazlauskaite R, Dugan SA. Testosterone and visceral fat in midlife women:
The Study of Women’s Health Across the Nation (SWAN) fat patterning study. Obesity (Silver
Spring). 2010; 18:604-610. [PubMed: 19696765]

Curr Hypertens Rep. Author manuscript; available in PMC 2018 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Davis et al.

Page 13

63. Haynes WG. Interaction between leptin and sympathetic nervous system in hypertension. Curr
Hypertens Rep. 2000; 2(3):311-8. [PubMed: 10981165]

64. da Silva AA, do Carmo JM, Hall JE. Role of leptin and central nervous system melanocortins in
obesity hypertension. Curr Opin Nephrol Hypertens. 2013; 22(2):135-140. [PubMed: 23299052]

65. Toth MJ, Tchernof A, Sites CK, Poehlman ET. Menopause-related changes in body fat distribution.
Ann N'Y Acad Sci. 2000; 904:502-6. [PubMed: 10865795]

66. Karvonen-Gutierrez C, Kim C. Association of mid-life changes in body size, body composition
and obesity status with the menopausal transition. Healthcare (Basel). 2016; 4(3) pii: E42.

Curr Hypertens Rep. Author manuscript; available in PMC 2018 February 01.



Davis et al. Page 14

Table 1

Low birth weight and markers of early reproductive senescence: A comparison of the characteristic changes in
the transition into menopause in low birth weight women and two experimental models of low birth weight.
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Low Birth Weight | Placental Insufficiency | Maternal Protein Restriction
Early Onset Cessation of Estrous Cyclicity Women (17) Rat (54) Rat (56, 57)
] o pecerve | wemen =y | Rat (55)
Depletion of Ovarian Reserve Women (53) Bovine (58)
Increased Testosterone | --meeeeee- Rat (12, 54) Rat (56, 57)
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A comparison of the markers of early reproductive senescence associated with increased cardiovascular risk in

Table 2

experimental models of low birth weight.

Placental I nsufficiency

Maternal Protein Restriction

Early Onset Cessation of Estrous Cyclicity Rat (54) Rat (56, 57)
Depletion of Ovarian Reserve |  ==---mee- Bs\f‘itn(esf’g&
Increased Testosterone Rat (12, 54) Rat (56, 57)

Reduced Anti-Millerian Hormone |  ------m- Bovine (58)
Increased Blood Pressure Rat (12, 25) B?\f‘i;gg&
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