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ABSTRACT
McCollum, LaTronya Taneha
The Role of Angiotensin-(1-7) in the Modulation of
Angiotensin II-Dependent Cardiac Remodeling

Cardiac remodeling with associated changes in myocardial structure and function
occurs in response to injury to the heart concomitant with chronic hypertension. The
structural changes to the heart, including myocyte and vascular hypertrophy as well as
interstitial and perivascular fibrosis, are attributed to a combination of both hemodynamic
and humoral factors, such as angiotensin II (Ang II). Angiotensin-(1-7) [Ang-(1-7)] is an
endogenous heptapeptide of the renin-angiotensin system with anti-proliferative
properties which oppose the actions of Ang II.

The purpose of this study was to

determine whether Ang-(1-7) inhibits the Ang II-mediated growth of cardiac cells in vivo
and in vitro and identify the molecular mechanisms for the inhibition of cardiac cell
growth.

Rats were treated with Ang II, in the presence or absence of Ang-(1-7), to
determine the effect of the heptapeptide on Ang II-mediated cardiac myocyte
hypertrophy, fibrosis and vascular hypertrophy. Subcutaneous infusion of Ang II (24
g/kg/h) for 28 days into male Sprague-Dawley rats increased systolic blood pressure
(174.7 ± 6.3 mmHg), compared to saline-infused animals (125.8 ± 4.5 mmHg, n = 6, p <
0.01) or rats infused with Ang-(1-7) alone (s.c., 24 g/kg/h for 28 days; 127.4 ± 3.7, n =
6); however, co-treatment with Ang-(1-7) did not alter the Ang II-induced increase in
blood pressure (168.3 ± 8.3 mmHg). Microscopic evaluation of cardiac myocyte cross-
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sectional area (MCSA) showed that Ang II significantly increased MCSA (33%)
compared to saline- infused controls, while co-infusion of Ang-(1-7) significantly
prevented the Ang II-mediated increase in MCSA (p < 0.001). In addition, hearts of
animals infused with Ang II showed a marked increase in atrial natriuretic peptide (ANP)
mRNA (3.76 ± 0.53) and brain natiruretic peptide (BNP) mRNA, markers of cardiac
hypertrophy, compared to saline-infused animals (1.02 ± 0.06). Concomitant treatment
with Ang-(1-7) significantly attenuated the increase in ANP and BNP mRNA (1.043 ±
0.11). These data indicate that the heptapeptide attenuates cardiac myocyte hypertrophy
in this hypertensive model.

Our previous studies demonstrated that Ang-(1-7) reduces the growth of cardiac
myocytes in vitro, in association with a reduction in ERK1/ERK2 mitogen-activated
protein (MAP) kinase activities. Ang II infusion significantly increased phosphorylation
of ERK1/ERK2 (0.89 ± 0.45, n = 6, p < 0.05) when compared to saline-infused animals
(0.18 ± 0.07). In contrast, co-infusion with Ang-(1-7) significantly decreased the Ang IIinduced ERK1/ERK2 activation. (0.19 ± 0.11).

Previous studies demonstrated that

stimulation of MAP kinases is associated with cardiac hypertrophy while over-expression
of the MAP kinase phosphatase MKP-1 (the dual-specificity phosphatase, DUSP-1)
reduced cardiac hypertrophy.

Ang-(1-7) significantly increased DUSP-1 protein

expression in the heart (2.64 ± 0.68, n = 6, p < 0.05) compared to animals treated with
saline (0.90 ±.0.30).

Co-infusion of Ang II and Ang-(1-7) markedly enhanced the

expression of DUSP-1 (3.08 ± 0.98). The reduction in MAP kinase activity along with
the up-regulation of DUSP-1 suggests that the heptapeptide attenuates cardiac myocyte

xv

hypertrophy by inhibition of MAP kinase activity associated with increased phosphatase
activation.

Ang II infusion increased coronary artery hypertrophy (63.9%) as well as
interstitial (54.3%) and perivascular fibrosis (51.4%) compared to saline-treated rats. Coinfusion with Ang-(1-7) reduced both interstitial (1.26 ± 0.82% compared to 2.76 ±
0.25% following Ang II treatment, p < 0.001) and perivascular fibrosis (18.60 ± 1.38%
compared to 38.3 ± 1.95% after Ang II treatment, p < 0.001). The Ang II-mediated
increase in vascular hypertrophy was decreased by co-treatment with Ang-(1-7) (21.60%,
p < 0.001). These results demonstrate that Ang-(1-7) causes a pressure-independent
reduction in cardiac fibrosis and vascular hypertrophy, suggesting that the heptapeptide
may be used therapeutically to reduce cardiac remodeling associated with hypertensive
heart failure.

Ang II and endothelin-1 (ET-1), key players in the development of cardiac
remodeling, stimulate the growth of cardiac fibroblasts to increase fibrosis. Since Ang(1-7) inhibits mitogen-stimulated cell proliferation, we studied the effect of Ang-(1-7) on
ET-1-stimulated growth of neonatal rat cardiac fibroblasts. Treatment of isolated cardiac
fibroblasts with Ang-(1-7) attenuated ET-1-stimulated DNA (by 31.5%) and protein
synthesis (by 30.9%), as measured by the incorporation of 3H-thymidine and 3H-leucine,
respectively, into actively growing cells. The reduction in cardiac fibroblast cell growth
with 100 nM Ang-(1-7) treatment was associated with a decrease in ET-1-stimulated
phospho-ERK1 (by 64%) and ERK2 (by 59%) and Ang II-stimulated ERK1 (by 72 %)

xvi

and ERK2 (by 83 %). Treatment of cardiac fibroblasts with 100 nM Ang-(1-7) for 6 h
caused a 4.8 ± 0.8-fold increase in DUSP-1 mRNA (n = 4, p < 0.05); in contrast,
incubation with ET-1 alone had no effect. Collectively, these data suggest that Ang-(1-7)
may serve as an effective treatment to reduce cardiac myocyte hypertrophy, cardiac
fibrosis and vascular hypertrophy by eliciting anti-proliferative and anti-fibrotic
properties and thus may attenuate cardiac remodeling associated with chronic
hypertension.

xvii

CHAPTER I
Introduction
Hypertension: A Major Cause of Cardiovascular Disease
An estimated eighty million American adults (approximately 1 in 3) have one or
more types of cardiovascular disease (CVD) which include high blood pressure, coronary
heart disease, heart failure, stroke and congenital cardiovascular defects(143).
Hypertension, or high blood pressure, affects more than sixty-five million Americans
(80) and is a major risk factor for myocardial infarction, stroke, heart failure and renal
failure.

More than twenty-eight percent of the U.S. adult population suffers from

hypertension and the prevalence is increasing among both men and women. Among
hypertensive adults, 78% are aware of their condition while only 68% of these
individuals use anti-hypertensive medication.

However, the rate of control of

hypertension for those treated with anti-hypertensive drugs is only 64%(143), suggesting
a continued need for the development of novel therapeutics for the control of high blood
pressure. The impact of this disease is far reaching, not only by decreasing total life
expectancy (247) but imposing a tremendous economic burden; treatment of hypertension
is estimated to cost $73.4 billion in 2009(143). Therefore, measures to control the
incidence of hypertension are crucial for both public health and economic concerns.

Hypertension is diagnosed when a person has a systolic blood pressure greater
than 140 mmHg or a diastolic pressure greater than 90 mmHg(143). The incidence of
hypertension varies with age, gender, race, family history and geography.
Prehypertension is defined as untreated systolic blood pressure of 120 to 139 mmHg or
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untreated diastolic blood pressure of 80 to 90 mmHg and no previous diagnosis of
hypertension. Approximately 25% of the U.S. population over the age of 20 is classified
as prehypertensive. A follow-up study of individuals with baseline blood pressure in
prehypertensive ranges shows that these people have a higher incidence of developing
hypertension than individuals whose blood pressure is <120/80 mmHg.

Similar to

hypertension, prehypertension is associated with a higher risk for major CVD events,
such as heart attack and stroke, than individuals with normal blood pressure(143).

Although the precise cause of hypertension is not known; a number of factors are
associated with the development of high blood pressure.

Environmental factors,

increased salt intake and reduced physical activity, genetic factors and obesity as well as
other risk factors all play a role in the progression of hypertension. Hypertension is
hypothesized to be caused by multiple factors acting in concert(232).

Age and gender are major risk factors associated with the incidence of
hypertension. Blood pressure is lower in children than adults and both systolic and
diastolic pressures increase progressively with age(36; 103).

In addition, men

demonstrate a greater increase in blood pressure with age than women who are premenopausal; however, post-menopausal women experience a more dramatic rise in
average blood pressure(124). Until the age of 45, men have a much higher incidence of
hypertension than women; however, between the ages of 45 to 54 and 55 to 64, the
percentages of men and women with hypertension are similar. After 64 years of age, the
incidence of women with hypertension surpasses the incidence of hypertension observed
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in men(45). Although increased age is a risk factor for hypertension, the prevalence of
high blood pressure among children and adolescents is on the rise, partially due to the
increase in abdominal obesity(62).

African Americans have one of the highest rates of hypertension in the world (53;
227) which may be attributed to a higher incidence of obesity, socioeconomic stressors,
diet and possible genetic factors. Compared to Caucasians, African Americans develop
hypertension earlier in life and their average blood pressures are much higher. Because
of the higher incidence of hypertension, African Americans have a greater rate of
nonfatal and fatal stroke as well as an increased rate of heart disease and end-stage
kidney disease(143). American Indian/Alaska Native adults are less likely than African
Americans and more likely than Caucasians to have hypertension. Studies suggest that
Hispanic Americans have high blood pressure rates similar to or lower than those of nonHispanic white Americans. Despite these findings, there appears to be a health disparity
between black and white adults of Hispanic descent, with black Hispanics having a
slightly greater risk for high blood pressure compared to their white Hispanic
counterparts(25).

In addition, a family history of hypertension correlates with increased blood
pressure. In a cross-sectional study of more than 5000 adults, higher diastolic pressure,
body mass index (BMI), cholesterol and obesity were correlated with a family history of
hypertension(246). It is estimated that blood pressure levels are ~40% heritable in single
blood pressure examination and that the trend increases to about 50% when measured
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long-term(136). Strategies that aim to increase awareness and control of high blood
pressure will help to reduce the incidence of hypertension worldwide.

Hypertension-Induced Target Organ Damage
Hypertension is a common health problem worldwide that remains asymptomatic
until late in its course (45) and is a major risk factor for cardiovascular disease morbidity
and mortality due to its effects on target organs. Hypertension is defined as increased
blood pressure derived from hemodynamic properties of systemic circulation.

The

systemic circulation is a closed system in which blood facilitates the transport of an
adequate oxygen supply and nutrients to meet the needs of the body, while carrying
metabolic waste for elimination.

Tension applied to the vessel walls by the blood

depends on the pump function of the heart, total blood volume, size, structure, and
distensibility of the vascular tree as well as reflex and neurohormonal feedback systems.
This tension applied to the vessel wall influences the structure and function of the vessels
and thus changes in the vessel wall are the basis for target organ damage.

Target organ damage is a major cause of cardiovascular morbidity and mortality
associated with hypertension.

Prolonged hypertension affects the structure and

functioning capacity in target organs such as the heart, brain and kidney. Underlying
target damage resulting from hypertension includes functional and structural changes in
the vasculature, particularly microvessels (small arteries and arterioles) and capillaries.
Structural alterations associated with hypertension largely involve factors that affect
arterial flow including impaired relaxation, inflammation, hypertrophy and increased
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extracellular matrix (ECM) deposition of collagen and protein. Changes in endothelial
cells, vascular smooth muscle cells (VSMC), and ECM are manifest through activation of
the renin-angiotensin system (RAS), increases in oxidative stress, obstruction of the
lumen by atherosclerotic plaque formation and inflammation leading to the development
of vascular injury.

Activation of the RAS and the actions of its main effector, angiotensin II (Ang II),
are implicated in a number of mechanisms that alter vascular function and lead to target
organ damage. Increased activity of the RAS is not only involved in the elevation in
mean arterial pressure, but it is also plays a role in vascular damage. In both renovascular
and Ang II-induced hypertension, Ang II is responsible for vascular injury(123). The
thin endothelial cell layer which lines the inner surface of the blood vessel is a primary
target for vascular damage.

Ang II acts on endothelial cells to increase vascular

permeability (191) and increased vascular permeability is an important early factor in the
development of endothelial dysfunction and the pathogenesis of atherosclerosis. Ang II
also increases the expression and release of endothelin (ET-1) which promotes cellular
proliferation in the vascular wall (160) leading to vascular changes that reduces organ
perfusion.

The RAS has been implicated in target organ damage by promoting the generation
of reactive oxygen species (ROS). Ang II stimulates oxidative stress by the production of
the superoxide anion •O2- through its ability to stimulate NAD(P)H oxidase activity(189).
ROS can have direct or indirect effects on vascular reactivity by inactivating endothelial
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nitric oxide synthase (eNOS) to impair vasodilation(193).

Of the reactive oxygen

species, superoxide anion •O2- is the most common and acts by directly stimulating
vasoconstriction or through potentiation of other vasoconstrictor substances including
Ang II, ET-1, thromboxane A2 or norepinephrine, by increasing intracellular calcium in
vascular smooth muscle cells and endothelial cells and eliciting contraction(211).

Ang II not only increases the incidence of vascular injury but also influences the
development of atherosclerosis(221). Atherosclerosis is a condition in which the artery
wall thickens as a result of the build-up of fatty materials such as cholesterol. The
endothelium plays a key role in the initiation of artherogenesis by regulating the
infiltration of mononuclear cells(37; 195). The accumulation of mononuclear cells along
with increased expression of proteases (107) cause plaque rupture, thrombus formation
and further progression of the atherosclerotic lesion(69; 85). Continued growth of the
atherosclerotic lesion encroaches on the vessel lumen and the vessel undergoes a
remodeling process of compensatory enlargement that preserves luminal diameter despite
the increase in size of the plaque. Failure of the compensatory mechanism to keep pace
with the growth of the plaque results in the development of stenosis that leads to flow
disturbances, further enhancing the progression of the lesion (85; 107) and contributing to
target organ damage.

Hypertension-induced target organ damage also affects major organs such as the
brain, kidney and heart, primarily through changes in microcirculation. Microvascular
alterations are not only the result of increased pressure but help to maintain the
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hypertensive state.

Therapeutic strategies that reduce blood pressure and interrupt

microvascular damage have the most profound effect on target organ damage. Several
classes of antihypertensives including RAS inhibitors and calcium channel blockers, proangiogenic compounds, agents that improve endothelial function, anti-oxidants and drugs
that interfere with ECM composition offer an advantage over other anti-hypertensive
drugs by attenuating microvascular damage and thus impacting the initiation and
progression of target organ damage.

Heart
Cardiac muscle responds to an increased resistance in the circulation by
increasing muscle mass, a condition known as left ventricular hypertrophy (LVH). A
chronic elevation in pressure, as in hypertension, results in thickening of the myocardial
tissue, to compensate for the increased workload placed on the heart. Over time, the
fibers of the hypertrophied heart muscle become thickened and shorten, resulting in a
compromised ability of the muscle to relax(208). LVH corresponds to an increased LV
mass and is a strong independent predictor of cardiovascular morbidity and mortality(40;
60; 137).

LVH can present with differing geometric patterns, defined by the relationship
between the LV mass and the relative wall thickness of the left ventricle, resulting in
three types of cardiac remodeling(87). The relative wall thickness is the ratio of the
posterior wall thickness to the left ventricular radius in diastole. The first type of cardiac
remodeling is described as concentric hypertrophy in which there is an increase in both
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LV mass and relative wall thickness. In contrast, LVH with a relative wall thickness
within a normal range accompanied by an increase in LV mass is defined as eccentric
hypertrophy. Finally, concentric LV remodeling is characterized by normal LV mass and
increased relative wall thickness(87).

Increased arterial hypertension is a fundamental stimulus initiating the sequence
of events leading to the development of concentric remodeling and LVH. However,
other factors such as genetics(17; 184), gender, body size, and age (194) contribute to the
molecular changes that sustain the increase in LV mass(57).

Remodeling of the

myocardium during hypertension-induced hypertrophy includes both an increase in
cardiomyocyte size as well as in interstitial and perivascular collagen matrix deposition.
Myocardial fibrosis in the interstitium occurs as a result of an imbalance between
increased collagen deposition and reduced degradation of the extracellular matrix (148)
and leads to tissue stiffness.

Several additional factors contribute to the structural remodeling of the
myocardium including mechanical stress, the sympathetic nervous system, G-protein
coupled receptor (GPCR) agonists, cytokines and growth factors. Continuous GPCR
stimulation with agonists such as Ang II and ET-1 produce vascular inflammation, tissue
remodeling and LVH(192; 217). Activation of the RAS and ET-1 release also promote
increases in interstitial and perivascular collagen, (243)additional key players in the
progression of cardiovascular disease. The alterations in the structure of the myocardium
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as well as the increased stiffness observed in the process of cardiac remodeling lead to a
diminished ability of the heart to meet the demands of the body.

Vasculature
Vascular remodeling, defined as changes that occur in the structure of the arterial
wall, is similar to what is observed in the heart. In both cardiac and vascular remodeling,
the tissue remodels in an attempt to normalize the increased wall stress which occurs as a
result of increased pressure. The greater tension associated with elevated blood pressure
increases wall tensile stress. This increase in wall stress is normalized by an increase in
wall thickness, a reduction in lumen diameter or both(151). The factors underlying
vascular remodeling are numerous and include responses mediated by the endothelium,
activation of neurohormonal systems as well as alterations in the compliance of the
vascular wall.

Blood flow through arterial vessels exerts frictional force on the wall known as
wall shear stress. The thin endothelial cell layer perceives this shear stress and releases a
number of vasoactive substances that affect arterial tone and growth(151). Increased
shear stress alters the balance of mediators of remodeling, promoting transcription of
genes for factors such as nitric oxide synthase, platelet derived growth factor (PDGF) and
transforming growth factor β1 (TGF-β1)(170; 190).

Increased tension promotes

generation of vasoactive substances which activate endothelial cells through receptors
coupled to ion channels that modulate the intracellular calcium concentration(198). In
hypertensive vessels, a thickened media, a reduced lumen and increased extracellular
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matrix are associated with endothelial dysfunction, defined as decreased endotheliumdependent relaxation(147; 171). The increased expression of growth factors like TGF-β1
and Ang II, matrix proteins including collagen and elastin, and matrix proteinases such as
collagenase and elastase promote structural changes in hypertensive vessels.

These

alterations in vascular structure and function in the face of hypertension increase the risk
for atherosclerosis, myocardial ischemia, stroke and renal failure.

Brain
Hypertension is one of the principal risk factors for the development of
cerebrovascular disease including stroke and cognitive-related decline or dementia.
Transient ischemic attacks (TIA) are acute episodes of temporary and focal loss of
cerebral function, while stroke is due to vascular occlusion or rupture. Severe stenoses of
carotid arteries are a frequent cause of stroke or TIAs. These events are usually the result
of the accumulation of atherosclerotic materials along the arterial walls, forming either
plaques that narrow the artery or blood clots that occlude the artery. Ischemic strokes
account for 80% of all strokes, while hemorrhagic stroke, due to a rupture of a blood
vessel where blood in the brain causes damage and death to the cells, only represents a
small percentage of stroke events. Hypertension increases the risk of atherosclerosis
resulting in the buildup of fatty materials in the arterial walls(226).

The walls of

hypertensive arteries are also thicker due to increased smooth muscle cell mass or cell
number and increased deposition of connective tissue(46). These changes in arterial
structure which result from increased pressure on the vessel walls contribute to the
narrowing of the vessel lumen. Together, hypertension and atherosclerosis enhance the
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stress on the arterial wall. Antihypertensive treatment is particularly effective in reducing
the incidence of stroke(48).

Kidney
The kidney is an important target organ damaged by hypertension. Hypertension
is associated with pathophysiological renal damage involving glomerulosclerosis,
tubulointerstitial fibrosis, and vascular sclerosis(16). Subsequent damage to the renal
endothelium along with the resultant detrimental effects on renal function produce
microalbuminuria and precipitate chronic kidney disease(94). Renal injury is the result
of alterations in preglomerular autoregulatory mechanisms in which the maintenance of
flow and pressure within the kidney is compromised(22). Nephron injury and loss are
pivotal in the progressive state of renal disease and those nephrons that remain intact
undergo

glomerular

capillary

hypertension

that

is

often

accompanied

by

hyperfiltration(28). Over time, end stage renal failure ensues due to maintenance of
hypertension along with mounting of an inflammatory response that further contributes to
nephron loss, limiting the ability of the kidney to properly filter substances(27). In the
hypertensive state, the permeability of glomeruli is increased causing an excess protein
load, creating a toxic environment that promotes tubular damage, inflammation and
scarring(20; 21).

Additionally, renal damage associated with hypertension may also result from
increased activity of intrarenal Ang II. Ang II decreases glomerular filtration, increases
tubular sodium retention and impairs pressure natriuresis(83). An increase in intrarenal
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Ang II contributes to tubulointerstitial inflammation and may be responsible for the
sodium retention that

results

in renal

insufficiency(120).

Treatment

with

antihypertensives, particularly RAS blockade, reduces the risk of renal failure.
Numerous clinical studies show that aggressive blockade of Ang II actions with RAS
blockers (7; 158; 165) has beneficial effects on the prevention of renal events including
emergence of microalbuminuria in patients at risk.

Cardiac Remodeling
Cardiac remodeling is an alteration in the structure (dimensions, shape, mass) and
function of the heart in response to hemodynamic load and/or cardiac injury in
association with neurohormonal activation. Cardiac remodeling may be physiological or
pathological and can be classified as adaptive or maladaptive. Remodeling is often
associated with an increase in myocardial mass but can exist without an apparent change
in the overall mass of the heart. Hypertrophy is described as an increase in cardiac
myocyte size which may occur with or without an increase in the overall myocardial
mass.

Physiological remodeling is characterized as a compensatory change in the
dimensions and function of the heart in response to physiologic stimuli such as exercise
or pregnancy. Pathological remodeling occurs with long-term pressure overload (e.g.
aortic stenosis, hypertension), volume overload or following myocardial injury such as
myocardial infarction. In each setting of pathological hypertrophy, remodeling may
transition from a compensatory process to a maladaptive one. The three patterns of
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cardiac remodeling include concentric LV hypertrophy, concentric LV remodeling and
eccentric LV hypertrophy, as described above.

Structural remodeling of the heart also involves an increase in cardiac fibrosis. In
the face of hypertension, accumulation of collagen appears around intramyocardial
coronary arteries and arterioles, representing perivascular fibrosis, and this fibrillar
collagen extends into the interstitial space, where it is described as interstitial fibrosis.
Reactive fibrosis is distributed throughout the left ventricular free wall and
interventricular septum and often appears in the normotensive, non-hypertrophied right
ventricle. In this process, individual muscle fibers are encircled by thickened collagen
fibers which impair the ability of the muscle to contract and relax.

The vascular compartment of the heart is also remodeled in hypertension. Along
with excess accumulation of collagen around intramyocardial coronary arteries and
arterioles, medial thickening of these vessels also occurs.

Hypertrophy and/or

hyperplasia of VSMCs contribute to medial thickening and may be accompanied by
deposition of ECM proteins (e.g. collagen) that promote vascular remodeling.

The

changes observed in coronary vessel structure reduce the ratio of vessel wall thickness
and diameter of the lumen, compromising the capacity for these vessels to relax.
Functional consequences of the long-term alterations in cardiac structure include
diminished cardiac output and progression to heart failure. The failure of the cardiac
muscle to relax prevents filling leading to diastolic dysfunction and the inability to
contract leads to systolic dysfunction.
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Molecular Mechanisms of Cardiac Remodeling
Cardiac myocytes detect mechanical distortions in the heart through an internal
sensory apparatus which primarily involves integrins.

Integrins are heterodimeric

transmembrane receptors (consisting of α and β subunits) that link the extracellular
matrix to the intracellular cytoskeleton and relay biomechanical stress signals through
activation of associated signaling molecules(218).

Integrin activation can stimulate

downstream signaling effectors like focal adhesion kinase (FAK) and small GTPases like
Rho and Ras. Disruption of these proteins alters cardiac homeostasis and abolishes the
response to myocardial stress; cardiac myocyte deletion of β-integrin in mice resulted in
cardiac pathology, characterized by cardiac fibrosis and depressed left ventricular
contractility and relaxation(218). Proteins that sense mechanical changes are important
in cardiac function and may be linked to cardiac abnormalities.

In addition,

biomechanical stress can also be induced at the cell membrane through the AT 1 receptor.
Activation of this receptor associates directly with Janus kinase-2 and causes
translocation of G proteins to the cytosol, subsequently activating downstream MAP
kinases ERK1/ERK2 which play a prominent role in the development of cardiac
hypertrophy(268).

A number of hormonal mechanisms are implicated in the initiation of cardiac
hypertrophy.

Catecholamines, ET-1 and Ang II are neurohormonal and endocrine

hormones that bind to specific receptors on the cardiac myocyte membrane. Seventransmembrane spanning receptors that couple to heterotrimeric G proteins are
responsible for eliciting the actions of catecholamines, ET-1 and Ang II. These receptors
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are of the Gαq/α11 subclass of G proteins which is coupled to phospholipase Cβ (PLCβ).
Binding of these ligands to their receptors results in the release of diacylglycerol, an
intracellular activator for protein kinase C (PKC)(105). Activation of PLC also leads to
production of inositol-1,4,5-trisphosphate (IP3) that can cause the mobilization of
intracellular Ca2+. Recent data demonstrate that the increase in IP 3 and intracellular Ca2+
modulates signaling pathways that contribute to cardiac hypertrophy(259). Additionally,
activation of Gαq/α11 induces the stimulation of MAP kinases in cardiac myocytes(105).
Further evidence that the Gαq/α11 subunit is important for the induction of cardiac
hypertrophy derives from studies that employ transgenic over-expression of the G protein
in the heart(2; 54; 71). Over-expression of Gαq/α11 resulted in cardiac hypertrophy that
eventually led to heart failure and myocyte apoptosis. Conversely, inhibiting Gαq/α11
decreased the presence of cardiac hypertrophy and reduced MAP kinase signaling(3; 68).
Therefore, treatments that target Gαq/α11 may prove useful in attenuating cardiac
hypertrophy.

MAP kinases (Figure 1) are implicated in the development of cardiac
hypertrophy, particularly the ERK1/ERK2 MAP kinase family that promotes myocyte
hypertrophy. ERK1/ERK2 are activated in cardiac myocytes in response to essentially
all hypertrophic stimuli (e.g. ET-1, Ang II) and inhibition of the cascade suppresses the
hypertrophic response(31). In transgenic mice that express activated cardiac MEK 1, the
kinase upstream of ERK1/ERK2 that activates these kinases, the heart shows cardiacspecific activation of ERK1/ERK2.

These animals develop concentric hypertrophy,

increased heart-to-body weight ratios and very few signs of interstitial fibrosis. This
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phenotype of compensated hypertrophy may not necessarily result in heart failure(31).
However, signaling that activates Ras, the upstream mediator of MEK1/2 activation,
through over-expression of this gene in transgenic mice, results in animals that have
established cardiac dysfunction that results in remodeling and death. The evidence of
fibrosis in these animals may result from Ras-mediated activation of another MAP
kinase, JNK, or through direct activation of phosphatidylinositol 3-kinase (PI3K)(159).

A family of dual-specificity phosphatases (DUSPs), the MAP kinase phosphatases
(MKPs), act as critical counteracting factors that directly regulate the magnitude and
duration of p38, c-Jun N-terminal kinase (JNK), and ERK activation. MKP-1 (DUSP1)
was constitutively expressed in cultured primary cardiomyocytes using adenovirusmediated gene transfer.

Expression of MKP-1 blocked the activation of

ERK1/ERK2(30). Additionally, these authors generated a transgenic mouse expressing
MKP-1 under the control of the α-MHC cardiac specific promoter. Transgenic mice
expressing MKP-1 in the heart showed no activation of ERK1/ERK2 and this was
associated with diminished myocardial growth during development and attenuated
hypertrophy in response to aortic banding or isoproterenol treatment. These results
provide further evidence implicating MAP kinase signaling factors as obligate regulators
of cardiac growth and hypertrophy and demonstrate the importance of dual-specificity
phosphatases as counterbalancing regulatory factors in the heart(30). However, there are
no data in normal animals investigating the role of MKP-1 in balancing actions of Ang II
in the heart.
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The influence of hormones appears to be particularly important in the fibrotic
response. Chronic inappropriate elevations in circulating hormones such as Ang II,
aldosterone and ET-1 together with fibrogenic cytokines such as TGF-β1 contribute to
collagen deposition. In various experimental models of hypertensive heart disease, an
accumulation of collagen results in both interstitial and perivascular fibrosis. In an Ang
II-infusion model of hypertension, Ang II increased interstitial fibrosis that was
attenuated by Ang-(1-7) co-infusion(98). The profibrotic effects of Ang II can also be
observed in isolated adult cardiac fibroblasts, where stimulation of these cells with 100
nM Ang II increased 3H-proline incorporation and up-regulated TGF-β1(115), suggesting
that Ang II promotes cardiac fibroblast growth by increasing fibrogenic cytokines.
Mineralocorticoid excess induced by subcutaneous infusion of aldosterone (0.75 μg/h)
along with 1% NaCl in the drinking water of rats resulted in a significant increase in
interstitial and perivascular fibrosis. Selective antagonism of the ET-1 receptor, ET-1A,
prevented aldosterone-induced cardiac fibrosis, suggesting that ET-1 plays a prominent
role in aldosterone-mediated fibrosis of the heart(172).

Likewise, in isolated adult

cardiac fibroblasts, Ang II significantly up-regulated ET-1 gene expression(115). Growth
factors such as ET-1, Ang II, TGF-β1 and aldosterone all influence remodeling of the
heart while anti-proliferative agents, such as Ang-(1-7), may provide benefit by
counterbalancing the effects of mitogenic compounds that promote cardiac remodeling.
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Figure 1. Mitogen-activated protein kinase pathways
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The Renin-Angiotensin System
Activation of the renin-angiotensin system (RAS) is essential for regulation of
blood volume and control of systemic vascular resistance, influences cardiac output and
modulates arterial pressure. The RAS is involved in the pathological mechanisms of
target organ damage as well as in the induction of hypertension. The substrate of the
RAS pathway (Figure 2), angiotensinogen, an α-glycoprotein, is released from the liver
(152) and is subsequently cleaved by the enzyme renin. Renin is secreted from the
juxtaglomerular cells (JG) of the kidney (102; 176) to form the decapeptide angiotensin I
(Ang I) from angiotensinogen. The decapeptide, Ang I, is hydrolyzed by angiotensin
converting

enzyme

(ACE),

a

membrane-bound

metalloproteinase,

which

is

predominately expressed in high concentrations on endothelial cells in the pulmonary
circulation(49; 50; 252). ACE removes the C-terminal dipeptide to form the octapeptide
Ang II, a biologically active, potent vasoconstrictor.

ACE is not specific for the

hydrolysis of Ang I but also cleaves a number of prominent vasodilators including
bradykinin, lutenizing hormone-releasing hormone, enkephalins, and substance P(38; 58;
224; 225).

Thus, ACE enzymatic activity increases the production of a potent

vasoconstrictor, Ang II, while simultaneously degrading a vasodilator, bradykinin.
Hence, many of the actions mediated by the RAS are associated with increases in
circulating Ang II and often the opposing actions of dilator systems are diminished.

In recent years, the view of the RAS has expanded and our understanding of the
complexity of the system has increased. The catabolism of Ang I serves as a point of
divergence in the system, leading not only to the production of the bioactive peptide Ang
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II, but also to the formation of the active peptide angiotensin-(1-7) [Ang-(1-7)], as shown
in Figure 2.

In addition to the hydrolysis of Ang I, ACE also participates in the

catabolism of Ang-(1-7)(44). ACE2, a newly discovered enzyme of the RAS, shares
42% sequence homology with the catalytic domain of ACE; however, this enzyme
cleaves only a single amino acid from the C-terminus of a number of substrates. As
shown in Figure 2, ACE2 converts Ang I to Ang-(1-9) (63)and Ang II to the vasodilator
Ang-(1-7)(248). Ang II is the preferred substrate for ACE2; the catalytic efficiency of
ACE2 is 400 times higher for Ang II than Ang I(239). The enzymatic properties of
ACE2 along with the physiological effects of Ang-(1-7) illustrate the dual function of the
RAS in which counter-regulatory actions are driven by a balance between ACE and
ACE2.

Ang II mediates its actions through two distinct cell-surface receptors, the
angiotensin type 1 (AT1) and the angiotensin type 2 (AT 2) receptors (Figure 2).
However, the vast majority of the cardiovascular, renal, and adrenal actions of Ang II are
elicited through activation of the AT1 receptor. The AT1 receptor is a member of the
seven transmembrane-spanning, G protein-coupled receptor family(55).

The AT1

receptor is ubiquitously and abundantly distributed in adult tissue including blood
vessels, heart, kidney, adrenal, liver, brain and lung. The classical effects of Ang II, such
as an elevation in blood pressure, vasoconstriction, increases in cardiac contractility,
aldosterone release, facilitation of catecholamine release from nerve endings as well as
renal sodium and water reabsorption, are all mediated by the AT 1 receptor(55).
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Figure 2. The Renin-Angiotensin System
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Although the function of the AT2 receptor still remains obscure, it may play a role in
prenatal development and, in the adult, may counteract AT 1 receptor effects by mediating
vasodilation as well as having anti-proliferative and apoptotic effects(222; 223; 231).
However, it appears that the protective effect that the AT 2 receptor exerts in rodents may
only exist in the presence of AT1 receptor blockade, as reviewed by Carey and
Siragy(39).

The role of Ang-(1-7) in cardiovascular homeostasis is becoming clearer. The
diverse actions of the heptapeptide generally oppose the vasoconstrictor and proliferative
actions of Ang II(75). Initial evidence for the existence of a distinct receptor for Ang-(17) occurred when responses to Ang-(1-7) could not be blocked by AT1 and AT2 receptor
antagonists(29; 183). Subsequent studies examined the binding affinity of Ang-(1-7) in
bovine aortic endothelial cells. In these cells,
the specific binding of

125

125

I-Ang-(1-7) binds with high affinity and

I-Ang-(1-7) was blocked by [Sar1, Ile8]-Ang II and by [D-

Alanine7]-angiotensin-(1-7),[D-Ala7]-Ang-(1-7)], a selective blocker of responses to Ang(1-7), but not AT1 or AT2 receptor antagonists(236). Further investigation provided
evidence that Ang-(1-7) acts through a separate cell-surface receptor, the mas receptor
(207) (Figure 2). The Mas protein is characterized as a G-protein coupled receptor
originally described as a factor involved in tumorigenesis(119). In mas knock-out mice,
Ang-(1-7) binding and functional responses to the heptapeptide were lost.

125

I-Ang-(1-7)

bound with high affinity to mas-transfected COS cells and treatment with Ang-(1-7)
stimulated arachidonic acid release from CHO and COS cells transfected with the mas
receptor. This release of arachidonic acid was blocked by the selective antagonist [D-
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Ala7]-Ang-(1-7)(207). Mas mRNA has been detected in the heart, testis, kidney and
brain (156) and data to date suggest that the functional effect of the RAS depends on a
balance of the actions of Ang II and Ang-(1-7) at their distinct receptors.

Local Renin-Angiotensin Systems
The view of the systemic RAS, which was generated by evidence accumulated
over decades, was significantly expanded by findings that organs and tissues also
contained mRNA encoding various components of the RAS. One key change in the view
of the system was the introduction of the concept of ―local‖ or ―tissue‖ RAS.
Observation of RAS components in unlikely locations, where endocrine actions of the
system could not explain the findings, led to the concept of local RASs(10; 90; 91; 135).
A new hypothesis was formed when tissue-based synthesis of Ang II was discovered and
genes for all the components of the RAS were identified, verifying mRNA expression
and regulation in many tissues(173).

Kidney
The kidney contains all the components of the RAS necessary for the formation of
Ang II independent of the circulating system.

Angiotensinogen and its mRNA are

localized in the proximal tubule cells (96; 112) and these cells also produce renin(108;
157). ACE is located in endothelial cells of the renal vasculature and on proximal tubule
brush border membranes (213) where conversion of Ang I to Ang II occurs in the kidney.
Ang-(1-7) is also found in significant concentrations in renal tissues. Ang-(1-7) in the
brush border membrane of the rat renal cortex is formed through the activity of
endopeptidases, particularly neprilysin(5; 253).

25

High concentrations of Ang II in specific regions and compartments within the
kidney indicate selective local regulation of intrarenal Ang II(110; 167; 168; 175).
Inappropriate activation of the intrarenal RAS is an important contributor to the
pathogenesis of hypertension and renal injury. Intravenous infusion of Ang II decreases
plasma renin activity or secretion and thus serves as a negative feedback loop preventing
further release of renin from the juxtaglomerular apparatus. However, chronic infusion
of Ang II into normotensive rats increases renin mRNA and protein in the collecting
ducts(186). Increases in angiotensinogen in the proximal tubule and renin in the distal
nephron play a crucial role in the sustained high intrarenal levels of Ang II and hence
contribute to the progressive high blood pressure observed in Ang II-dependent
hypertension.

Intrarenal Ang-(1-7) is also important in the regulation of renal function. The
kidney is a key target for the influence of Ang-(1-7) on water and sodium homeostasis.
In sodium-depleted normotensive rats, in hypertensive (mREN2)27 transgenic rats or in
rats with hypertension induced by clipping of the contralateral renal artery, Ang-(1-7)
counteracts the vasoconstrictor actions of the enhanced action of intrarenal Ang II(33).
Thus Ang-(1-7) may serve a renoprotective role in hypertension; however, the
mechanisms that are responsible for the protective effects have not been fully elucidated.

Brain
The blood brain barrier prevents much of the circulating Ang II from reaching the
brain; therefore, Ang II receptors in the brain are not easily accessible by circulating Ang
II. However, a complete RAS exists within the brain that is separate from the peripheral
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system and has all the necessary components required for the formation and metabolism
of the biologically active forms of angiotensin peptides(258). Local synthesis of Ang II
from angiotensinogen by brain-derived renin and ACE is therefore necessary to activate
Ang II receptors in the brain.

The components necessary for the formation of

endogenous Ang II are all present in the brain including angiotensinogen, renin and
ACE(67; 254), suggesting the existence of a local brain RAS.

The central actions of Ang II include an increase in blood pressure, induction of
salt and water intake as well as enhanced secretion of vasopressin. The brain RAS,
however, is not completely independent from the circulating system because Ang II
generated in the periphery can interact with the brain RAS through the circumventricular
organs. Increasing evidences suggests that signals, such as release of vasopressin and
activation of the sympathetic nervous system, from within the blood brain barrier requires
a local brain RAS for transduction of signals through the circumventricular organs. In a
transgenic mouse model where human angiotensinogen expression was restricted to the
brain, increased brain-derived Ang II was associated with an elevation in blood pressure
and increased salt appetite(161; 162). Decreasing the generation of Ang II in the brain
provided further evidence that a local brain RAS is integral in the regulation of
cardiovascular function. Using antisense RNA against angiotensinogen in astrocytes,
transgenic rats exhibited decreased Ang II brain content as well as lower blood pressure,
sympathetic nervous system activity and vasopressin release, and a blunted response to
increases in circulating Ang II(12; 13; 210).
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Other peptides of the RAS are also found in the brain. Aminopeptidases form
Ang III and Ang IV in the brain(135). Cleavage of Ang I by prolyl endopeptidases or by
cleavage of the phenylalanine residue of Ang II yields the neuroactive fragment Ang-(17). Equimolar amounts of Ang-(1-7), Ang II and Ang I are found in the amygdala,
hypothalamus, and medulla oblongata(135).

Ang-(1-7) acts as a natural vasodilator

hormone that counterbalances the hemodynamic actions of Ang II in the brain. The
heptapeptide potentiates bradykinin-induced vasodilation through the release of nitric
oxide and prostaglandins(6), and contributes to blood pressure regulation by blocking
Ang II actions on norepineprhine release centrally(95). Additionally, Ang-(1-7) increases
the excitability of neurons within the vagal-solitary complex(74), in the paraventricular
nucleus (73) and in the hippocampus(106), similar to the actions elicited by Ang II in
these regions. Therefore, the existence and functional relevance of the brain RAS plays a
prominent role centrally in the cardiovascular regulation of this peptide hormone system.

Heart
Local production of Ang II in the heart was observed over 20 years ago(140).
Renin, angiotensinogen and ACE mRNA and protein are also localized in the heart(65).
However, there is not universal agreement that sufficient renin is produced or is even
required for cardiac Ang II production. The uptake of renin from the circulation by the
pro-renin receptor or other renin binding proteins may be responsible for the presence of
renin in the heart where it initiates Ang II generation(177). Mast cells, which invade the
heart after injury such as myocardial infarction, also serve as another source of renin by
carrying and releasing renin from their granules(149). Despite the low expression of
cardiac renin mRNA, renin activity is readily detectable in normal heart(249).
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Unlike renin, the presence of angiotensinogen appears to be through local
synthesis(11; 114; 141; 209). The expression of angiotensinogen under physiological
conditions is low; however, in rats with chronic pressure overload, left ventricular heart
failure due to coronary artery ligation, or following tachypacing, the generation of
angiotensinogen in the myocardium is enhanced(11; 81; 141). Therefore, the synthesis of
angiotensinogen in the local myocardium may become more important during cardiac
hypertrophy and heart failure.

ACE expression in the normal heart of rats and humans is almost exclusively
confined to the endothelial cells of coronary arteries, arterioles and capillaries(70).
However, following cardiac injury due to pressure overload-induced ventricular
hypertrophy or experimental myocardial infarction, ACE expression is not only increased
but can be detected in other cell types as well, including fibroblasts and macrophages(41;
109; 214; 229; 230; 256). The up-regulation of ACE in the left ventricle of a model of
pressure overload hypertrophy resulted in intracardiac conversion of Ang I to Ang II(214;
215). Nevertheless, considerable evidence suggests that non-ACE pathways may be
responsible for the generation of Ang II in the intact heart (111; 245; 257) and chymase
may be the dominant Ang II-generating pathway in the myocardium. In human heart,
chymase-like immunoreactivity was found primarily in the extracellular matrix, with
mast cells, endothelial cells and mesenchymal interstial cells being the site of synthesis
and storage.

However, active secretion of chymase from mast cells appears to be

essential for the conversion of Ang I to Ang II and therefore membrane preparations
which disrupt mast cell granules may provide an enhanced level of chymase-mediated
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Ang I conversion(244). The potential importance of chymase in Ang II generation
remains unclear but the components required for Ang II production are present in the
heart.

The presence and local generation of Ang-(1-7) in the myocardium was first
reported by Santos and colleagues(203). Under basal conditions, immunoreactive Ang(1-7) was detected in the aortic root, coronary sinus and right atrium. Similarly, in
isolated rat heart, extensive metabolism of Ang I was observed following a single pass of
the decapeptide through the coronary bed and this metabolism led to generation of Ang
II, Ang III, Ang IV and Ang-(1-7)(150; 169).

In intact human myocardium, the

formation of Ang-(1-7) in circulation is markedly increased by ACE inhibitor
treatment(267), however ACE inhibitors do not significantly alter Ang-(1-7) generation
in isolated rat heart(169). The ACE homologue, ACE2, which forms Ang-(1-7) from
Ang II, is expressed extensively in the heart and endothelium(248).

ACE2 is an

important regulator of the RAS and plays a prominent role in heart function(34; 51).
Ang-(1-7) and other components of the RAS produced locally in the myocardium suggest
that the heart contains a functional RAS.

Other Tissue RAS
The observation by Ganten and colleagues (89) that splanchnic vessels could
release renin along with later studies that detected angiotensinogen mRNA and protein
and local generation of Ang II (163) in the vessel wall suggested that a local RAS may be
important in the vasculature. Ang II increases vascular tone and blood pressure by direct
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action on AT1 receptors in vascular smooth muscle cells. However, recent evidence
suggests that Ang II-mediated hypertension may be due, in part, to activation of Ang II
receptors on T-cells and other immune cells in the vasculature(101). ACE2, its product
Ang-(1-7), and the mas receptor were detected in the vascular wall(4). In addition, it is
postulated that the pro-renin receptor is responsible for the uptake of renin from the
circulation into the vessel wall(15; 32). Delivery of renin to the vascular wall allows for
initiation of the cascade responsible for the generation of Ang II which results in the
elevation of blood pressure. In contrast, Ang-(1-7) generated in the vessel wall acts at
mas receptors of endothelial cells to improve endothelial function and reduce blood
pressure(200; 260). Thus the ACE2—Ang-(1-7)-–mas axis may act to counter-regulate
the classical RAS in the vessel wall.

Renin protein and mRNA were discovered in the adrenal gland over forty years
ago(88; 197). High amounts of renin are expressed in the adrenal gland during the
embryonic stage and the functions of the adrenal RAS may modulate aldosterone
secretion in conjunction with Ang II circulation(121). The adrenal gland also expresses a
cytoplasmic form of renin called renin A that is believed to remain intracellular(9; 47).
Renin A may be subject to import into the mitochondria; therefore, RAS function may be
important in regulation of the adrenal steroid hormone synthesis. The adrenal RAS may
serve as an amplification for the effects of the circulating RAS on steroidogenesis
because Ang II can induce renin release from adrenocortical cells(178). Therefore, the
adrenal production of Ang II may play a prominent role in the stimulation of aldosterone
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release and consequently may be an essential component in the pathogenesis of many
cardiovascular disorders.

Cardiovascular Regulation by Angiotensin II
Blood Pressure
The RAS, which has endocrine, paracrine and autocrine functions, plays an
important role in regulating physiological processes of the cardiovascular system. The
major effector hormone, Ang II, serves as a critical mediator of organ function through
activation of AT1 receptors in the heart, kidney, adrenal, vasculature and brain. One of
the major effects of Ang II is the regulation of blood pressure. It is well known that Ang
II acts as a vasoconstrictor and that the Ang II-induced vasoconstriction involves multiple
intracellular steps(166).

In many vascular beds, Ang II-mediated responses involve

activation of phospholipase C (PLC) (130) which in turn results in the formation of
inositol trisphosphate (IP3) and diacylglycerol (DAG). Ultimately, activation of this
pathway leads to calcium mobilization and activation of protein kinase C that sets into
motion signaling cascades that lead to vascular constriction(130). The actions of Ang II
in vascular beds are typically abolished by AT 1 receptor blockade (196) suggesting that
Ang II causes vasoconstriction through actions at the AT 1 receptor.

Alteration in the characteristics of the baroreceptor reflex by Ang II is also well
documented(23; 132; 201). The baroreceptor reflex provides a negative feedback loop in
which an elevated blood pressure reflexively leads to a decrease in blood pressure;
similarly, decreased blood pressure leads to a baroreflex-mediated elevation in blood
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pressure. The reflex modulates fluctuations in blood pressure on a minute-to-minute
basis around a set point(181). The nucleus tractus solitarious (NTS), which receives
baroreceptor input, sends excitatory fibers to the caudal ventrolateral medulla (CVLM),
activating the CVLM. The activated CVLM then sends inhibitory signals to the rostral
ventrolateral medulla (RVLM), thus inhibiting the RVLM. The RVLM is the primary
regulator of the sympathetic nervous system, sending excitatory fibers to the
sympathateic preganglionic neurons located in the intermediolateral nucleus of the spinal
cord. Hence, when the baroreceptors are activated by a change in blood pressure, the
input to the NTS initiates an activation or inhibition of the system and blood pressure is
stabilized(181).

Direct injections of Ang II into the NTS significantly depress the

baroreceptor reflex sensitivity for heart rate control at sites both within and outside the
brain(181).

The octapeptide can also contribute to hypertension by resetting the

baroreceptor reflex function to a higher blood pressure in addition to reducing the
sensitivity for baroreflex control of heart rate.

Ang II is a potent vasoconstrictor and contributes to the regulation of renal
hemodynamics, affecting both fluid and electrolyte homeostasis. Evidence from a model
of kidney cross transplantation, a process that allows for separation of AT 1 receptor pools
in the kidney from those in other tissues, reveals that AT1 receptors in the kidney are
responsible for Ang II-mediated hypertension(52). Systemic knockout (KO) of the AT 1
receptor in all sites except the kidney demonstrated that Ang II infusion produced the
hypertensive phenotype by acting only on renal AT 1 receptors. However, KO of kidney
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AT1 receptors, but not systemic AT1 receptors, protected the animals from Ang IIdependent hypertension despite the presence of AT 1 receptors in other key areas(52).
The differences in blood pressure responses of these two types of animals are likely
related to renal sodium handling. Although these data implicate the kidney as a key
organ in the pathogensis of Ang II-induced hypertension, AT1 receptors are also
important in renal development and KO of the receptor may alter the function of the
kidney(255). AT1 receptors in the kidney are located on epithelial cells throughout the
nephron, glomerulus and renal vasculature(92; 104). Activation of the AT1 receptor
affects sodium reabsorption in the proximal tubule, (93; 216), distal tubule and collecting
duct (14; 133; 250) and AT1 receptors on the renal vasculature (196) regulate medullary
blood flow and blunt sodium excretion by the kidney. These studies provide evidence
that Ang II causes hypertension via the AT 1 receptors expressed in the kidney, which,
when activated, result in a reduction in urinary sodium excretion.

Ang II stimulates synthesis and release of aldosterone in the adrenal gland. The
important functions of aldosterone include regulation of extracellular fluid volume by
conservation of body sodium and prevention of excess potassium accumulation(188).
Ang II regulates aldosterone secretion in response to chronic or acute changes in sodium
intake and/or extracellular volume. Long term increases in aldosterone secretion promote
cellular hypertrophy, inflammation, and fibrosis which signal changes in blood pressure
and electrolyte and fluid balance resulting in cardiovascular and renal disease(188).
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Cellular Growth
Long-term stimulation with Ang II promotes many pathological effects including,
hyperplasia and hypertrophy of vascular smooth muscle cells (VSMC), cardiac
hypertrophy and remodeling, and renal fibrosis. Ang II stimulates cell growth through
phosphorylation of tyrosine kinases, activation of mitogen-activated protein (MAP)
kinases, mobilization of intracellular Ca2+ and production of reactive oxygen species
(ROS)(241). Of many growth signaling pathways, the mitogen activated protein (MAP)
kinase pathway is the most well-characterized. In VSMCs, Ang II activates the major
MAP kinases, including extracellular signal-related kinases (ERK) 1/2, p38 MAP kinase,
c-Jun N-terminal kinases (JNK) and ERK5. Augmented activation of these pathways by
Ang II leads to cellular processes that contribute to arterial wall remodeling through
enhanced cell growth, inflammation, fibrosis and constriction(240). In addition, Ang II
also increases production of vasoactive substances and growth factors in hypertension,
such as endothelin-1 (ET-1), platelet derived growth factor (PDGF), transforming growth
factor β1 (TGF-β1), basic fibroblast factor (bFGF) and insulin-like growth factor-1 (IGF1), which elicit actions that promote cell proliferation, protein synthesis and fibrosis,
further contributing to the growth processes in vascular remodeling.

Cardiac myocytes are the major contractile force in the heart and occupy the
majority of the myocardial tissue volume, but account for only one-third of the total
number of cardiac cells. Enlargement of the heart, characterized by thickening of the
vascular wall, is a pathological condition known as cardiac hypertrophy(265). Myocyte
hypertrophy results from an imbalance between the amount of protein synthesis and
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degradation and is accompanied by a change in the expression pattern of intracellular
proteins. Proteins that are normally present during fetal development, such as β-myosin
and α-actin, are expressed in cardiac hypertrophy. Furthermore, immediate early genes,
c-fos, c-myc, and c-jun, are over-expressed in cardiac hypertrophy and cardiac
remodeling(199). These immediate early genes encode nuclear proteins that may alter
the protein expression pattern in cardiac myocytes and be responsible for the decreased
efficiency of myocyte contractility. Ang II induces cardiac hypertrophy by activation of
the AT1 receptor during peptide infusion, independent of its blood pressure-elevating
effects(64), suggesting that Ang II can have direct effects on cardiac structure.

Along with this enlargement in cardiac myocytes, Ang II also shifts the molecular
events and reconstruction of the extracellular matrix (ECM) and microvessel
networks(240).

Ang II contributes to cardiac fibroblast proliferation and collagen

synthesis (126) through the production of several growth factors including TGF-β and
ET-1. The excess accumulation of collagen leads to fibrosis, an important risk factor for
heart failure. In cardiac fibroblasts, Ang II activates ERK1/ERK2 through the Gβγ
subunit of the Gi(269), a process which is different from that observed in cardiac
myocytes.

In vitro studies of cardiac fibroblasts demonstrate that Ang II directly

stimulates fibroblast proliferation, collagen synthesis and expression of ECM proteins
through the AT1 receptor(26; 115). Ang II also regulates cardiac fibroblast function
through induction of TGF-β1, ET-1 and interleukin (IL)-6.

Chronic infusion of

subpressor doses of Ang II into TGF-β1 knockout mice did not produce left ventricular
hypertrophy or fibrosis. The inability of mice with ablated TGF-β1 to produce and
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release TGF-β1 from cardiac fibroblasts clearly demonstrates the importance of this
growth factor in the development of fibrosis. (212)

Effect of RAS Blockade on Cardiac Function
The presence of the components of the RAS in the heart including both the AT 1
and AT2 receptors, was described above. Many of the effects elicited by Ang II through
activation of the AT1 receptor are counterbalanced by the action of Ang-(1-7). The local
cardiac RAS is up-regulated to increase the synthesis of Ang II in cardiac diseases such
as left ventricular hypertrophy, heart failure, coronary artery disease and myocardial
infarction (MI)(66). The use of ACE inhibitors (ACEi) and angiotensin receptor blockers
(ARBs) has provided insight into how the RAS affects cardiac function. Clinical trials
with either ACEi (1; 179) or ARBs (182; 238) show that these agents provide significant
protection and even reversal of heart failure. Studies of left ventricular dysfunction
(SOLVD) studied the effect of an ACEi, enalapril, on total mortality and mortality from
CV causes, development of HF and rate of hospitalizations for HF among patients with
an ejection fraction less than 40%.

Enalapril significantly reduced the rate of HF

hospitalizations and MI, as compared to the rates in the placebo group. In addition
among patients with established HF, enalapril treatment significantly reduced mortality,
but only showed a trend toward fewer deaths due to CV causes among patients with
asymptomatic LV dysfunction(1). A 12-year follow-up of the patients in the SOLVD
trials was established to determine whether the mortality reduction in the treatment was
sustained and whether the reductions in morbidity seen with enalapril would translate into
a significant improvement in survival.

Treatment with enalapril led to a sustained
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improvement in survival beyond the original trial period in patients with LV dysfunction,
with an important increase in life expectancy(122). ARBs are also helpful in reducing
morbidity and mortality associated with heart failure. Patients with established heart
failure and an ejection fraction less than 40% were assigned to losartan or captopril
treatment for 48 weeks. Losartan treatment in these patients was associated with a lower
rate of mortality compared to captopril treatment(182).

In addition, untreated

hypertensive patients with established LVH received the ARB valsartan or the β1
receptor selective antagonist atenolol for 8 months. Treatment with valsartan produced a
greater regression of LVH in previously untreated hypertensive patients compared to
atenolol(238). Thus the beneficial effects of ACEi and ARB treatment extends beyond
the blood pressure lowering effects by reducing the incidence of morbidity and mortality
associated with CV disease.

The cardioprotective effect of Ang II blockade was also demonstrated in various
animal models. For example, the cardioprotective effect of ACEi and ARB treatment
was examined using a model of HF induced by MI in rats. Two months after MI, rats
were treated for 2 months with: vehicle; the ACEi ramipril; or an ARB, L-158809.
Vehicle-treated rats showed a significant increase in left ventricular end-diastolic
(LVEDV) and end-systolic volume (LVESV) as well as interstitial collagen deposition
and cardiomyocyte size, whereas ejection fraction was decreased.

Left ventricular

remodeling and cardiac function were improved by the ACEi and ARB treatment. Both
ACEi and ARB treatment have a cardioprotective effect in this model of HF, which could
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be due to either a direct action on the heart or secondary to altered hemodynamics, or
both(142).

There is emerging evidence that the protective effects of ACEi and ARBS on
cardiac performance may be due, in part, to an elevation in the levels Ang-(1-7). In both
humans and animals, a significant increase in the plasma concentration of Ang-(1-7) is
observed during chronic treatment with ACEi and/or ARBs(116; 146). To determine
whether Ang-(1-7) contributes to the hypotensive effects produced by co-administration
of an ACEi and an ARB, Iyer and colleagues blocked the synthesis of Ang-(1-7)
formation in spontaneously hypertensive rats (SHR) using a neprilysin inhibitor(117).
Inhibition of Ang-(1-7) formation in these rats exposed to combination RAS blockade
was associated with a reversal of the anti-hypertensive actions produced by ACEi and
ARBs, suggesting that Ang-(1-7) plays a prominent role in the anti-hypertensive effects
of these compounds. In a similar study, these authors found that the anti-hypertensive
effects of endogenous Ang-(1-7) during ACEi and ARB treatment was associated with
the release of vasodilatory prostaglandins(118).

RAS blockers also exert an anti-

thrombotic effect through the release of NO and prostacyclin. In a study by Kucharewicz
and colleagues, male Wistar rats were pre-treated with losartan or captopril for 10 days
prior to induction of venous thrombus. The rats received the selective Ang-(1-7) receptor
antagonist [D-Ala7]-Ang-(1-7) infused continuously into the femoral vein beginning 10
minutes prior to venous thrombus induction. Losartan and captopril significantly reduced
venous thrombus weight, an effect that was attenuated the by [D-Ala7]-Ang-(1-7)(131).
Additionally, Ang-(1-7) infusion dose dependently reduced thrombus weight and this
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effect was abolished by concomitant administration of the NO synthase inhibitor (NGnito-L-arginine methyl ester (L-NAME)) and the cyclooxygenase inhibitor indomethacin
(to reduce the production of prostacyclin)(131). The anti-thrombotic effect of RAS
blockers involves Ang-(1-7)-evoked release of NO and prostacyclin. Collectively, these
studies demonstrate that Ang-(1-7) plays a role in the anti-hypertensive and antithrombotic effects of RAS blockade and that release of NO and vasodilatory
prostaglandins may play a role in the protective effects of the heptapeptide.

Collagens are degraded by a family of matrix metalloproteases (MMP) that are
capable of enzymatically digesting a wide variety of ECM. The activity of MMPs are
controlled at the transcriptional level and inhibited by other proteins including tissue
inhibitors of MMPs (TIMPs). Cardiac fibroblasts produce ECM proteins; including
collagen and fibronectin, and MMPs. Disruption of the balance between matrix synthesis
and degradation leads to cardiac remodeling and dysfunction.

Transgenic mice

constitutively expressing human MMP-1 in the heart initially resulted in compensatory
cardiac myocyte hypertrophy with an increase in cardiac collagen concentration.
However, after a year of chronic MMP-1 expression, a loss of interstitial cardiac collagen
was associated with a marked deterioration of systolic and diastolic function,
characteristic of changes observed heart failure(127).

Cardiovascular Regulation by Ang-(1-7)
Ang-(1-7) is a heptapeptide hormone of the RAS, the actions of which were first
discovered in 1988 by Schiavone and colleagues(187). This peptide regulates blood
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pressure(18; 76), cardiac function (56; 145) and cell growth (235) and often opposes
many of the actions of Ang II. Multiple pathways lead to the formation of Ang-(1-7)
(Figure 3) from the precursor peptides Ang I and Ang II. Neprilysin 24.11 (NEP), or
neutral endopeptidase, produces the heptapeptide in the circulation from Ang I(262).
Ang I infusion induced a rapid increase in immunoreactive Ang II and Ang-(1-7);
however, ACEi pretreatment eliminated Ang II formation and augmented circulating
levels of Ang I and Ang-(1-7) in rats and this elevation in Ang-(1-7) levels was blocked
by concurrent treatment with the NEP inhibitor, SCH 39,370(262).

Subsequently,

investigators showed that NEP plays an essential role in activating the anti-proliferative
and anti-hypertensive arm of the RAS(5; 42; 43).

Thimet Oligopeptidase 24.15 (TOP) also generates Ang-(1-7) from Ang I. In the
rat hindlimb, Ang I metabolism to Ang-(1-7) was sensitive to TOP inhibition(42). These
data confirm the ability of TOP to generate Ang-(1-7) from Ang I in the vasculature. The
proline-phenylalanine bond in both Ang II and bradykinin is cleaved by Prolyl
Oligopeptidase (POP) to generate Ang-(1-7)(129; 262).

POP activity was found in

numerous sites, including the brain, heart, kidney, and lung(125). ACE2 is important in
the generation of Ang-(1-7) directly from Ang II. The preferential substrate for ACE2 is
Ang II, with an affinity that is 400 times greater than Ang I(248). Studies using a model
of ACE2 gene deficiency in mice demonstrated that the enzyme is essential for cardiac
function and regulation of Ang II concentration in circulation(51). More recent studies
show that ACE2 is responsible for the metabolism of Ang II to Ang-(1-7) in sheep (219)
and the hypertensive rat heart(242). The discovery of ACE2 defined a pivotal pathway
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for a balance between the proliferative, pressor and anti-proliferative, depressor arms of
the RAS.

The short, seven amino acid peptide, Ang-(1-7), is readily degraded by
peptidases, with a baseline half-life in the circulating peptide of the rat of only about 10
seconds(261). Circulating basal levels of the peptide are in the picomolar range with
hypertensive animals showing higher levels of the peptide in circulation compared to
their normotensive counterparts(261). Plasma clearance of Ang-(1-7) in normotensive
animals is about 6.5 L/min/kg but clearance of the heptapeptide in hypertensive animals
decreases by 40-60%(261), suggesting that the clearance is slowed in hypertensive
animals. ACE is responsible, at least in part, for the metabolism of Ang-(1-7) to the
inactive metabolite Ang-(1-5)(5; 44). RAS blockade in rats increased the levels of Ang(1-7) as much as 25-fold after either ACEi or AT1 receptor blocker treatment(116; 117),
indicating that Ang-(1-7) is elevated when RAS inhibitors are administered.

The inability to completely inhibit the responses of Ang-(1-7) with AT1 or AT2
receptor blockers (29; 183) led to the concept that Ang-(1-7) may elicit its actions
through a distinct receptor.

Replacement of proline at the seventh position of the

heptapeptide with D-alanine, [D-Ala7]-Ang-(1-7), blocks the responses of Ang-(1-7).
VSMC and myocyte cell growth could be inhibited by treatment with Ang-(1-7) and this
inhibition of growth was blocked by [D-Ala7]-Ang-(1-7)(84; 234; 235). In VSMCs, Ang(1-7) inhibited 3H-thymidine incorporation in response to stimulation with various growth
factors and the reduction DNA synthesis by Ang-(1-7) was unaffected by AT1 or AT2
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receptor antagonists(84).

In addition, Ang-(1-7) significantly attenuated mitogen-

stimulated 3H-leucine incorporation into cardiac myocytes and treatment with [D-Ala7]Ang-(1-7) blocked the Ang-(1-7)-mediated reduction in protein synthesis in cardiac
myocytes, while AT1 and AT2 receptor antagonists were ineffective(235). Thus the antiproliferative effects of Ang-(1-7) may be elicited through receptor mechanisms that are
distinct from the classical Ang II receptors.
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Figure 3. Pathways for the formation of Ang-(1-7).
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Santos and colleagues were the first to report that Ang-(1-7) is an endogenous
ligand for the G-protein coupled receptor mas(207). The specific binding of 125I-Ang-(17) in mouse kidney slices was abolished by genetic deletion of mas(207). Furthermore,
125

I-Ang-(1-7) bound with high affinity to mas-transfected COS cells and Ang-(1-7)

treatment elicited arachidonic acid release from CHO cells and COS cells transfected
with the mas receptor. These effects were blocked by the [D-Ala7]-Ang-(1-7)(207). Mas
mRNA was detected in the heart, testis, kidney and brain. Another selective Ang-(1-7)
receptor antagonist, [D-Proline7]-Ang-(1-7), [D-Pro7]-Ang-(1-7), was generated which
also reverses the pressor and anti-diuretic actions associated with Ang-(1-7) without
affecting Ang II or ACE activity(206). Although many of the effects of Ang-(1-7) can be
at least partially attributed to activation of the mas receptor, (220)a recent report provides
evidence for another Ang-(1-7) receptor in aortas of Sprague-Dawley rats that is sensitive
to the Ang-(1-7) antagonist [D-Pro7]-Ang-(1-7) but not to [D-Ala7]-Ang-(1-7). Though
controversial, this report suggests that an additional Ang-(1-7) receptor subtype that is
distinct from receptors inhibited by [D-Ala7]-Ang-(1-7) may also exist.

Vascular Effects
The actions of Ang-(1-7) are diverse and involve effects in the kidney, brain,
vasculature and heart; however, the focus here will be the vasculature and heart. Ang-(17) is formed in the vascular wall from Ang I or Ang II(202; 204). Early reports in pigs
and dogs (29; 183) show that Ang-(1-7) produced endothelium-dependent dilation of
coronary arteries, by releasing nitric oxide (NO) and bradykinin, a response that was not
mediated by AT1 or AT2 receptors. Studies also confirmed that blockade of NO synthase
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activity blunted the Ang-(1-7) vasodilatory response (164) and suggested that release of
NO was essential to the process. Li et al. (139)showed that the vasodilatory effects of
Ang-(1-7) also involved potentiation of bradykinin, since inhibition of ACE activity by
the heptapeptide decreased bradykinin metabolism and further stimulated vasodilation.
Moreover, the potentiation of bradykinin by Ang-(1-7) was significantly attenuated by
indomethacin, suggesting that prostaglandins were involved in this response(174). Ang(1-7) potentiated the hypotensive effect of acetylcholine in the aorta of Wistar rats and
this response was blocked by [D-Ala7]-Ang-(1-7) or L-NAME, indicating that the short
term stimulation of Ang-(1-7) receptors improves endothelial function through
facilitation of NO release(72).

Together, these data demonstrate that Ang-(1-7)

positively modulates vasodilation through release of NO, potentiation of bradykinin and
improvement in endothelial function.

Classic studies by our laboratory were the first demonstration that Ang-(1-7)
inhibited mitogen-stimulated VSMC growth(84; 234). This effect was blocked by the
selective Ang-(1-7) antagonist, [D-Ala7]-Ang-(1-7) or antisense oligonucleotides to the
Ang-(1-7) receptor mas, but not AT1 or AT2 receptor antagonists(84; 234), suggesting
that Ang-(1-7) activates the mas receptor to inhibit vascular growth. The molecular
mechanisms for the Ang-(1-7)-mediated inhibition of vascular growth include the
production of prostacyclin, activation of the cAMP-dependent protein kinase, and
inhibition of ERK1/ERK2 MAP kinase(233). More recent studies in our laboratory
demonstrate that the Ang-(1-7)-mediated reduction in MAP kinase activation was
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blocked by phosphatase inhibitors in VSMCs, suggesting a role for increased phosphatase
activity in the heptapeptide-induced inhibition of cellular growth(86).

Infusion of Ang-(1-7) into carotid artery-injured rats significantly reduced
neointimal formation, with no effect on heart rate or blood pressure, demonstrating that
Ang-(1-7) also inhibits vascular growth in vivo(228). Ang-(1-7) infusion had no effect on
medial area of the injured or uninjured artery compared with saline controls, suggesting
that Ang-(1-7) only inhibits actively dividing cells. Infusion of Ang-(1-7) also reduced
neointimal formation in a rat model of in-stent restenosis(134). Stents were implanted in
the abdominal aorta and rats were simultaneously implanted with osmotic minipumps to
deliver Ang-(1-7) (24 μg/kg/h). After 4 weeks, treatment with Ang-(1-7) significantly
reduced neointimal thickness, neointima area, and percent of restenosis compared to
saline-treated group, along with an attenuation of stent-induced impairment in
endothelium-dependent relaxation. These data demonstrate that Ang-(1-7) may serve as
an alternative to the presently available anti-proliferative drug-eluting stents(134).
In a model of renovascular hypertension, thrombus was induced by vena cava ligation
and infusion of Ang-(1-7) resulted in a reduction in thrombus weight. The effect of Ang(1-7) on thrombus weight was reversed with [D-Ala7]-Ang-(1-7) treatment and
concomitant treatment with L-NAME and indomethacin (to reduce cyclooxygenase
activity and prevent prostacylin production)(131), suggesting that Ang-(1-7) has antithrombotic effects through a mechanism that involves the mas-mediated release of NO
from platelets(82).

Collectively, these studies demonstrate an anti-proliferative and

antithrombotic effect of the heptapeptide in the vascular bed.
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Cardiac Effects
Emerging evidence suggests that Ang-(1-7) plays a significant role in cardiac
function. Intense immunoreactivy of Ang-(1-7) was observed in rat heart, localized to
the myocyte compartment(8), providing one of the first pieces of evidence to suggest a
role for the heptapeptide in cardiac function. These findings correlate with earlier data
showing the presence of Ang-(1-7) in the venous effluent from canine coronary
sinus(203).

In similar studies by Ferreira and colleagues, Ang-(1-7) was protective

against ischemia-induced cardiac dysfunction and ischemia-induced arrhythmias in
isolated rat hearts (78; 79) and this improvement in cardiac arrhythmias was due, in part,
to activation of the sodium pump(56). In SHRs treated with L-NAME, Ang-(1-7) caused
an improvement in cardiac function forty min post-recovery of an ischemic event(19).
Taken together, these results suggest that Ang-(1-7) may play a role in regulation of
cardiac function.

The effect of Ang-(1-7) may also extend beyond an improvement in cardiac
function by protecting the structural integrity of the heart during cardiac hypertrophy and
heart failure. In 2002, Loot and coworkers were the first to demonstrate that chronic
infusion of Ang-(1-7), in a model of coronary artery ligation, attenuated the development
of heart failure and improved endothelial function(144). Ligation of the left coronary
artery in male Sprague Dawley rats induced MI. Two weeks after MI, rats received
intravenous infusion of Ang-(1-7) (24μg/kg/h) or saline, for a period of 8 weeks. MI
resulted in a deterioration of ventricular systolic and diastolic pressure, dp/dt, and
coronary flow. Ang-(1-7) markedly reduced left ventricular end-diastolic pressure and
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preserved endothelial function compared to saline-infused infarcted animals(144). In an
attempt to understand if the actions of Ang-(1-7) in the heart could involve changes in
tissue levels of Ang II, Mendes and coworkers subcutaneously infused Ang-(1-7) (2 μg/h,
6 days) in Wistar rats. Angiotensin peptides were detected by radioimmunoassay in the
plasma, heart and kidney. Chronic Ang-(1-7) infusion markedly reduced Ang II in the
heart, along with a slight decrease of the heptapeptide in cardiac tissue. In addition, a
significant increase in plasma Ang II and Ang-(1-7) was also observed(153). These
authors concluded that the reduction in Ang II in the heart contributed to the beneficial
effects of Ang-(1-7) on cardiac function(153). In an additional study, Ang-(1-7) (100
ng/kg/min) was delivered chronically in a DOCA salt model of hypertension. DOCA-salt
treatment increased blood pressure, cardiac hypertrophy and myocardial and perivascular
fibrosis. Ang-(1-7) prevented collagen deposition in DOCA salt rats without an effect on
cardiac hypertrophy or blood pressure(99).

In a similar study, cardiac remodeling

induced by Ang II-dependent hypertension increased blood pressure, myocyte
hypertrophy and midmyocardial interstitial fibrosis(98).

Co-infusion of Ang-(1-7)

attenuated cardiac myocyte hypertrophy and interstitial fibrosis with no change in blood
pressure. The selective antagonist [D-Ala7]-Ang-(1-7) prevented the Ang-(1-7) mediated
reduction in cardiac remodeling(98); therefore, the heptapeptide demonstrated an antiremodeling effect in cardiac tissue. Moreover, a synthetic analogue to Ang-(1-7), AVE0991, produced a significant decrease in perfusion pressure and an increase in systolic
tension, rate of tension rise and fall (+/-dT/dt), and heart rate, in the isolated hearts of
normal rats. These effects were completely blocked by the perfusion of the hearts with
[D-Ala7]-Ang-(1-7). The nitric oxide synthase inhibitor (NOS) N(G)-nitro-l-arginine
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methyl ester, L-NAME, abolished the AVE-0991-induced vasodilation in isolated hearts
and significantly attenuated the decrease in systolic tension +dT/dt, -dT/dt, and heart rate
induced by myocardial infarction, as well as infarction-induced vasoconstriction. The
infarcted area was significantly decreased with AVE-0991 treatment. Thus, the Ang-(17) mimetic, AVE-0991, produced beneficial effects in isolated perfused rat hearts by
activating a [D-Ala7]-Ang-(1-7)-sensitive Ang-(1-7) receptor and stimulating the release
of NO(77).

Generation of transgenic rats that chronically produce Ang-(1-7), with use of
fusion protein methodology, demonstrated cardioprotective effects elicited by the
heptapeptide(205). Expression of the transgene in these animals was restricted to the
testis, but significant increases in plasma Ang-(1-7) levels were also observed. A small
but significant increase in heart rate and dp/dt was observed in these animals;
nonetheless, they were protected from isoproterenol-induced cardiac hypertrophy, along
with a reduced duration of reperfusion arrhythmias and improved post-ischemic
function(205).

Ang-(1-7) overproduction directed to the heart was achieved by

expressing a fusion protein under the control of mouse α-myosin heavy chain promoter,
resulting in significant tissue-specific production of the peptide in the heart(155). Since
Ang-(1-7) did not alter normal hemodynamic conditions, pressor doses of Ang II were
infused in these animals to determine whether Ang-(1-7) might be cardioprotoective.
Consequently, chronic production of Ang-(1-7) in the heart attenuated the increase in
systolic blood pressure, decreased ventricular weight and cardiac myocyte size, and
reduced cardiac fibrosis in response to Ang II-induced hypertension. The effect of Ang-
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(1-7) on Ang II-induced cardiac remodeling was reflected by molecular changes in ANP,
BNP and TGF-β1 expression, while intracellular changes elicited by the heptapeptide
include modulation of c-Src and p38 kinase(155). Ang-(1-7), both in circulation and at
the tissue level, seems to be protective in the heart.

In an attempt to better understand the mechanisms by which Ang-(1-7) improves
cardiac function, studies were undertaken in isolated cardiac myocytes and fibroblasts.
My mentor demonstrated that Ang-(1-7) inhibits cardiac myocyte growth and this effect
was blocked by [D-Ala7]-Ang-(1-7)(235), suggesting that the response was mediated by a
selective Ang(1-7) receptor. In isolated adult cardiac fibroblasts, Ang-(1-7) had antifibrotic effects that were mediated by the binding of the heptapeptide to a specific
receptor, a non-AT1 or non-AT2 receptor(115).

More recently, Dias-Peixoto et al.

demonstrate that Ang-(1-7) increased NO production through activation of endothelial
nitric oxide synthase (eNOS) and up-regulation of protein kinase B (Akt/PKB) in isolated
myocytes(61). In this same study, NO release was not observed following Ang-(1-7)
treatment in cardiac myocytes isolated from mas-deficient mice and ablation of the mas
receptor alterated caveolin-3, heat shock protein-90 and Akt, proteins involved in eNOS
regulation(61). This suggests that eNOS and its cofactors are essential in the masmediated pathway in cardiac myocytes.

In addition, cardiac myocytes from mas-

deficient mice showed impairment in calcium handling, suggesting a key role for the
Ang-(1-7)/mas receptor axis in the regulation of cardiac myocyte function(61).
Collectively, these studies provide evidence of the cellular actions of Ang-(1-7) that
involve activation of a number of signaling pathways to attenuate the growth of cardiac
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cells and influence cardiac function by modulating cardiac remodeling.

Although

previous studies have demonstrated a beneficial effect of Ang-(1-7) on attenuating
cardiac cell growth both in vitro and in vivo, few studies have elucidated the molecular
mechanisms that account for this reduction in cell growth in the heart. Therefore the
studies outlined here were performed to ascertain the effects of Ang-(1-7) on the
ERK1/ERK2 MAP kinase pathway in cardiac cells.

ACE2 Effects on Cardiac Function
ACE2 preferentially forms Ang-(1-7) from Ang II and key studies to investigate
its functions began with ablation of ACE2. The knockout of ACE2 generated much
controversy; different laboratories created ACE2 knockout models on different mouse
backgrounds which generated mice with different phenotypes(51; 100; 263). However, it
is becoming more widely accepted that the presence of ACE2 is essential for normal
cardiac function. Ishiyama and colleagues showed that heart failure induced by coronary
artery ligation was associated with an increase in plasma Ang-(1-7), an effect augmented
by AT1 receptor blockade.

In addition, AT1 receptor blockade increased cardiac

ACE2(113). In human and rat heart, Ang-(1-7) formation from Ang II was blocked by an
ACE2 specific inhibitor(242; 266), suggesting that the formation of Ang-(1-7) in the
failing heart is likely due to the increase in ACE2(35; 97). Moreover, intracardiac
injection of lentivirus containing ACE2 DNA demonstrated that targeted delivery of
ACE2 to the heart protects cardiac muscle from ischemia-induced injury(59). Fifteen
weeks following intracardiac injection of a lentiviral vector containing ACE2, rats were
subcutaneously infused with Ang II (200 ng/kg/min). Infusion of Ang II significantly
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increased blood pressure, cardiac hypertrophy and myocardial fibrosis in control animals.
However, expression of the ACE2 lentivirus reduced the Ang II-induced cardiac
hypertrophy and myocardial fibrosis, with no effect on the Ang II-mediated increase in
blood pressure(59).

Over-expression of ACE2 prevented cardiac hypertrophy and

fibrosis induced by Ang II. An apparent link between ACE2 and cardiac function has
been established and strategies that target ACE2 may provide innovative methods for
protecting against cardiac remodeling.

Rationale and Hypothesis
The heart is capable of robust growth and remodeling in response to changes in
workload. Long-standing hypertension or myocardial injury can trigger hypertrophic
growth that increases the risk for heart failure(60). Many disease states result in the
progression from hypertrophy to heart failure.

Although there are common clinical

aspects of the syndrome, important differences exist across the spectrum of heart
failure(24; 138). Treatment options for heart failure are limited with much of the current
research focusing on disease-specific mechanisms that will lead to novel therapies to
prevent, halt or reverse the progression of the disorder. Numerous experimental models
of heart failure exist and the emphasis on the role of left ventricular hypertrophic
remodeling has proved to be a clinically relevant target for therapeutic intervention(251).

Myocardial infarction represents a unique model of stress on the heart, achieved
by ligating a coronary artery(180). In this model ligation of the main left coronary artery
results in transmural infarction of the left ventricular free wall. Ligation of the left
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coronary artery yields myocardial infarction of variable size. Development of overt heart
failure occurs 3-6 weeks after surgery in this model, with myocardial damage to 40-50%
of the left ventricle(180).

Rat models of MI have well characterized cardiac,

hemodynamic and neurohormonal alterations such as increases in ventricular filling
pressures, left ventricular dilatation, decreased cardiac index, myocardial necrosis and
apoptosis, as well as activation of various cardiac and circulating peptide systems (e.g.
natriuretic peptides, renin-angiotensin system). The popularity of this model arises from
its ease of use, reproducibility and because this model closely mimics heart-failure
disease progression in humans. However, high mortality, up to 50%, due to surgical
procedure and/or complications of myocardial infarction can be observed in this
model(256). Additionally, infarction size varies depending on the anatomical variability
pattern in different strains of rats, suggesting that comparison among animals may be
difficult. Although MI produces a phenotype of global cardiac remodeling, this model is
best suited to study wound healing, hemodynamic and neurohormonal responses and as a
challenge for genetically modified mice.

Structural changes in cardiac tissue are often due to hemodynamic and humoral
factors, such as Ang II. These changes include left ventricular hypertrophy, coronary
artery thickening as well as perivascular and interstitial fibrosis that are associated with a
decline in cardiac function. Elevated Ang II in vivo promotes cardiac remodeling by
increasing growth of cardiac myocytes and fibroblasts. Increases in Ang-(1-7) in vivo
counterbalance the effects elicited by Ang II. Prolonged exposure of isolated cells to
Ang II and other growth factors results in alterations in signaling pathways, such as MAP
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kinase, which help maintain cellular growth within normal ranges. Ang-(1-7) inhibits the
growth of VSMCs(84; 228), cardiac myocytes(235), fibroblasts (115) and lung cancer
cells (154) in culture through activation of a distinct receptor, mas. In vivo Ang II
infusion in rats induces cardiac hypertrophy through activation of the AT 1 receptor(64),
cardiac fibroblast proliferation and significant scar formation(237). In addition, infusion
of Ang II causes a small gradual increase in blood pressure, elevates left ventricular
mRNA for markers of cardiac remodeling (i.e. skeletal α-actin, β-myosin heavy chain,
ANP and fibronectin) with subsequent increases in TGF-β1 and collagen I and III, which
play a major role in cardiac fibrosis(128). This serves as a relatively effective model of
induction of consistent cardiac remodeling and is suitable for the study of the progression
or regression of left ventricular hypertrophy in the rat.

Extensive myocardial fibrosis develops in patients and animals with hypertension,
which impairs cardiac function, leading to target organ damage.

The growth of

extracellular matrix-producing cells and the balance between collagen synthesis and
degradation are major determinants of fibrous tissue formation in the heart(264).
Myofibroblasts are phenotypically modified fibroblasts which appear in the repairing
heart, including during hypertension, where they play a role in collagen synthesis(185).
By using neonatal cardiac fibroblasts, which have myofibroblast characteristics in
culture, we investigated the potential regulation of stimulated cardiac fibroblast cellular
growth upon treatment with RAS peptides and elucidate the related fibrogenic molecular
events involved in vitro.
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Therefore ,we sought to evaluate the effects of Ang-(1-7) on Ang II-induced
cardiac remodeling in vivo and define the cellular mechanisms and signaling pathways
that may be responsible for the Ang-(1-7)-mediated decrease in cardiac cell growth in
vitr. The following specific aims were proposed:

1) Determine the effects of Ang-(1-7) on cardiac myocyte hypertrophy and fibrosis in
vivo. To determine the effects of Ang-(1-7) on cardiac hypertrophy and fibrosis, we used
an Ang II-dependent model of hypertension to induce cardiac remodeling. In this model,
Ang II was continuously infused (24 µg/kg/h) for 28 days to induce cardiac remodeling,
representing

a

unique

model,

wherein

cardiac

myocyte

hypertrophy,

gene

reprogramming, fibroblast proliferation and subsequent fibrosis contribute to pathological
remodeling. Changes in cardiac structure were evaluated by measuring myocyte cross
sectional area, markers of cardiac hypertrophy, and collagen deposition to demonstrate
that Ang-(1-7) reduces cardiac remodeling elicited by Ang II.

2) Define the mechanisms of action of Ang-(1-7) in the modulation of cardiac myocyte
and fibroblast cell growth in vitro. Cardiac cells were stimulated with serum, Ang II or
endothelin-1 to determine the ability of Ang-(1-7) to alter mitogen stimulated growth.
Reduction in mitogen-stimulated growth was assessed by quantifying protein and DNA
synthesis and collagen production to demonstrate that Ang-(1-7) inhibits hypertrophy and
proliferation of cardiac cells.
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Based upon evidence demonstrating that Ang-(1-7) counterbalances the harmful
effects elicited by Ang II, including Ang II-induced cardiac remodeling, we hypothesized
that Ang-(1-7) will prevent Ang II-mediated increase in cellular markers of cardiac
remodeling and activate opposing signaling pathway promoting cardiac cell health.
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ABSTRACT
Chronic hypertension induces cardiac remodeling, including left ventricular
hypertrophy and fibrosis, through a combination of both hemodynamic (pressure
overload) and humoral [angiotensin II (Ang II)] factors. In previous studies, we showed
that the heptapeptide angiotensin-(1-7) [Ang-(1-7)] prevented the mitogen-stimulated
growth of cardiac myocytes, through a reduction in activity of the mitogen-activated
protein (MAP) kinases ERK1 and ERK2 in vitro. In this study, control or Ang II-infused
rats were treated with Ang-(1-7) to determine whether the heptapeptide reduces myocyte
hypertrophy and to establish signaling pathways that may be involved in vivo. Ang II
infusion into Sprague-Dawley rats increased systolic blood pressure > 50 mm Hg, in
association with elevations in myocyte cross-sectional area and ventricular atrial
natriuretic peptide (ANP) and brain natriuretric peptide (BNP) mRNAs.

Although

infusion with Ang-(1-7) had no effect on the Ang II-stimulated elevation in systolic blood
pressure, the heptapeptide significantly reduced the Ang II-mediated increase in myocyte
cross-sectional area and the natriuretic peptide mRNAs. Ang II increased the autophosphorylation of ERK1 and ERK2, while co-treatment with Ang-(1-7) reduced the
activation of both MAP kinases.

Neither Ang II nor Ang-(1-7) altered the total

concentration of the ERK1/ERK2 kinase, MEK1/2. However, Ang-(1-7) infusion, with
or without Ang II, increased the MAP kinase phosphatase DUSP1, while treatment with
Ang II had no effect, indicating that Ang-(1-7) treatment is associated with up-regulation
of DUSP1, as a possible mechanism to prevent the Ang II-stimulated ERK activation.
These results suggest that Ang-(1-7) attenuates cardiac myocyte hypertrophy associated
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with chronic elevations in blood pressure and the mechanisms identified may serve as a
novel cardioprotective target in hypertension.
Key Words:

angiotensin II, angiotensin-(1-7), cardiac hypertrophy, MAP kinases,

DUSP1
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INTRODUCTION
The renin-angiotensin system (RAS) plays a critical role in the regulation of blood
pressure.

Angiotensin II (Ang II) is a potent vasoconstrictor, stimulates thirst and

increases aldosterone release, and inhibition of its production or effect with the use of
angiotensin-converting enzyme (ACE) inhibitors or Ang II type I receptor antagonists
reduces mean arterial pressure(9). In addition to these systemic actions, Ang II exerts
direct trophic actions within the heart, stimulating both cardiac myocyte hypertrophy and
fibroblast proliferation and contributing to pathological cardiac remodeling in
hypertension.

Angiotensin-(1-7) [Ang-(1-7)] is an endogenous peptide hormone that produces
unique physiological responses that are often opposite to those of Ang II. In addition to
participating in the anti-hypertensive responses to ACE inhibition or AT 1 receptor
blockade (19; 20) and reducing vascular growth in vitro and in vivo(12; 30; 32), Ang-(17) also can be generated directly in the heart. Previous reports demonstrate the presence
of Ang-(1-7) in the venous effluent from the canine coronary sinus (28) and the
production of Ang-(1-7) from Ang I and Ang II in the interstitial fluid collected from
microdialysis probes placed in canine left ventricles(35).

Intense Ang-(1-7)

immunoreactivity was identified in rat hearts following coronary artery occlusion,
primarily in association with myocytes and in regions surrounding the ischemic zone,
suggesting a role for the heptapeptide in cardiac remodeling(2). Subsequent studies
revealed a cardioprotective role for Ang-(1-7), as the heptapeptide reduced the incidence
and duration of reperfusion arrythmias(10; 11), improved post-ischemic cardiac function

109

of transgenic rats with elevated Ang-(1-7) due to expression of an Ang-(1-7)-producing
fusion protein(29), and activated the sodium ATPase to hyperpolarize heart cells and reestablish impulse conduction following ischemia-reperfusion(7). These studies suggest
that the heptapeptide plays a role in cardiac regulation.

Ang-(1-7) also reduced the growth of cardiomyocytes. Loot and colleagues (22)
demonstrated that an 8-week infusion of Ang-(1-7) following coronary artery ligation
prevented the deterioration of cardiac function with an associated decrease in myocyte
cross-sectional area. Ang-(1-7) also attenuated cardiac hypertrophy following Ang II
infusion, in DOCA-salt hypertensive rats, or in transgenic rats containing an Ang-(1-7)fusion protein(14; 15; 24). Previous findings from our laboratory demonstrated that
cultured cardiac myocytes contain the Ang-(1-7) receptor mas which mediates the
heptapeptide-induced reduction in mitogen-stimulated 3H-leucine incorporation into
newly synthesized protein. The decrease in myocyte protein synthesis was associated
with an Ang-(1-7)-mediated reduction in activity of the MAP kinases ERK1/ERK2, and
these effects were blocked by either an Ang-(1-7) receptor antagonist or antisense
oligonucleotides to mas(33). These results suggest that Ang-(1-7) acts to affect cardiac
structure.

In the current study, we infused normotensive Sprague-Dawley rats with Ang II,
to increase blood pressure and induce cardiac hypertrophy, and co-infused with Ang-(17) to determine the effect of the heptapeptide on myocyte size and cardiac hypertrophy.
Based on previous in vitro and in vivo studies, we hypothesized that Ang-(1-7) would
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attenuate an Ang II-mediated increase in cardiac myocyte hypertrophy that was
associated with an alteration in ERK MAP kinase activation.
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MATERIALS AND METHODS
Animals. Male Sprague-Dawley rats weighing 270-300 g were obtained from Charles
River Laboratories (Raleigh, NC). All animals were housed in standard shoebox cages
and maintained on a 12-h:12-h light-dark cycle with free access to standard rat chow and
water. All procedures were approved by the Wake Forest University Institutional Animal
Care and Use Committee.

Materials. The peptides Ang II and Ang-(1-7) were obtained from Bachem California
(Torrance, CA). Phospho-specific antibodies against ERK1/ERK2 and antibodies against
MEK1/2 and ERK2 were obtained from Cell Signaling (Cambridge, MA); an antibody
against the dual-specificity phosphatase DUSP1 (MKP-1) was obtained from Upstate
(Lake Placid, NY). All other reagents were purchased from Sigma Chemical (St. Louis,
MO) unless otherwise noted.

Ang II infusion model. Hypertension and cardiac remodeling were induced by chronic
subcutaneous infusion of Ang II (24 µg/kg/h or 400 ng/kg/min) delivered for 4 weeks by
osmotic minipump (model 2ML4, Alzet, Cupertino, CA).

Pumps were implanted

subcutaneously on the back of the rats between the shoulder blades, while animals were
anesthetized by inhalation of 3% isofluorane. Osmotic minipumps contained either 0.9%
Saline, Ang II (24 µg/kg/h), Ang-(1-7) (24 µg/kg/h) or a combination of Ang-(1-7) and
Ang II (both at a dose of 24 µg/kg/h). Animals were allowed to recover for 2 days before
blood pressure was measured.
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Indirect blood pressure.

Indirect blood pressure was recorded weekly by tail-cuff

plesthymography. Each rat was warmed by a 200-W heating lamp for 5 min prior to
restraint in a heated metal box to which the animal was previously conditioned during a
period of 3-5 days. A sensor assembly with a photodiode and integrated circuit was used
to detect blood flow through the tail. The LED assembly contained a bright red LED for
illuminating the tail to detect blood pulse.

The specimen platform electronics

incorporated a 12 bit A/D converter with a signal resolution of +/- 2048 values for each
sample (model SC100, Hatteras Instruments, Cary, NC). At least three to five separate
measurements of blood pressure were averaged from each animal on the day of
recording. All pressures were recorded at the same time of day, by the same individual.

Plasma hormone assay. Following 4 weeks of treatment, the animals were anesthetized
by isofluorane inhalation (3%) and sacrificed by decapitation. Trunk blood was collected
in pre-chilled tubes containing peptidase inhibitors (25 mM EDTA, 0.44 mM ophenantholine, 1 mM 4-chloromercuribenzoic acid (PCMB), 0.12 mM pepstatin A, and 3
µM acetyl-His-Pro-Phe-Val-statine-Leu-Phe). The immunoreactive plasma concentration
of Ang II and Ang-(1-7) were measured by radioimmunoassay (RIA), as previously
described(21).

The assays were conducted in the Radioimmunoassay Core of the

Hypertension and Vascular Research Center at Wake Forest University School of
Medicine.

Cardiac remodeling. Hearts were removed by blunt dissection; atria were separated from
ventricles and discarded subsequently heart ventricles (including both left and right
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ventricules as well as interventricular septum) were weighed. Sections of ventricular
tissue were immediately frozen in liquid nitrogen for RNA and protein isolation; or fixed
in 4% paraformaldehyde, embedded in paraffin, sectioned at 5 µm, and stained with
hematoxylin-eosin for cell morphology. Myocyte cross-sectional area was determined at
X200 magnification using Simple PCI software.

Quantification of myocyte cross-

sectional area was carried out by two individuals who were blinded to the treatments.
Each observer traced the borders of approximately 20 cardiac myocytes in a minimum of
five (to eight) separate images from different (non-overlapping) regions of the left
ventricle free wall. The results from each animal were averaged for statistical analysis.

RNA isolation and reverse transcriptase real-time polymerase chain reaction (RT realtime PCR). RNA was isolated from the left ventricle of each rat heart using TRIzol
reagent (GIBCO Invitrogen, Carlsbad, CA) as directed by the manufacturer. The RNA
was incubated with RQ1 DNase (Promega, Madison, WI) to eliminate any residual DNA
that would amplify during PCR. The RNA concentration and integrity were assessed
with an Agilent 2100 Bioanalyzer with an RNA 6000 Nano LabChip (Agilent
Technologies, Palo Alto, CA). Approximately 1 µg of total RNA was reverse transcribed
using avian myeloblastosis virus RT in a 20 µL reaction mixture containing
deoxyribonucleotides, random hexamers, and RNase inhibitor in the RT buffer. The RT
reaction product was heated at 95ºC to terminate the reaction. For real-time PCR, 2 µL
of the resultant cDNA were added to TaqMan Universal PCR Master Mix (Applied
Biosystems, Foster City, CA) with the atrial natriuretic peptide (ANP)-specific, brain
natriueretic peptide (BNP)-specific and MEK1/2 specific primer/probe sets, and
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amplification was performed on an ABI 7000 Sequence Detection System. The mixtures
were heated at 50ºC for 2 min and at 95ºC for 10 min followed by 40 cycles at 95ºC for
15 s and 60ºC for 1 min. All reactions were performed in triplicate, and 18S ribosomal
RNA, amplified using the TaqMan Ribosomal RNA control kit (Applied Biosystems),
served as an internal control. The results were quantified as Ct values, where Ct is
defined as the threshold cycle of PCR at which the amplified product is first detected and
the values are expressed as the ratio of target to control.

Western blot hybridization. Tissue from the left ventricle (~1 to 2 mm2 in size) was
sonicated in Triton lysis buffer with protease inhibitors (100 mM NaCl, 50 mM NaF, and
5 mM EDTA, 1% Triton X-100, and 50 mM Tris-HCl, pH 7.4 containing 0.01 mM
NaVO4, 0.1 mM PMSF, and 0.6 µM leupeptin). Protein concentration was measured by
a modification of the Lowry method(23). Solubilized proteins (25

g per well) from

saline, Ang II, Ang-(1-7) and Ang II/Ang-(1-7) treated animals were separated by SDSPAGE and transferred to polyvinyl membranes (Amersham Pharmacia, Piscataway, NJ).
Nonspecific binding was blocked by 5% Blotto (5% dry milk, 0.1% Triton X-100) in
TBS [50 mM Tris-HCl, pH 7.4, 50 mM NaCl]. The membranes were incubated with a
phospho-ERK1/ERK2 antibody (1:1,000), a MEK1/2 antibody (1:1,000) or a DUSP1
(MKP-1) antibody (1:1,000) followed by a goat anti-rabbit antibody (1:1,000;
Amersham, Piscataway, NJ) coupled to horseradish peroxidase.

Chemiluminescence

reagents were added to visualize the immunoreactive bands, which were quantified by
densitometry. An antibody to β-actin (Sigma, St. Louis, MO) or total ERK served as the
loading control.
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Statistics. All data are presented as means ± SEM. Statistical differences were evaluated
by ANOVA followed by Dunnett’s post hoc test. The criterion for statistical significance
was set at p < 0.05.

RESULTS
Reduction in Ang II-Induced Cardiac Hypertrophy by Treatment with Ang-(1-7)
Rats were treated with saline or Ang II (24

g/kg/h) for 28 days, using a

subcutaneously implanted osmotic minipump, to increase blood pressure and induce
cardiac myocyte hypertrophy. An additional group of rats was co-infused with a similar
dose of Ang-(1-7), to determine the effect of the heptapeptide on the changes mediated
by Ang II. A fourth group of rats was treated with Ang-(1-7) alone, at the same dose, to
determine direct effects of the heptapeptide.

Blood pressure was measured weekly by tail-cuff plesthymography. There was
no difference in the systolic blood pressures between the four groups of rats prior to the
initiation of treatment. Chronic infusion of Ang II caused a significant increase in
systolic blood pressure, which was not changed by co-infusion of Ang-(1-7), as shown in
Figure 1. The marked increase in systolic blood pressure by Ang II infusion, in the
presence or absence of Ang-(1-7), was observed one week after initiation of the study
(155 ± 6 and 156 ± 5, respectively, p < 0.001, compared to 122 ± 5 mm Hg in the
presence of saline alone, on day 7) and remained elevated until the end of the study (174
± 6 and 168 ± 8, respectively, p < 0.001, compared to 125 ± 4 mm Hg, day 28). Infusion
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of Ang-(1-7) alone had no effect on systolic blood pressure compared to saline-infused
animals (127 ± 4 mm Hg, at the end of 4 weeks of treatment).

Following the twenty-eight day infusion of saline or angiotensin peptides, rats
were anesthetized and trunk blood was collected to assess plasma peptide concentrations.
Infusion of Ang II, alone or in the presence of Ang-(1-7), resulted in higher levels of
circulating Ang II compared to saline-infused animals as shown in Table I. Plasma Ang
II levels were similar for rats infused with Ang-(1-7) compared to infusion with saline.
Animals infused with Ang II in the presence or absence of Ang-(1-7) had higher levels of
circulating Ang-(1-7).

The left and right ventricles were weighed and wet heart weight was recorded and
normalized to body mass to determine the presence of cardiac hypertrophy. Body weight
tended to be reduced in rats treated with Ang II, as shown in Table I; however, the
differences were not statistically different with any of the treatments (p = 0.07).
Additionally, ventricular weights were similar among all groups. In animals infused with
Ang II, the calculated heart weight to body weight ratio was significantly higher than
saline infused controls and a similar effect was observed in animals co-infused with Ang
II and Ang-(1-7), as shown in Table I. However, the calculated heart weight to body
weight ratio in animals infused with Ang-(1-7) alone was not different from control.
These data show that Ang II infusion increased the heart weight to body weight ratio; in
part as a result of decreased body weight. Co-infusion with Ang-(1-7) did not prevent
this increase in the ratio, nor did it alter the trend for lower body weight precluding
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conclusions about whether the heptapeptide reduces any Ang II-mediated increase in
heart mass in this model of Ang II-dependent hypertension.

Cross-sections of the left ventricles were examined at a magnification of X400 to
measure mean cross-sectional area (MCSA). The average MCSA of myocytes in rats
infused with saline was 374.4 µm2. Infusion with Ang II increased the average myocyte
MCSA to 588.6 µm2, a 33% increase compared to myocytes from the control animals (p
< 0.001).

Co-infusion with Ang-(1-7) significantly attenuated the Ang II-mediated

increase in MCSA to 469.9 µm2 (p < 0.001), as shown in Figure 2. In contrast, the
MCSA of myocytes from the left ventricle of rats infused with Ang-(1-7) alone was not
different than those infused with saline. These results show that Ang-(1-7) attenuated the
increase in myocyte cross-sectional area in response to treatment with Ang II and
suggests that treatment with the heptapeptide reduced cardiac myocyte growth.

The expression of ANP and BNP mRNAs, as markers of left ventricular
hypertrophy, was measured by RT real-time PCR, to further demonstrate the role of
angiotensin peptides in cardiac hypertrophy and remodeling.

Infusion of Ang II

markedly increased ANP relative gene expression compared to hearts of animals infused
with saline, as shown in Panel A of Figure 3. Cardiac BNP mRNA was similarly
increased by infusion with Ang II, as shown in Panel B of Figure 3. Concomitant
treatment with Ang-(1-7) significantly attenuated the increase in both ANP and BNP
mRNA compared to infusion with Ang II alone. Treatment with Ang-(1-7) alone had no
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significant effect on relative ANP or BNP mRNA in vivo, compared to expression in rats
infused with saline.

Ang-(1-7) Up-regulates the Dual Specificity Phosphatase DUSP1 in Association with
an Ang II-mediated Auto-phosphorylation and Activation of ERK1/ERK2
Auto-phosphorylation and activation of the MAP kinases ERK1 and ERK2,
through agonist-mediated stimulation of MAP kinase kinase MEK, is a major signaling
pathway activated by Ang II to regulate gene transcription in cardiac myocytes(1; 26).
Ang II infusion significantly increased auto-phosphorylation of ERK1 and ERK2 in the
left ventricle when compared to saline-infused animals, as shown in Figure 4. Infusion
with Ang-(1-7) and Ang II resulted in a significant decrease in ERK2 phosphorylation.
Cardiac phospho-ERK1/ERK2 in rats infused with Ang-(1-7) alone was not different
from saline-infused animals. The Ang-(1-7)-mediated reduction in Ang II-stimulated
phospho-ERK1/ERK2, which is associated with stimulated growth of cardiac myocytes,
suggests that the heptapeptide attenuates cardiac myocyte hypertrophy by inhibiting MAP
kinase activity.

ERK1 and ERK2 are phosphorylated and activated by the MAP kinase kinase,
MEK1/MEK2. Total MEK1/2 mRNA and protein in the left ventricles of rats infused
with saline or angiotensin peptides were measured by RT real-time PCR and Western
blot hybridization, to determine whether reduction in ERK1/ERK2 activity was due to a
decrease in total MEK. None of the treatments significantly altered MEK1/2 relative
gene expression, as shown in Panel A of Figure 5. Similarly, neither Ang II nor Ang-(1-
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7) altered the amount of immunoreactive MEK1/2. This suggests that Ang-(1-7) inhibits
the activation of ERK1 and ERK2 through a mechanism that does not include a reduction
in total MEK1/2 expression.

Since ERK1/ERK2 are activated by phosphorylation on both tyrosine and
threonine residues, their activities are inactivated by dephosphorylation by protein
phosphatases, either a tyrosine-specific and serine/threonine-specific phosphatase or one
of the family of dual-specificity phosphatases(25).

Dual specificity phosphatase 1

(DUSP1), also known as MAP kinase phosphatase 1 or MKP1, is expressed in the heart
where it inactivates ERK1/2(5). DUSP1 in the left ventricles of rats treated with saline or
angiotensin peptides was measured by Western blot hybridization, to determine whether
Ang-(1-7) up-regulates DUSP1 to reduce ERK1/ERK2 activities. Treatment of rats with
Ang-(1-7) significantly increased DUSP1 immunoreactivity in the heart compared to
animals treated with saline, as shown in Figure 6.

A similar increase in DUSP1

immunoreactivity was observed in rats co-infused with Ang II and Ang-(1-7); however,
infusion of rats with Ang II had no effect on DUSP1 in the rat heart.

DISCUSSION
As expected, 4-week infusion of Ang II into normotensive Sprague-Dawley rats
elevated blood pressure and caused cardiac myocyte hypertrophy, as demonstrated by a
significant increase in the cross-sectional area of cardiomyocytes and an up-regulation of
the mRNA for the hypertrophic markers ANP and BNP. In contrast, co-infusion with the
heptapeptide Ang-(1-7) significantly reduced the Ang II-induced increase in myocyte size
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and prevented the increase in natriuretic peptide mRNA levels. These results suggest that
Ang-(1-7) inhibits the stimulated growth of cardiac myocytes in vivo, in agreement with
previous studies showing that the heptapeptide reduced the serum-stimulated growth of
cultured neonatal cardiac myocytes (33) and decreased myocyte cross-sectional area in
the left ventricle of rats treated with the heptapeptide for 8 weeks following coronary
artery ligation(22). In contrast, there was no effect of Ang-(1-7) infusion on the Ang IImediated increase in heart weight to body weight ratio; however the trend for lower body
weight in Ang II infused animals, a common finding in this model of hypertension(6; 8),
may obscure an effect of Ang-(1-7). However, the observed decrease in cardiac myoycte
cross-sectional area with co-infusion of Ang-(1-7) and Ang II, along with a reduction in
the markers of cardiac hypertrophy (ANP and BNP), suggests that Ang-(1-7) reduces
cardiac myocyte hypertrophy in vivo.

Ang II caused a significant increase in blood pressure, from an initial pressure of
119 mm Hg in the Ang II-treated rats to 174 mm Hg following four weeks of peptide
infusion. In contrast, infusion with Ang-(1-7) alone had no effect on blood pressure.
Further, co-infusion of Ang-(1-7) with Ang II did not reduce the Ang II-mediated
increase in blood pressure. This suggests that the Ang-(1-7)-mediated attenuation of
cardiac hypertrophy results from a humoral, rather than a hemodynamic etiology.
Previous studies showed that infusion of Ang II significantly increased systolic blood
pressure(14; 24); co-infusion of Ang-(1-7) with Ang II did not alter the increase in blood
pressure in normotensive rat strains(3; 14). This suggests that the reduction in cardiac
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hypertrophy observed in rats co-infused with Ang II and Ang-(1-7) was pressure
independent and was due to direct effects of the heptapeptide on the myocardium.

We observed a significant increase in circulating levels of both Ang II and Ang(1-7) in animals infused with Ang II alone or in combination with Ang-(1-7).
Conversely, we did not detect elevation in circulating Ang-(1-7) in rats infused with Ang(1-7) alone, suggesting that the elevation in circulating Ang-(1-7) observed with Ang II
infusion may result from the metabolism of Ang II to Ang-(1-7) by ACE2. Trask and
colleagues demonstrated that the ACE2 inhibitor MLN-4760 significantly reduced Ang(1-7) production in the cardiac effluent of mRen2(27) transgenic rats, suggesting that
ACE2 is responsible for the conversion of Ang II to Ang-(1-7) in the hypertrophic hearts
of hypertensive mRen2(27) rats(34). In this model, exogenous Ang II may be converted
to Ang-(1-7), contributing to the elevated levels of plasma Ang-(1-7). Although we did
not observe a significant elevation in Ang-(1-7) levels in animals infused with Ang-(1-7)
the reduction in Ang II-mediated cardiac remodeling are likely the result of the actions
Ang-(1-7) since these effects can be blocked by the competitive antagonist D-Ala-Ang(1-7)(14).

Ang II treatment increased expression of the hypertrophic markers ANP and BNP,
in association with an increase in myocyte cross-sectional area. In contrast, infusion of
Ang-(1-7) significantly reduced myocyte cross-sectional area and both ANP and BNP in
rats co-infused with Ang II. The reduction in cardiac myocyte size correlates with
previous studies showing that Ang-(1-7) administration reduces cardiac myocyte cell
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growth in vivo (14; 15; 22) and in vitro(33). In addition to serving as a marker of cardiac
hypertrophy, ANP may act as a negative regulator of left ventricular hypertrophy, since it
is an early response gene up-regulated in the hypertrophied heart and inhibits the growth
of cardiac myocytes(17). In vitro, conditioned media from Ang II-stimulated cardiac
fibroblasts significantly induced ANP gene expression in cardiac myocytes; however,
pretreatment of cardiac fibroblasts with Ang-(1-7) significantly attenuated the Ang IIstimulated hypertrophic response(18). Collectively, these studies support the hypothesis
that Ang-(1-7) protects the heart from cardiac myocyte hypertrophy and secondarily
reduces both ANP and BNP.

Treatment of rats with Ang II caused a significant increase in the autophosphorylation and activation of the MAP kinases ERK1 and ERK2, compared to rats
treated with saline.

MAP kinases are implicated in cellular growth of many cells

including cardiac myocytes(5; 33). Ang II induces cardiac hypertrophy and its effects
involve activation of the ERK1/ERK2 MAP kinase pathway.

In isolated cardiac

myocytes, Ang II activates ERK1/ERK2 MAP kinases(1; 33). In human endothelial
cells, Ang II increased phosphorylation of ERK1/ERK2 suggesting that Ang II promotes
endothelial cell growth by increasing kinase activities(27). The angiotensin peptides had
no effect on total MEK1/2 indicating that the decrease in ERK activity is not due to
down-regulation of the MAP kinase kinases which phosphorylate and activate
ERK1/ERK2. Although Ang-(1-7) alone had no effect of ERK1/ERK2, co-infusion of
the heptapeptide with Ang II significantly reduced Ang II-stimulated ERK1/ERK2
activities. We previously reported that Ang-(1-7) inhibits mitogen-stimulation of ERK1
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and ERK 2 in isolated vascular smooth muscle cells (VSMCs) (31)and in cultured
neonatal cardiac myocytes(33).

Since ERK1 and ERK2 promote the growth of

cardiomyocytes, these results suggest that Ang-(1-7) plays a protective role in
hypertensive cardiac remodeling by attenuating growth promoting signaling pathways in
the heart.

The Ang-(1-7)-mediated inhibition of MAP kinase signaling in VSMCs was
prevented by pretreatment with either a serine/threonine or tyrosine phosphatase
inhibitor, suggesting that Ang-(1-7) up-regulates a protein phosphatase to inhibit
ERK1/ERK2 activities(13). In response to MAP kinase activation, the family of dual
specificity phosphatases are transcriptionally induced to dephosphorylate and inactivate
p38, JNK and ERK MAP kinases(16). DUSP1, also known as MAP kinase phosphatase1 (MKP-1), is an important member of this family of phosphatases; in the heart, it
regulates inactivation of nuclear p38 and JNK as well as ERK1/ERK2(4). The MAP
kinase phosphatase DUSP1 was increased in the left ventricles of rats treated with Ang(1-7), alone or in the presence of Ang II, suggesting that Ang-(1-7) up-regulates DUSP1.
In cultured cardiac myocytes in which DUSP1 was constitutively expressed, the
activation of p38, JNK and ERK1/ERK2 was blocked and catecholamine-induced cardiac
hypertrophy was attenuated(4). In addition, transgenic mice with constitutive expression
of physiological levels of MKP-1 in the heart showed no activation in cardiac p38, JNK
or ERK1/ERK2, while hypertrophy in response to aortic banding or catecholamine
infusion was attenuated, demonstrating that dual specificity phosphatases, particularly
DUSP1, are important in counterbalancing regulatory MAP kinases in the heart(4).
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These results suggest that Ang-(1-7) up-regulates the dual specificity phosphatase,
DUSP1, and this phosphatase may contribute to the attenuation of cardiac myocyte
hypertrophy in vivo.

In conclusion, we show that Ang-(1-7) prevents cardiac myocyte hypertrophy
through inhibition of the ERK1/ERK2 MAP kinase pathway and an up-regulation in
DUSP-1. The protective effect of Ang-(1-7) was not accompanied by lower blood
pressure supporting the hypothesis that the actions of Ang-(1-7) are mediated through
direct effects on cardiac myocytes. Various intracellular signaling pathways are involved
in the regulation of cardiac hypertrophy; however, activation of MAP kinases is a central
pathway necessary for initiation and maintenance of cardiac hypertrophy. Thus MAP
kinases or MAP kinase phosphatases are ideal pharmacological targets to treat
maladaptive cardiac myocyte hypertrophy of numerous origins.

Collectively, these

results suggest that Ang-(1-7) plays a cardioprotective role in hypertension. Strategies to
increase Ang-(1-7) are effective in the treatment of hypertensive heart disease and the
cellular mechanisms implicated here may contribute to the protective effects of the
heptapeptide.
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FIGURE LEGENDS
Figure 1. Effects of angiotensin peptides on systolic blood pressure. Tail-cuff blood
pressure was determined weekly in rats treated with saline, Ang II, Ang-(1-7) [A7] or a
combination of Ang II and Ang-(1-7), as indicated. Values are means ± SE. n = 6, *
denotes p < 0.05 compared to saline; *** denotes p < 0.001 compared to saline.

Figure 2. Effect of angiotensin peptides on myocyte cross-sectional area. Panel A.
Hemotoxylin-eosin stained sections were used to evaluate myocyte cross sectional area
(MCSA) in rats treated with saline, Ang II, Ang-(1-7) [A7] or a combination of Ang II
and Ang-(1-7), as indicated. (X400 magnification) Panel B. MCSA was determined
using the Simple PCI program in 100-140 individual cardiac myocytes within the left
ventricular free wall of five to six sections per animal in each treatment group. ***
denotes p < 0.001 compared to rats infused with saline and # denotes p < 0.01 compared
to rats treated with Ang II.

Figure 3. Angiotensin peptides alter atrial natriuretic peptide (ANP) and brain
natriuretic peptide (BNP) in the rat hearts. Total RNA was isolated from the left
ventricles of rats treated with saline, Ang II, Ang-(1-7) [A7], or a combination of Ang II
and Ang-(1-7), as indicated, and subjected to RT real time- PCR. Amplification curves
were normalized to 18s ribosomal RNA. All signals are relative to control, set at 1.
Results are mean ± SE. n = 6, ** denotes p < 0.01 compared to the hearts of rats treated
with saline.
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Figure 4. Effect of angiotensin peptides on ERK1/ERK2 MAP kinase activities in
rat hearts.

ERK1/ERK2 auto-phosphorylation and activity were measured in

homogenates of the left ventricle by Western blot hybridization using a phospho-specific
ERK1/ERK2 antibody. Unphosphorylated ERK1 or ERK2 was used as a loading control.
The data are presented as phospho-ERK1 or ERK2 relative immunoreactivity/total ERK1
or ERK1, respectively. n = 4, * denotes p < 0.05 compared to protein isolated from the
left ventricle of rats treated with saline.

Figure 5. Angiotensin peptides do not alter MEK1/2 gene or protein expression in
rat heart. Panel A. Total RNA was isolated from the left ventricles of rats treated with
saline, Ang II, Ang-(1-7) [A7], or a combination of Ang II and Ang-(1-7), as indicated,
and MEK1/2 mRNA was measured by RT real-time PCR. Amplification curves were
normalized to 18s ribosomal RNA. All signals are relative to control, set at 1. Panel B.
Protein was isolated from the left ventricles of rats treated with saline, Ang II, Ang-(1-7)
[A7], or a combination of Ang II and Ang-(1-7), as indicated and MEK1/2 protein was
measured by Western blot hybridization using a specific MEK1/2 antibody. The relative
density of each protein sample was compared to the density of actin, used as a loading
control. Results are mean ± SE. n = 6.
Figure 6. Ang-(1-7) up-regulates DUSP1 in rat hearts. DUSP-1 protein was analyzed
by Western blot hybridization using an antibody specific for DUSP-1 in protein
homogenates of the left ventricles of rats treated with saline, Ang II, Ang-(1-7) [A7] or a
combination of Ang II and Ang-(1-7). Total ERK2 antibody was used as a loading
control. The data are presented as DUSP1 relative density/total ERK2 relative density. n
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= 4, * denotes p < 0.05 compared to homogenates of the left ventricles of rats treated with
saline.
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Table I General Characteristics After Angiotensin Peptide Treatment
Group
Saline
n=6
Ang II
n=6
Ang II/Ang-(1-7)
n=6
Ang-(1-7)
n=6

Ang II
pg/mL
46.7 ± 20.9

Ang-(1-7)
pg/mL
22.4 ± 7.2

Body Weight
G
418.3 ± 18.1

Ventricle Weight
mg
1201 ± 66

VW/BW
mg/g
3.04 ± 0.19

646.4 ± 100.1*

51.4 ± 4.5#

357.3 ± 28.0

1290 ± 84

3.64 ± 0.13#

559.8 ± 132.4†

60.1 ± 7.2†

374.3 ± 17.6

1359 ± 54

3.65 ± 0.15#

6.4 ± 1.1

17.5 ± 4.8

421.4 ± 9.3

1097 ± 29

2.61 ± 0.06

* denotes p < 0.001 compared to saline, † denotes p < 0.01 compared to saline, # denotes p < 0.05 compared to saline
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ABSTRACT
Increased angiotensin II (Ang II) often accompanies elevations in blood pressure
and contributes to adverse structural remodeling of the heart. In previous studies, we
showed that the heptapeptide angiotensin-(1-7) [Ang-(1-7)] prevented Ang II-mediated
cardiac hypertrophy associated with reduced mitogen-activated protein (MAP) kinases
ERK1 and ERK2 activities. Ang II-infused rats were treated with Ang-(1-7) for 28 days
to determine whether the heptapeptide also reduces cardiac fibrosis and to identify the
molecular mechanisms for the anti-fibrotic effect. Infusion of Ang II into SpragueDawley rats increased systolic blood pressure by 50 mm Hg, while Ang-(1-7) infusion
had no effect of blood pressure, alone or when co-infused with Ang II. Ang II treatment
significantly increased left ventricular interstitial and perivascular fibrosis; in contrast,
Ang-(1-7) infusion reduced the Ang II-mediated increased in both interstitial and
perivascular fibrosis by more than 50%.

Infusion of Ang II also stimulated the

proliferation of vascular smooth cells in the media of coronary vessels, while co-infusion
with Ang-(1-7) markedly reduced the Ang II-induced increase in the media-to-lumen
ratio. Phospho-ERK1/ERK2 immunoreactivity was increased in the ventricles of rats
treated with Ang II which was reduced by co-infusion with Ang-(1-7). In contrast,
treatment with the heptapeptide resulted in robust staining for the MAP kinase
phosphatase DUSP1, in the presence or absence of Ang II, suggesting that Ang-(1-7) upregulates DUSP1. Ang-(1-7) also reduced mitogen-stimulated DNA/protein synthesis
and ERK1/ERK2 activities as well as increased DUSP1 in isolated cardiac fibroblasts,
providing further evidence of a role for the ERK/DUSP1 MAP kinase signaling pathway
in the Ang-(1-7)-mediated regulation of cell proliferation. Collectively, the results of
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these studies suggest that Ang-(1-7) reduces cardiac fibrosis an effect that involves upregulation of DUSP1, reduction of MAP kinase activities and attenuation cardiac
remodeling.
Key Word: angiotensin II, angiotensin-(1-7), cardiac fibrosis, mitogen-activated protein
kinases, dual specificity phosphatase
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INTRODUCTION
Elevated arterial blood pressure, or hypertension, is a major risk factor for adverse
cardiovascular events such as heart failure and stroke.

Activation of the renin-

angiotensin system (RAS) is essential for regulation of arterial pressure and inappropriate
RAS activation is implicated in the induction of hypertension and target organ
damage(22). Many of the actions mediated by the RAS are associated with increases in
circulating angiotensin II (Ang II), a potent vasoconstrictor, acting at the Ang II type 1
(AT1) receptor. Chronic hypertension and activation of the RAS contribute to damage in
many organs, including the heart. Structural and functional changes in the heart due to
the increase in blood pressure lead to cardiac remodeling that includes cardiac
hypertrophy, fibrosis and vascular alterations. RAS blockade with either angiotensin
converting enzyme (ACE) inhibitors or AT 1 receptor antagonists not only reduces blood
pressure but also attenuates cardiac remodeling, demonstrating the role of Ang II in both
the increased blood pressure and the associated structural changes in the heart.

Excess accumulation of collagen and other extracellular matrix proteins in the
heart leads to cardiac fibrosis, a major hallmark of cardiac remodeling. Cardiac fibrosis
poses an increased risk for adverse cardiovascular events including ventricular
dysfunction and arrhythmias(40).

Cardiac fibrosis can be prevented by the

pharmacological blockade of AT1 receptors and ACE inhibitors to block the pro-fibrotic
effects of Ang II(33; 37). These results suggest that the RAS plays a major role in the
adverse structural remodeling of cardiac tissue.
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Angiotensin-(1-7) [Ang-(1-7)] is a bioactive peptide of the RAS that often
opposes the physiological effects elicited by Ang II. Several lines of evidence suggest a
protective role for Ang-(1-7) in the damage to the heart induced by elevated Ang II or an
increase in arterial pressure.

Ang-(1-7) is present in the heart (2) and improves

contractility(8; 10; 30), reduces cardiac hypertrophy and attenuates cardiac myocyte cell
growth(24; 35). The beneficial effects of AT 1 receptor antagonists and ACE inhibitors
are thought to be mediated, in part, by an increase in circulating levels of Ang-(1-7)(20;
21), suggesting that the heptapeptide may contribute to the inhibition of cardiac
remodeling by treatment with these compounds.

The identification of angiotensin

converting enzyme 2 or ACE2, which converts Ang II to Ang-(1-7)(9; 36; 39), and its
localization in the heart provide additional evidence of a role for Ang-(1-7) in cardiac
function. Genetic deletion of cardiac ACE2, which decreases Ang-(1-7) and increases
Ang II, was associated with enhanced cardiac hypertrophy and reduced pumping
ability(7). In contrast, cardiac over-expression of ACE2, to increase Ang-(1-7) and
reduce Ang II, attenuated cardiac hypertrophy and fibrosis in response to Ang II
infusion(18).

Increased Ang-(1-7), by either direct infusion or using an Ang-(1-7)-

generating fusion protein, also prevented cardiac remodeling in deoxycorticosterone
(DOCA) salt-induced hypertension and Ang II-mediated models of hypertension(15; 16;
27).

Collectively, these studies provide support for a cardioprotective role for the

heptapeptide.

Although many physiological effects of Ang-(1-7) have been observed in vivo and
in vitro, the intracellular signaling pathways responsible for these effects have not been
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fully elucidated. Previous findings in our laboratory demonstrate that Ang-(1-7) inhibits
the growth of cardiac myocytes, through activation of the AT(1-7) receptor mas(35). The
reduction in myocyte cell growth was associated with attenuation of the MAP kinases,
extracellular regulated kinases (ERK1 and ERK2)(35).

In this study, we treated

normotensive Sprague-Dawley rats with Ang II, in the presence or absence of Ang-(1-7),
to determine the effect of the heptapeptide on Ang II-mediated cardiac fibrosis and
evaluated the effects of Ang-(1-7) on signaling mechanisms related to cardiac fibroblast
growth in vitro and in vivo.

MATERIALS AND METHODS
Animals. Male Sprague-Dawley rats weighing 270-300 g were obtained from
Charles River Laboratories (Raleigh, NC). All animals were conventionally housed in
standard shoebox cages and maintained on a 12-h:12-h light-dark cycle with free access
to standard rat chow and water. All procedures were approved by the Wake Forest
University Institutional Animal Care and Use Committee.

Materials. The peptides Ang II, Ang-(1-7), [D-Alanine7]-angiotensin-(1-7) or [DAla7]-Ang-(1-7) and endothelin-1 (ET-1) were obtained from Bachem California
(Torrance, CA). Phospho-specifc antibodies against ERK1/ERK2 were obtained from
Cell Signaling Technologies (Cambridge, MA) and an antibody against DUSP1 (MKP-1)
was from Upstate (Lake Placid, NY). All other reagents were purchased from Sigma
Chemical (St. Louis, MO) unless otherwise noted.
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Ang II infusion model. Chronic subcutaneous infusion of Ang II (24 µg/kg/h or
400 ng/kg/min) delivered for 4 weeks by osmotic minipumps (model 2ML4, Alzet,
Cupertino, CA) was used to induce hypertension and cardiac remodeling. Animals were
anesthetized by inhalation of 3% isoflurane, while pumps were implanted subcutaneously
on the back of the rats between the shoulder blades. Osmotic minipumps contained either
0.9% saline, Ang II (24 µg/kg/h), Ang-(1-7) (24 µg/kg/h) or a combination of Ang-(1-7)
and Ang II (both at a dose of 24 µg/kg/h). Animals were allowed to recover for 2 days
before weekly blood pressure was measured.

Indirect blood pressure.

Weekly recordings of indirect blood pressure were

assessed by tail-cuff plesthymography (model SC100, Hatteras Instruments, Cary, NC).
Animals preconditioned to restraint in a heated metal box for a period of 3-5, were
initially warmed with a 200-W heating lamp 5 min prior to assessment of blood pressure.
At least three to five separate measurements of blood pressure were averaged from each
animal on the day of recording. All pressures were recorded at the same time of day, by
the same individual.

Cardiac remodeling.

Hearts were removed by blunt dissection and heart

ventricles (including both left and right ventricles as well as interventricular septum)
were sectioned for molecular analysis. Sections of ventricular tissue were fixed in 4%
paraformaldehyde, embedded in paraffin, sectioned at 5 µm, and stained with stained
with collagen-specific picrosirius red (Direct Red 80, Sigma) for detection of fibrosis.
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Left ventricular percentage of interstitial fibrosis was determined by morphometry of
picrosirius red stained sections at X200 magnification with use of Photoshop 7.0 image
analysis. The percentage of collagen fraction was calculated as the sum of all Sirius red
stained connective tissue (excluding perivascular collagen areas) in the entire section
divided by all connective tissue and muscle area, expressed as a percentage. Images of
large and small coronary arteries were used to evaluate perivascular fibrosis and medial
thickening of coronary arteries. Perivascular fibrosis was determined as the ratio of area
of fibrosis surrounding the vascular wall to the total vessel area. The wall-to-lumen ratio
was calculated as the medial thickness to the internal diameter. All samples were
analyzed by two individuals blinded to the treatments.

Each observer examined a

minimum of five separate images from different (non-overlapping) regions of the left
ventricle free wall. The results for each animal were averaged for statistical analysis.

Histology and immunohistochemistry.

Five micron thick sections of the left

ventricle of each rat heart were stained with hematoxylin & eosin (H&E) to determine
morphology. Immunohistochemistry was performed using polyclonal antibodies against
phospho-ERK1/ERK2 (1:75 dilution; Cell Signaling Technologies, Cambridge, MA) or
DUSP1 (MKP-1, 1:400 dilution; Santa Cruz, Santa Cruz, CA). The antibodies were used
independently to detect immunoreactivity using an alkaline phosphatase method, with a
biotinylated anti-rabbit secondary antibody as the linking reagent and alkaline
phosphatase-conjugated streptavidin (BioGenex, San Ramon, CA) for labeling.

The

Vector Red chromogen (Vector, Burlingame, CA) was diluted in Tris-HCl (pH 8.2) and
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applied to slides for 5 min. Negative controls included sections incubated with nonimmune serum rather than the primary antibody.

Photomicrographs of the resultant immunoreactive staining were obtained with
light microscopy using a Leica DM 4000 (Leica Microsystems, Bannockburn, IL)
microscope and photographed with QImaging Retiga 1300R camera (QImaging Co.
Surey, BC, Canada). Selected sections were photographed without the knowledge of
treatment group at a X200 magnification in a 0.3 mm2 field using the Simple PCI Version
6.0 computer-assisted imaging software.
Isolation of neonatal cardiac fibroblasts. Neonatal rat cardiac fibroblasts were
isolated from the ventricles of Sprague-Dawley rats by proteolytic digestion, as
previously described(12). Cardiac fibroblasts were collected and maintained in DMEMF12 with 10% fetal bovine serum (FBS) and the antibiotics ampicillin and streptomycin.
Cardiac fibroblasts were passaged using trypsin/EDTA to eliminate any residual
myocytes and placed in serum-free media for 24 h before use. Cells isolated by this
protocol routinely showed positive immunoreactive staining for α-actin, fibronectin,
vimentin and α-smooth muscle-specific actin (1:1,000 dilutions, Sigma) and negligible
immunoreactive labeling with antibodies to anti-sarcomeric myosin (1:1,000, Sigma).
All experimental procedures were performed in accordance with guidelines set forth by
the Institutional Animal Care and Use Committee.

Measurement of thymidine, leucine and proline incorporation.

Tritiated

thymidine, leucine and proline incorporation into cardiac fibroblasts was measured in
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cells in 24-well culture plates. Cells were treated for 48 h in the presence and absence of
1% FBS, 10 nM ET-1, and the Ang-(1-7) receptor antagonist [D-Ala7]-Ang-(1-7), as
indicated in individual experiments. One microcurie of 3H-thymidine, 3H-leucine, or 3Hproline per milliliter of culture medium was added to each well. The incorporation of 3Hthymidine into newly synthesized DNA, 3H-leucine into newly synthesized protein or 3Hproline as a measure of collagen synthesis was determined after precipitation of acidinsoluble material with ice-cold 10% trichloroacetic acid. The acid-insoluble material
was dissolved in 0.25 N NaOH-0.1% sodium dodecyl sulfate and quantified by liquid
scintillation spectrometry.
Preparation of cell lysates and Western blot hybridization. Cells were incubated
in 10 nM ET-1 or 100 nM Ang II for 10 min or pre-incubated with 100 nM Ang-(1-7) for
6 h followed by a 10-min treatment with 10 nM ET-1 or 100 nM Ang II. Cell lysates
were prepared by washing the cells with phosphate-buffered saline (PBS, 50 mM
NaHPO4 and 0.15 mM NaCl, pH 7.2) containing 0.01 mM NaVO4 to prevent
dephosphorylation of activated, phosphorylated proteins.

Cellular protein was

solubilized in lysis buffer (100 mM NaCl, 50 mM NaF, and 5 mM EDTA, 1% Triton X100, and 50 mM Tris-HCl, pH 7.4) containing 0.01 mM NaVO4, 0.1 mM PMSF, and 0.6
µM leupeptin for 30 min on ice. The supernatant was clarified by centrifugation (12,000
g for 10 min at 4ºC), and the protein concentration was measured by the Lowry
method(25).

For Western blot hybridization, solubilized proteins (20 µg/ well) were separated
on 10% polyacrylamide gels using the buffer system of Laemmli and then transferred to
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polyvinylidene difluoride membranes (Amersham Pharmacia, Pisctaway, NJ) by
electrophoresis. Nonspecific binding to the membranes was blocked by incubation in 5%
Blotto (5% evaporated milk, 0.1% Tween 20 in 50 mM Tris-HCl, pH 7.4; and 50 mM
NaCl). Membranes were subsequently probed with a specific antibody to the activated
form of the ERK1/ERK2 MAP kinases (1:1,000 dilution; Cell Signaling Technology,
Cambridge, MA) to measure the level of phosphorylated ERK or with a specific antibody
to DUSP1 (1:1,000 dilution; UpState, Lake Placid, NY) to measure phosphatase protein,
followed by incubation with goat anti-rabbit antibody (1:1,000 dilution) coupled to
horseradish peroxidase. Actin (β-actin; Sigma) immunostaining was used as a loading
control.

Immunoreactive bands were visualized with the use of enhanced

chemiluminescence reagents and quantified by densitometry.

RNA isolation and RT real-time PCR. RNA was isolated from the left ventricle of
rat heart or isolated cardiac fibroblasts using the TRIzol reagent (GIBCO Invitrogen,
Carlsbad, CA) as directed by the manufacturer. The RNA concentration and integrity
were assessed with an Agilent 2100 Bioanalyzer with an RNA 6000 Nano LabChip
(Agilent Technologies, Palo Alto, CA). Approximately 1 µg of total RNA was reverse
transcribed using AMV reverse transcriptase in a 20 µL reaction mixture containing
deoxyribonucleotides, random hexamers, and RNase inhibitor in reverse transcriptase
buffer. Heating the reverse transcriptase reaction product at 95ºC terminated the reaction.
For RT-PCR, 2 µL of the resultant cDNA was added to TaqMan Universal PCR Master
Mix (Applied Biosystems, Foster City, CA) with a DUSP1 primer/probe set (Applied
Biosystems), and amplification was performed on an ABI 7000 Sequence Detection
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System. The mixtures were heated at 50ºC for 2 min, at 95ºC for 10 min followed by 40
cycles at 95ºC for 15 s, and 60ºC for 1 min. All reactions were performed in triplicate,
and 18S ribosomal RNA, amplified using TaqMan Ribosomal RNA control kit (Applied
Biosystems), served as an internal control. The results were quantified as C t values,
where Ct is defined as the threshold cycle of PCR at which the amplified product is first
detected, and expressed as the ratio of target/control.
Statistics. All data are presented as means ± SEM. Statistical differences were
evaluated by ANOVA followed by Dunnett’s post hoc test. The criterion for statistical
significance was set at p < 0.05.

RESULTS
Ang-(1-7) Reduces Ang II-mediated Cardiac Fibrosis
Rats were treated with saline, Ang II (24 g/kg/h or 400 ng/kg/min) or Ang-(1-7)
(24 g/kg/h or 400 ng/kg/min) for twenty-eight days, using a subcutaneously implanted
osmotic minipump.

An additional group of rats was co-infused with equimolar

concentrations of Ang II and Ang-(1-7), to determine the effect of Ang-(1-7) on Ang IImediated changes in cardiac structure.

Systolic blood pressure was measured by tail-cuff plethysmography, prior to

peptide treatment and at the end of the study. There was no difference in
systolic blood pressure between the four groups of rats prior to initiation of
peptide treatment (Table I). Chronic infusion of Ang II, in the presence or absence
of Ang-(1-7), significantly increased systolic blood pressure measured on Day 28, as
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shown in Table I. Ang-(1-7) infusion alone had no effect on systolic blood pressure and
values were similar to saline-infused animals after the 28 days of treatment.

Left ventricular, picrosirius red-stained cross-sections were examined at X400
magnification to measure cardiac fibrosis. As shown in Figure 1, chronic infusion of Ang
II caused a significant increase in interstitial fibrosis compared to saline-infused animals.
The increase in interstitial fibrosis with Ang II infusion was significantly attenuated by
co-administration of Ang-(1-7). The degree of interstitial fibrosis in the group treated
with Ang-(1-7) alone was not different from the saline-infused group. These results show
that Ang-(1-7) attenuates the increase in interstitial fibrosis in response to treatment with
Ang II and suggests that treatment with the heptapeptide reduced collagen deposition.

Aberrant growth of the smooth muscle cells within the coronary vasculature
occurs in parallel with adventitial fibrosis and changes in coronary vessel morphology
were assessed to further demonstrate the role of angiotensin peptides in cardiac
remodeling.

Infusion of Ang II significantly increased picrosirius red staining

surrounding coronary vessels in the left ventricle, as shown by the intense red staining in
Figure 2. However, co-infusion of Ang-(1-7) with Ang II resulted in a reversal of this
perivascular fibrosis demonstrated by a reduction in red fibers surrounding the vessel.
Quantitative analysis of picrosirius red staining showed that the perivascular fibrosis with
Ang II treatment was statistically different from the saline-infused group (38.30 ± 5.6%
in the ventricles of rats infused with Ang II compared to 18.60 ± 1.98% in rats infused
with saline, n = 6, p < 0.05), while co-infusion of Ang-(1-7) reversed the Ang II-mediated
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enhancement of perivascular fibrosis (21.60 ± 2.78%, n = 6); Ang-(1-7) treatment alone
had no effect on the amount of picrosirius red staining surrounding coronary vessels
(19.40 ± 2.26%).

In addition to stimulating interstitial and perivascular fibrosis, Ang II promotes
remodeling of the vessel wall by stimulating the proliferation of the vascular smooth
muscle cells(38). The representative images shown in Figure 2 demonstrate the dramatic
growth of vascular smooth muscle cells that encroach upon the lumen of the vessel in
animals infused with Ang II. Co-infusion with Ang-(1-7) reduced the vascular smooth
muscle cell growth to reverse the Ang II-mediated effect. Measurement of the lumen to
media ratio of vessels from rats treated with saline or Ang II demonstrated a three-fold
increase in the media to lumen ratio following Ang II infusion (a media/lumen ratio of
4.49 ± 0.67 in rats infused with Ang II compared to 1.62 ± 0.07 in vessels from salineinfused rats, n = 6, p < 0.05). Ang-(1-7) infusion markedly reduced the Ang II-mediated
vascular hypertrophy [a media to lumen ratio of 1.94 ± 0.12 in rats infused with Ang II
and Ang-(1-7) , p < 0.001 compared to rats infused with Ang II alone]. This shows that
Ang-(1-7) prevents the perivascular fibrosis and vascular hypertrophy mediated by Ang
II and suggests that the heptapeptide attenuates changes in coronary vessel morphology
associated with cardiac remodeling.

Left ventricular distribution of ERK1/ERK2 and DUSP1
Ang II increases the auto-phosphorylation of the mitogen-activated protein
kinases ERK1 and ERK2 in the heart as well as in cultured cardiac cells.(1; 4) In
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addition, previous studies show that Ang-(1-7) reduces the mitogen-stimulated autophosphorylation and activation of ERK1 and ERK2 in vascular smooth muscle cells,
myocytes and renal epithelial cells.(32; 34; 35). Sections of the left ventricle of rats
treated with saline, Ang II, Ang-(1-7) or a combination of Ang II and Ang-(1-7) were
incubated with an antibody to phospho-ERK1/ERK2, to localize the increase in
ERK1/ERK2 activities following treatment with Ang II and to determine whether Ang(1-7) reduced ERK auto-phosphorylation. Positive staining for phospho-ERK1/ERK2
MAP kinase was visualized in the left ventricle of animals infused with Ang II, as shown
in Figure 3, while cardiac tissue from rats infused with saline showed no apparent
activation of ERK1/ERK2. Immunoreactive phospho-ERK1/ERK2 was observed in the
medial layer and surrounding adventitia of intramyocardial arteries from the ventricles of
Ang II-infused rats (Figure 3, top), in a pattern similar to that observed in a picrosirius
red-stained section of the same artery (bottom). In sections from animals co-administered
Ang-(1-7) and Ang II, fewer positively stained cells for phospho-MAPK were observed.
Infusion of Ang-(1-7) alone resulted in a similar staining pattern of phosphoERK1/ERK2 immunoreactivity as observed in saline-infused animals.

ERK1 and ERK2 are phosphorylated and activated by the MAP kinase kinases
MEK1 and MEK2. In contrast, phospho-ERK1/ERK2 can be dephosphorylated and
inactivated by a number of protein phosphatases including the dual specificity
phosphatases(17; 28). Sections of the left ventricle of rats treated with saline, Ang II,
Ang-(1-7) or a combination of Ang II and Ang-(1-7) were incubated with an antibody to
the dual specificity phosphatase DUSP1 (or MAP kinase phosphatase 1, MKP-1), to
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determine whether Ang-(1-7) up-regulates DUSP1 as a potential mechanism for the
reduction in MAP kinase activities. Positive staining for DUSP1 was observed in the left
ventricle of animals infused with Ang-(1-7) alone and animals co-infused with Ang II
and Ang-(1-7), as seen in Figure 4. DUSP1 immunostaining was localized to areas
surrounding intramyocardial coronary vessels, in association with picrosirius red staining.
In contrast, few positively stained cells for immunoreactive DUSP1 were observed in
ventricular tissue from rats treated with saline or Ang II alone. These data suggest that
ERK1/ERK2 and DUSP1 immunoreactive protein is altered with Ang-(1-7) treatment
and this pathway may be associated with the Ang-(1-7) mediated reduction in cardiac
fibrosis elicited by Ang II.

Ang-(1-7) reduces ERK1/ERK2 activity and up-regulates DUSP1 in cardiac
fibroblasts
Cardiac fibroblasts were isolated from neonatal rat hearts, to further examine the
role of Ang-(1-7) in the regulation of ERK/DUSP1 signaling in fibroblasts. Cardiac
fibroblasts were incubated with 3H-thymidine, in the presence and absence of Ang-(1-7),
to determine whether Ang-(1-7) inhibits DNA synthesis in cardiac fibroblasts. Cardiac
fibroblasts were incubated in media depleted of serum for 48 h and then treated with
either 1% FBS or 10 nM ET-1, in the presence and absence of Ang-(1-7), and 3Hthymidine was added to measure DNA synthesis. In initial studies, we observed that
stimulation of DNA synthesis in cardiac fibroblasts was more pronounced following
stimulation with ET-1 than treatment with Ang II. In addition, we previously showed
that Ang-(1-7) significantly reduced ET-1-stimulated growth of cardiac myocytes
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through a reduction in the phosphorylation of ERK1/ERK2(35). Therefore, ET-1 was
used as a mitogen to determine the effect of Ang-(1-7) on the growth of neonatal cardiac
fibroblasts. Both FBS and ET-1 stimulated 3H-thymidine incorporation into DNA; FBS
increased 3H-thymidine incorporation by 250 ± 34% above control, and ET-1 caused a
248 ± 97% increase above control (Figure 5A). Treatment with Ang-(1-7) caused a dosedependent reduction in serum-stimulated 3H-thymidine incorporation, with a maximum
reduction by 100 nM Ang-(1-7) (a reduction of 24.2 %, p < 0.01, n = 3 - 6), as shown in
Figure 5A.

Ang-(1-7) also caused a pronounced reduction in ET-1-stimulated 3H-

thymidine incorporation (a reduction of 39.0%, p < 0.01, n = 3). [D-Ala7]-Ang-(1-7), the
selective AT(1-7) receptor antagonist, blocked the inhibitory effects Ang-(1-7) in serumstimulated cardiac fibroblasts (Figure 5B). These results show that Ang-(1-7) inhibits
DNA synthesis in cardiac fibroblasts through activation of a [D-Ala7]-Ang-(1-7)sensitive receptor.

The effect of Ang-(1-7) on mitogen-stimulated protein and collagen synthesis in
cardiac fibroblasts was also determined, by measuring the incorporation of 3H-leucine
into newly synthesized protein and 3H-proline into newly synthesized collagen.

3

H-

leucine or 3H-proline was added to isolated cardiac fibroblasts pretreated for 48 h in
media deplete of serum and treated with Ang-(1-7) and either 1% FBS or 10 nM ET-1.
FBS stimulated both 3H-leucine and 3H-proline incorporation into cardiac fibroblasts;
serum increased 3H-leucine incorporation by 292 ± 53% above control and increased 3Hproline incorporation by 287± 26% above control, while Ang-(1-7) caused a dosedependent reduction in both 3H-leucine and 3H-proline incorporation, as shown in Figure
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6A. A similar stimulation of 3H-leucine incorporation was observed with ET-1 (211 ±
23% increase above control) and co-treatment with Ang-(1-7) significantly reduced the
ET-1-mediated increase in

3

H-leucine incorporation (Figure 6B).

These results

demonstrate that Ang-(1-7) inhibits mitogen-stimulated protein and collagen synthesis in
cardiac fibroblasts.

ERK1/ERK2 activity was measured following the addition of 10 nM ET-1 or 100
nM Ang II, in the presence or absence of 100 nM Ang-(1-7), to determine the effect of
the heptapeptide on activation of the MAP kinases in isolated cardiac fibroblasts. ERK1
and ERK2 activities were measured using phospho-specific antibodies to ERK1/ERK2.
Neither phospho-ERK1 nor phospho-ERK2 was detected in unstimulated cardiac
fibroblasts, indicating an absence of active MAP kinases prior to stimulation.
Immunoreactive phospho-ERK1 and -ERK2 were visualized in lysates from cardiac
fibroblasts stimulated with either ET-1 or Ang II, as shown in Figure 7A. Pre-incubation
with 100 nM Ang-(1-7) reduced phospho-ERK1 and phospho-ERK2, by 64% and 59%,
respectively, following ET-1 stimulation and 74% and 81%, respectively, following Ang
II stimulation, shown graphically in Figure 7B. These findings demonstrate that the
heptapeptide attenuates ET-1 and Ang II-stimulated ERK1/ERK2 MAP kinase activities
in cardiac fibroblasts.

Since DUSP1 (MKP-1) inactivates ERK1 and ERK2 MAP kinases (4) and our
results in the left ventricles of rats treated with Ang-(1-7) suggest that Ang-(1-7) upregulates DUSP1, the MAP kinase phosphatase was measured in lysates from cardiac
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fibroblasts treated with Ang-(1-7). Neonatal cardiac fibroblasts were treated with 10 nM
ET-1, in the presence or absence of 100 nM Ang-(1-7), and total RNA and protein were
isolated to determine whether the heptapeptide regulates DUSP1. Ang-(1-7) caused a
time-dependent increase in DUSP1 mRNA during a 6 h treatment period, with a maximal
4-fold increase observed at 6 h (Figure 8A). However, ET-1 did not alter the expression
of DUSP-1 throughout the 6 h treatment period. In addition, Ang-(1-7) significantly
increased the immunoreactive DUSP1 in isolated cardiac fibroblasts, an effect that was
not observed when cells were stimulated with ET-1 (Figure 8B). These data demonstrate
that Ang-(1-7) up-regulates DUSP1 and suggests that this MAP kinase phosphatase may
reduce auto-phosphorylation of ERK1/ERK2, to decrease the growth of cardiac
fibroblasts.

DISCUSSION
The actions of Ang II extend beyond its ability to increase blood pressure by
contributing to cardiac remodeling through stimulation of cardiac fibroblast proliferation.
The present study demonstrates that Ang-(1-7) significantly reduced Ang II-mediated
interstitial and perivascular fibrosis and attenuated vascular hypertrophy, independent of
lowering blood pressure. Additionally, we show that in isolated neonatal rat cardiac
fibroblasts the heptapeptide inhibits the growth of these cells, reduces activation of the
ERK1/ERK2 MAP kinase pathway and up-regulates the MAP kinase phosphatase DUSP1. In the rat heart, positive immunoreactive staining for phospho-ERK1/ERK2 was
observed in perivascular space surrounding coronary arteries of animals infused with Ang
II alone or in combination with Ang-(1-7). Further, immunoreactive DUSP1 in a similar
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area of the rat heart was detected with Ang-(1-7) treatment alone or in combination.
These results suggest that Ang-(1-7) attenuates cardiac fibrosis in the interstitial space
and surrounding coronary vessels as well as reduces the growth of isolated cardiac
fibroblasts. The reduction in growth of these cells was associated with a reduction in the
activation of ERK1/ERK2 and increased expression of the phosphatase DUSP1 and
therefore these mechanisms may be involved in the Ang-(1-7) mediated reduction in
cardiac fibrosis.

Cardiac fibrosis is a major component of hypertensive heart disease and interferes
with the normal function and structure of the myocardium(41). In the model of Ang IIdependent hypertension used in the current study, we observed profound increases in
interstitial and perivascular fibrosis with chronic Ang II infusion. In contrast, co-infusion
with Ang-(1-7) significantly attenuated collagen deposition into the interstitial space and
areas surrounding the intramyocardial coronary arteries, suggesting that Ang-(1-7)
reduces the Ang II-induced increase in cardiac remodeling by attenuating the activity of
cardiac fibroblasts. This is in agreement with previous studies showing that systemic
infusion of Ang-(1-7) reduced the Ang II-mediated increase in interstitial fibrosis (15)
while direct delivery of Ang-(1-7) to the heart using an Ang-(1-7)-fusion protein resulted
in a similar reduction in Ang II-mediated interstitial fibrosis(27). In addition, Ang-(1-7)
infusion significantly attenuated both the interstitial and perivascular fibrosis in a
deoxycoricosterone acetate (DOCA) salt model of hypertension(16).

These results

provide further evidence that Ang-(1-7) inhibits fibrosis to attenuate cardiac remodeling.
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Since cardiac fibroblasts play a central role in cardiac remodeling(40), we
investigated the effects of Ang-(1-7) on the growth and proliferation of isolated neonatal
rat cardiac fibroblasts. Ang-(1-7) caused a significant reduction in both serum- and ET1- stimulated 3H-thymidine, -leucine or -proline incorporation into cardiac fibroblasts,
indicating an effect on DNA, protein and collagen synthesis. This is in agreement with
previous studies showing that Ang-(1-7) inhibits 3H-proline incorporation into collagen in
isolated adult rat cardiac fibroblasts(19).

The Ang-(1-7)-mediated reduction in 3H-

thymidine incorporation was blocked by the selective Ang-(1-7) receptor antagonist [DAla7]-Ang-(1-7), suggesting that the heptapeptide mediates its anti-proliferative effects in
cardiac fibroblasts through activation of a distinct [D-Ala7]-Ang-(1-7) sensitive receptor.
Iwata and colleagues identified a high affinity Ang-(1-7) binding site on cardiac
fibroblasts isolated from the hearts of adult rats(19), suggesting that cardiac fibroblasts
contain an AT(1-7) receptor. These results suggest that the interaction of Ang-(1-7) with
its receptor on the surface of cardiac fibroblasts exerts beneficial anti-fibrotic effects that
reverse the trophic responses observed with mitogen stimulation.

Ang II activates AT1 receptors to initiate a cascade of signaling events leading to
the activation of MAP kinases that are important in cell growth and differentiation,
including ERK1/ERK2(26). Stimulation of cardiac fibroblasts with either ET-1 or Ang II
increased auto-phosphorylation of ERK1/ERK2, in agreement with previous studies(5).
However, pretreatment with Ang-(1-7) significantly attenuated the ET-1 or Ang IImediated phosphorylation of ERK1 and ERK2. Previous reports show that Ang-(1-7)
attenuates the mitogen-stimulated increase in auto-phosphorylation and activation of
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ERK1 and ERK2 in rat aortic VSMC(34), rat cardiac myocytes(35), human endothelial
cells (29) and human lung cancer cells(13), suggesting that the anti-proliferative effects
of Ang-(1-7) involve inactivation of ERK1/ERK2 MAP kinase in a number of cells. In
addition, we showed that the Ang-(1-7)-mediated inhibition of ERK1/ERK2 activation in
isolated neonatal cardiac myocytes was blocked by antisense oligonucleotides to the
Ang-(1-7) receptor mas(35), suggesting that the anti-proliferative responses to Ang-(1-7)
are mediated by an AT(1-7) receptor.

Positive staining for phospho-ERK1/ERK2

immunoreactivity was observed around intracoronary arteries in the left ventricles of rats
infused with Ang II, while coronary vessels from the hearts of rats co-administrated Ang
II and Ang-(1-7) had fewer phospho-ERK1/ERK2 positively stained cells. Together
these studies suggest that Ang-(1-7) attenuates the phosphorylation of ERK1/ERK2 to
regulate cell growth in the remodeling heart.

MAP kinases are activated by phosphorylation on both threonine and tyrosine
residues by MAP kinase kinases (MEKs) and are inactivated through dephosphorylation
by either serine/threonine and tyrosine protein phosphatases or dual specificity
phosphatases. A family of dual specificity phosphatases (DUSP) acts to dephosphorylate
and inactivate MAP kinase isoforms in mammalian cells(17; 28). DUSP1 (MKP-1) is a
critical counteracting phosphatase that directly regulates the magnitude and duration of
p38, JNK and ERK auto-phosphorylation and activation(28). Ang-(1-7) up-regulates
DUSP1 in cultured neonatal cardiac fibroblasts, with a time-dependent increase DUSP1
mRNA and an increase in DUSP immunoreactivity observed at the 6 h timepoint.
Previously, we observed an increase in DUSP1 immunoreactivity in the hearts of rats
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infused with Ang-(1-7), in the presence or absence of Ang II, suggesting that the
heptapeptide induces DUSP1 in the rat heart (unpublished report).

Constitutive

expression of DUSP1 blocked the activation of p38, JNK and ERK in cardiac myocytes
and attenuated catecholamine-induced cardiac hypertrophy in vivo(3). Choudhary and
colleagues

demonstrated

that

pressure-overload-induced

cardiac

fibrosis

and

phosphorylation of ERK1/ERK2, JNK and p38 MAP kinase was inhibited by retinoic
acid, through up-regulation of both DUSP1 and DUSP2(6). These results suggest that
Ang-(1-7) up-regulates the MAP kinase phosphatase DUSP1 in cardiac fibroblasts and
this effect may be associated with the reduction in MAP kinase signaling in these cells.
Targeted chronic overproduction of Ang-(1-7) in the hearts of transgenic mice presented
with an Ang II challenge resulted in an increase in src-homology phosphatase-2 (SHP-2)
content

and

activity(27).

Additionally,

Ang-(1-7)

up-regulates

src-homology

phosphatase-1 (SHR-1) in proximal tubule cells(14), suggesting that other protein
phosphatases may also participate in responses to the heptapeptide.

Rats infused with Ang II also exhibited an increase in vascular hypertrophy in
intramyocardial vessels, shown as an increase in media-to-lumen ratio. Co-infusion with
Ang-(1-7) significantly reduced the media-to-lumen ratio, to the same extent observed in
cardiac vessels from rats infused with saline or Ang-(1-7) alone. These results suggest
that Ang-(1-7) inhibits Ang II-stimulated VSMC growth. In previous studies in isolated
VSMCs, we showed that Ang II stimulated VSMC growth, detected as an increase in 3Hthymidine incorporation into quiescent rat aortic VSMCs, and Ang-(1-7) inhibited the
Ang II-stimulated growth(11; 34). In vivo studies demonstrated that Ang-(1-7) inhibits
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neointimal formation associated with injury to the rat carotid artery injury (31) and the
rabbit abdominal aortic (42) as well as vascular damage associated with stent
implantation(23). Together, these data provide further support that Ang-(1-7) serves a
cardioprotective role by preventing vascular remodeling.

In conclusion, our results demonstrate that Ang-(1-7) protects against the
development of cardiac remodeling by inhibiting Ang II-mediated cardiac fibrosis and
vascular hypertrophy. The cardioprotective effect of the heptapeptide is associated with
increased expression of DUSP1 and prevention of the activation of ERK1/ERK2 MAP
kinases. This study suggests that Ang-(1-7) reduces cardiac fibrosis associated with
hypertension and describes potential mechanisms that may provide an important
therapeutic target for the treatment of cardiac remodeling associated with hypertensive
heart disease.
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Table 1
Systolic Blood Pressure (I)

Systolic Blood Pressure (F)

Saline

124.19 ± 3.02

125.83 ± 4.53

Ang II

119.52 ± 2.59

174.70 ± 5.99†

Ang II/Ang-(1-7)

119.78 ± 4.44

168.26 ± 8.30†

Ang-(1-7)

123.23 ± 4.50

127.37 ± 3.69

Systolic blood pressure (I): systolic blood pressure measured before starting treatment;
Systolic blood pressure (F): systolic blood pressure at the end of treatment, on Day 28.
†p < 0.001 compared to saline-infused group (F).
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FIGURE LEGENDS
Figure 1.

Effect of angiotensin peptides on ventricular interstitial fibrosis.

Interstitial fibrosis was assessed in picrosirius red-stained sections from rats infused with
saline, Ang II, Ang II/Ang-(1-7) [A7] or Ang-(1-7) alone. A) Representative images of
interstitial fibrosis at X200 magnification. B) Quantified data are mean ± SEM from all
animals. n = 6, *** p< 0.001 compared to saline infused rats.

Figure 2. Ang-(1-7) attenuates Ang II-mediated perivascular fibrosis and vascular
hypertrophy.

Perivascular fibrosis and vascular hypertrophy were determined in

picrosirius red-stained sections from rats infused with saline, Ang II, Ang II/Ang-(17)[A7] or Ang-(1-7) alone. A) Representative images of perivascular fibrosis at X400
magnification. B) Quantified data are mean ± SEM from all animals. C) Measurement of
media to lumen ratio; data are represented as the mean ± SEM.

n = 6, * p < 0.05

compared to saline-infused rats.

Figure 3. Phospho-ERK1/ERK2 immunoreactivity in left ventricle. Top: PhosphoERK1/ERK2 immunoreactivity in left ventricle of rats treated with A) saline, B) Ang II,
C) Ang II and Ang-(1-7), and D) Ang-(1-7) alone.

Picrosirius red staining of left

ventricles from rats treated as in top panels.

Figure 4. DUSP1 immunoreactivity in left ventricle. Top: DUSP1 immunoreactivity
in left ventricle of rats treated with A) saline, B) Ang II, C) Ang II and Ang-(1-7), and D)
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Ang-(1-7). Bottom: Picrosirius red staining of left ventricular rat heart intramyocardial
coronary arteries that correlate with positive DUSP1 staining.

Figure 5. Inhibition of DNA synthesis by Ang-(1-7) in cardiac fibroblasts. Cardiac
fibroblasts were treated with increasing concentrations of Ang-(1-7), in the presence of
1% FBS, 10 nM endothelin (ET-1), or 1 µM [D-Ala7]-Ang-(1-7). DNA synthesis was
detected by 3H-thymidine incorporation. Data are presented as the percentage of serumstimulated growth. n = 4-6, in triplicate. *denotes p < 0.05 and **denotes p < 0.01
compared to FBS alone.

Figure 6.

Inhibition of protein and collagen synthesis by Ang-(1-7) in cardiac

fibroblasts. Cardiac fibroblasts were treated with various concentrations of Ang-(1-7),
in the presence of 1% FBS or 10 nM ET-1. Protein and collagen was detected by 3Hleucine and 3H-proline incorporation, respectively. Data are presented as the percentage
of serum-stimulated growth. n = 4 - 6, in triplicate. *denotes p < 0.05 and **denotes p <
0.01 compared to FBS alone.

Figure 7. Ang-(1-7) inhibits ERK1/ERK2 MAP kinase activity. Cardiac fibroblasts
pre-treated for 6 h with 100 nM Ang-(1-7) were stimulated with 10 nM ET-1 or 100 nM
Ang II and ERK1/ERK2 auto-phosphorylation was determined using a phospho-specific
antibody. A) Representative blots analysis showing ET-1 or Ang II-stimulated phosphoERK1/ERK2 and actin immunoreactivity in the presence or absence of Ang-(1-7). B)
Quantitative data showing percent control of ET-1 or Ang II phospho-ERK1 and ERK2.
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n = cells isolated from 2 to 4 litters of neonatal pups, in duplicate or triplicate. * p <0.05
compared with ET-1 or Ang II treatment alone.

Figure 8. Ang-(1-7) up-regulates DUSP-1 in neonatal cardiac fibroblasts. Cardiac
fibroblasts in serum-free media were treated with either 100 nM Ang-(1-7), or ET-1 (10
nM), and incubated for 6 h. A) DUSP1 mRNA isolated from cardiac fibroblasts (n= cells
isolated from 4 litters of neonatal rat pups) was analyzed by real-time PCR. B) A 40-kDa
immunoreactive protein was visualized using Western blot hybridization in cultured
cardiac fibroblasts with use of a specific antibody to DUSP1 (n = cells isolated from 3
litters of neonatal rat pups). * denotes p < 0.05 compared to control, in the serum-free
media alone.
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CHAPTER IV
General Discussion
In an Ang II-infusion model of hypertension, treatment with Ang-(1-7)
significantly reduced the Ang II-mediated increase in MCSA, ANP and BNP, all markers
of cardiac myocyte hypertrophy, with no apparent effect on HW/BW ratio. The Ang-(17)-mediated reduction in Ang II-induced cardiac myocyte hypertrophy was associated
with a reduction in the mitogen-stimulated increase in ERK1/ERK2. In animals infused
with Ang II, the expression of the MAP kinase phosphatase DUSP-1 was not different
from saline-treated rats; however, administration of Ang-(1-7), in the presence or absence
of Ang II, increased DUSP-1. Treatment with the heptapeptide also prevented the Ang
II-mediated increase in collagen deposition in the interstitium and perivascular space and
dramatically decreased the mitogen-stimulated increase in media-to-lumen ratio.

In

cardiac fibroblasts isolated from neonatal rats, Ang-(1-7) reduced ET-1- and serumstimulated DNA, protein and collagen synthesis and this effect was blocked by the
selective Ang-(1-7) receptor antagonist, [D-Ala7]-Ang-(1-7).

The heptapeptide

significantly reduced ET-1- or Ang II-mediated phosphorylation of ERK1/ERK2 MAP
kinases in cardiac fibroblasts and incubation of these cells with Ang-(1-7) caused a
significant increase in DUSP-1; without an observed effect on DUSP1 with ET-1
stimulation.

Together, these studies demonstrate that Ang-(1-7) attenuates cardiac

remodeling by reducing cardiac myocyte hypertrophy, decreasing media-to-lumen ratio,
inhibiting interstitial and perivascular fibrosis.

Furthermore, modulation of the

ERK1/ERK2 and DUSP1 pathway by Ang-(1-7) provides potential mechanisms for the
beneficial effects of the heptapeptide.
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Ang-(1-7) Inhibits Ang II-Induced Cardiac Myocyte Hypertrophy
The potent vasoconstrictor and growth promoting effects of Ang II are
counterbalanced by the actions of Ang-(1-7)(14). Studies in my mentor’s laboratory
previously showed that Ang-(1-7) prevents the Ang II-stimulated increase in cultured
cardiac myocyte growth(61). We examined the counteracting effects of Ang-(1-7) in
vivo in cardiac tissue from a rodent model of Ang II-dependent hypertension. There was
a significant increase in systolic blood pressure in rats infused with Ang II, observed by
day 14, which remained elevated throughout the study, as expected from previous
studies(24; 40). Co-administration of Ang-(1-7) with Ang II did not alter the Ang IImediated increase in systolic blood pressure, suggesting that the heptapeptide does not
lower blood pressure in this model of hypertension. Consistent with our studies, Grobe et
al. (24) did not observe a reduction in the increase in systolic blood pressure when Ang(1-7) was co-infused with Ang II. The lack of a reduction in blood pressure by Ang-(1-7)
suggests that the effects mediated by the heptapeptide are not likely due to hemodynamic
changes.

Circulating Ang II was elevated in both the Ang II-treated group and the Ang
II/Ang-(1-7)-co-infused group.

This finding is in agreement with previous studies

demonstrating that, in 2 kidney 1 clip (2K1C) hypertension (65) or in a model of bile
ligation(3), subcutaneous infusion of Ang II elevates the circulating octapeptide, an
elevation in plasma levels of the octapeptide similar to what we observed in the present
study. In addition, more recent studies by Gonzalez-Villalobos and colleagues suggest
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that subcutaneous Ang II infusion increases circulating Ang II levels in C57BL/6J
mice(22; 23).

Subcutaneous administration of Ang-(1-7) did not increase plasma concentrations
of the heptapeptide. This is in contrast to a previous study in our laboratory where
intravenous infusion of Ang-(1-7) in a model of carotid artery injury resulted in a 2 to 3fold increase in circulating levels of Ang-(1-7) with no effect on Ang II(56).
Additionally, Loot and colleagues reported a 40-fold increase in plasma levels of the
heptapeptide when rats were intraveneously infused with Ang-(1-7) following coronary
artery ligation(38). The lack of an increase in circulating levels of the heptapeptide in our
animals infused subcutaneously with Ang-(1-7) compared to studies where the peptide is
infused directly into the circulation may account for the difference in plasma levels of the
peptide observed in the two different modes of delivery. However, it is puzzling that, in
our model, increases in circulating Ang-(1-7) were only observed in rats infused with
either Ang II alone or Ang II and Ang-(1-7); Ang-(1-7) was not increased in the plasma
of rats infused with the heptapeptide alone. Subcutaneous infusion of Ang-(1-7) may
result in rapid hydrolysis of the heptapeptide, by ACE, as it crosses the pulmonary bed,
before reaching the arterial circulation(70), since the baseline half-life of the heptapeptide
in circulation is only about 10 seconds(69). The concentrations of the heptapeptide that
enters the circulation may be significantly lower than the initial dose administered.
Grobe and colleagues demonstrate that infusion of the heptapeptide at a considerably
lower dose, four-fold lower than the present study, results in similar reductions in Ang IImediated cardiac remodeling(24), suggesting that Ang-(1-7) is effective even at lower
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doses. In contrast, the marked increase in plasma Ang-(1-7) levels in animals treated
with Ang II, in the presence or absence of Ang-(1-7), may result from an ACE2-mediated
conversion of Ang II to Ang-(1-7)(62). Further analysis of enzymes responsible for the
synthesis of Ang-(1-7), such as neprilysin and ACE2, as well as its degradation by ACE,
in both the plasma and cardiac tissue, may provide a more definitive explanation for the
alterations in circulating levels of Ang-(1-7) that we observed.

Nonetheless, the

reduction in Ang II-mediated cardiac remodeling by Ang-(1-7) is evident and suggests a
protective role for the heptapeptide, even at doses that do not substantially increase levels
in the circulation. However, further studies using the selective antagonist, [D-Ala7]-Ang(1-7), may provide a more definitive explanation of how the heptapeptide elicits its
effects in vivo.

In the present study, infusion with Ang II tended to reduce body weight, although
the reduction was not significant compared with the body weight of rats infused with
saline or Ang-(1-7) alone.

A similar non-significant reduction in body weight was

observed in animals co-infused with Ang II and Ang-(1-7) compared to animals treated
with saline or Ang-(1-7) alone. In a model of chronic Ang II infusion, low dose Ang II
(175 ng/kg/ min) reduced body weight by day eight, to values lower than control rats(8;
29). Moreover, Ang II infusion dose-dependently (at increasing concentrations of 200,
350 and 500 ng/kg/min) decreased body weight and increased blood pressure. When
blood pressure was normalized with hydralazine treatment, the reduction in the Ang IIinduced (350 ng/kg/min) decrease in body weight was not altered, indicating that the
effect of Ang II on body weight is independent of changes in blood pressure(8).
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Furthermore, Ang II-infusion preferentially reduced white adipose tissue mass with no
relative change in the mass of other organs, with the exception of the diaphragm
(decreased) and the left ventricle (increased). These studies are in agreement with our
current findings which demonstrate that infusion of Ang II (24 μg/kg/h or 400 ng/kg/h), a
comparable dose, tended to decrease body weight and increase heart mass. This suggests
that the Ang II-mediated decrease in body weight may be attributed to alterations in fat
mass and not growth, which may account for at least part of the increased heart weight to
body weight ratio observed with Ang II infusion.

Previous studies showed that Ang II contributes to the development of cardiac
hypertrophy by increasing the growth of cardiac myocytes and fibroblasts(2; 48).
Ventricular weight tended to be increased by treatment with Ang II, alone or in
combination with Ang-(1-7); however, the differences were not significant compared to
the heart weight of rats treated with saline alone. Ang II increased the HW/BW ratio in
animals infused with Ang II, primarily due to the reduction in body weight. Ang-(1-7)
did not attenuate the Ang II-mediated increase in HW/BW, when co-infused with Ang II.
The HW/BW ratio in rats treated with Ang II and Ang-(1-7) was similar to that of rats
treated with Ang II alone, again reflecting the reduction in body weight. In previous
studies, Ang II infusion increased the HW/BW ratio (11; 26; 40) and lentiviral delivery of
ACE2 in the heart significantly reduced HW/BW ratio. This suggests that ACE2 overexpression in the heart may generate increased cardiac Ang-(1-7) that can act directly on
the heart to reduce growth(26). Mercure et al. also showed that the Ang II-mediated
increase in HW/BW ratio was decreased by direct actions of Ang-(1-7) on the heart,

194

through delivery of the heptapeptide to the heart using an Ang-(1-7) fusion protein(40).
These results suggest that Ang-(1-7) modulates the Ang II-induced increase in cardiac
hypertrophy. Our inability to detect the effect of Ang-(1-7) on the heart weight to body
weight ratio may be due to an early reduction in cardiac myocyte size which may not yet
be evident at the tissue level.

Ang II significantly increased cardiac myocyte size, as measured by an elevation
in myocyte cross-sectional area (MCSA). Co-infusion of Ang-(1-7) significantly reduced
the Ang II-mediated increase in MCSA.

Numerous studies indicate that Ang-(1-7)

attenuates cardiac hypertrophy in vivo by attenuating cardiac myocyte hypertrophy,
resulting in an improvement in cardiac function following MI(38).

Additionally,

subcutaneous infusion of the heptapeptide reduces cardiac myocyte hypertrophy and
fibrosis in Ang II-induced cardiac remodeling(24) and inhibits cardiac remodeling and
improves postischemic function in rats that chronically overproduce Ang-(1-7), induced
by fusion protein methodology which delivery the peptide directly to the heart(40; 50).
Moreover, the non-peptide Ang-(1-7) agonist AVE-0991 also reduced MCSA in
isoproterenol-induced hypertension(15). The observed Ang-(1-7)-mediated reduction in
cardiac myocyte cell growth was in agreement with in vitro studies demonstrating that
Ang-(1-7) significantly decreased cardiac myocyte growth through an inhibition in
protein synthesis, as measured by 3H-leucine incorporation(28; 61), and prevented the
hypertrophic response in cardiac myocytes induced by conditioned media from Ang IIstimulated cardiac fibroblasts(28). Taken together, these studies suggest a role for Ang-
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(1-7) in the reduction of cardiac myocyte cell growth, an effect that could regulate
cardiac function.

Natriuretic peptides are beneficial to the heart; ANP, formed in the atria, and
BNP, produced in the ventricles, both promote balanced vasodilation, thus reducing
preload and afterload. These natriuretic peptides also reduce sodium and water retention,
attenuate the actions of vasoconstrictor peptides and inhibit sympathetic tone(34). We
observed a marked increase in both ANP and BNP in animals infused with Ang II.
Cardiac hypertrophy leads to increased ventricular production of ANP and BNP and their
release into the plasma is further stimulated by stretching of the myocardial wall and by
elevated plasma concentration of Ang II and ET-1(34). An elevation in the circulating
levels of Ang II may account for the marked increase in ANP and BNP relative gene
expression observed in cardiac tissue from animals infused with Ang II. Interestingly, we
did not observe a similar increase in ANP and BNP genes expression in cardiac tissue
from animals co-infused with Ang II and Ang-(1-7), suggesting that Ang-(1-7) inhibits
the stimulatory effects of Ang II on ANP and BNP gene expression. Consistent with our
findings, Iwata and colleagues (28) showed that Ang-(1-7) significantly attenuated the
increase in ANP mRNA in cultured cardiac myocytes after exposure to conditioned
media from Ang II-stimulated cardiac fibroblasts. The Ang II-mediated increase in
cardiac myocyte hypertrophy depends, at least partly, on the release of substances from
cardiac fibroblasts and pretreatment of cardiac fibroblasts with Ang-(1-7) attenuated the
hypertrophic response(28). Therefore, since both angiotensin peptides were administered
simultaneously our results suggest that Ang-(1-7) prevents the Ang II-induced increase in
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ANP and BNP gene expression, either directly or secondary to the reduction in cardiac
myocyte size.

MAP kinases are implicated in growth of many cells, including cardiac myocytes.
Ang II induces cardiac myocyte hypertrophy and this effect involves activation of the
ERK1/ERK2 MAP kinase pathway(1).

In our studies, Ang II infusion stimulated

ERK1/ERK2 activation in the heart; however, co-administration of Ang-(1-7)
significantly reduced the Ang II-induced activation of ERK1/ERK2. This suggests that
Ang-(1-7) inhibits cardiac myocyte hypertrophy through inactivation of the ERK1/ERK2
MAP kinase pathway. This is in keeping with other reports demonstrating that the
heptapeptide slows Ang II-stimulated growth in VSMC (19; 60) by preventing the
phosphorylation of ERK1/ERK2. In addition, Ang-(1-7) prevented the serum-stimulated
phosphorylation of ERK1/ERK2 in isolated cardiac myocytes (61) and lung cancer
cells(20), as well as the Ang II-induced increase in MAP kinase activity in human
endothelial cells(49). These effects were blocked by the selective Ang-(1-7) receptor
antagonist [D-Ala7]-Ang-(1-7), suggesting that the heptapeptide mediates its effect
through a distinct receptor. Furthermore, Giana et al.(21) showed that Ang II stimulated
ERK1/ERK2 phosphorylation in the hearts of normotensive rats; the Ang II-mediated
phosphorylation of ERK was prevented in a dose-dependent manner by treatment with
Ang-(1-7), an effect that was blocked by [D-Ala 7]-Ang-(1-7). Together, these studies
provide evidence that the ERK1/ERK2 MAP kinase pathway is activated by Ang II and
attenuation of this pathway may represent a protective role of Ang-(1-7) in the heart by
counteracting the tissue-specific effects of Ang II.
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The mitogen-activated protein kinase kinase MEK1/2 phosphorylates and
activates the MAP kinases ERK1 and ERK2, to stimulate cardiac hypertrophy and
promote cardiac myocyte cell growth in vitro and in vivo(7). In our studies, infusion of
Ang II alone or in combination with Ang-(1-7) did not alter the expression of MEK1/2 in
the rat heart. These data suggest that, in this model of Ang II-dependent hypertension,
the activation of ERK1/ERK2 does not require up-regulation of the total MEK1/2 mRNA
or protein. Transgenic mice containing an activated MEK1 cDNA exhibited a phenotype
of compensated hypertrophy (6) and this is consistent with the hypertrophic response
observed in cardiac myocytes infected with an activated MEK1-encoding adenovirus(6;
63). In recent studies by Zou et al.(73), Ang II stimulated ERK1/ERK2 as well as
MEK1/2 phosphorylation in isolated cardiac myocytes, by an increase in reactive oxygen
species(73).

These studies demonstrate that activation of ERK1/ERK2, through an

increase in MEK1/2 activity, is differentially regulated in various models of
hypertension. We did not observe a change in MEK1/2 protein or mRNA expression;
however, the growth factor-mediated activation of ERK1/ERK2 may be dependent on the
activity of the MAP kinase kinase kinase (MAPKKK) c-Raf or other MAPKKKs, to
phosphorylate and activate MEK1/2 and stimulate the activity of the ERK kinases(9).

MAP kinase phosphatase-1 (MKP-1), also known as DUSP-1, is one of the
members of the dual specificity phosphatase family that dephosphorylate MAP kinases,
including ERK1 and ERK2(44). We observed that DUSP-1 immunoreactivty was upregulated by treatment with Ang-(1-7), in both the Ang II/Ang-(1-7)-co-infused and Ang-
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(1-7) alone infusion groups.

This suggests that the protective inhibition of cardiac

myocyte hypertrophy by Ang-(1-7) involves increased expression of DUSP-1 in the
heart.

DUSP1 is regulated at the level of transcription in response to factors that

stimulate ERK1/ERK2 MAP kinases (58) and the phosphatase is also regulated by
ERK1/ERK2 through a negative feedback mechanism to reduce phosphatase activity by
polyubiquination of DUSP protein, targeting it for proteosomal degradation(37). Our
data shows that Ang-(1-7) up-regulates DUSP1; however, no increase in DUSP1 protein
was observed in Ang II-treated animals. The elevated ERK1/ERK2 activity in Ang IIinfused animals may activate this negative feedback loop, inhibit the expression of
DUSP1, and target the phosphatase for proteolytic degradation. Recent studies in our
laboratory demonstrate that the Ang-(1-7)-mediated inhibition of VSMC growth was
prevented by pretreatment with phosphatase inhibitors, suggesting that Ang-(1-7) may
activate or increase MAP kinase phosphatase activity to regulate cell growth(19). Overexpression of DUSP1 in VSMCs inactivated MAP kinases ERK1/ERK2 and inhibited
DNA synthesis(35), indicating that constitutive expression of DUSP1 prevents
proliferation of VSMCs by turning off ERK MAP kinase activity.

Since DUSP1

dephosphorylates threonine/serine and tyrosine residues to deactivate MAP kinases,
increased expression of DUSP1 may lead to decreased ERK activity and a reduction in
cardiac myocyte hypertrophy in the heart.

Perspective
A number of studies provide evidence that Ang-(1-7) has beneficial effects in the
heart, particularly in the attenuation of cardiac remodeling. However, the signaling
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pathways involved in the heptapeptide inhibition of cardiac growth are less defined. In
this study, we demonstrate that Ang-(1-7) attenuates Ang II-mediated cardiac myocyte
hypertrophy, a process that involves inactivation of ERK1/ERK2 and up-regulation of
DUSP1. These data suggest that ERK1/ERK2 and DUSP1 are important downstream
effectors of the Ang-(1-7) mediated pathway in cardiac tissue and the heptapeptide may
play a beneficial role in controlling the development of cardiac remodeling in the heart.

Ang-(1-7) Attenuates Ang II-Mediated Cardiac Fibrosis and Inhibits Mitogen-Stimulated
Growth of Cardiac Fibroblasts

Cardiac remodeling associated with hypertension is characterized not only by
hypertrophy of cardiac myocytes but also involves hyperplasia of non-myocytes. Cardiac
fibroblasts, which account for ~70% of the total cell population in the heart, synthesize
fibrillar collagen and proliferate under pathological conditions, leading to fibrosis(66). In
this model of Ang II-dependent hypertension, infusion of Ang II increased interstitial
cardiac fibrosis, as measured by an elevation in picrosirius red staining in the left
ventricular free wall. However, co-infusion with Ang-(1-7) significantly attenuated the
picrosirius red staining, indicating that the heptapeptide reduces cardiac interstitial
fibrosis by diminishing the deposition of fibrillar collagen. Intracardiac injection of a
lentiviral vector encoding mouse ACE2 resulted in significant attenuation of myocardial
fibrosis induced by a 4 week infusion of Ang II(26). These findings demonstrate that
ACE2 over-expression protects against Ang II-induced cardiac fibrosis.
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Because

increased ACE2 expression would be expected to elevate Ang-(1-7), our study extends
these results by demonstrating that the product of ACE2 enzymatic activity, Ang-(1-7), is
involved in the attenuation of Ang II-mediated cardiac fibrosis. Our results are also in
agreement with recent reports of inhibition of Ang II-induced cardiac remodeling and
fibrosis by Ang-(1-7) infused systemically (24) or generated in the heart using a fusion
protein(40). Taken together, these data suggest that Ang II infusion increases interstitial
cardiac fibrosis by increasing collagen deposition; however, increased Ang-(1-7) acts to
counterbalance the effect of Ang II and attenuate cardiac fibrosis. Therefore, Ang-(1-7)
may be beneficial in abolishing cardiac remodeling induced by Ang II through a
reduction in interstitial cardiac fibrosis.

Ang II infusion augmented collagen deposition surrounding intramyocardial
vessels in the left ventricle (as shown in Figure 2, Chapter III) and right ventricle (as
shown in Figure 1 in the Appendix), indicating that Ang II promotes perivascular
fibrosis. However, co-administration of Ang-(1-7) significantly reduced the Ang IImediated increase in perivascular fibrosis, suggesting that the heptapeptide plays a role in
protecting the heart from the harmful effects of Ang II. Sigusch and collegues infused
Ang II into male Sprague Dawley rats over a 14-day period and observed a significant
increase in perivascular fibrosis in both the left and right ventricle(53). This effect was
blocked by co-administration of indomethacin, a cyclooxygenase inhibitor, suggesting
that the Ang II-mediated increase in perivascular fibrosis in these animals involves the
release of prostaglandins, products of cyclooxygenase (COX) activity(53). Our current
study supports the concept that an inflammatory response is initiated during fibrosis,
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since we observed elevations in COX-2 and prostaglandin E2 synthase following mitogen
stimulation of isolated neonatal cardiac fibroblasts (data shown in Figures 2 and 3 in the
Appendix). Zhao et al. showed that elevated levels of circulating Ang II in SpragueDawley rats lead to cardiac remodeling represented by perivascular fibrosis in the left and
right ventricles(72).

This perivascular cardiac remodeling was associated with pro-

inflammatory and pro-fibrotic mediators, an effect completely blocked by AT 1 receptor
antagonists. The elevations in circulating Ang II through activation of Ang II receptors
on cardiac fibroblasts and not the increase in systolic blood pressure likely contributes to
perivascular fibrosis observed in both the left and right ventricles since treatment with
hydralazine to reduce pressure did not attenuate the cardiac remodeling(72). A proinflammatory phenotype accompanies elevations in Ang II and appears to be a requisite
for appearance of fibrosis at these sites(72). Both left and right ventricles are targets for
circulating hormones such as Ang II and the subsequent abnormal myocardial structure,
expressed as an accumulation of fibrillar collagen, will adversely alter myocardial
stiffness and ventricular function.

However, since the actions of Ang-(1-7) often

counterbalance the effects of Ang II, elevations in Ang-(1-7) may prevent the Ang II
mediated fibrosis. Our studies provide further evidence that the heptapeptide effectively
reduces this fibrogenic response.

Ventricular fibrosis is prominent during the aging process even in the absence of
hypertension and results from cardiac myocyte necrosis and apoptosis(64). Increased salt
intake over time along with aging may contribute to increased interstitial and perivascular
fibrosis in the absence of an observed elevation in blood pressure(51; 71).
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In

hypertension, the increase in cardiac fibrosis is attributed to up-regulation of collagen
synthesis while fibrosis in aging appears to be the result of slower collagen
degradation(4; 47). These changes in structural collagen lead to vascular and ventricular
stiffness and reduced collagen stability making it more resistant to proteolytic
degradation. We also examined changes in interstitial and perivascular fibrosis during
aging. In Sprague-Dawley rats at 67-75 weeks of age, a significant increase in interstitial
and perivascular fibrosis was observed that was accompanied by a slight but significant
increase in systolic pressure (data shown in Figure 4 in the Appendix). These data
indicate that cardiac remodeling in the form of cardiac fibrosis is increased during aging.
Standard antihypertensive therapy does not seem to affect age-related myocardial
fibrosis, since prolonged ACEi treatment significantly decreased blood pressure and
reduced accumulation of collagen in the left ventricle, but not in the right ventricle of
older SHRs(59).

When compared to young SHRs, collagen accumulation was still

prominent in old rats, indicating a failure of anti-hypertensive therapy to correct agerelated changes.

Matrix metalloproteases (MMPs) are zinc-dependent proteolytic enzymes that
degrade ECM and are implicated in remodeling of cardiac tissue(18; 54).

Tissue

inhibitors of matrix metalloproteases (TIMPs) are inhibitors of MMPs and control their
activity. Alterations in the ratio of MMPs to TIMPs are found in heart failure(68), an
imbalance that results in abnormal ECM metabolism and continued cardiac remodeling.
Ang II and Ang-(1-7) have opposing effects on regulation of the transcription of MMPs
and TIMPs, effects that are differentially regulated in cardiac myocytes and fibroblasts.
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Increased ratios of MMPs to TIMPs were observed after Ang II stimulation, while
decreased MMPs to TIMPs were seen following Ang-(1-7) exposure(45). These results
suggest that Ang-(1-7) may also play a potential counter-regulatory role in attenuating
Ang II-induced cardiac damage by positively modulating the MMP/TIMP ratio.
Although we did not measure MMPs or TIMPS in our studies, a reduction in the
MMP/TIMP ratio following Ang-(1-7) treatment could contribute to anti-fibrotic effects
of the heptapeptide.

In addition to a cardioprotective role, Ang-(1-7) prevents fibrosis in a number of
other tissues, including the kidney and liver. The activity of the ACE2/Ang-(1-7)/Mas
axis is critical in regulating renal protection since Ang-(1-7) infusion prevented
glomerular and tubular fibrosis following ovariectomy(30). Ablation of the ACE2 gene
led to glomerulosclerosis, demonstrating the necessity of the enzyme for maintenance of
normal kidney structure (43) and genetic deletion of the mas receptor resulted in an
increase in renal fibrillar collagen(46). An elevation in the RAS, particularly an increase
in Ang II, is also implicated in the pathogenesis of liver disease, characterized by
inflammation and fibrosis. Ang-(1-7) is up-regulated in human liver disease and chronic
infusion of the heptapeptide attenuated fibrosis in a rat model of liver cirrhosis induced
by bile duct ligation(39). Furthermore, liver injury, induced by bile duct ligation or
exposure to toxic compounds, resulted in increased liver fibrosis in ACE2 knockout mice
compared to wild-type mice and treatment with recombinant ACE2 markedly attenuated
heptatic fibrosis in both models of liver injury(42), suggesting that increased ACE2 limits
liver fibrosis. The elevation in circulating Ang-(1-7) with exogenous infusion or the
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expected increase with ACE2 over-expression may protect against tissue remodeling and
scarring in multiple organs.

Accompanying the perivascular fibrosis induced by Ang II infusion is a medial
thickening of the intramyocardial vessels. Medial thickening is caused by hypertrophy
and hyperplasia of VSMCs. These changes in coronary resistance vessels reduce the
ratio of wall thickness to lumen and adversely influence the capacity of the coronary
vessels to vasodilate(67). Ang II increased the media-to-lumen ratio in intramyocardial
vessels in both the left ventricles, shown in Figure 2, Chapter III, and the right ventricles
(data shown in Figure 1 in the Appendix), indicating increased vascular hypertrophy.
However, co-infusion with Ang-(1-7) significantly attenuated this effect, suggesting that
the heptapeptide may prevent vascular disturbances. A number of studies show that Ang
II stimulates VSMC growth. Freeman and colleagues (16) described an increase in 3Hthymidine incorporation by Ang II in cultured VSMCs, as well as an increase in the total
number of cells, suggesting that enhanced thymidine incorporation was associated with
VSMC proliferation.

However, Ang-(1-7) inhibited 3H-thymidine incorporation in

response to stimulation by Ang II, indicating that Ang-(1-7) and Ang II exhibit opposite
effects on the regulation of VSMC growth(16; 60). In vivo, animals receiving Ang-(1-7)
infusion after carotid artery injury displayed reduced neointimal area compared with rats
administered saline. In contrast, Ang-(1-7) infusion had no effect on medial area in
uninjured vessels, suggesting that the heptapeptide only inhibits actively proliferating
cells(56). Therefore, exogenous Ang-(1-7) reduces neointimal formation by preventing
VSMC proliferation following vascular injury. Stent implantation following vascular
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injury often leads to increases in neointimal thickness, neointimal area and the percentage
of stenosis. In a model of stent implantation in the rat abdominal aorta, infusion of Ang(1-7) significantly reduced neointimal thickness, neointimal area and the percentage of
stenosis compared to saline-treated animals(33). Ang-(1-7) also improved endotheliumdependent relaxation, suggesting that the peptide plays a key role in maintenance of the
normal structure and function of the vasculature(33). In addition, increased ACE2 and
Ang-(1-7) immunoreactivity was observed in the aorta of SHRs treated with an AT1
receptor blocker; AT1 receptor blockade reduced thoracic aorta media-to-lumen ratio and
media thickness(27). The increase in Ang-(1-7) and ACE2 in association with alterations
in vascular remodeling with AT1 receptor blocker treatment suggests that the receptor is
involved in regulation of this pathway.

Moreover, Ang-(1-7) and ACE2 may be

important in mediating the vascular remodeling effect observed with RAS blockade.

Ang-(1-7) has an anti-fibrotic effect in the heart, based on evidence presented in
these studies along with previous data, indicating that Ang-(1-7) protects the heart from
cardiac remodeling. We also investigated the cells mediating this fibrotic response, to
identify the molecular mechanisms for the anti-fibrotic effects of the heptapeptide.
Cardiac fibroblasts are a target for Ang II in the intact heart and contribute to the Ang IIinduced remodeling of the cardiac interstitium(52). Cardiac fibroblast cell growth is
stimulated by a variety of mitogenic factors, including Ang II and ET-1. Ang II upregulates ET-1 gene expression in cultured cardiac fibroblasts (10; 17) and ET-1 plays a
critical role in the growth-promoting effects of Ang II. Thus, both Ang II and ET-1 are
important in the regulation of cardiovascular disease and remodeling(41).
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We

demonstrated that Ang-(1-7) prevents the ET-1-stimulated growth of cultured neonatal
cardiac fibroblasts by inhibiting DNA, protein and collagen synthesis.

These data

suggest that Ang-(1-7) may attenuate mitogen-stimulated cardiac remodeling in the heart
by acting directly on cardiac fibroblasts to inhibit proliferation of these cells. Previous
studies demonstrate that Ang II displays trophic effects in isolated cardiac fibroblasts(31;
32; 52). However, fewer studies investigated the anti-proliferative effects of Ang-(1-7) in
cardiac fibroblasts. A key study by Iwata and colleagues (28) demonstrated that Ang-(17) modulated the growth of cardiac fibroblasts isolated from adult rat hearts. In this
study, specific binding of Ang-(1-7) to cardiac fibroblasts was achieved at nanomolar
concentrations of the peptide and the heptapeptide binding sites were distinct from AT 1
and AT2 receptors. In addition, Ang-(1-7) inhibited collagen synthesis and decreased the
mRNA expression of the growth factors ET-1 and leukemia inhibitory factor (LIF).
Pretreatment of cardiac fibroblasts with Ang-(1-7) followed by stimulation with Ang II
inhibited the Ang II-induced increases in collagen synthesis and growth factor
production.

Therefore, Ang-(1-7) interacting with its specific receptor on cardiac

fibroblasts, exerts anti-fibrotic and anti-trophic effects that reverse the effects of Ang
II(28). Together, these data show that Ang-(1-7) may play an important role in the heart
by regulating cardiac fibroblast cell growth to modulate cardiac remodeling.

Various studies demonstrate that Ang II activates extracellular signal-regulated
kinases (ERK1 and ERK2) to induce cardiac fibroblast proliferation(31; 36; 52), but the
counterbalancing effects of Ang-(1-7) in regulating this pathway in cardiac fibroblasts
have not been examined. Our studies demonstrate that pretreatment with Ang-(1-7)
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significantly attenuated the ET-1- or Ang II-mediated activation of ERK1/ERK2,
suggesting that the heptapeptide attenuates MAP kinase activities. Although we did not
determine the involvement of ERK1/ERK2 in our growth assay, ERK1 and ERK2
participate in cell growth, suggesting that the Ang-(1-7)-mediated inhibition of their
activities is association with the reduction in cardiac fibroblast cell growth. Previous
reports from our laboratory demonstrate that Ang-(1-7) blocks the serum-mediated
increase in ERK1/ERK2 activity in isolated cardiac myocytes (61) and human lung
cancer cells(20), suggesting that the heptapeptide decreases MAP kinase activity to
inhibit cellular growth. Additionally, Ang II increases ERK1/ERK2 activation in human
endothelial cells, an effect that was associated with a decrease in activity of the Src
homology 2-containing inositol phosphatase 2 (SHP-2) in human endothelial cells(49).
In this same study, pre-treatment of the cells with Ang-(1-7) abrogated the Ang IImediated effects.

This suggests that Ang-(1-7) may serve a protective role in the

endothelium to counterbalance the deleterious effects of Ang II through decreases
ERK1/ERK2 activation and up-regulation of a phosphatase(49).

Collectively, the

evidence demonstrates that the anti-proliferative effects of Ang-(1-7) involve inactivation
of ERK1/ERK2 MAP kinases in a number of cells and the inhibitory effect of the
heptapeptide may be beneficial in reversing the effects elicited by mitogenic factors such
as Ang II.

In response to MAP kinase activation, a family of dual specificity phosphatases
are transcriptionally induced to dephosphorylate and inactivate p38, JNK and ERK MAP
kinases(25). The dual specificity phosphatase MKP-1, or DUSP-1, is expressed in the
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heart, where the enzyme regulates MAP kinase activities(5).

Since ERK1/ERK2

activation is associated with cardiac hypertrophy and remodeling, we investigated
whether Ang-(1-7) modulates the activity of DUSP-1 in isolated cardiac fibroblasts. We
show that ET-1 does not induce the activation of DUSP-1; however, treatment with Ang(1-7) significantly up-regulated the expression of this phosphatase in cardiac fibroblasts.
This suggests that the heptapeptide induces transcription of DUSP-1 in association with
the inactivation of ERK1/ERK2 in cardiac fibroblasts. ERK1/ERK2 activation induced
by Ang II is important for cardiac fibroblast proliferation and migration. In isolated
cardiac fibroblasts, lipopolysaccharide (LPS) inhibited the Ang II-induced DNA
synthesis and phosphorylation of ERK1/ERK2 while enhancing MKP-1 levels. Silencing
MKP-1 with antisense oligodeoxynucleotides reversed the anti-mitogenic effect of LPS
on Ang II-induced DNA-synthesis and migration, suggesting that LPS inhibits the Ang
II-mediated activation of ERK1/ERK in association with an increase in MKP-1(55).
Additionally, studies from our laboratory show that small interfering RNAs (siRNA) to
reduce DUSP1 gene expression completely prevent the Ang-(1-7)-mediated reduction in
mitogen-stimulated ERK1/ERK2 activation in VSMCs (unpublished observations). This
suggests that Ang-(1-7) increases DUSP1 activity to reduce ERK1/ERK2 auto-activation
and inhibit VSMC growth. We observed that treatment with ET-1 did not increase
DUSP1 in cardiac fibroblasts; however both ERK1/ERK2 activation and DUSP1
induction are tightly regulated.

Ang II and ET-1 stimulation of MAP kinase

phosphorylation and activation is a transient event with peak activation observed at 5
minutes and a return to baseline seen within 30 to 90 min(12; 57). DUSP1 is regulated
by transcription and transient induction of DUSP1 gene expression corresponds with the
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time course for inactivation of MAP kinase in VSMC(13). Therefore, the inability to
observe an increase in DUSP1 with ET-1 stimulation in cardiac fibroblasts may be a
timing issue since the first time point assessed was 1 hour after stimulation.
Nevertheless, Ang-(1-7) up-regulates the phosphatase DUSP1 and this pathway may be
associated with the ability of the heptapeptide to decrease growth of cardiac cells.

Perspective
During chronic hypertension, the hypertrophy of cardiac myocytes is
accompanied by disproportionate growth of non-cardiomyocyte cells, particularly cardiac
fibroblasts.

These cells contribute to perivascular and interstitial fibrosis of

intramyocardial vessels, which extends into the interstitial space.

Hypertrophy and

hyperplasia of VSMCs in these vessels result in medial thickening and together, these
events contribute to pathological cardiac remodeling. Our studies demonstrate that Ang(1-7) inhibits Ang II-mediated cardiac fibrosis (interstitial and perivascular) and vascular
remodeling through a signaling pathway that involves inactivation of ERK1/ERK2 and
up-regulation of DUSP1.

Therefore, Ang-(1-7) may play a beneficial role in the

attenuation of cardiac remodeling.
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APPENDIX

Right Ventricular Perivascular Fibrosis and Vascular Hypertrophy
The process of structural remodeling of the heart involves both the left and right
ventricles, an outcome that suggests a role for circulating substances or locally produced
substances in cardiac tissue. Effector hormones of the RAS, namely Ang II, are linked to
abnormalities of fibrillar collagen, which adversely alters myocardial stiffness and
function (9).

Right ventricular remodeling often accompanies alterations in left

ventricular structure that are not due to hemodynamic strain (4). In this model of Ang IIdependent hypertension, we determined if the effects of Ang-(1-7) on perivascular
fibrosis and vascular hypertrophy could be observed in the right ventricle.

The hearts of male Sprague-Dawley rats were removed by blunt dissection.
Paraffin embedded samples, sectioned at 5 µm, were stained with picrosirius red for
analysis of collagen content, as described in Methods of Chapter III. Similar to left
ventricular effects, Ang II significantly enhanced picrosirius red-staining surrounding
coronary vessels in the right ventricle, as indicated by increased red fibers. However, coadministration of Ang-(1-7) reversed the Ang II-mediated increase in perivascular
fibrosis. Ang-(1-7) treatment alone was not different from saline infused-animals, as
shown in Figure 1A. Analysis of picrosirius red staining showed that increased right
ventricular perivascular fibrosis by Ang II treatment was statistically different from the
saline-infused group (40.42 ± 1.97% compared to 20.10 ± 2.26%. p < 0.001, n = 6), while
co-infusion of Ang-(1-7) reversed the Ang II-mediated enhancement of perivascular
fibrosis (to 26.75 ± 2.82%. p < 0.001, n = 6.), in Figure 1B. Ang–(1-7) treatment alone
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was not different from saline-treated animals (20.64 ± 1.78, n = 6). In addition, a more
pronounced augmentation in the media to lumen ratio was observed in Ang II-infused
animals compared to saline treatment (4.39 ± 0.90 compared to 1.10 ± 0.21, respectively.
p < 0.01, n = 6) and this effect was significantly reduced in the presence of Ang-(1-7)
(1.75 ± 0.19.p < 0.001, n = 6), as shown in Figure 1C. Again, Ang-(1-7) alone had no
effect on media-to-lumen ratio (1.48 ± 0.17. p < 0.01, n = 6). These findings suggest that
that the anti-fibrotic effect of the heptapeptide is important in both the left and right
ventricles and may protect the heart from Ang II-mediated cardiac damage.

Cyclooxygenase-2 and Prostaglandin E Synthase Expression in Cardiac Fibroblasts
Activation of the renin-angiotensin system and increases in Ang II and ET-1 are
implicated in the inflammatory process that accompanies remodeling of the heart (7).
Cyclooxygenase-2 (COX-2) is a key factor in the progression of inflammation and is
expressed during heart failure; in addition, products of COX-2 enzymatic activity are
involved in inflammatory cell infiltration and cardiac fibroblasts proliferation (8). Ang II
stimulates both COX-2-mediated inflammation and fibrosis. To evaluate the effects of
Ang-(1-7) on mitogen-stimulated changes in inflammatory mediators, such as COX-2, we
isolated cardiac fibroblasts from neonatal Sprague-Dawley rats, as described in Methods
of Chapter III.

Cardiac fibroblasts were pre-incubated with 100 nM Ang-(1-7) followed by
stimulation with 10 nM ET-1 and changes in COX-2 mRNA over time were observed.
ET-1 alone resulted in an increase in relative COX-2 expression that was significantly
elevated at 4 and 6 h, 1.5 to 2-fold over expression at zero time, as shown in Figure 2.
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However, co-administration of Ang-(1-7) with ET-1 prevented the ET-1 stimulated
increase in COX-2 gene expression observed at 4 and 6 h, while Ang-(1-7) treatment
alone had no effect on COX-2 relative gene expression. These findings suggest that Ang(1-7) attenuates mitogenic induction of COX-2 in cardiac fibroblasts and thus may play
an important role in modulating the inflammatory and proliferative effects observed with
induction of this pathway.

Prostaglandins are important in normal cellular conditions as well as
pathophysiological conditions such as inflammation (11). The synthesis of prostaglandin
E2 (PGE2), following COX-2 induction, involves activation of microsomal glutathionedependent PGE synthase (1). COX-2 and PGE2 production were observed in patients
with heart failure (10) as well as animal models of myocardial damage (5) and increased
PGE2 promotes hypertrophic growth of cardiac myocytes (6) and stimulates cardiac
fibroblast proliferation (2).

Since the induction of COX-2 and proinflammatory

mediators can be induced by up-regulation of the RAS, we investigated whether Ang-(17) attenuates the activity of PGES, the enzyme responsible for PGE 2 production, in
isolated cardiac fibroblasts.

Cardiac fibroblasts pre-incubated with 100 nM Ang-(1-7) were stimulated with 10
nM ET-1 to detect changes in the relative gene expression of PGES. ET-1 stimulation
alone caused a significant increase in relative PGES expression that was significantly
elevated at 4 and 6 h (a 1.5 and 2.0-fold increase, respectively), as shown in Figure 3A.
Combination treatment with Ang-(1-7) significantly prevented the ET-1 stimulated
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increase in PGES gene expression, while Ang-(1-7) treatment alone had no effect on
PGES relative gene expression, Figure 3A. Similarly, Ang-(1-7) significantly reduced
the ET-1-sitmulated increase in PGES immunoreactivity by 35% in cardiac fibroblasts, as
shown in Figure 3B. Therefore the induction of PGES by stimulation with ET-1 is
inhibited by Ang-(1-7).

These results suggest that Ang-(1-7) may be important in

reducing cardiac fibroblast cell growth associated with COX-2 induction and PGE2
synthesis.

The Effect of Aging on Cardiac Hypertrophy
During the aging process, cardiac remodeling is characterized by increased
accumulation of fibrous tissue and may occur in the absence of an elevation in blood
pressure. We wanted to determine whether we could detect changes in interstitial and
perivascular fibrosis as well as vascular hypertrophy in aged rats. The hearts of young
(19 ± 1.1 weeks old, n=6) and old (74.3 ± 2.3 weeks old, n=6) Hannover Sprague-Dawley
rats were stained with picorsirius red, to visualize changes in cardiac remodeling. With
the increase in age,e there was a slight but significant increase in blood pressure in the
older rats with blood pressure values highest in rat 69 weeks of age (p < 0.05) compared
to younger 15 week and 46 week aged animals (3). Interstitial and perivascular fibrosis
and vascular hypertrophy were all significantly increased in older rats (Figure 4). These
findings suggest that a fibrotic response is evident in older animals and future studies will
aim to determine whether treatment with Ang-(1-7) will reduce the age-dependent
increase in ventricular fibrosis and vascular hypertrophy.
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Figure 1. Ang-(1-7) inhibits perivascular fibrosis and vascular hypertrophy in the
right ventricle of rats. Perivascular fibrosis and vascular hypertrophy were determined
in picrosirius red-stained sections from rats infused with saline, Ang II, Ang II/Ang-(1-7)
[A7] or Ang-(1-7) alone. A) representative images of perivascular fibrosis at X400
maginification. B) quantified data from all animals. C) measurement of media to lumen
ratio. n = 6, * denotes p < 0.05 compared to tissue from saline-infused rats.

Figure 2. Ang-(1-7) reduces COX-2 gene expression in cardiac fibroblasts. Cardiac
fibroblasts were pre-treated with Ang-(1-7) for 4 h prior to the addition of ET-1, as
indicated. COX-2 mRNA was measured by RT real-time PCR, as described in Chapter
III. n = 5, * denotes <0.05 compared to Ang-(1-7) treatment alone.

Figure 3.

PGES expression is attenuated by Ang-(1-7) in cardiac fibroblasts.

Cardiac fibroblasts were pre-treated with Ang-(1-7) for 4 h prior to the addition of ET-1,
as indicated. PGES A) mRNA and B) protein were measured by RT real-time PCR and
Westen blot hybridization, respectively. n = 5, * denotes p < 0.05 compared to Ang-(1-7)
treatment alone; # denotes p < 0.05 compared to ET-1 alone.

Figure 4. Ventricular fibrosis and vascular hypertrophy are increased during aging.
Interstitial and perivascular fibrosis and vascular hypertrophy were determined in
picrosirius-red stained sections from old and young rats. A) representative images of
interstitial (X200 magnification) and perivascular fibrosis (X400 magnification) B)
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interstitial fibrosis quantification C) perivascular quantification D) measurement of
media-to-lumen ratio. * denotes p < 0.05 compared to young rats.
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