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Abstract
Previous studies showed that angiotensin-(1-7) [Ang-(1-7)] attenuates cardiac remodeling by
reducing both interstitial and perivascular fibrosis. Although a high affinity binding site for Ang-
(1-7) was identified on cardiac fibroblasts, the molecular mechanisms activated by the
heptapeptide hormone were not identified. We isolated cardiac fibroblasts from neonatal rat hearts
to investigate signaling pathways activated by Ang-(1-7) that participate in fibroblast proliferation.
Ang-(1-7) reduced 3H-thymidine, -leucine and –proline incorporation into cardiac fibroblasts
stimulated with serum or the mitogen endothelin-1 (ET-1), demonstrating that the heptapeptide
hormone decreases DNA, protein and collagen synthesis. The reduction in DNA synthesis by
Ang-(1-7) was blocked by the AT(1-7) receptor antagonist [D-Ala7]-Ang-(1-7), showing specificity
of the response. Treatment of cardiac fibroblasts with Ang-(1-7) reduced the Ang II- or ET-1-
stimulated increase in phospho-ERK1 and –ERK2. In contrast, Ang-(1-7) increased dual-
specificity phosphatase DUSP1 immunoreactivity and mRNA, suggesting that the heptapeptide
hormone increases DUSP1 to reduce MAP kinase phosphorylation and activity. Incubation of
cardiac fibroblasts with ET-1 increased cyclooxygenase 2 (COX-2) and prostaglandin synthase
(PGES) mRNAs, while Ang-(1-7) blocked the increase in both enzymes, suggesting that the
heptapeptide hormone alters the concentration and the balance between the proliferative and anti-
proliferative prostaglandins. Collectively, these results indicate that Ang-(1-7) participates in
maintaining cardiac homeostasis by reducing proliferation and collagen production by cardiac
fibroblasts in association with up-regulation of DUSP1 to reduce MAP kinase activities and
attenuation of the synthesis of mitogenic prostaglandins. Increased Ang-(1-7) or agents that
enhance production of the heptapeptide hormone may prevent abnormal fibrosis that occurs during
cardiac pathologies.
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1. INTRODUCTION
Cardiac fibroblasts constitute the major type of cell in the heart, accounting for 60 to 70% of
the total number of cells in the heart and over 90% of the non-myocytes [2,4,41,49]. In
contrast, the majority of the volume of the heart is composed of cardiac myocytes, providing
the contractile force for cardiac function. Cardiac fibroblasts are located in sheets, in parallel
with myocytes, providing the structure for cardiac contraction by synthesizing and secreting
extracellular matrix proteins including fibronectin and collagens as well as matrix
metalloproteases (MMPs) and MMP inhibitors, to regulate collagen degradation. Cardiac
fibroblasts are also a source of cytokines and growth factors which function in both the
autocrine and paracrine regulation of cardiac cell proliferation.

Under pathological conditions, such as after a myocardial infarction, cardiac fibroblasts
differentiate into myofibroblasts [4,41]. Myofibroblasts are characterized by the expression
of α-smooth muscle actin and conversion to a secretory phenotype, exhibiting increased
production and secretion of both collagens and fibronectin. Although the production of
extracellular matrix proteins is important in reparative remodeling, excess production of
collagens and fibronectin by activated myofibroblasts leads to loss of cardiac function,
cardiac fibrosis and heart failure. Chronic hypertension, due to increased hemodynamic
forces or humoral factors, such as endothelin 1 (ET-1), angiotensin II (Ang II) and
transforming growth factor-β1 (TGF-β1), also results in myofibroblast differentiation and
adverse cardiac remodeling [3,17]. Cardiac fibrosis poses an increased risk for adverse
cardiovascular events including ventricular dysfunction and arrhythmias, ultimately
culminating in heart failure [57].

Angiotensin-(1-7) [Ang-(1-7)] is a seven amino acid peptide of the renin-angiotensin system
that often opposes the physiological effects elicited by bioactive hormones such as Ang II
and ET-1. Ang-(1-7), which is present in the heart [1], improves contractility [11,15,46],
reduces cardiac hypertrophy and attenuates cardiac myocyte cell growth [31,52]. We
recently showed that infusion of Ang-(1-7) into Ang II-treated rats reduces cardiac
hypertrophy and fibrosis, independent of a reduction in blood pressure [33] in agreement
with other studies showing that increased Ang-(1-7), by either direct infusion or using an
Ang-(1-7)-generating fusion protein, prevented cardiac remodeling in deoxycorticosterone
(DOCA) salt-induced hypertension, in Ang II-mediated models of hypertension, and in a
model of diabetes induced by fructose-feeding [20,23,24,36,45]. The discovery of
angiotensin converting enzyme 2 or ACE2, which converts Ang II to Ang-(1-7) [13,54,56],
and its localization in the heart provide additional evidence of a role for Ang-(1-7) in cardiac
function. Genetic deletion of cardiac ACE2, while decreasing Ang-(1-7) and increasing Ang
II, is associated with enhanced cardiac hypertrophy and reduced pumping ability [10].
Although Donoghue et al. [14] originally reported that over-expression of ACE2 was
detrimental to the heart, subsequent studies using human recombinant ACE2, lentiviral-
mediated over-expression of ACE2, an ACE2 agonist, or an ACE2 inhibitor demonstrate
that ACE2, through either a reduction in Ang II or other ACE2 substrates (angiotensin I,
des-Arginine9-bradykinin, apelin-13 or opioids), an increase in Ang-(1-7), or a combination
of these alterations in peptide concentrations improves cardiac function and reduces left
ventricular fibrosis and remodeling [12,16,22,28,37,42,53,55,60,61]. Treatment of cardiac
fibroblasts with recombinant human ACE2 reduced collagen production and the Ang II-
mediated increase in phospho-ERK1/2, effects blocked by an Ang-(1-7) receptor antagonist
[60], the ACE2 activator XNT reduced phospho-MAP kinases in cardiac fibroblasts from
hypertensive rats [16], and transfection of cardiac fibroblasts with lenti-ACE2 reduced
hypoxia-induced collagen production [22], suggesting that Ang-(1-7) reduces collagen
production and MAP kinase activities in cardiac fibroblasts. Collectively, these studies
provide support for a cardioprotective role for the heptapeptide hormone.

McCollum et al. Page 2

Peptides. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Iwata et al. [29] showed that cardiac fibroblasts contain a high affinity 125I-Ang-(1-7)
binding site and that treatment of cardiac fibroblasts with Ang-(1-7) reduced the production
of various growth factors and cytokines including ET-1 and leukemia inhibitory factor.
However, the signaling mechanisms activated by Ang-(1-7) to inhibit the growth of cardiac
fibroblasts and the production of collagen have not been examined. In this study, we
investigated the effect of Ang-(1-7) on cardiac fibroblasts, to identify signaling pathways
associated with the reduction in cell proliferation and cytokine production.

2. MATERIALS AND METHODS
2.1 Materials

Ang-(1-7), D-Alanine7-angiotensin-(1-7) [D-Ala7]-Ang-(1-7) and ET-1 were obtained from
Bachem California (Torrance, CA). For Western blot hybridization, a phospho-specific
antibody against ERK1/ERK2 was obtained from Cell Signaling Technologies (Cambridge,
MA) and an antibody against DUSP1 (MKP-1) was purchased from Upstate (Lake Placid,
NY). All other reagents were purchased from Sigma Chemical (St. Louis, MO) unless
otherwise noted.

2.2 Isolation of neonatal cardiac fibroblasts
Cardiac fibroblasts were isolated from the ventricles of neonatal Sprague-Dawley rats by
proteolytic digestion and differential plating, as previously described [18]. All procedures
complied with the policies of the Wake Forest University Animal Care and Use Committee.
Cardiac fibroblasts were collected and maintained in DMEM-F12 with 10% fetal bovine
serum (FBS) and the antibiotics ampicillin and streptomycin. Cardiac fibroblasts were
passaged one time, using trypsin/EDTA, to eliminate any residual myocytes. Cells isolated
by this protocol were fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton
X-100, incubated with antibodies to fibronectin, vimentin, sarcomeric myosin and α-smooth
muscle-specific actin (1:1,000 dilutions, Sigma, St. Louis, MO), and visualized with FITC-
conjugated secondary antibodies using a fluorescence microscope.

2.3 Measurement of thymidine, leucine and proline incorporation
Tritiated thymidine, leucine and proline incorporation into cardiac fibroblasts was measured
in cells growing in 24-well culture plates. Cells were incubated in serum-free media for 24 h
prior to experimentation and were treated for 48 h in the presence and absence of 1% FBS,
100 nM Ang II, 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 3H-
proline per milliliter of culture medium was added to each well, during the last 24 h of the
treatment period. Little cell death was observed during the serum-deprivation or treatment
period. The incorporation of 3H-thymidine into newly synthesized DNA, 3H-leucine into
newly synthesized protein or 3H-proline into collagen was determined after precipitation of
acid-insoluble 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.

2.4 Preparation of cell lysates and Western blot hybridization
Cells were 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, to measure phospho-ERK1/2 or for 6 h to measure
DUSP1. Cell lysates were prepared by washing the cells with phosphate-buffered saline
(PBS, 50 mmol/L NaHPO4 and 0.15 mmol/L NaCl, pH 7.2) containing 0.01 mmol/L NaVO4
to prevent dephosphorylation of activated, phosphorylated proteins. Cellular protein was
solubilized in lysis buffer (100 mmol/L NaCl, 50 mmol/L NaF, 5 mmol/L EDTA, 1% Triton
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X-100, and 50 mmol/L Tris-HCl, pH 7.4) containing 0.01 mmol/L NaVO4, 0.1 mmol/L
PMSF, and 0.6 μM leupeptin for 30 min on ice. The supernatant was clarified by
centrifugation (12,000 ×g for 10 min at 4°C), and the protein concentration was measured by
the Lowry method [32].

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
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 mmol/L Tris-HCl, pH 7.4; and 50 mmol/
L NaCl). Membranes were subsequently probed with a specific antibody to phosphorylated
ERK1/ERK2 MAP kinases (1:1,000) or DUSP1 (1:1,000), followed by incubation with goat
anti-rabbit antibody (1:1,000 dilution) coupled to horseradish peroxidase. Actin (β-actin;
Sigma, St. Louis, MO) immunostaining was used as a loading control. Immunoreactive
bands were visualized with the use of enhanced chemiluminescence reagents and quantified
by densitometry.

2.5 RNA isolation and RT real-time PCR
Cardiac fibroblasts were incubated with Ang-(1-7) or ET-1 or the combination for
increasing periods of time and RNA was isolated 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 95°C 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 either a DUSP1, cyclooxygenase 2 (COX-2) or
prostaglandin E synthase 1 (PGES-1) primer/probe set (Applied Biosystems), and
amplification was performed on an ABI 7000 Sequence Detection System. The mixtures
were heated at 50°C for 2 min, at 95°C for 10 min followed by 40 cycles at 95°C for 15 s,
and 60°C 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 Ct 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.

2.6 Statistics
All data are presented as means ± SEM. Statistical differences were evaluated by Student’s
t-tests or ANOVA followed by Dunnett’s post hoc test. The criterion for statistical
significance was set at p < 0.05.

3. RESULTS
3.1 Ang-(1-7) reduces DNA, protein and collagen synthesis in cardiac fibroblasts

Cardiac fibroblasts were isolated from the hearts of 1 to 2 day old Sprague-Dawley rats by
proteolytic digestion and differential plating, to demonstrate the effect of Ang-(1-7) on cell
proliferation, protein and collagen production, and signaling pathways associated with cell
growth. The isolated cells were identified as activated myofibroblasts by
immunocytochemistry, as shown in Figure 1: essentially all of the isolated cells showed
positive immunoreactivity with antibodies to α-smooth muscle actin, fibronectin, and
vimentin but were not reactive when incubated with an antibody to sarcomeric myosin.
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Cardiac fibroblasts were incubated with 3H-thymidine, in the presence and absence of Ang-
(1-7), to determine whether the heptapeptide hormone inhibits DNA synthesis. Semi-
confluent monolayers of cardiac fibroblasts were incubated in media depleted of serum for
48 h and then treated with 1% FBS or 10 nM ET-1, in the presence and absence of Ang-
(1-7); 3H-thymidine was added to measure DNA synthesis. 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 2). Treatment with Ang-(1-7) caused a dose-dependent 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). 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 serum-stimulated cardiac fibroblasts. 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. 3H-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 3H-proline incorporation
by 287± 26% above control, while Ang-(1-7) caused a dose-dependent reduction in both 3H-
leucine and 3H-proline incorporation, as shown in Figure 3A. 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 3H-leucine
incorporation (Figure 3B). These results demonstrate that the heptapeptide hormone inhibits
mitogen-stimulated protein and collagen synthesis in cardiac fibroblasts, in agreement with
the Ang-(1-7)-mediated reduction in fibrosis in vivo.

3.2 Ang-(1-7) reduces ERK1/ERK2 activity and up-regulates DUSP1 in cardiac fibroblasts
Phospho-ERK1 and -ERK2 were quantified 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 hormone on activation of the MAP kinases in isolated cardiac fibroblasts.
ERK1 and ERK2 were measured using phospho-specific antibodies to the enzymes, as
markers of MAP kinase activities. Neither phospho-ERK1 nor phospho-ERK2 was detected
in unstimulated cardiac fibroblasts, indicating an absence of active MAP kinases.
Immunoreactive phospho-ERK1 and -ERK2 were visualized in lysates from cardiac
fibroblasts stimulated with either ET-1 or Ang II. Pre-incubation with 100 nM Ang-(1-7)
reduced phospho-ERK1 and phospho-ERK2, by 64% and 59%, respectively, following ET-1
stimulation, or by 72% and 83%, respectively, by incubation with Ang II, shown in
representative blots or graphically in Figure 4. These findings demonstrate that the
heptapeptide hormone attenuates mitogen-stimulated ERK1/ERK2 MAP kinase activities in
cardiac fibroblasts.

DUSP1 was quantified in lysates from cardiac fibroblasts treated with Ang-(1-7), since this
MAP kinase phosphatase inactivates phospho-ERK1/2 [5]. 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 hormone 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 5A). ET-1 did not alter the
expression of DUSP1 mRNA throughout the 6 h treatment period. In addition, Ang-(1-7)
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significantly increased immunoreactive DUSP1 in isolated cardiac fibroblasts treated with
the heptapeptide hormone alone which was not observed when cells were stimulated with
ET-1 alone (Figure 5B). These data demonstrate that Ang-(1-7) up-regulates DUSP1 and
suggest that the increase in DUSP1 may reduce the phosphorylation of ERK1/ERK2, to
attenuate this major growth promoting pathway and decrease the proliferation of cardiac
fibroblasts.

3.3 Ang-(1-7) Attenuates COX-2 and PGES Expression in Cardiac Fibroblasts
Increases in humoral peptides and hormones such as ET-1, Ang II and TGF-β1 are
implicated in the inflammatory process that accompanies remodeling of the heart [43].
COX-2 is a key factor in the progression of inflammation and is expressed following
myocardial infarction [47]. COX-2 was quantified in cardiac fibroblasts treated with ET-1
and Ang-(1-7) to evaluate the effects of Ang-(1-7) on mitogen-stimulated changes in
inflammatory mediators. Cardiac fibroblasts were pre-incubated with 100 nM Ang-(1-7)
followed by stimulation with 10 nM ET-1 and time-dependent changes in COX-2 mRNA
were measured. ET-1 alone resulted in an increase in relative COX-2 expression that was
significantly elevated at 4 and 6 h, as shown in Figure 6A. However, co-administration of
Ang-(1-7) prevented the ET-1-stimulated increase in COX-2 gene expression while Ang-
(1-7) treatment alone had no effect on COX-2 mRNA. These findings suggest that Ang-
(1-7) attenuates mitogen-stimulated 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 [59]. The synthesis of prostaglandin E2 (PGE2) following
COX-2 induction involves activation of microsomal glutathione-dependent PGES [21].
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 an
increase in relative PGES expression that was markedly elevated at 4 and 6 h, as shown in
Figure 6B. Combination treatment with Ang-(1-7) significantly prevented the ET-1
stimulated increase in PGES gene expression, while Ang-(1-7) treatment alone had no
effect. These results suggest that Ang-(1-7) may play a role in reducing cardiac fibroblast
cell growth associated with COX-2 induction and PGE2 synthesis.

4 DISCUSSION
Ang-(1-7) treatment of Ang II-infused hypertensive rats, DOCA-salt hypertensive rats or
spontaneously hypertensive rats decreases cardiac fibrosis, suggesting that the heptapeptide
hormone reduces the proliferation and production of extracellular matrix proteins and
cytokines by cardiac fibroblasts [20,23,24,33,36,40,45]. Although a high affinity binding
site for Ang-(1-7) was identified on cardiac fibroblasts [29], few studies have investigated
the signaling mechanisms activated by Ang-(1-7) in cardiac fibroblasts. We now show that
Ang-(1-7) regulates two primary growth-promoting pathways, suggesting that alterations in
cellular mechanisms that enhance production of the heptapeptide hormone or interventions
that increase circulating concentrations of Ang-(1-7) may have pleiotrophic effects on
fibroblast proliferation and function in the heart.

Ang-(1-7) inhibited serum- and ET-1-stimulated DNA, protein, and collagen synthesis in
cardiac fibroblasts, suggesting that the heptapeptide hormone reduces the proliferation and
pro-fibrotic protein production by cardiac fibroblasts. This is in agreement with previous
studies showing that Ang-(1-7) reduces 3H-proline incorporation into collagen in isolated rat
cardiac fibroblasts [29]. The Ang-(1-7)-mediated reduction in 3H-thymidine incorporation
was blocked by the selective Ang-(1-7) receptor antagonist [D-Ala7]-Ang-(1-7), indicating
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that the heptapeptide hormone mediates anti-proliferative effects in cardiac fibroblasts
through activation of a distinct [D-Ala7]-Ang-(1-7) sensitive receptor. These results suggest
that Ang-(1-7) activation of the AT(1-7) on cardiac fibroblasts not only inhibits proliferation
but also the production of extracellular matrix proteins and are in agreement with the in vivo
inhibition of fibrosis in hypertensive rats by the heptapeptide hormone
[20,23,24,33,36,40,45]. We previously showed that Ang-(1-7) reduced the growth of cancer-
associated fibroblasts and reduced fibrosis in human estrogen-receptor positive breast tumor
xenografts in immunocompromised mice [9]. The heptapeptide hormone concomitantly
reduced interstitial fibrosis in association with a significant decrease in collagen I
deposition. A similar decrease in perivascular fibrosis was observed. The pro-fibrotic protein
fibronectin was reduced markedly in cancer-associated fibroblasts isolated from orthotopic
breast tumors, again demonstrating the suppression of extracellular matrix protein
production by Ang-(1-7).

The heptapeptide hormone also plays a regulatory role in collagen degradation. The
reduction in collagen production by chronic treatment of spontaneously hypertensive rats
with Ang-(1-7) was associated with abrogation of the decrease in MMP-2 and of the
increase in tissue inhibitor of matrix metalloprotease (TIMP)-1, to alter the MMP/TIMP
ratio; MMP-2 and -9 were increased and TIMP-1 and -2 were decreased in isolated rat
cardiac fibroblasts treated with Ang-(1-7) [40]. Pan et al. [39] also noted a decrease in
TIMP-2 in human fibroblasts treated with Ang-(1-7) and the heptapeptide hormone reversed
the increase in MMP-9 and the decrease in TIMP-2 in fibroblasts treated with Ang II, to
alter the MMP/TIMP ratios. Collectively, these results indicate that Ang-(1-7) reduces
fibrosis in the heart by decreasing collagen production and altering the ratio of MMPs to
TIMPs to regulate collagen degradation. Decades of study have elucidated the pro-fibrotic
signaling molecules, such as ET-1 and Ang II, which promote the synthesis of extracellular
matrix proteins by cardiac fibroblasts. Taken together, our results as well as published
studies by others suggest that Ang-(1-7) may play a prominent role in maintaining
homeostasis of the extracellular matrix in the heart by counter-regulating the actions of pro-
fibrotic signaling molecules.

Ang II activates AT1 receptors to initiate a cascade of signaling events leading to the
activation of MAP kinases that are important in the growth of cardiac cells [34]. In addition,
Ang II stimulation of AT1 receptors on cardiac fibroblasts increases endothelin mRNA,
demonstrating that Ang II up-regulates endothelin production [7]. Moreover, Ang II
stimulation of 3H-thymidine incorporation into cardiac fibroblasts was blocked by either an
AT1 receptor antagonist or an endothelin receptor antagonist, suggesting that Ang II
increases proliferation through the increase in endothelin and subsequent endothelin-
mediated effects on growth [6,7]. Stimulation of cardiac fibroblasts with either ET-1 or Ang
II increased phospho-ERK1/ERK2, in agreement with previous studies [6,7]. Conversely,
pretreatment with Ang-(1-7) significantly attenuated the ET-1 or Ang II-mediated
phosphorylation of ERK1 and ERK2. Previous reports show that Ang-(1-7) attenuates the
mitogen-stimulated increase in phosphorylation and activation of ERK1 and ERK2 in rat
aortic VSMC [51], rat cardiac myocytes [52], human endothelial cells [44] and human lung
cancer cells [19], suggesting that inactivation of ERK1/ERK2 MAP kinase is a global
mechanism whereby Ang-(1-7) regulates cell proliferation. 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 [52],
demonstrating that the anti-proliferative responses to Ang-(1-7) are mediated by a specific
AT(1-7) receptor. Together, these studies suggest that a primary function of the heptapeptide
hormone is to attenuate the phosphorylation of ERK1/ERK2 to prevent aberrant cell growth
in the heart. The increased mitogenic factors produced during pathological processes,
including hypertension, heart failure or myocardial infarction, perturb this delicate balance,
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such that sufficient concentrations of endogenous Ang-(1-7) are not produced to block
growth promoting pathways which lead to enhanced cardiac fibrosis and remodeling.

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.
Members of a family of dual specificity phosphatases (DUSPs) dephosphorylate and
inactivate MAP kinase isoforms in mammalian cells [25,38]. DUSP1 (also known as MAP
kinase phosphatase 1 or MKP-1) is a critical counteracting phosphatase that directly
regulates the magnitude and duration of p38, JNK and ERK auto-phosphorylation and
activation [38]. Ang-(1-7) increased DUSP1 in cultured cardiac fibroblasts, with a time-
dependent up-regulation of DUSP1 mRNA and an increase in DUSP immunoreactivity.
These results suggest that Ang-(1-7) maintains the balance of fibroblast proliferation in the
heart by regulating the mitogenic activation of MAP kinase signaling through the
phosphatase DUSP1. The endotoxin lipopolysaccharide (LPS) also up-regulated DUSP1 in
cardiac fibroblasts and reduced the Ang II-mediated increase in phospho-ERK1/2 while
silencing DUSP1 prevented the LPS-mediated reduction in MAP kinase activity and cell
proliferation [50]. In addition, 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 [8].
These results suggest that Ang-(1-7) as well as other agents up-regulate cardiac DUSP1 to
reduce MAP kinase signaling.

Mitogens such as ET-1 and Ang II which stimulate the proliferation of cardiac fibroblasts
and increase the synthesis of extracellular matrix proteins also promote the production of
pro-inflammatory mediators such as COX-2 and the release of prostaglandins [48]. We
observed up-regulation of both COX-2 and PGES following mitogen stimulation of isolated
cardiac fibroblasts in agreement with previous studies showing that Ang II induced COX-2
and stimulated PGE2 production in cardiac fibroblasts [47] and PGES was up-regulated by
IL1-beta in isolated cardiac fibroblasts [21]. Conversely, pretreatment with Ang-(1-7)
abrogated both the increase in COX-2 and PGES, suggesting that Ang-(1-7) reduces the
production of prostaglandins. COX-2 is increased after myocardial infarction and treatment
with a COX-2 inhibitor improved cardiac parameters, attenuated inflammatory cell
infiltration and reduced fibrosis [30]. Although COX-2 plays an important role in the
physiological and pathophysiological conditions in response to stress signals, over-
production of COX-2 is a key mediator not only of inflammation and tissue injury but also
of cell proliferation. COX-2 and PGE2 production were observed in patients with heart
failure [58] as well as animal models of myocardial damage [30] and increased PGE2
promotes hypertrophic growth of cardiac myocytes [35]. PGE2 also increases the
proliferation of cardiac fibroblasts, by activation of the EP1 receptor and activation of both
ERK1/2 and Akt signaling [26]; treatment of cardiac fibroblasts with PGE2 reduced the
number of cells in S phase by 24.9%, in agreement with the 30 to 40% decrease in mitogen-
stimulated DNA and protein synthesis that we observed in response to Ang-(1-7). Ang II
treatment of mice with ablated PGES resulted in a further reduction in cardiac function and
an increase in apoptosis, demonstrating important roles for PGE2 in the heart following Ang
II infusion [27]. In previous studies in vascular smooth muscle cells, we showed that the
Ang-(1-7)-mediated reduction in proliferation was blocked by a COX-2 inhibitor, suggesting
that the anti-proliferation response to the heptapeptide hormone was a result of
prostaglandin production. Collectively, these results suggest that the Ang-(1-7)-mediated
reduction in COX-2 and PGES reduces the proliferation of cardiac fibroblasts and may also
regulate additional processes in fibroblasts, associated with the regulation of cardiac
parameters, inflammation and fibrosis.
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In conclusion, our results demonstrate that Ang-(1-7) reduces the proliferation of cardiac
fibroblasts and collagen production. These anti-fibrotic effects of Ang-(1-7) were associated
with increased expression of DUSP1 and decreased activation of ERK1/ERK2 MAP
kinases. Additionally Ang-(1-7) appears to play a prominent role in attenuating
inflammatory and proliferative signals produced by the COX-2/PGES pathway. The anti-
proliferative, anti-fibrotic and anti-inflammatory actions of Ang-(1-7) in cardiac fibroblasts
contribute to maintaining normal cardiac function by regulating fibroblast proliferation and
extracellular matrix homeostasis in the heart. Alterations in the ratio of the mitogenic
signaling molecules to negative regulators, such as Ang-(1-7), disrupt the balance and lead
to cardiac remodeling. This suggests that increasing the endogenous concentration of Ang-
(1-7) or other proliferation suppressors may provide a therapeutic agent to prevent the
cardiac pathologies associated with hypertensive disease and heart failure.
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Highlights

• Angiotensin-(1-7) [Ang-(1-7)] inhibited DNA, protein, and collagen synthesis in
cardiac fibroblasts.

• Ang-(1-7) increased the dual specificity phosphatase DUSP1 in cardiac
fibroblasts, in association with a reduction in phospho-ERK1/ERK2 MAP
kinases.

• Ang-(1-7) attenuated the mitogen-stimulated increase in cyclooxygenase 2
(COX-2) and prostaglandin E synthase (PGES) in cardiac fibroblasts to reduce
the production of proliferative prostaglandins.
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Figure 1. Immunocytochemical identification of cardiac fibroblasts
Isolated cardiac cells were incubated with antibodies to α-smooth muscle actin, fibronectin,
vimentin or sarcomeric myosin and visualized with FITC-coupled secondary antibodies. The
control was incubated without a primary antibody, as indicated.
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Figure 2. Inhibition of DNA synthesis by Ang-(1-7) in cardiac fibroblasts
Cardiac fibroblasts were serum-deprived for 24 h and subsequently treated for 48 h 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), as indicated. DNA synthesis was detected by 3H-
thymidine incorporation, which was added during the last 24 h of treatment. Data are
presented as the percentage of mitogen-stimulated growth, in the absence of Ang-(1-7). n =
4-6, in triplicate. *denotes p < 0.05 and **denotes p < 0.01 compared to mitogen alone.
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Figure 3. Inhibition of protein and collagen synthesis by Ang-(1-7) in cardiac fibroblasts
Cardiac fibroblasts were deprived of serum for 24 h and subsequently treated for 48 h with
various concentrations of Ang-(1-7), in the presence of 1% FBS or 10 nM ET-1. Protein and
collagen was detected by 3H-leucine and 3H-proline incorporation, respectively, which were
added during the last 24 h of the treatment period. Data are presented as the percentage of
mitogen-stimulated growth, in the absence of Ang-(1-7). n = 4 – 6, in triplicate. *denotes p <
0.05 and **denotes p < 0.01 compared to mitogen alone.
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Figure 4. Ang-(1-7) reduces phospho-ERK1/ERK2
Cardiac fibroblasts pre-treated with 100 nM Ang-(1-7) [A7] were stimulated with 10 nM
ET-1 (Panel A) or 100 nM Ang II (Panel B) and phospho-ERK1/ERK2 were determined
using a phospho-specific antibody. Representative blots show ET-1 or Ang II-stimulated
phospho-ERK1/ERK2 and actin immunoreactivity in the presence or absence of Ang-(1-7).
Graphs show percent control of ET-1 or Ang II phospho-ERK1 and ERK2. n = cells isolated
from 2 to 4 litters of neonatal pups, in duplicate or triplicate. * p <0.05 compared with Ang
II alone; **denotes p < 0.01 compared with ET-1 treatment alone.
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Figure 5. 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 was
analyzed by RT real-time PCR. n= cells isolated from 4 litters of neonatal rat pups. *
denotes p < 0.05, ** denotes p < 0.005, *** denotes p < 0.001 compared to treatment with
ET-1. B) A 40-kDa immunoreactive protein was visualized by Western blot hybridization in
cultured cardiac fibroblasts using a specific antibody to DUSP1 and quantified by
densitometry, with β-actin as a loading control. n = cells isolated from 3 litters of neonatal
rat pups. * denotes p < 0.05 compared to control (Con), in serum-free media alone.
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Figure 6. Ang-(1-7) reduces COX-2 and PGES gene expression in cardiac fibroblasts
Cardiac fibroblasts were pre-treated with 100 nM Ang-(1-7) for 4 h and incubated with or
without 10 nM ET-1 for increasing periods of time, as indicated. COX-2 mRNA (in Panel
A) or PGES mRNA (in Panel B) were measured by RT real-time PCR. n = 5. For COX-2
mRNA in Panel A, ** denotes p < 0.005 compared to Ang-(1-7) or Ang-(1-7) and ET-1
treatment; for PGES mRNA in Panel B, * denotes p < 0.05 compared to Ang-(1-7) or Ang-
(1-7) and ET-1 treatment.
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