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Abstract
Aging is associated with an imbalance in sympathetic and parasympathetic outflow to
cardiovascular effector organs. This autonomic imbalance contributes to the decline in cardiovagal
baroreceptor reflex function during aging, which allows for unrestrained activation of the
sympathetic nervous system to negatively impact resting systolic blood pressure and its variability.
Further, impaired baroreflex function can contribute to the development of insulin resistance and
other features of the metabolic syndrome during aging through overlap in autonomic neural
pathways that regulate both cardiovascular and metabolic functions. Increasing evidence supports
a widespread influence of the renin–angiotensin system (RAS) on both sympathetic and
parasympathetic activity through receptors distributed to peripheral and central sites of action.
Indeed, therapeutic interventions to block the RAS are well established for the treatment of
hypertension in elderly patients, and reduce the incidence of new-onset diabetes in clinical trials.
Further, RAS blockade increases lifespan and improves numerous age-related pathologies in
rodents, often independent of blood pressure. The beneficial effects of these interventions are at
least in part attributed to suppression of angiotensin II formed locally within the brain. In
particular, recent insights from transgenic rodents provide evidence that long-term alteration in the
brain RAS modulates the balance between angiotensin II and angiotensin-(1–7), and related
intracellular signaling pathways, to influence cardiovascular and metabolic function in the context
of hypertension and aging.
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Introduction
Aging is associated with numerous changes in autonomic regulation of the cardiovascular
system that predispose individuals to hypertension and related pathologies. The hypertension
in aged individuals is primarily due to elevations in systolic blood pressure, attributed to
reductions in vascular distensibility and an imbalance in the autonomic nervous system
(Figure 1).1,2 Arterial baroreceptor reflex function also declines during aging, an effect
permissive to reductions in heart-rate variability, increases in sympathetic outflow and
subsequent elevations in blood pressure.3 Moreover, baroreflex dysfunction can contribute
to the insulin resistance that accompanies hypertension, due to substantial overlap in
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autonomic mechanisms involved in the regulation of cardiovascular and metabolic
functions. Understanding the mechanisms underlying autonomic imbalance, and baroreflex
dysfunction, during aging is critical given the increasing proportion of elderly individuals
worldwide. In this regard, the renin–angiotensin system (RAS) influences sympathetic and
parasympathetic arms of the autonomic nervous system to promote the development of
hypertension and related features of the metabolic syndrome, especially during aging. The
present review will describe recent advances in the role of the RAS in the constellation of
metabolic and cardiovascular changes that occur with aging, with a focus on the contribution
of brain angiotensins to these derangements.

Cardiovascular and Metabolic Actions of the Classical Circulating RAS
The RAS is intimately involved in regulation of the cardiovascular system, under normal
conditions and in pathophysiologic states, through receptors widely distributed to peripheral
and central sites of action. Angiotensin II acts at AT1 receptors in the vasculature to promote
vasoconstriction and at sites within the central nervous system to stimulate sympathetic
outflow, impair the baroreflex sensitivity for heart rate control, promote release of
catecholamines and aldosterone and initiate sodium retention through excitation of renal
efferent nerves.4,5 These collective actions are permissive to increases in blood pressure and
have an important role in the development and maintenance of hypertension. The
importance of angiotensin II actions to hypertension is further illustrated by the finding that
genetic deletion of AT1A receptors or angiotensin converting enzyme (ACE) significantly
lowers systolic blood pressure in mice.6,7 As such, the use of ACE inhibitors and AT1
receptor blockers (ARBs) to prevent the formation and actions of angiotensin II,
respectively, is well established for the treatment of essential hypertension and other
cardiovascular diseases.8 In addition to lowering blood pressure, these drugs reset the
baroreflex setpoint to normotensive levels and improve the baroreflex sensitivity for control
of heart rate, an important marker of parasympathetic tone mediated within the nucleus
tractus solitarius (nTS) in the dorsal medulla oblongata. Importantly, these therapies also
shift the balance of the RAS to increase levels of the heptapeptide angiotensin-(1–7), which
may contribute to many of the above mentioned beneficial effects of these treatments.

Angiotensin-(1–7) is formed by cleavage of either angiotensin I by various endopeptidases
or from angiotensin II by ACE2. The actions of angiotensin-(1–7) at mas receptors induce
vasodilation and facilitation of baroreflex sensitivity, to generally oppose the deleterious
cardiovascular effects of angiotensin II.9,10 Infusion of angiotensin-(1–7) transiently lowers
blood pressure with sustained improvement in baroreflex sensitivity in hypertensive
rodents11 and improves cardiovascular function at least in part independent of hypertension
in animal models of type 2 diabetes.12,13 In contrast, genetic deletion of the angiotensin-(1–
7) mas receptor results in increases in resting blood pressure and lower baroreflex
sensitivity, with normal resting heart rate.14 Further, mice with a genetic deficiency of
ACE2 can exhibit modest systolic hypertension, cardiac autonomic imbalance, central
oxidative stress, vascular inflammation and left ventricular hypertrophy in part associated
with increased age, depending on the genetic background.15–17 A chronic peptide imbalance
in which angiotensin II is increased and angiotensin-(1–7) is decreased has been implicated
in aging and in several animal models of hypertension.18–21 In addition, urinary angiotensin-
(1–7) levels are reduced in essential hypertension22 and an imbalance in enzyme activity in
which ACE is increased and ACE2 is decreased is evident in the kidneys of hypertensive
patients23 and adult sheep with fetal-programmed hypertension.24,25 These findings suggest
that the balance of angiotensin II and angiotensin-(1–7), and associated levels of ACE and
ACE2 enzyme activities, may be important for determining prevailing cardiovascular
function.

Arnold et al. Page 2

Hypertens Res. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Angiotensin receptors are also distributed to peripheral organs involved in the regulation of
metabolic function. Components of the circulating RAS such as angiotensinogen, renin,
ACE and aldosterone are increased in obese subjects.26,27 Angiotensinogen levels are also
increased in adipose tissue of obese humans and rodents,28,29 and overexpression of this
precursor specifically in adipose tissue increases body weight and fat mass in transgenic
rodents.30,31 Conversely, weight loss results in reductions in circulating levels of
angiotensinogen, renin and aldosterone,32 suggesting an adipocytederived tissue source in
obesity. Individuals with polymorphisms in ACE or angiotensinogen genes have higher
levels of blood pressure, body weight and abdominal adiposity, particularly in aged
individuals33,34 In contrast, pharmacological and genetic approaches to block RAS
pathways improve metabolic function, insulin regulation and glycemic control. For example,
chronic pharmacologic inhibition of renin or ACE prevents features of the metabolic
syndrome in obese rodents.35–38 Further, transgenic rodents with global deletion of various
components of the RAS including angiotensinogen, renin, ACE or the AT1A receptor are
lean and resistant to diet-induced obesity, due to changes in metabolic pathways controlling
adipocyte development, lipolysis, locomotor activity and metabolic rate.39–42

It is well established that circulating angiotensin II levels are increased in metabolic
diseases, similar to findings in essential hypertension, and correlate closely to markers of
insulin resistance.26,27 As recently reviewed, angiotensin II can promote insulin resistance
through multiple mechanisms including increasing levels of oxidative stress, stimulating
aldosterone release, reducing levels of the insulin-sensitizing hormone adiponectin,
interference with intracellular insulin signaling pathways and direct suppression of insulin
secretion from pancreatic β-cells.26,43 However, under normal conditions the effects of
angiotensin II to stimulate sympathetic outflow and reduce skeletal muscle blood flow or to
drive thermogenesis appear to predominate. Chronic subcutaneous infusion of low-dose
angiotensin II reduces body weight, decreases food intake and increases resting metabolic
rate in normotensive rodents.44,45 Further, the contribution of angiotensin II to metabolic
function in healthy humans is not clear as acute infusion can either improve or impair insulin
sensitivity depending on the glycemic conditions.46,47

Regardless, chronic administration of ACE inhibitors and ARBs prevents the deleterious
effects of angiotensin II on insulin regulation in obese rodents. In addition, large randomized
clinical trials provide evidence that these therapies reduce the incidence of new-onset
diabetes in high-risk populations.36,37,48–50 The beneficial effects of RAS blockade on
insulin action may be in part due to an increase in angiotensin-(1–7) levels. Recent studies
show that angiotensin-(1–7) stimulates phosphorylation of insulin intracellular signaling
pathway components in extra-cardiac tissues and prevents effects of angiotensin II to
uncouple insulin signaling.51 Genetic deletion of the angiotensin-(1–7) mas receptor results
in a metabolic syndrome phenotype in rodents characterized by dyslipidemia and
impairments in insulin action, in the absence of changes in body weight or food intake.52

Further, ACE2-deficient mice have higher resting blood glucose levels.53 Conversely,
transgenic mice with only a twofold elevation in endogenous angiotensin-(1–7) levels are
lean and have improved insulin sensitivity.54 Overexpression of ACE2 in the pancreas is
also reported to attenuate the hyperglycemia and insulin resistance in a diabetic state via a
mechanism involving angiotensin-(1–7).55,56 These findings suggest that similar to the
cardiovascular system, the status of angiotensin II vs. angiotensin-(1–7) in the periphery
influences overall metabolic function, and that systemic blockade of angiotensin II or
elevation of angiotensin-(1–7) pathways preserves cardiovascular and metabolic function,
particularly in the context of hypertension and obesity.
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Effects of RAS Blockade on Cardiovascular and Metabolic Derangements
During Aging

The decline in arterial baroreceptor reflex function that occurs with aging involves both
resetting of the reflex setpoint to higher levels of pressure and reduced sensitivity for heart
rate control.2,3 The reduction in the baroreflex sensitivity can manifest from impairment of
afferent, central neuronal or efferent regulatory mechanisms. In older Sprague–Dawley rats,
vascular responses to phenylephrine are reduced, which could result in inadequate
stretchinduced activation of afferent baroreflex pathways that synapse in the nTS.57 In
addition, neurotransmitter actions within the nTS, including catecholaminergic and
glutamate-GABA pathways that regulate reflex bradycardia, are altered during hypertension
and aging in rodents.58,59 In human subjects, preliminary data also support a relationship
between the lower baroreflex sensitivity in healthy older individuals and glutamate
metabolism in dorsal medulla.60 Baroreflex dysfunction is permissive to the development of
systolic hypertension and insulin resistance that occurs with aging and reduces heart rate
variability to increase risk for cardiovascular morbidity and all-cause mortality.3,61

Polymorphisms of the ACE gene increase risk of myocardial infarction in an aging cohort62

and ACE inhibitors and ARBs effectively lower blood pressure, improve baroreflex function
and reduce risk for diabetes in elderly hypertensive patients.48,63 These collective findings
suggest an important role for the balance of angiotensin II vs. angiotensin-(1–7) axes in the
cardiovascular and metabolic changes that occur with aging in clinical populations.

Chronic ACE inhibition or AT1 receptor blockade also extends lifespan and improves or
prevents deficits in cardiovascular, metabolic and renal function during aging in
normotensive and hypertensive rodents.21,64 A recent study shows that global disruption of
the AT1A receptor promotes longevity in mice through attenuation of age-related
mitochondrial loss and oxidative stress as well as upregulation of prosurvival genes.65

During aging, AT1A receptor knockout mice also exhibit a lean phenotype and maintenance
of bone mass and cerebral endothelial function.66,67 These studies illustrate a deleterious
role for both ACE and the AT1 receptor in age-related pathologies. In contrast, emerging
evidence suggests a protective role for ACE2 against angiotensin II-dependent
cardiovascular and metabolic changes with aging. In animal models of advanced stage
diabetes, renal ACE2 expression and activity are reduced and are associated with markers of
renal injury. The progression of diabetic nephropathy with age and associated oxidative
stress can be attenuated in these animals by treatment with recombinant ACE2.68 Further,
global genetic deficiency of ACE2 results in dilated cardiomyo-pathy and exaggerated
dysautonomia and hypertension during aging, which may be attributed to increases in
oxidative stress and inflammation.69

Importantly, the beneficial effects of systemic RAS blockade on age-related pathologies are
observed even in the absence of changes in blood pressure. In Fischer 344 rats, long-term
oral ARB administration lowers circulating insulin and leptin levels, improves insulin
sensitivity, lowers body weight and prevents activation of the intrarenal RAS and renal
fibrosis independent of pressure.70 These data suggest a beneficial effect of RAS blockade
on metabolic function and on indices of renal injury in the absence of cardiovascular effects.
Recent studies show that Fischer 344 rats also exhibit increases in renin and angiotensinogen
and decreases in leptin receptor and PI3K mRNA in dorsal medulla during aging.71 Chronic
RAS blockade shifted the pattern of gene expression in dorsal medulla of these animals in a
direction that would favor angiotensin-(1–7) production as well as promote signaling
pathways utilized by leptin and insulin for beneficial metabolic effects. Whether parallel
changes in protein expression or enzyme activity occur needs to be assessed. However, these
alterations are consistent with the overall improvement in cardiovascular and metabolic
function in these animals following RAS blockade.
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The precise mechanisms underlying the beneficial effects of RAS blockade or genetic
deletion during aging remain unclear. First, it is not understood whether these effects are
mediated by peripheral vs. central sites of action. Although chronic pharmacologic treatment
or global deletion of RAS receptors and enzymes should influence brain regions involved in
cardiovascular and metabolic control, these interventions may also prevent local angiotensin
II actions in effector organs, such as heart, kidneys, skeletal muscle, liver and pancreas. In
fact, plasma renin activity, renin responsiveness and circulating angiotensin II levels
decrease with age,72 suggesting that the beneficial effects of RAS blockade are in part
mediated by effects in local tissues. Second, ACE inhibitors and ARBs shift the balance of
the RAS to increase angiotensin-(1–7) levels.9 The elevation or maintenance of circulating
angiotensin-(1–7) achieved by such therapies may contribute to beneficial effects during
aging independent of angiotensin II levels.73 Alternately, maintenance of angiotensin-(1–7)
levels in brain via these treatments may be especially important during aging, where
deficiency of the peptide in the brainstem contributes to impairments in baroreflex
sensitivity.57 As evidence that systemic treatments may increase brain angiotensin-(1–7)
levels, improvement of baroreflex sensitivity by chronic oral enalapril treatment is reversed
by intracerebroventricular administration of a mas receptor antagonist in a model of
renovascular hypertension.74

The Brain RAS, Hypertension and Aging
In particular, the brain RAS has been implicated as an important contributor to hypertension
and related comorbidities during aging. All components required for the formation and
degradation of angiotensin peptides are present in brain and are regulated independent of the
circulation.4 Angiotensin receptors are highly expressed in circumventricular organs and in
all synaptic relays of sympathetic and parasympathetic neural pathways.4,75 Similar to the
periphery, angiotensin II acts at central AT1 receptors to stimulate sympathetic activity and
impair baroreceptor pathways originating in the nTS that restrain sympathetic
outflow.4,76–78 Brain-specific administration of ACE inhibitors and ARBs lowers blood
pressure in hypertensive rodents.4 These interventions often improve baroreflex sensitivity
in normotensive and hypertensive animals, revealing a tonic role for angiotensin II
endogenous to the brain, particularly in the nTS, for suppression of baroreflex function.79 In
contrast, blockade of mas receptors impairs baroreflex sensitivity in the nTS suggesting that
local angiotensin-(1–7) facilitates baroreflex function.57,80 However, this peptide can exert
similar pressor or depressor responses relative to angiotensin II when microinjected into
specific brain nuclei.76,81 Microinjection of an ACE2 inhibitor in the nTS also impairs the
baroreflex sensitivity in younger rats, to a similar level as mas receptor blockade,
implicating this enzymatic pathway as an important source of angiotensin-(1–7) for
baroreflex modulation.82 In addition, central overexpression of ACE2 lowers blood
pressure, restores autonomic function, increases nitric oxide and prevents the development
of angiotensin II hypertension in rodents.56 These collective findings suggest that the
balance between angiotensin II and angiotensin-(1–7) within the brain also influences
resting blood pressure and cardiovagal baroreflex function.

Aging in normotensive rats is characterized by increases in blood pressure and impairment
of baroreflex sensitivity for control of heart rate.57,83,84 Functional studies provide evidence
that blockade of angiotensin II receptors within the nTS improves the baroreflex sensitivity
to a similar extent in older vs. younger Sprague–Dawley rats.57 In contrast, blockade of
angiotensin-(1–7) receptors impairs the baroreflex sensitivity in younger but not older
Sprague–Dawley rats suggesting loss of angiotensin-(1–7) actions for baroreflex modulation
during aging. The loss of angiotensin-(1–7) actions is associated with reduced neprilysin
enzyme gene expression in dorsal medulla of older rats, perhaps indicating reduced
formation of the peptide with aging. However, there were no differences in ACE, ACE2 or
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mas receptor mRNA between younger and older animals.57 These data may suggest that
deficiency of angiotensin-(1–7), to counteract angiotensin II actions, contributes to the
decline in baroreflex function during aging.

The use of transgenic rodents with varying degrees of brain RAS activation has revealed
important insights into the contribution of brain angiotensins to the development of
hypertension. A well-established model of overexpression of the brain RAS, the transgenic
(mRen2)27 rat, was created by insertion of the mouse renin-2 gene into the rat genome.85 As
a result, these animals have high adrenal and brain tissue levels of angiotensin II, modest
elevations in plasma angiotensin II and develop fulminant hypertension with impairment of
baroreflex sensitivity at an early age. Similar to older Sprague– Dawley rats, the impairment
in baroreflex sensitivity even in younger (mRen2)27 rats is associated with loss of central
angiotensin-(1–7) actions.18,20 Acute nTS microinjection of an ARB does not improve
baroreflex sensitivity in these animals.86 Interestingly, chronic 2-week
intracerebroventricular infusion of an AT1 receptor antagonist did not improve vagal
components of the baroreflex sensitivity in (mRen2)27 rats even though the treatment
normalized blood pressure.87 In contrast, acute treatment with an ACE inhibitor in the nTS,
intracisternal gene transfer replacement of angiotensin-(1–7) or 2-week
intracerebroventricular infusion of angiotensin-(1–7) restores the baroreflex sensitivity to
levels similar to normotensive Sprague–Dawley rats.18,86,87 In these studies, the
improvement in autonomic balance occurred independent of changes in blood pressure,
further dissociating these two effects. One possible contributor to the improvement in
autonomic balance with angiotensin-(1–7) treatment is restoration of signaling pathways in
the dorsal medulla, as increases in the phosphatases MKP-1 and protein tyrosine
phosphatase 1b (PTP1b) were observed.18 In fact, pharmacological blockade of PI3K
selectively lowers blood pressure in (mRen2)27 and spontaneously hypertensive rats and
improves baroreflex function in (mRen2)27 rats.88,89 This finding suggests that the
hypertensive phenotype is accompanied by enhanced PI3K signaling, an intracellular
pathway that is activated by various peptides including angiotensin II, insulin and leptin.
During aging, cardiovascular function dramatically declines in hypertensive rodents and is
confounded by cardiac fibrosis, left ventricular hypertrophy and the development of heart
failure in the face of persistent hypertension.84 These animals also have a shorter lifespan
relative to the Sprague– Dawley control strain.21 Whether replacement of angiotensin-(1–7)
or manipulation of signaling pathways within the dorsal medulla can restore autonomic
balance or prevent target organ damage during aging in these animals has not been
established. A similar cardiovascular phenotype is observed in sRA double transgenic mice
with neuronal overexpression of human renin and angiotensinogen. These mice exhibit
robust hypertension, polydipsia and polyuria despite suppression of the circulating RAS.90

However, there is no information available for these mice during aging.

The transgenic ASrAOGEN rat represents a model of healthy aging in the face of
underexpression of the endogenous brain RAS. ASrAOGEN rats were created by insertion
of an antisense oligonucleotide to angiotensinogen driven specifically to glial cells,91 the
primary source for this precursor in brain.92 These animals have >90% reduction of brain
angiotensinogen levels and subsequent decreases in brain tissue angiotensin peptide content,
with no differences in circulating RAS components.91 However, preliminary studies show
intact angiotensin II and angiotensin-(1–7) immunoreactivity in neuronal cells of these
animals, consistent with extra-glial angiotensinogen production.93 ASrAOGEN rats exhibit
mild hypotension due to reductions in glia-derived angiotensin peptides and plasma
vasopressin levels.91 These animals have higher baroreflex sensitivity for control of heart
rate, and improvements in parasympathetic tone to the heart, relative to Sprague–Dawley
rats even under anesthesia.94–96 During aging, ASrAOGEN rats have an extended lifespan
and are protected from declines in cardiovascular function.21 Resting pressure and heart rate
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are similar in younger and older ASrAOGEN rats, and are lower at both ages relative to
Sprague–Dawley and (mRen2)27 animals.84 Although there is some impairment in
baroreflex function in conscious older animals, the sensitivity is reduced to a similar level as
younger Sprague–Dawley rats.21,97 In both younger and older ASrAOGEN rats, nTS
microinjection of candesartan does not alter the baroreflex sensitivity, suggesting that
angiotensin II derived from a glial source of angiotensinogen participates in baroreflex
modulation.95,97 Similar observations with respect to the glial source of angiotensin II for
baroreflex inhibition are evident in double transgenic mice in which glial, but not neuronal,
overexpression of renin and angiotensinogen impairs the baroreflex sensitivity.98 Blockade
of mas receptors in the nTS impairs the baroreflex sensitivity to a similar extent in younger
and older ASrAOGEN rats,95,97 which is opposite to the deficiency of angiotensin-(1–7)
actions observed in older Sprague–Dawley rats.57 This finding suggests that angiotensin-(1–
7) derived from a non-glial source of angiotensinogen is an important mechanism
contributing to preservation of baroreflex function during aging.

Finally, although not a focus of this review, the peripheral and brain RAS have been
implicated in numerous age-related changes independent of control of hypertension.
Systemic administration of ACE inhibitors and ARBs in normotensive subjects protects
against age-related declines in mitochondrial capacity, cognition, learning, memory and
physical performance.99–101 Treatment with more lipophilic ACE inhibitors appears better at
preventing age-associated declines in cognitive function, despite similar blood pressure
lowering effects.102 Emerging evidence suggests that activation of the brain RAS, and
angiotensin II in particular, can promote oxidative stress and inflammation to also contribute
to the progression of cognitive decline and dopaminergic neuron loss associated with
Alzheimer's and Parkinson's diseases, respectively.103,104 These findings do not specifically
address the independent contribution of blockade of angiotensin II vs. elevation of
angiotensin-(1–7) to the beneficial actions of treatments, but they do lend further rationale
for the use of drugs targeting the RAS in aged populations, especially if the drugs target both
central and peripheral sites.

The Brain RAS, Insulin Resistance and Aging
Autonomic neural pathways influenced by angiotensin peptides for cardiovascular control
are also involved in regulation of metabolic function and glycemic control.105,106 In
Sprague–Dawley rats, aging is accompanied with increased body weight, hypertension and
insulin resistance, which resemble features of the metabolic syndrome in clinical
populations.84 Inappropriate activation of the brain RAS results in development of insulin
resistance as early as 16 weeks of age in hypertensive (mRen2)27 rats.107 In younger
(mRen2)27 rats, there does not appear to be elevations in circulating insulin and leptin
levels84 or in alterations in gene expression for leptin receptor or PI3K intracellular
signaling components in dorsal medulla (Figure 2). However, younger rats do exhibit lower
mRNA for megalin, an important transporter of leptin and insulin, which is localized to the
blood-cerebrospinal fluid barrier (Figure 3a). A similar decrease has been observed in the
brain of aged normotensive rats and correlates to impaired leptin uptake.108 Interestingly,
megalin gene expression is restored in older (mRen2)27 rats (Figure 3a), perhaps due to the
finding that body weight, circulating adipokine levels and insulin resistance do not further
worsen with age in these animals.84 However, suppressor of cytokine signaling 3 (SOCS-3)
is elevated in older (mRen2)27 rats (Figure 3b), an effect which would serve to inhibit
activation of metabolic pathways used by insulin and leptin.

During advanced aging, the metabolic profile of Sprague–Dawley rats closely resembles that
of (mRen2)27 rats,84 which may reflect an age-related activation of the brain RAS in these
animals. In older Sprague–Dawley rats, the development of insulin resistance is associated
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with a small increase in dorsal medulla gene expression of SOCS-3 (Figure 3b). Similar to
SOCS-3, PTP1b serves to inhibit intracellular signaling by leptin and insulin and increased
levels of this phosphatase are commonly observed in obesity and type 2 diabetes.109

Previous reports have also shown an increase in PTP1b expression in the hypothalamus of
aged and obese animals;110 however, there are no differences in PTP1b expression in dorsal
medulla among younger or older Sprague–Dawley, (mRen2)27 or ASrAOGEN rats when
PTPN1 mRNA, the gene encoding the phosphatase, is measured in the brainstem of these
animals (Figure 3c). In contrast, ASrAOGEN rats with disruption of glia-derived
angiotensinogen maintain lower body weight, fat mass and growth during aging relative to
Sprague–Dawley and (mRen2)27 rats.84 In addition, younger and older ASrAOGEN rats
have lower fasting insulin and leptin levels and improved responses to oral glucose tolerance
testing.107 As circulating angiotensin peptides are not altered in these animals,91 the
beneficial metabolic profile is primarily attributed to alterations in the brain RAS. However,
other factors could positively influence metabolic function during aging in these animals
including gut hormones, reduced plasma vasopressin and preservation of parasympathetic
tone to promote insulin secretion. ASrAOGEN rats have higher gene expression of the leptin
receptor and p85α regulatory subunit of PI3K in dorsal medulla relative to Sprague–Dawley
rats at both older and younger ages (Figure 2). Although there are no alterations in megalin
or SOCS-3 gene expression in dorsal medulla of these animals, PTP1b expression is
significantly reduced in older ASrAOGEN rats (Figure 3), consistent with the preservation
of metabolic sensitivity during aging. These collective data suggest an important role for the
brain RAS in the development of metabolic dysfunction during aging, and evidence the
importance of glia-derived angiotensinogen to these derangements. Although the relative
contribution of brain-derived angiotensin II vs. angiotensin-(1–7) to metabolic regulation in
hypertension or during aging remains under investigation, preliminary data in (mRen2)27
rats reveal a modest effect of 2-week intracerebroventricular AT1 receptor blockade on fat
mass, with no effect of angiotensin-(1–7) infusion.87

It is important to note that in normotensive rodents, chronic central angiotensin II infusion
decreases body mass and food intake and increases sympathetically-mediated
thermogenesis.44,45 Further, sRA mice with neuronal overexpression of the brain RAS have
a lean phenotype and are hyperphagic associated with increases in core body temperature
and metabolic rate.90 Whether this is a result of the accompanying polyuria and polydipsia is
not clear. This phenotype however differs from the increased body mass accompanying the
hypertension, increased sympathetic nervous system activity and insulin resistance in the
(mRen2)27 rats.84,107 The metabolic profile in sRA mice more closely resembles
ASrAOGEN rats, in which lower body weight is thought to be due to increases in resting
energy expenditure to compensate for increased food intake and lower circulating leptin
levels.84 Although the exact mechanisms for these disparities are unknown, possible
explanations include differences in receptor distribution and sites of action as well as
differences in the pattern of neuronal vs. glial or circulating expression of angiotensin
peptides. Although glia-derived angiotensinogen is reduced in ASrAOGEN rats, neuronal
sources of angiotensin II appear preserved.93 Further, these animals have upregulation of
AT1 receptors in autonomic brain regions111,112 that are associated with increased
sensitivity to microinjection of cardiovascular and metabolic hormones.113,114 Thus,
angiotensin II produced from a neuronal source could act on sensitized AT1 receptors to
drive increased energy expenditure and promote a positive metabolic profile in ASrAOGEN
rats, similar to findings for overexpression of angiotensinogen and renin in neurons of the
mice.
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Angiotensin II and Leptin Interactions for Autonomic Regulation
There is substantial overlap in the distribution of autonomic pathways participating in
regulation of cardiovascular vs. metabolic functions. In particular, the anatomic localization
of insulin and leptin receptors overlaps with angiotensin receptors in the periphery and in
brainstem and hypothalamic sites that influence food intake, glycemic control and
cardiovascular regulation.105,106 These hormones also utilize similar intracellular signaling
pathways,106,115 providing a potential site of cross-talk. Recent studies provide evidence
that leptin acts within hypothalamic regions to increase sympathetic outflow and elevate
blood pressure.116 Leptin receptors are also distributed to vagal afferents and within
brainstem nuclei such as the nTS and are functional to impair the baroreflex sensitivity for
control of heart rate, increase sympathetic outflow to cardiovascular organs and elevate
pressure.114,117 These data suggest a widespread network for leptin actions that involves
multiple brain regions.

In isolated adipocytes from humans and rodents, angiotensin II stimulates leptin production
and secretion suggesting a regulatory relationship between these two peptides.118,119 In
leptin-deficient ob/ob mice, plasma and lung ACE activities are decreased. Systemic
restoration of leptin to these animals increases ACE and angiotensin II levels and enhances
depressor responses to systemic captopril administration.120 Conversely, genetic deletion of
ACE reduces circulating leptin in rodents42 and chronic treatment with ACE inhibitors and
ARBs reduces circulating leptin levels in obese rodents and patients with
hypertension.37,121,122 In normotensive rats, intracerebroventricular losartan or captopril
administration prevents leptin-mediated increases in sympathetic outflow to the kidneys and
brown adipose tissue.123 Confirming the importance of angiotensin II receptors, sympathetic
activation in response to leptin is also attenuated in mice with global deletion of the AT1a
receptor.123 These data suggest a facilitatory interaction between angiotensin II and leptin
for cardiovascular and metabolic actions.

Finally, younger ASrAOGEN rats with lower angiotensin II tone in the nTS for baroreceptor
reflex suppression show enhanced responses to nTS microinjection of leptin for effects on
baroreflex sensitivity.114 The enhanced sensitivity to exogenous leptin is associated with
upregulation of leptin receptor and p85α gene expression in dorsal medulla of these animals
(Figure 2). Even during aging, ASrAOGEN rats maintain sensitivity to brainstem leptin
injection, in contrast to the loss of leptin actions for baroreflex modulation in older Sprague–
Dawley rats at similar doses.124 The maintenance of leptin responses in older ASrAOGEN
rats is accompanied by a continued upregulation of brainstem leptin receptor and p85α
mRNA relative to age-matched Sprague–Dawley and (mRen2)27 rats (Figure 2). An
enhancement of leptin sensitivity, in the presence of low circulating leptin levels, could
contribute to the positive metabolic profile in these animals. Further, the maintenance of low
leptin would avoid the deleterious cardiovascular effects of the hormone including
sympathetic activation, baroreflex dysfunction and hypertension.

Conclusions
There is an increasing need to identify interventions that produce both positive
cardiovascular and metabolic outcomes. As the prevalence of elderly individuals increases
worldwide, it is critical to understand the mechanisms linking aging, hypertension and
related metabolic conditions. Emerging data implicate an important role for the RAS in
modulation of autonomic nervous system pathways participating in the regulation of
cardiovascular and metabolic functions. The actions of angiotensin II may be especially
important to the autonomic imbalance that occurs during aging, which can precipitate
elevations in blood pressure and insulin resistance. Indeed, therapies targeting angiotensin II
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can lower blood pressure, mitigate cardiovascular and renal damage and reduce the
incidence of new-onset diabetes in essential hypertensive patients, including the elderly.
These drugs also improve the decline in cardiovagal baroreflex function characteristic of
both aging and hypertension, although the extent to which they involve activation of
angiotensin-(1–7) vs. reduction of angiotensin II requires further elucidation. To reduce
overall cardiovascular risk, restoration of the balance between these two peptides may be
required. Despite a decline in the circulating RAS with aging, ACE inhibitors and ARBs
improve lifespan and effectively prevent age-related deficits in rodents, suggesting
predominant effects to suppress angiotensin II production from local tissue sources. The
brain RAS has received renewed interest in this regard, and findings from transgenic rodents
reveal that angiotensin actions within central autonomic pathways may influence a
constellation of pathological changes during aging including the development of
hypertension and insulin resistance. As downregulation of the glial angiotensinogen
produces similar results to chronic systemic treatment with ACE inhibitors and ARBs, it
could be speculated that the beneficial effects of these treatments involve direct central
actions. In particular, these therapies may influence the balance between angiotensin II and
angiotensin-(1–7) within the brainstem, thus determining the prevailing cardiovascular and
metabolic function.
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Figure 1.
Schematic of proposed features associated with the imbalance in the autonomic nervous
system during aging. During aging there is a shift in the balance of the autonomic nervous
system (ANS) towards the sympathetic nervous system (SNS). This may be influenced by
circulating or local brain levels of angiotensin (Ang) II and leptin. The lower activity of the
parasympathetic nervous system (PSNS) is proposed to result at least in part from an age-
related decline in Ang-(1–7). Lower Ang-(1–7) and higher Ang II or leptin in the brain
medulla would predispose to a decline in baroreceptor reflex sensitivity (BRS) for control of
heart rate and heart rate variability (HRV), both of which are associated with aging.
Moreover, impairments in BRS and HRV can contribute to target organ damage, including
metabolic dysfunction, with or without an increase in blood pressure. A full color version of
this figure is available at the Hypertension Research journal online.
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Figure 2.
Gene expression for leptin receptor and PI3K in dorsal medulla. Real-time PCR was
performed using specific primer/probe sets (Applied Biosystems, Life Technologies Corp.,
Carlsbad, CA, USA) to measure relative gene expression for the leptin receptor and the
p85α regulatory subunit of the PI3K signaling pathway in dorsal medulla tissue from naive
younger (YG, 12–20 weeks) and older (Old, 65–80 weeks) Sprague–Dawley (SD),
ASrAOGEN (AS) and (mRen2)27 (mRen2) rats (n=6–8 rats per group). Data are expressed
as gene expression relative to the 18S ribosomal RNA control. (a) Leptin receptor mRNA
was significantly higher in younger AS vs. younger SD and mRen2 rats (*P<0.05). Leptin
receptor gene expression was still higher in older AS rats, relative to other strains, but was
reduced compared with younger AS rats (#P<0.05). (b) PI3K p85α mRNA was significantly
higher in younger AS vs. younger SD rats (*P<0.05). Gene expression for p85α was also
significantly higher in older AS rats compared with younger AS and younger and older SD
and mRen2 rats (#P<0.05).
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Figure 3.
Metabolic signaling pathway mRNA in dorsal medulla of rats with varying brain RAS
activity. Using the methods described in Figure 2, relative gene expression of metabolic
signaling components in younger (YG) and older (Old) Sprague-Dawley (SD), ASrAOGEN
(AS) and (mRen2)27 (mRen) rats were assessed. (a) Gene expression for megalin, the leptin
transporter, was significantly lower in dorsal medulla of younger mRen2 rats (*P<0.05 vs.
older mRen2 and younger and older AS). (b) Suppressor of cytokine signaling-3 (SOCS-3)
mRNA was significantly higher in older vs. younger SD rats (*P<0.05). Gene expression for
SOCS-3 was also higher in older mRen2 rats vs. younger mRen2 and younger and older SD
and AS rats (#P<0.05). (c) PTPN1, the gene encoding PTP1b, was significantly lower in
dorsal medulla of older AS rats compared with younger AS and older SD and mRen2 rats
(*P<0.05).

Arnold et al. Page 20

Hypertens Res. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


