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Abstract
Perinatal insults program sex differences in blood pressure, with males more susceptible than
females. Aging may augment developmental programming of chronic disease, but the mechanisms
involved are not clear. We previously reported that female growth-restricted offspring are
normotensive after puberty. Therefore, we tested the hypothesis that age increases susceptibility to
hypertension in female growth-restricted offspring. Blood pressure remained similar at 6 months
of age; however, blood pressure was significantly elevated in female growth-restricted offspring
relative to control by 12 months of age (137±3 versus 117±4 mmHg, P<0.01; respectively). Body
weight did not differ at 6 or 12 months of age; however, total fat mass and visceral fat were
significantly increased at 12 months in female growth-restricted offspring (P<0.05 versus control).
Glomerular filtration rate remained normal, yet renal vascular resistance was increased at 12
months of age in female growth-restricted offspring (P<0.05 versus control). Plasma leptin, which
can increase sympathetic nerve activity, did not differ at 6 months, but was increased at 12 months
of age in female growth-restricted offspring (P<0.05 versus control). Due to the age-dependent
increase in leptin, we hypothesized that the renal nerves may contribute to the age-dependent
increase in blood pressure. Bilateral renal denervation abolished the elevated blood pressure in
female growth-restricted offspring normalizing it relative to denervated female control offspring.
Thus, these data indicate that age induces an increase in visceral fat and circulating leptin
associated with a significant increase in blood pressure in female growth-restricted offspring with
the renal nerves serving as an underlying mechanism.
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Hypertension is the major cause of death worldwide and it is a multifactorial disorder
affected by both genetic and environmental factors. The Barker hypothesis suggests that
events during fetal life impact adult health and program increased cardiovascular (CV) risk
and hypertension (1). Adverse events such as fetal undernutrition are hypothesized to
program adult chronic disease due to metabolic and endocrine changes in addition to
physiological and structural changes that occur in the undernourished organs (1). Low birth
weight (LBW) serves as a crude marker indicative of undernutrition during fetal life and
numerous epidemiological and experimental studies demonstrate a clear relationship
between birth weight and blood pressure (2, 3).

It is well established that blood pressure increases with age in men and women with men
exhibiting a higher blood pressure than women until post-menopause (4, 5). Higher blood
pressures are also observed in LBW boys relative to LBW girls during childhood (6) with
men demonstrating a strong association between birth weight and blood pressure in young
adulthood (7). The association between birth weight and blood pressure amplifies with age
(8) and hypertension is reported in LBW women by age 60 (9). Thus, age may serve as a
secondary influence on the impact of poor fetal growth. Experimental models of fetal insult
indicate that female offspring may be protected against programmed CV risk (10–12) or
exhibit a delay in the development of adverse CV function (13). Yet, whether birth weight
indicative of a poor fetal environment impacts chronic health in later life in LBW women
has not been extensively studied; moreover, the mechanisms involved have not yet been
elucidated.

Our laboratory utilizes a rodent model of intrauterine growth restriction (IUGR) induced by
placental insufficiency that results in a decrease in birth weight of offspring from the
reduced uterine perfusion dams relative to control offspring from the sham operated dams
(12). Previously, we reported that prior to puberty at 8 weeks of age male and female
growth-restricted offspring have a significant increase in mean arterial pressure relative to
same-sex, age-matched controls (12). However, only male growth-restricted offspring
demonstrate an increase in blood pressure after puberty, whereas blood pressure is
normalized after puberty in female growth-restricted offspring relative to age-matched
female controls (12). Mean arterial pressure remains normotensive in the female growth-
restricted offspring at 4 months of age (14); yet, the impact of age-dependent changes on
blood pressure in female growth-restricted offspring remains unknown.

It is well established that aging is a critical mediator of increased risk of hypertension (15).
Aging is generally associated with a reduction in lean body mass and an increase in adipose
tissue, particularly central body fat (16). Insulin resistance, dyslipidemia, and enhanced
sympathetic activity result from an elevation in the adipose-derived chemokine leptin (17,
18). Moreover, the sympathetic nervous system is thought to contribute to obesity-related
hypertension (19). A diminution in kidney function such as a decreased ability of kidney to
excrete sodium and progressive decrease in functioning nephron units may also contribute to
age-related increases in blood pressure (20). We previously reported that the ovarian
hormones play a protective role against the development of high blood pressure in young
adult female growth-restricted offspring (14). Age-related changes in CV risk in women are
often associated with passage into menopause; yet, whether the increase in CV risk after
menopause in women is due to aging per se, or to menopause itself, is unknown. Thus, this
study tested the hypothesis that age-dependent changes, up to one year of age, serves as a
secondary hit to program an increase in blood pressure in female growth-restricted offspring.
Moreover, this study examined whether age-induced changes in adiposity accompanied the
increase in blood pressure in female growth-restricted offspring and if the renal nerves,
indicative of sympathetic involvement in obesity-related hypertension, served as a potential
underlying mechanism.
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METHODS
Please see Supplement for extended Methods.

Animals
All experimental procedures were in accordance with National Institutes of Health
guidelines with approval by the Animal Care and Use Committee at the University of
Mississippi Medical Center. Timed pregnant Sprague Dawley (SD) rats were purchased
from Harlan Inc (Indianapolis, IN). Offspring from 24 control (sham) pregnant and 27
offspring reduced uterine perfusion pregnant rats were randomly assigned into groups
studied at 6 or 12 months of age. The experimental protocol included: One group subjected
to body composition measurements and 24 hour metabolic studies conducted one week prior
to the experimental end point at 6 months of age. The experimental end point involved
measurement of renal and systemic hemodynamic parameters and harvest of plasma, serum
and tissues at 6 months of age. A second group followed the same experimental protocol,
but was studied at 12 months of age. A third group was studied at 12 months of age, but was
subjected to either sham or bilateral renal denervation as described below. In the third group,
two weeks after sham denervation or bilateral renal denervation mean arterial pressure was
measured via telemetry in a subgroup and via carotid catheter in all animals in the conscious
state.

Reduced uterine perfusion in the pregnant rat
Reduced utero-placental perfusion was utilized for induction of intrauterine growth
restriction (IUGR) at day 14 of gestation as previously described (12).

Body Composition
Total fat mass and total lean mass were determined in conscious animals using an Echo-
MRI-700 (Echo Medical Systems, Houston TX). Results are expressed as gram weight.

Bilateral renal denervation
Bilateral renal denervation was performed as previously described (21).

Measurement of mean arterial pressure and heart rate by radiotelemetry
Implantation of the radio-telemetry probe and collection of data was performed as
previously described (21).

Measurement of blood pressure and renal hemodynamics
Mean arterial pressure (MAP), glomerular filtration rate (GFR), effective renal plasma flow
(eRPF), and calculation of renal vascular resistance (RVR), renal blood flow (RBF) and
filtration fraction (FF) were performed in conscious animals as previously described (12).

Leptin
Plasma leptin levels were measured using a commercially available kit (Leptin Quantikine
ELISA Kit, R&D system, MN).

Measure of renal catecholamine content
Renal norepinephrine was measured by HPLC via electrochemical detection.
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Statistics
Data are presented as mean values ± SEM with n representing the number of female
offspring from different mothers per group. Data were analyzed for significance using the
Student t-test for comparison between two groups for birth weight and renal hemodynamic
data (Figure 1a and 4). Pearson R correlation coefficient was used to calculate the
relationship between body weight and fat mass. Two-way randomized ANOVA was used
for the remainder of studied data (Figure 1c, 2, 3, 5 and renal norepinephrine as well as food
intake). Post hoc testing was performed using the Bonferroni test (GraphPad Prism 5.0).
Differences were reported as significant only when P < 0.05.

RESULTS
Birth weight, body weight and growth rates

Birth weight was significantly reduced in female growth-restricted offspring compared to
female control, P<0.05 (Figure 1a). However, female-growth-restricted offspring no longer
exhibited a significant reduction in body weight relative to the age-matched control by two
months of age (Figure 1b). Body weight did not differ at six months of age in animals
studied at 6 months and 12 months of age (Figure 1c). Body weight remained similar at 12
months of age, but the body weight of female control and growth-restricted offspring was
significantly greater at 12 months of age relative to the 6 month body weights (P<0.05)
(Figure 1c).

Plasma leptin and body fat
No difference in plasma leptin was observed in the group studied at 6 months of age.
However, circulating levels of leptin were significantly increased in female growth-
restricted offspring compared to female control at 12 months of age (P<0.05) (Figure 2a).
The increase in circulating leptin was associated with a marked increase in total body fat
mass and visceral fat in the female growth-restricted offspring relative to female control
(P<0.05) at 12 months of age (Figures 2b, 2c). Moreover, there was a positive correlation
(Pearson r 0.7562; P<0.007) between body weight and fat mass in female growth-restricted
offspring at 12 months of age relative to age-matched control counterparts. However, lean
body mass (Figure 2d) did not differ upon comparison of female growth-restricted offspring
relative to female control offspring at 12 months of age.

Mean arterial pressure and renal hemodynamic parameters
MAP when measured via arterial catheter in conscious, chronically instrumented rats was
similar upon comparison of female growth-restricted offspring to female control offspring at
6 months of age. Yet, blood pressure was significantly elevated in female growth-restricted
offspring relative to their age-matched controls at 12 months of age when measured via
catheter (Figure 3). To determine the mechanism underlying the age-dependent increase in
blood pressure in female growth-restricted offspring at 12 months of age, renal
hemodynamic parameters were measured. GFR (2.18 ± 0.06 and 2.58 ± 0.28 ml/min, control
versus IUGR, respectively) and GFR adjusted for kidney weight (Figure 4a) did not differ at
12 months of age (Figure 4a). FF was also not altered (Figure 4b). However, RBF (Figure
4c) and eRPF were significantly reduced in female growth-restricted offspring relative to
female control (14.92 ± 03.17 and 8.14 ± 0.46 ml/min, control versus IUGR, P<0.05
respectively). In addition, the significant increase in blood pressure in female growth-
restricted offspring at 12 months of age was associated with a marked increase in RVR
(Figure 4d).
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Effect of bilateral renal denervation on blood pressure, heart rate and renal catecholamine
content

Bilateral renal denervation (RDV) initiated two weeks prior to 12 months of age in the 12
month study group abolished the age-dependent increase in blood pressure in female
growth-restricted offspring normalizing it relative to MAP in the denervated female control
offspring (P<0.05). This was evident regardless of whether MAP was measured via three
days continuous collection by radiotelemetry (Figure 5a) or in conscious, chronically
instrumented animals (P<0.05) (Figure 5b). Verification of renal denervation was confirmed
by analysis of renal catecholamine levels. Renal norepinephrine content was significantly
reduced by bilateral renal denervation in control and growth-restricted offspring relative to
their sham denervated counterpart (213.9±18.9 versus 30.2±7.5 and 182.9±5.9 versus
29.9±7.3 pg/mg kidney tissue; control sham versus control RDV and IUGR sham versus
IUGR RDV, respectively; P<0.05 sham versus RDV counterpart). Heart rate was not
significantly different between female growth-restricted relative to age-matched female
sham or female RDV (348.5± 9.5, 355.6±7.5, 359.2±6.5 and 359.1±7.0 beats per minute,
control sham, control RDV, IUGR sham and IUGR RDV, respectively).

Effect of age on uterine weight
Uterine weight was not altered in female growth-restricted rats at 6 (1.69 ± 0.20 and 1.78 ±
0.20 grams/grams body weight; control versus IUGR, respectively) or 12 (2.83 ± 0.43 and
2.34 ± 0.22 grams/grams body weight; control versus IUGR, respectively) months of age.

DISCUSSION
This study reported numerous novel findings. First, we reported that IUGR leads to age-
dependent changes at 12 months of age that were associated with an increase in total body
fat mass, circulating levels of leptin and increased blood pressure in female growth-
restricted offspring relative to female control. Second, we demonstrated that the increase in
blood pressure in female growth-restricted offspring at 12 months of age was not associated
with a marked reduction in GFR or changes in the 24-hour excretion of urinary sodium.
However, RBF was significantly decreased and RVR was increased at 12 months of age in
female growth-restricted offspring. Third, bilateral renal denervation abolished the increase
in blood pressure in the female growth-restricted offspring normalizing blood pressure
relative to renal denervated female control offspring indicating a role for the renal nerves as
an underlying mechanism in the age-dependent increase in blood pressure in female growth-
restricted offspring.

Sex-specific programming of high blood pressure following fetal insult is observed in many
models of developmental programming (10, 11, 12, 22). Specifically, male offspring of late
gestation diabetic dams (22), moderate protein restricted dams (11), and dams that undergo
uteroplacental insufficiency via total ligation of the uterine vessels at day 18 gestation (10)
or reduced uterine perfusion at day 14 gestation (12) exhibit a marked increase in blood
pressure while female littermates remain normotensive. Previously our laboratory
demonstrated a protective role for estradiol at four months of age against programmed
increases in blood pressure in female growth-restricted offspring of reduced uterine
perfusion dams (14). The importance of estradiol is also demonstrated in female offspring
exposed to a severe (6%) reduction in maternal protein intake during fetal life (23).
Characteristic changes in rodent ovarian hormonal cycles indicative of perimenopause occur
around 18 months of age (24). In females rats exposed to uteroplacental insufficiency
induced by bilateral uterine ligation at day 18 of gestation, no significant increase in blood
pressure is observed at 18 months of age (10). However, the method for collection of arterial
pressure in the aforementioned study involved tail cuff and tail arterial catheter (10).
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Whether an increase in adiposity occurs in this study is not reported (10). Thus, this model
of uteroplacental insufficiency differs in the timing and severity of fetal insult and may be
protected against age-dependent increases in arterial pressure.

As previously reported, female growth-restricted offspring are normotensive at 4 months of
age (14). In the current study we report that blood pressure remained normotensive in female
growth-restricted offspring relative to age-matched female control offspring at 6 months of
age with hypertension present by 12 months. These findings indicate that the age-dependent
increase in blood pressure in female growth-restricted offspring at 12 months of age did not
develop as a direct consequence of placental insufficiency per se, but rather evolved in
response to an additional influence(s) that impacted the effect of IUGR in female offspring.
Hypertension can be induced in young adult female growth-restricted offspring by removal
of the ovarian hormones (14). However, the aims of this study were to examine the effect of
age prior to the onset of changes in ovarian hormone status, which is present by 18 months
of age (24). Uterine weight, a crude indicator of ovarian hormone status (25, 26), was not
altered in female growth-restricted offspring relative to age-matched female control at 12
months of age. Thus, these findings suggest that a change in ovarian status may not be a
causative factor that contributes to the age-dependent increase in blood pressure in female
growth-restricted offspring. Obesity is well recognized as a major risk factor for increased
blood pressure (17); recent studies also implicate the importance of adiposity (27).
Programming of increased adiposity is reported in models of maternal undernutrition (28,
29). In the current study, hypertension in female growth-restricted offspring was associated
with an increase in total and visceral fat mass at 12 months of age. Thus, age-dependent
increases in adiposity may be a causative factor in the development of hypertension in
female growth-restricted offspring at 12 months of age.

Adiposity has a significant influence on blood pressure with leptin indicated to be an
important mediator acting through the sympathetic nervous system (19). Increased body fat
is is associated with an increase in plasma leptin in women (30). Obesity is also linked to an
increase in sympathetic neural discharge in obese women (31, 32). Moreover, age can
impact sympathetic neural activity and blood pressure in women independent of ovarian
hormonal status (33). Although hypertension may be programmed by events that occur
during fetal life (34), sympathetic overactivity may be influenced by an increase in adiposity
(35) and plasma leptin (34) that develop with age. In female growth-restricted offspring at
one year of age, significant increases in visceral adiposity were associated with an increase
in circulating levels of leptin. Leptin, a circulating hormone produced by adipose tissue, acts
on the hypothalamus to increase renal sympathetic nerve activity and blood pressure (36).
Thus, one aim of this study was to delineate the importance of the renal nerves in mediating
the age-dependent increase in blood pressure in female growth-restricted offspring. Bilateral
renal denervation normalized blood pressure in the female growth-restricted offspring
relative to renal denervated female control offspring resulting in a decrease in mean arterial
pressure. Thus, findings from this study indicate that the renal nerves contribute to the
development of age-dependent hypertension following IUGR in the female rat.

Development of hypertension via the action of the renal nerves may involve alterations in
tubular sodium reabsorption, RVR or renin release (37). Hypertension induced by prenatal
exposure to glucocorticoids is associated with an increase in renal sodium transporter
abundance in male offspring through a mechanism that involves the renal nerves (38).
Despite the elevated blood pressure at 12 months of age in female growth-restricted
offspring, 24-hour urinary excretion of sodium did not differ upon comparison to female
control offspring (Table S1). These findings suggest that female growth-restricted offspring
at 12 months of age are able to maintain sodium balance at the expense of an increase in
blood pressure. The age-dependent increase in blood pressure in female growth-restricted
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offspring at 12 months of age was associated with significant increase in RVR. Whether the
effect of bilateral renal denervation on blood pressure was due to a reduction in vasomotor
tone leading to an overall decrease in total peripheral resistance is not yet known. Moreover,
the importance of renin in the age-dependent development of hypertension in female
growth-restricted offspring requires further investigation.

Perspectives
It is well established that women have lower blood pressures than age-matched men prior to
menopause (4, 5). In addition, the increase in blood pressure that occurs with age in women
may be influenced to a greater degree by changes in body mass than menopausal-related
changes in hormones (33). Few epidemiological studies have examined sex differences in
the developmental programming of cardiovascular risk. Fewer studies have studied the
impact of aging. Findings from this study indicate that age impacts programmed
cardiovascular risk in female growth-restricted offspring implicating a need for further
investigation into the effects of age on cardiovascular health in low birth weight women.
The influence of adiposity in middle-age following low birth weight may denote a potential
confounding factor on later chronic health in low birth weight women. Moreover, the
importance of the renal nerves in mediating the increase in blood pressure that accompanies
the age-dependent increase in adiposity in female growth-restricted offspring in this study
advocates investigation into the importance of a sympathetic component in regards to future
therapeutic interventions in low birth weight women.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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NOVELTY AND SIGNIFICANCE

1. What is new: Few studies have investigated sex differences in programmed
cardiovascular risk; fewer studies have investigated the age-dependent changes
in programmed cardiovascular risk

2. What is relevant? Aging was associated with a significant increase in adiposity,
circulating leptin, and increased blood pressure following intrauerine growth
restriction in female rats. Age-dependent increases in blood pressure in female
growth-restricted rats did not develop as a direct consequence of the fetal insult,
but rather was due to an additional influence that did not impact cardiovascular
health in female control counterparts. An age-related increase in adiposity
leading to an increase in renal sympathetic nerve activity may serve as an
underlying mechanism in the age-dependent increase in blood pressure that
follows intrauterine growth restriction in female rats.

3. Summary: Age-dependent changes may serve as a secondary influence in the
developmental programming of adult blood pressure and insight from this study
highlights the importance for further studies investigating the impact of age on
modulating cardiovascular risk in low birth weight women.
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Figure 1.
Birth weight (a), growth curve (b), and body weight (c) in female control and female
growth-restricted (IUGR) offspring, *P<0.05 and †P<0.001. Data values represent mean
±SE.
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Figure 2.
Plasma leptin (a), total (b) and visceral (c) fat mass, and lean mass (d) in female control and
female growth-restricted (IUGR) offspring at 6 months of age (control n=5 and IUGR n=6)
and at 12 months of age (control n=14 and IUGR n=12). *P<0.05, †P<0.01, ‡P<0.001. Data
values represent mean±SE.
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Figure 3.
Mean arterial pressure in female control and female growth-restricted (IUGR) offspring
measured in conscious, chronically instrumented animals at 6 months of age (control n=5
and IUGR n= 6) and at 12 months of age (control n=14 and IUGR n=14). *P<0.05,
†P<0.001. Data values represent mean±SE.
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Figure 4.
Glomerular filtration rate adjusted to kidney weight (a), filtration fraction (b), renal blood
flow (c) and renal vascular resistance (d) measured in conscious, chronically instrumented
animals at 12 months of age (control n=5 and IUGR n=6). *P<0.05 versus age-matched
control counterpart. Data values represent mean±SE.
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Figure 5.
Mean arterial pressure in female control and growth-restricted (IUGR) offspring measured
in freely moving animals chronically instrumented for radiotelemetry (a) or in conscious,
chronically instrumented animals instrumented with carotid catheters (b) at 12 months of
age 2 weeks post sham or bilateral renal denervation (control sham n=7, IUGR sham n=8,
control RDV n=5, and IUGR RDV n=8). *P<0.05, †P<0.01, ‡P<0.001. Data values
represent mean±SE.
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