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Abstract
Numerous studies demonstrated increased expression of extracellular matrix (ECM) proteins and
activation of focal adhesion (FA) signaling pathways in models of pressure overload-induced
cardiac hypertrophy. However, little is known about FA signaling in response to volume overload
where cardiac hypertrophy is associated with ECM loss. This study examines the role of beta1-
adrenergic receptors (β1-ARs) in FA signaling changes and myocyte apoptosis induced during
acute hemodynamic stress of volume overload. Rats with eccentric cardiac hypertrophy induced
after aorto-caval fistula (ACF) develop reduced interstitial collagen content and decreased tyrosine
phosphorylation of key FA signaling molecules FAK, Pyk2 and paxillin along with an increase in
cardiac myocyte apoptosis. ACF also increased activation of PTEN, a dual lipid and protein
phosphatase, and its interaction with FA proteins. β1-AR blockade (extended-release of metoprolol
succinate, 100 mg QD) markedly attenuated PTEN activation, restored FA signaling and reduced
myocyte apoptosis induced by ACF at 2 days, but failed to reduce interstitial collagen loss and left
ventricular dilatation. Treating cultured myocytes with β1-AR agonists or adenoviral expression of
β1-ARs caused PTEN activation and interaction with FA proteins, thus leading to FA signaling
downregulation and myocyte apoptosis. Adenoviral-mediated expression of a catalytically inactive
PTEN mutant or wild-type FAK restored FA signaling downregulation and attenuated myocyte
apoptosis induced by β1-ARs. Collectively, these data show that β1-AR stimulation in response to
ACF induces FA signaling downregulation through an ECM-independent mechanism. This effect
involves PTEN activation and may contribute to adverse cardiac remodeling and function in the
course of volume overload.
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1. INTRODUCTION
Pathological hemodynamic stress requires increases in sympathetic nervous system activity
and β-adrenergic receptor (β-AR) activation to maintain cardiac output. However, while
sustained β-AR stimulation is required to maintain cardiac function, it also promotes
deleterious changes that contribute to the pathogenesis of heart failure [1]. Treatment of
heart failure patients with β-AR antagonists reduces progression of cardiac dysfunction and
mortality [1]. However, the molecular and cellular mechanisms mediating these beneficial
effects are not fully understood.

β-adrenergic receptors belong to the large family of G protein–coupled receptors that are
involved in positive inotropic, chronotropic, and lusitropic responses through activation of G
stimulatory protein (Gs) [2]. Transgenic mice expressing supraphysiological levels of
cardiac β1-AR[3], β2-AR[4], or Gs [5] develop reduced cardiac function, enhanced fibrosis,
apoptosis, and myocyte hypertrophy. Increased myocyte apoptosis is thought to be
exclusively mediated by the β1-AR subtype, in-vitro[6] and in-vivo [7]. This β1-AR-
stimulated pro-apoptotic effect appears to be blocked by protein kinase A (PKA) inhibition
in adult rat myocytes [8]. Recently, integrin signaling has been proposed as a novel
mechanism by which β1-ARs induce myocyte apoptosis [9]. The molecular mechanisms by
which β1-AR stimulation regulates integrin signaling remain largely unknown.

Myocyte adhesion to extracellular matrix (ECM) through integrin receptors is critical for
normal cardiac function [10,11]. Perturbation of proper integrin-ECM interactions is
observed in various acute and chronic cardiac pathological conditions including pressure
overload and ischemia/reperfusion injury [10]. Loss of such interactions in normal cells
results in the onset of apoptosis referred to as anoikis [11]. Binding of a matrix protein to an
integrin heterodimer typically results in the activation of the non-receptor tyrosine kinase
FAK, which in turn recruits Src, p130Cas, paxillin and other signaling intermediates [10,11].
Integrin β1 or FAK knockout results in defective heart development and early embryonic
lethality [12,13]. Interestingly, myocyte-restricted deletion of the β1-integrin in adult mouse
hearts leads to a dilated cardiomyopathy and concomitant heart failure[14] whereas
myocyte-restricted FAK inactivation leads to the development of eccentric cardiac
hypertrophy with age and in response to pressure overload stimuli [15]. Interestingly,
persistent challenge of mice with myocyte-restricted FAK inactivation leads to enhanced
cardiac dysfunction in comparison with challenged controls [16]. Thus, the coordinated
activation of integrin and focal adhesion (FA) signaling is likely to be critical in diverse
cellular processes such as myofibril organization, myocyte hypertrophy and apoptosis.

Changes in FA signaling in the heart have been shown in models of pressure overload-
induced cardiac hypertrophy where increased expression of ECM and integrins associated
with activation of FA signaling pathways correlate with increased cardiac hypertrophy [17,
18]. We recently showed that early induction of volume overload (VO) after mitral
regurgitation in dogs decreases FA signaling [19]. The present study support the hypothesis
that in VO, β1-AR-mediated activation of lipid and protein phosphatase PTEN (Phosphatase
and Tensin homologue on chromosome Ten) leads to FA signaling downregulation and
myocyte apoptosis. These changes appear to be independent of associated reductions in
ECM and may contribute to adverse left ventricular (LV) remodeling in response to VO.
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2. METHODS
2.1. Animal Preparation

All animal protocols have been approved by the Institutional Animal Care Committee of
Temple University and Investigations were conformed to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health and approved by the
American Physiological Society. Male Sprague-Dawley rats (250–300g) were anaesthetized
with a mixture of xylazine (10 mg/kg, i.p.) and ketamine (80 mg/kg, i.p.). Once deep
anesthesia was confirmed by the absence of toe pinch reflex, an infrarenal abdominal aorta-
to-vena cava fistula (ACF) was created as we previously described [20]. Age-matched sham-
and ACF-operated rats were generated for study at 6-hrs, 12-hrs, 2-days and 5-days (n=6 per
group). In a third group of animals, sham and ACF operated rats were treated for 2-days
with vehicle or β1-AR blocker (extended-release of metoprolol succinate, 100 mg/kg/d PO)
(n=6 per group) starting 30-min after ACF induction. After each time, animals were
sacrificed and hearts were either arrested in diastole for histology or snap frozen in liquid
nitrogen for molecular and enzyme activity assays analysis.

2.2. Hemodynamic and Echocardiographic Measurements
Rats were anesthetized with ketamine (80 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.). High-
fidelity LV pressure (SPR-249A Millar Mikro-Tip catheter transducer, Millar Instruments)
was recorded concurrent with echocardiography (Agilent Sonos-5500, Philips). LV function
was calculated as described previously [20].

2.3. Histology
The heart was arrested in diastole, perfused fixed, dehydrated, and embedded in paraffin.
Sections were stained with Sirius-red reagent for detecting collagen. Details of procedures
for collagen staining and quantification are provided in the Supplementary material.

2.4. Neonatal rat cardiomyocyte (NRCM) isolation
Two-day old Sprague-Dawley rats were subjected to hypothermic cardiac arrest, followed
by decapitation. After removal of the heart, myocytes were isolated from the ventricles by
collagenase digestion as previously described [20] with additional details provided in the
Supplementary material.

2.5. Western blotting and Immunoprecipitation assays
Western blotting and immunoprecipitation assays were performed using standard techniques
and described in details the Supplementary material.

2.6. Assessment of Apoptosis
Apoptosis was assessed by terminal deoxytransferase-mediated dUTP nick-end labelling
(TUNEL), by measuring the cytosolic histone-associated mono- and oligo-nucleosomes
fragments associated with apoptotic cell death, and by measuring caspase-3 activity. The
Details of procedures for assessing apoptosis were described in details in the Supplementary
material.

2.7. Statistical Analyses
Data reported are mean ±SEM. Statistical significance was evaluated using ANOVA post-
hoc test. A P value less than 0.05 was considered significant.

An expanded Materials and Methods section is in the online-only Data Supplement.
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3. RESULTS
3.1 ACF induces eccentric LV hypertrophy and decreases interstitial collagen

ACF caused LV dilatation with significant increases in LV end-diastolic dimension
(LVEDD) at 2- and 5-days (Table 1). The ratio of LVEDD to LV posterior wall thickness
(LVEDD/LVPWT) also increased at 2- and 5-days after ACF. LV end-systolic dimension
(LVESD) was similar in both ACF and sham groups while LV ejection fraction increased
significantly at 2- and 5-days after ACF compared to sham groups.

Mean arterial pressure was significantly decreased at 6- and 12-hrs post-ACF compared to
shams, and returned towards shams at 2- and 5-days after ACF (p<0.05 vs. sham). Mean
heart rate significantly increased at 6-hrs after ACF and remained elevated throughout the
time of the study. No significant change in LV end systolic pressure (LVESP) was detected
between ACF and sham groups at any time studied. In contrast, LV end-diastolic pressure
(LVEDP) was slightly increased at 2- and 5-days post ACF (p<0.05 vs. sham).

There was a significant increase in heart weight (HW) to body weight (BW) ratio at 2-days
and 5-days after ACF compared to sham controls (p<0.05 vs. shams). The increase in HW
resulted from an increase in both left and right ventricular weights (data not shown) without
any significant difference in BW between the control and fistula groups. There was a
significant decrease in interstitial collagen volume percent at 12-hrs after ACF that persisted
at day 2, and returned toward sham values by 5-days after ACF (Figure 1A).

3.2 Impaired FA signaling during acute ACF in rats
In animal models of pressure overload, cardiac hypertrophy is associated with increased
ECM deposition and FA signaling activation [10]. However, little is known about FA
signaling in the eccentric cardiac hypertrophy of VO where there is a decrease in ECM
deposition [19,21,22]. We determined if critical components of the FA signaling cascade
were altered after ACF. Specifically, we examined tyrosine phosphorylation of FA proteins
FAK at Y397, a site that is phosphorylated upon ECM binding to integrins and is necessary
for FAK activation [10,11]. ACF significantly decreased Y397-FAK phosphorylation at 2-
and 5-days compared to shams (Figure 1B). This decrease did not result from a change in
FAK accumulation as equal FAK protein levels were found in sham and ACF LV lysates.
Similar decreases in tyrosine phosphorylation of Pyk2 (a FAK related tyrosine kinase) and
paxillin (a cytoskeletal kinase associated with FAK) were also observed at 2-days after ACF
compared to shams (Figure 1C) with no change in Pyk2 or paxillin accumulation between
sham and ACF animals. Consistent with a reduction in FAK tyrosine phosphorylation, ACF
decreased FAK interaction with p130Cas and paxillin, two important components of FA that
associate with and are phosphorylated by FAK (Figure 1D).

3.3. β1-AR blockade (β1-RB) attenuates FA signaling downregulation post-ACF without
affecting collagen accumulation

Changes in ECM and FA signaling pathways occurred rapidly after the induction of VO.
Therefore, we next explored the role of increased β1-AR activation in triggering these
changes. Treatment with metoprolol, a selective β1-AR blocker, for two days had very little
effect on heart rate in sham operated animals, but significantly reduced the increase in heart
rate induced by ACF (Supplemental Table 1). β1-RB did not prevent the increase in ejection
fraction, fractional shortening, and LVEDD induced by ACF (Figure 2A and Supplemental
Figures S1). However, β1-RB significantly attenuated the increase in LVEDD to LV wall
thickness ratio induced by ACF and this effect resulted mainly from increased LV wall
thickness (Supplemental Figure S1). The β1-RB did not alter the HW/BW ratio or the

Seqqat et al. Page 4

J Mol Cell Cardiol. Author manuscript; available in PMC 2013 November 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



reduction in collagen volume percent induced after ACF (Figures 2B and 2C). Interestingly,
β1-RB markedly attenuated Y397-FAK dephosphorylation induced by ACF (Figures 2D).

3.4. β1-RB prevents PTEN activation induced by acute ACF
To determine the link between β1-AR stimulation and Y397-FAK dephosphorylation, we
evaluated several regulatory mechanisms involved in FAK phosphorylation at the Y397

residues, including FAK phosphorylation at Y407, FAK phosphorylation at S910 or increased
expression of FAK Related Non-Kinase (FRNK), a 42-kDa protein whose amino acid
sequence is identical to the non-catalytic carboxyl-terminal sequence of FAK and acts as a
dominant-interfering mutant of FAK [11]. There were no detectable changes in the
accumulation of FRNK, Y407-FAK, or S910-FAK between sham and ACF either untreated
or treated with β1-RB (Supplemental Figure S2).

FAK phosphorylation at Y397 residues can also be regulated by protein tyrosine
phosphatases. Several phosphatases including SHP2 and PTEN have been shown to decrease
FAK tyrosine phosphorylation [23,24]. LV lysates analysis shows that ACF had no
detectable effect on SHP2 phosphorylation. However, there was a significant increase in
non-phospho PTEN accumulation, indicative of PTEN dephosphorylation and activation
(Figures 2E) [24]. No change in PTEN expression was observed in ACF or ACF+β1-RB
groups compared to shams. The increase in non-phospho PTEN accumulation was
associated with an increase in PTEN interaction with FAK (Figure 2F). β1-RB markedly
inhibited PTEN activation and the increase in PTEN/FAK interaction induced by ACF.

3.5. β1-RB prevents myocyte apoptosis induced by acute ACF
Both loss of ECM and/or loss of FA signaling have been shown to promote cell apoptosis
[10,11,23]. To confirm that apoptosis occurs after FA signaling alterations during ACF, we
measured DNA fragmentation and caspase-3 activity in LV of sham and ACF animals. As
we have shown previously [20], TUNEL-positive myocytes were found in shams and
significantly more were observed 2-days after ACF (Figure 3A). Treatment with β1-RB
significantly attenuated the number of TUNEL-positive myocytes induced by ACF. DNA
fragmentation, as assessed by ELISA, and caspase-3 activity were also significantly
increased in ACF LV homogenates and β1-RB significantly attenuated this increase (Figures
3B and 3C). These results show that β1-RB reduces myocyte apoptosis in response to acute
VO.

We next examined the molecular mechanisms responsible for myocyte protection mediated
by β1-RB. Relative to sham controls, ACF heart samples showed increases in the levels of
p38 MAPK and JNK phosphorylation, two stress activated protein kinases known to be
involved in myocyte apoptosis induced by β-AR stimulation (Figure 3D) [25, 26]. In
contrast, ACF also increased AKT phosphorylation and Bcl2 expression, two signaling
molecules that are cardioprotective. β1-RB markedly attenuated ACF-induced changes in all
of these pro- and anti-apoptotic signaling molecules, with the net result being reduced
myocyte apoptosis.

3.6. Prolonged β1-AR stimulation induces FA signaling downregulation in isolated
myocytes

To further explore the role of β1-AR-dependent alteration of FA signaling observed after
acute ACF in cardiomyocytes, we examined the effect of β1- and β2-AR stimulation on FA
signaling in cultured neonatal rat cardiomyocytes. Upon treatment with isoproterenol (ISO),
a non selective β1- and β2-AR agonist, FAK was rapidly tyrosine phosphorylated, reaching a
maximum within 5–10 min (Figure 4A). The increase in FAK phosphorylation was
associated with an increase in its interaction with p130Cas and paxillin (Figure 4B). Similar
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increases in FAK tyrosine phosphorylation and association with p130Cas and paxillin were
observed after treatment with norepinephrine (NE, a non selective α- and β-AR agonist) in
the presence of prazosin (a selective α-AR antagonist). Pretreatment of cells with a selective
β1-AR antagonist, CGP0712A, attenuated FAK tyrosine phosphorylation and its association
with p130Cas and paxillin induced by ISO treatment for 5-min. Treatment of cells with
zinterol, a selective β2-AR agonist, slightly increased FAK tyrosine phosphorylation and its
association with p130Cas and paxillin. Collectively, these data show that acute stimulation of
β1-ARs, and to slight degree of β2-ARs, increases FA signaling.

In contrast to acute β1-AR stimulation, sustained treatment with ISO for 12-, 24-, or 48-hrs
significantly decreased tyrosine phosphorylation of FAK, Pyk2, and Paxillin with no effect
on their expression levels (Figure 4C). ISO or NE+prazosin treatment for 24-hrs also
decreased association between FAK and p130Cas or FAK and paxillin (Figure 4D). This
effect on FA signaling downregulation was mediated through β1-AR stimulation, as
pretreatment with CGP0712A reduced ISO-induced FAK tyrosine dephosphorylation and its
dissociation from p130Cas and paxillin, while treatment with zinterol had no detectable
effect on FAK tyrosine phosphorylation and FAK dissociation from p130Cas and paxillin.

To independently confirm the role of β1-AR stimulation on FA signaling downregulation,
NRCMs were infected with adenovirus carrying wild type (WT) β1-AR. Overexpression of
β1-ARs dose dependently decreased FAK, Pyk2, and paxillin phosphorylation and attenuated
FAK interaction with p130Cas and paxillin. It is noteworthy that high titers of β1-AR
adenoviruses were associated with FAK, Pyk2 and paxillin degradation and myocyte death
(Figures 4E and 4F and data not shown). These data demonstrate that acute β1-AR
stimulation leads to FA signaling activation while persistent stimulation of these receptors
leads to FA signaling downregulation.

3.7. β1-AR stimulation induces PTEN activation and its interaction with FAK
The fact that PTEN activation and FA signaling downregulation post-ACF were abolished
by β1-RB, we next assessed the role of β1-AR stimulation on PTEN activation. ISO or NE
+Prazosin treatments for 12- and 24-hrs increased significantly non-phospho PTEN
accumulation and PTEN interaction with FAK (Figures 5A and 5B). β1-AR adenoviral
expression also dose dependently increased non-phospho PTEN accumulation compared to
Lac-Z infected controls demonstrating the role of β1-AR stimulation in mediating PTEN
activation (Figure 5C)

We further explored the mechanisms by which β1-AR induced non-phospho PTEN
accumulation. Induction of cAMP production in response to the adenylate cyclase agonist
forskolin significantly increased non-phospho PTEN accumulation and subsequent Y397-
FAK dephosphorylation (Figure 5A). Moreover, pretreatment with BAPTA, a Ca++ chelator,
or KN93, a Ca2+/calmodulin-dependent protein kinase II (CaMKII) inhibitor, significantly
attenuated non-phospho PTEN accumulation and subsequent Y397-FAK dephosphorylation
induced by β1-AR stimulation (Figure 5D). These data suggest that cAMP/Ca++/CaMKII
signaling mediates PTEN activation induced by persistent stimulation of β1-ARs.

3.8. Inhibition of PTEN prevents FA signaling alteration and myocyte apoptosis induced by
β1-AR stimulation

To determine the role of PTEN in FA signaling downregulation induced by β1-AR
stimulation, NRCMs were infected with either WT-PTEN, dominant negative (DN)-PTEN
(a catalytically inactive PTEN in which cysteine 124 has been mutated to serine (C/S)) or
Lac-Z. Overexpression of WT-PTEN decreased basal FAK and paxillin tyrosine
phosphorylation compared to Lac-Z infected controls and treatment with ISO further
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enhanced this decrease (Figure 6A). In contrast, overexpression of DN-PTEN prevented
FAK and paxillin tyrosine dephosphorylation induced by ISO.

To confirm the role of PTEN in β1-AR-induced myocyte apoptosis, we conducted gain- or
loss-of-function experiments, in which we transduced NRCMs with adenoviruses carrying
WT-PTEN, DN-PTEN, or Lac-Z. ISO treatment induced an increase in caspase-3 activity
and DNA fragmentation indicative of myocyte apoptosis (Figures 6B and 6C).
Overexpression of DN-PTEN had no effect on basal myocyte apoptosis compared to control
Lac-Z infected cells, but prevented myocyte apoptosis induced by ISO. In contrast, WT-
PTEN overexpression increased basal myocyte apoptosis compared to control Lac-Z
infected myocytes and enhanced myocyte apoptosis in response to ISO treatment.
Overexpression of WT-FAK also significantly attenuated caspase-3 activation and DNA
fragmentation induced by ISO treatment, while expression of Y397-FAK, a mutant of FAK
that lacks the autophosphorylation site of FAK that is necessary for its activity, significantly
increased basal myocyte apoptosis and enhanced ISO-induced caspase-3 activation and
DNA fragmentation (Figures 6D and 6E). These data show that sustained stimulation of β1-
ARs mediates PTEN activation that causes FA signaling downregulation and subsequent
myocyte apoptosis.

4. DISCUSSION
The results of this study reveal important roles of β1-AR stimulation in mediating FA
signaling downregulation and myocyte apoptosis during the acute phase of VO. The absence
of β1-RB effects on LV remodeling or interstitial collagen loss with acute ACF rules out any
involvement of mechanical factors or ECM proteins in regulating FA signaling alterations
induced by acute ACF. Instead, our in-vitro studies provide evidence that sustained
stimulation of β1-ARs leads to FA signaling downregulation and myocyte apoptosis through
activation of PTEN, suggestive of an important role of this phosphatase in modulating β1-
AR-induced responses in cardiomyocytes (Supplemental Figure S3).

Our results demonstrate that FAK tyrosine phosphorylation and its interaction with p130Cas

and paxillin, two important components of FA complex that associate with and are
phosphorylated by FAK [10,11], were significantly altered after the acute stress of ACF.
This effect on FAK phosphorylation was also observed for Pyk2 and paxillin tyrosine
phosphorylation indicating a general downregulation of FA signaling as well as destruction
of the FA complex. Interestingly, the decrease in FAK, Pyk2 and paxillin tyrosine
phosphorylation occurred despite a lack of changes in β1-integrin expression (data not
shown) and in the absence of cleavage of these molecules as was observed in the failing and
dilated hearts [27]. This may be due to differences in the amount of caspase-3 activity
between acute ACF and dilated cardiomyopathy or to the presence of other factors that may
protect FA molecules from caspase-3 cleavage during the acute phase of ACF. However,
these findings in VO hearts are in stark contrast to the activation of FA signaling reported in
the early compensated stages of experimentally-induced pressure overload in-vivo or in
isolated cardiomyocytes subjected to pulsatile mechanical stretch [17,18]. Similar trends in
FA signaling were also observed in a model of VO induced by acute mitral regurgitation in
dogs[19] suggesting that FA signaling downregulation characterizes hearts with eccentric
hypertrophy and that factors other than mechanical stimuli mediate FA signaling alterations
during acute ACF.

Using β1-RB therapy, we provided evidence that β1-AR stimulation mediates FA signaling
alterations during the acute phase of ACF. This effect occurred in the absence of β1-RB
effect to restore interstitial collagen loss and to attenuate LV remodeling associated with
ACF, suggesting that intrinsic stimulation of β1-ARs is the main trigger of FA signaling
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alterations induced after ACF. These data are consistent with previous studies showing the
role of β1-RB therapy in increasing myofibrillar content, restoring Ca2+ transients, and
improving fractional shortening in cardiomyocytes isolated from mitral regurgitation hearts
compared to shams without affecting interstitial collagen accumulation [22]. Moreover, β1-
RB has been shown to restore Ca2+ handling and to improve Ca2+ transients in
cardiomyocytes from human failing hearts [28]. The discordance between FA signaling
findings and LV remodeling could be explained by the failure of β1-RB to attenuate the loss
of interstitial collagen as has been shown in dogs with mitral regurgitation treated with β1-
RB [19, 21]. Therefore, our data suggest a role for ECM/cell interaction in mediating LV
dilatation and a role for β1-AR-induced FA signaling alterations in mediating myocyte
apoptosis in response to ACF.

Our present findings show that activation of PTEN, a lipid and protein phosphatase known
to mediate FAK and p130Cas tyrosine dephosphorylation [24], mediates FA signaling
alterations in response to sustained β1-AR stimulation. PTEN activation and interaction with
FAK were markedly increased after ACF and these effects were attenuated in animals
treated with β1-RB. Consistent with these findings in-vivo, we found that persistent
stimulation of β1-ARs increased PTEN activation and its interaction with FAK in cultured
myocytes. Moreover, the β1-AR pathway for activation of PTEN involves elevation of
intracellular Ca++ and cAMP levels and activation of the CaMKII pathway. These data are
consistent with the findings showing the role of increased cAMP levels in PTEN activation
or Y397-FAK dephosphorylation in other cell types [29,30]. Intriguingly, loss of PTEN
activity was sufficient to restore FA signaling alterations and to attenuate myocyte apoptosis
induced after β1-AR stimulation. PTEN expression has been shown to be increased in hearts
of animals treated with isoproterenol[31] and its inactivation induces cardiomyocyte
hypertrophy both in-vitro[31] and in-vivo[32] and suppresses the development of
pathological cardiac hypertrophy in response to biomechanical stress [33]. However, PTEN
functions primarily as a lipid phosphatase that lowers the levels of the PI3K product PIP3
within the cells and antagonizes PI3K-mediated cellular signaling [24]. Therefore, PTEN
activation in response to β1-AR stimulation may regulate crucial signal transduction
pathways other than FA signaling cascade. It remains to be determined whether PTEN might
contribute to changes in cardiac remodeling and function in response to ACF.

The role of the constitutive phosphorylation of FA proteins in normal cellular function is not
fully understood, but may be important for maintaining cell survival signaling and FA
integrity in the resting state [10,11]. Previously, we reported that acute ACF induces
myocyte apoptosis that was associated with cardiac dilatation [20]. The results of the present
work further substantiated the role of β1-AR stimulation as a mediator of this myocyte
apoptosis based on the finding that myocyte apoptosis was abolished in ACF animals treated
with β1-AR blockers. Using gain or loss-of-function of PTEN and FAK, we provided
evidence that PTEN activation and FAK signaling downregulation mediate myocyte
apoptosis induced by β1-AR stimulation. We also found that activation of the PTEN/FAK
pathway involves β1-AR-induced cAMP/Ca++ elevation and CaMKII activation, suggesting
that this pathway could represent a potential target for cAMP/Ca++/CaMKII in mediating β1-
AR-induced myocyte apoptosis as has been described in previous studies [8,34]. Disruption
of FAK signaling has been shown to prevent myocyte hypertrophy and to promote myocyte
death in-vitro [23,35,36]. These findings in-vitro were further corroborated in mice with
conditional cardiomyocyte-specific deletion of FAK where persistent challenge of these
mice with pressure overload enhanced myocyte apoptosis and cardiac dysfunction in
comparison with challenged genetic controls [16]. Collectively, these findings show the link
between FAK signaling alterations and the development of eccentric cardiac hypertrophy,
myocyte apoptosis and heart failure.
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The selective down-regulation of FA signaling in the acute phase of ACF was associated by
a small amount of LV dilatation and increased LV fractional shortening. This occurs in spite
of activation of the renin-angiotensin-system and adrenergic drive and is in stark contrast to
the activation of FA signaling in experimentally-induced pressure overload in-vivo [17,37].
In these ACF animals, β1-RB decreased catecholamine-induced cardiac response to ACF
and restored FA signaling without affecting LV dilatation. In addition, β1-RB did not
prevent a marked loss of interstitial collagen, which could result in a better short-term
diastolic remodeling and function. It is important to note that this study only addressed the
acute stage of VO. Whether FA signaling alterations occur in the chronic phases of VO and
whether β1-RB restores these alterations must be addressed in future studies. Long-term
therapy of VO with β1-RB has been shown to improve isolated cardiomyocyte function but
has no effect on interstitial collagen loss and LV dilatation and remodeling [22].

In conclusion, our data suggest that the primary activation of PTEN and subsequent loss of
FA signaling offers a new target, in addition to β1-ARs, to attenuate excessive adrenergic
drive in the VO. This loss of FA signaling, along with cell-ECM network disruption, raises
the intriguing possibility that β1-AR stimulation of PTEN and subsequent alteration in FA
signaling may contribute to adverse cardiac remodeling and function in the course of VO.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations

β-AR β-adrenergic receptor

ECM extracellular matrix

FA focal adhesion

VO volume overload

LV left ventricular

ACF abdominal aorta-to-vena cava fistula

NRCM neonatal rat cardiomyocytes

β1-RB β1-AR blockade

ISO isoproterenol

NE norepinephrine
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Highlights

• Acute VO induces extracellular matrix loss and FA signaling alterations

• β1-AR blockade attenuates VO-induced FA signaling alterations and myocyte
apoptosis

• PTEN signaling mediates β1-AR-induced FA signaling alterations and myocyte
apoptosis
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Figure 1. Acute ACF induces FA signaling downregulation
(A) Top, Representative picrosirius red staining.(Bar = 40 μM) Bottom, Interstitial collagen
accumulation as determined by morphometric analysis. (B–C) LV extracts from control and
ACF operated rats were assessed for immunoblot analysis. Top, representative immunoblots
(with each lane from a single gel exposed for the same duration). Bottom, fold induction,
n=6 each group, *P<0.05 vs. sham. (D) LV lysates from sham or ACF animals were
immunoprecipitated (IP) with anti-FAK antibodies and immunoblotted with anti-
phosphotyrosine, p130Cas, paxillin or FAK antibodies.
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Figure 2. β1-RB attenuates FA signaling downregulation induced after acute ACF
Sham (Sh) and ACF animals were treated with vehicle or β1-RB for 2-days. (A) Ejection
fraction. (B) Heart weight to body weight ratio (HW/BW). (C) Top: Picrosirius red stained
LV sections. (Bar = 40 μM) Bottom: Interstitial collagen volume quantification. Values are
mean ±SEM. *P<0.05 vs. sham (n=6 for each experimental group) (D–E) Representative
immunoblot showing accumulation of Y397-FAK and FAK (D) or Y580-SHP2, SHP2, non-
phospho (np)-PTEN, and PTEN (E). Top, representative autoradiograms (with each lane
from a single gel exposed for the same duration). Bottom, fold induction. n=6 each group,
*P<0.05 vs. sham, †P<0.05 vs. ACF. (F) PTEN immunoprecipitates (IP) were
immunoblotted with anti-FAK or -PTEN antibodies.
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Figure 3. β1-RB attenuates myocyte apoptosis induced after acute ACF
(A) Number of TUNEL-positive myocytes was expressed as a percentage of total nuclei
detected by DAPI staining. (B–C) LV homogenates from shams or animals subjected to
ACF treated with vehicle or β1-RB were assayed for DNA fragmentation assay using anti-
histone antibody ELISA (B) or for caspase-3 activity using specific fluorogenic substrate
(C). Results are expressed as relative OD410-OD500/mg protein (B) or as relative
fluorescence unit (RFU)/min/mg protein (C). Values are mean ±SEM. *P<0.05 vs. sham,
†P<0.05 vs. ACF. (D) Representative immunoblots in sham and ACF operated animals
treated with vehicle or β1-RB.
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Figure 4. Effect of acute versus chronic stimulation of β1-ARs on FA signaling
(A and C) Lysates from NRCMs untreated or treated with 10 μmol/L isoproterenol (ISO) for
the indicated time were assessed for immunoblot analysis. (B and D) NRCMs were
pretreated with 1 μmol/L prazosin (Praz) or 1 μmol/L CGP20712A (CGP) for 15-min prior
to stimulation with 10 μmol/L ISO, 10 μmol/L norepinephrine (NE), or 100 nmol/L zinterol
(Zint) for 5-min (B) or 24-hrs (D). Cell lysates were immunoprecipitated with anti-FAK
antibodies and then immunoblotted with anti-phosphotyrosine (P-Tyr), p130Cas, paxillin or
FAK antibodies. (E–F) NRCMs were infected with Lac-Z (10 pfu/cell) or β1-AR
adenoviruses at the indicated titration and assayed for immunoblot analysis (E) or for
immunoprecipitation assay using anti-FAK antibodies (F). Left: representative
immunoblots. Right: Quantification of experiments expressed as mean ±SE from three
separate cultures. *P 0.05 vs. control.
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Figure 5. Chronic stimulation of β1-ARs induces PTEN activation
(A) NRCMs were treated with isoproterenol (ISO), norepinephrine in presence of prazosin
(NE+Praz.) and 1 μmol/L forskolin (Forsk) for 24-hrs and processed for immunoblot
analysis. (B) PTEN immunoprecipitates from NRCMs untreated or treated with ISO for the
indicated time were assayed for FAK and PTEN immunoblotting. (C) NRCMs were infected
with Lac-Z (10 pfu/cell) or β1-AR adenoviruses at the indicated titration and were assayed
for immunoblot analysis. (D) NRCMs were pretreated with 5 μmol/L BAPTA-AM or 5
μmol/L KN93 for 45-min prior to ISO treatment for 12- or 24-hrs and then assessed for
immunoblot analysis. Left: Representative immunoblots. Right: Quantification of
experiments expressed as mean ±SE from three separate cultures. *P 0.05 vs. control; †P
0.05 vs. ISO treated cells.
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Figure 6. PTEN mediates FA signaling alteration and myocyte apoptosis induced by β1-ARs
NRCMs were infected with adenoviruses expressing Lac-Z (20 pfu/cell), WT-PTEN (20
pfu/cell), DN-PTEN (20 pfu/cell), transactivator (TA) (10 pfu/cell), WT-FAK (10 pfu/cell),
or Y397 FAK mutant (10 pfu/cell) for 48-hrs. (A) Infected cells were treated with ISO for
24-hrs and then assessed for immunoblot analysis. Left: Representative immunoblots. Right:
Quantification of experiments expressed as mean ±SE from three separate cultures. *P 0.05
vs. Lac-Z control; †P 0.05 vs. ISO treated Lac.Z infected cells. (B–E) Infected NRCMs were
untreated or treated with ISO for 72-hrs. Lysates were processed for caspase-3 activity (B
and D) or DNA fragmentation assay (C and E). Results are for triplicate determinations from
a single experiment (mean ±SE). *P 0.05 vs. Lac-Z control; †P 0.05 vs. ISO treated cells.
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