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Abstract

Abnormal p-adrenergic signaling plays a central role in human heart failure. In mice, chronic p-
adrenergic receptor (BAR) stimulation elicits cardiac hypertrophy. It has been reported that
cultured cardiac fibroblasts express BPAR; however, the functional in vivo requirement of BAR
signaling in cardiac fibroblasts during the development of cardiac hypertrophy remains elusive.
B2AR null mice exhibited attenuated hypertrophic responses to chronic BAR stimulation upon
continuous infusion of an agonist, isoprenaline (ISO), compared to those in wildtype controls,
suggesting that B2AR activation in the heart induces pro-hypertrophic effects in mice. Since f2AR
signaling is protective in cardiomyocytes, we focused on B2AR signaling in cardiac
myofibroblasts. To determine whether B2AR signaling in myofibroblasts affects cardiac
hypertrophy, we generated myofibroblast-specific transgenic mice (TG) with the catalytic subunit
of protein kinase A (PKAca) using Cre-loxP system. Myofibroblast-specific PKAca
overexpression resulted in enhanced heart weight normalized to body weight ratio, associated with
an enlargement of cardiomyocytes at 12 weeks of age, indicating that myofibroblast-specific
activation of PKA mediates cardiac hypertrophy in mice. Neonatal rat cardiomyocytes stimulated
with conditioned media from TG cardiac fibroblasts likewise exhibited significantly more growth
than those from controls. Thus, B2AR signaling in myofibroblasts plays a substantial role in ISO-
induced cardiac hypertrophy, possibly due to a paracrine effect. B2AR signaling in cardiac
myofibroblasts may represent a promising target for development of novel therapies for cardiac
hypertrophy.
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Introduction

Heart failure remains a leading cause of death and disability worldwide. Cardiac
hypertrophy is a major risk factor for heart failure and is induced by various pathological
and physiological stresses, including excessive neurohumoral stimuli. Among them, the role
of catecholamines appears to be complicated, since B-adrenergic stimulation often leads to
cardiomyocyte death instead of induction of hypertrophy 7 vitro . In contrast, chronic -
adrenergic stimulation consistently induces cardiac hypertrophy in mice 2. Thus, controversy
between /n vivoand in vitro results often leads to confusion in understanding the precise
molecular mechanism of heart failure.

[B-adrenergic signaling plays a central role in heart failure progression. Elevated sympathetic
activity in heart failure patients is associated with poor survival 3. The sustained activation of
[-adrenergic receptors (BARS) promotes contractile dysfunction, ventricular arrhythmias,
and congestive heart failure, and BAR blockade has become a standard therapeutic treatment
for heart failure, since multiple lines of evidence have shown improvements in prognosis 4.
Mechanistically, the pathological roles of BARs in the development of heart failure are
exceptionally complicated, since they are expressed in multiple cell types including
cardiomyocytes, fibroblasts, endothelial cells, vascular smooth muscle cells, and migrated
immune cells > 6, To complicate the matter further, there are four subtypes of BARs, some of
which couple to multiple types of G-proteins and regulate multiple signaling pathways
(PKA, CaMKII, etc) 78, This complexity is one of the main reasons that the precise
mechanism by which BAR blockade improve prognosis in heart failure patients remains
elusive, despite its substantial effectiveness in clinical use.

Cardiac fibroblasts comprise one of the most abundant non-myocyte cell populations in the
heart, accounting for approximately 20-70% of cardiac cells, depending on the species 9 10,
They play central roles in maintaining extracellular matrix homeostasis, normal cardiac
architecture 11, and once activated in response to injury, mainly contribute to the
development of myocardial fibrosis once activated in response injury. However, there is
increasing evidence that activated cardiac myofibroblasts may also play an important role in
mediating cardiac hypertrophy and remodeling through paracrine effects with adjacent
myocytes 1213, While adult rat cultured cardiac fibroblasts are known to express BARS
14,15 deciphering the precise role of BARs in cardiac fibroblasts in the in vivo development
of cardiac hypertrophy is required.

In the present study, we elucidated the role of B2AR in the development of cardiac
hypertrophy induced by chronic p-adrenergic stimulation using isoprenaline (ISO). Systemic
deletion of B2AR attenuated 1SO-induced hypertrophic responses in mice, and
myofibroblast-specific activation of PKA induced cardiac hypertrophy under physiological
conditions and promoted myocyte hypertrophy upon fibroblast-conditioned media
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stimulation. Accordingly, our results indicate that 2AR signaling in myofibroblasts plays a
major role in ISO-induced cardiac hypertrophy due to a paracrine-mediated effect.

Materials and Methods

Additional detailed Materials and Methods are provided in the Supplemental Materials.

Genetically engineered mice

B2AR null mice (B2ARKO) were obtained from Jackson Laboratory (Bar Harbor, ME,
USA). Periostin promoter-regulated Cre-recombinase-expressing mice (Pn-Cre) were used
for myofibroblast-specific expression of the target gene, as previously described 16, A
transgenic system expressing the chloramphenicol acetyltransferase (CAT) gene, which was
floxed under the CAG promoter (the plasmid was kindly gifted by Professor Miyazaki,
Osaka University) was used to generate responder mice by subcloning the cDNA of PKAca
downstream of the floxed- CAT gene (Accession No. CDBO0533T: http://
www2.clst.riken.jp/arg/TG%20mutant%20mice%20list.html). Periostin promoter-regulated
PKAca transgenic mice were obtained by crossbreeding Pn-Cre with the responder mice
(CAG/CAT/PKACca). The PCR primers used in this study for genotyping are shown in
Supplemental Tablel.

Statistical analysis

Results

Data are shown as mean + standard deviation (SD). Comparisons between the two groups
were performed with Student’s #tests. One-way ANOVA followed by Tukey-Kramer test
was used for multiple comparisons. Differences were considered to be statistically
significant at A<0.05.

Deletion of B2AR attenuates cardiac hypertrophy after chronic 2AR stimulation in mice

First, we examined the hypertrophic responses of B2ARKO and wildtype control (WT) mice
2 weeks after chronic BAR stimulation using 1SO osmotic mini-pumps. Control mice
showed overt cardiac hypertrophy, whereas this response was abolished in p2ARKO mice
after chronic 1SO stimulation (Fig 1A). In WT mice, there was a significant increase in the
heart weight normalized to body weight ratio (HW/BW) compared to that in the control
sham group (Fig 1B). In contrast, no significant difference in HW/BW ratios was observed
between the 1SO-stimulated and sham groups in the B2ARKO cohort. While the lung weight
to body weight ratio (LW/BW), a marker of lung congestion, was similar among the four
groups (Fig 1C), cardiac systolic function, as assessed by fractional shortening in
echocardiographic analysis, showed a moderate decrease in 1SO-stimulated WT mice, which
was attenuated in the B2AR null back-ground (Fig 1D). Cardiac dilatation, as assessed by
left ventricular dimension at end-diastole (LVEDd), was attenuated in B2ARKO mice
compared to that in WT after chronic ISO stimulation (Fig 4E). An increase in cross-
sectional area, a marker of cardiomyocyte hypertrophy, was significantly attenuated in
B2ARKO mice compared to that in WT mice after chronic ISO stimulation (Fig 1F and 1G).
Finally, hypertrophic marker gene expression was significantly upregulated in WT mice, and
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significantly attenuated in B2ARKO mice (Fig 1H-J). Taken together, these results indicate
that B2AR deletion attenuates cardiac hypertrophy in response to chronic B-adrenergic
stimulation in mice.

Deletion of B2AR attenuates 1ISO-induced cardiac fibrosis as well as migration of cardiac

fibroblasts

Next, we examined cardiac fibrosis in B2ARKO and WT mice. Chronic p-adrenergic
stimulation led to development of cardiac fibrosis in WT mice, which was attenuated in
B2ARKO hearts (Fig 2A). While the fibrotic area assessed in Masson’s trichrome (M-T)
stained slides was significantly greater in ISO-stimulated WT mice, this was significantly
attenuated in 2ARKO hearts (Fig 2B). Upon ISO stimulation, the expression of fibrotic
marker genes, Col/laZ2and Col3al, was significantly upregulated compared to that in sham
mice, but this increase was significantly attenuated in B2ARKO mice (Fig 2C and 2D).
Moreover, the migration of B2ARKO-derived fibroblasts was significantly attenuated
compared to that in WT mice, as assessed by scratch assays (Fig 2E and 2F). Taken together,
these results suggest that B2AR in cardiac fibroblasts plays significant roles in the
development of cardiac fibrosis after chronic f-adrenergic stimulation.

B2AR in cardiac fibroblasts affects cardiomyocyte hypertrophy

Next, we deciphered the underlying mechanism preventing of cardiac hypertrophy in
B2ARKO mice. In previous reports, B2AR couples to Ga.i and attenuates myocyte
hypertrophy, suggesting that B2AR signaling is cardioprotective 17. Thus, we hypothesized
that B2AR in cardiac fibroblasts plays a role in the development of cardiac hypertrophy after
chronic B-adrenergic stimulation and examined hypertrophic responses caused by fibroblast-
conditioned media. We examined the expression profiles of BARs in cultured cardiac
myocytes and fibroblasts in normal adult mouse hearts; adult cardiomyocytes expressed
mainly B1AR and B2AR, whereas adult cardiac fibroblasts showed dominant expression of
B2AR and modest expression of B3AR (Fig 3A). While ISO stimulation with 10 pM induced
myocyte hypertrophy, lower concentrations of ISO (0.5 uM) failed to mediate myocyte
hypertrophy (Fig 3B and C). Treatment with conditioned media from WT cardiac
myofibroblasts treated with 1SO, with a concentration corresponding to the lower
concentration (0.5 uM), mediated hypertrophy in neonatal rat cardiomyocytes (NRCMs),
whereas media from B2ARKO cardiac myofibroblasts treated with 1SO failed to enhance
myocyte hypertrophy (Fig 3D). Cell surface area significantly increased in NRCMs treated
with conditioned media from ISO-treated WT cardiac fibroblasts compared to that in
vehicle-treated WT cardiac fibroblasts. However, this was abrogated in NRCMs treated with
conditioned media from p2ARKO cardiac fibroblasts (Fig 3E). Collectively, these results
indicate that B2AR in cardiac myofibroblasts plays substantial roles in the development of
cardiac hypertrophy after p-adrenergic stimulation via a putative paracrine effect.

Myofibroblast-specific activation of PKA mediates cardiac hypertrophy in mice

To further examine the roles of fibroblast-specific p-adrenergic signaling in the development
of cardiac hypertrophy, we generated genetically engineered mice with fibroblast-specific
overexpression of the PKA catalytic subunit (PKAca) using a periostin promoter-regulated
Cre-loxP system. Double transgenic mice (DTG) were obtained by crossbreeding transgenic
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line with Periostin promoter regulated Cre-recombinase and transgenic line with CAG
promoter regulated floxed CAT/PKAca. Among the littermates, single transgenic periostin
promoter-regulated Cre-recombinase (Pn-Cre) mice were used as controls. Adult cardiac
fibroblasts from DTG mice showed increased expression of the PKAca protein at passage 2
compared to that in Pn-Cre mice. Protein expression levels of the PKA regulatory subunit
(PKArla) were similar between the two genotypes of cardiac fibroblasts (Fig 4A).
Following densitometric analysis, DTG cardiac fibroblasts showed a 50% increase in
PKAca protein levels compared to those from Pn-Cre mice, whereas there was no
significant difference in PKArla between the two genotypes (Fig 4B). While DTG mice
showed no overt cardiac hypertrophy at 8 weeks of age, there was a significant increase in
the HW/BW ratio compared to that in Pn-Cre mice at 12 weeks of age (Fig 4C). In contrast,
there were no significant differences in LW/BW ratio or fractional shortening between the
two genotypes, indicating no cardiac dysfunction in DTG mice (Fig 4D and 4E). Cardiac
dilatation (LVEDd) was significantly promoted in DTG mice compared to that in Pn-Cre
(Fig 4F), and cross-sectional area was significantly higher in DTG than Pn-Cre mice at 12
weeks of age (Fig 4G). Finally, treatment with conditioned media from DTG fibroblasts
promoted increased growth compared to that from control mice fibroblasts (Fig 4H). Taken
together, these results indicate that fibroblast-specific activation of PKA mediates cardiac
hypertrophy /n vivo.

Discussion

In the present study, we showed that deletion of B2AR attenuates cardiac hypertrophy and
fibrosis induced by chronic p-adrenergic stimulation in mice. We also demonstrated that
fibroblast-specific activation of PKA induces cardiac hypertrophy in mice via a putative
paracrine mechanism. To the best of our knowledge, this study provides the first evidence
demonstrating that PKA signaling in fibroblasts independently mediates cardiac
hypertrophy.

Multiple reports have indicated that 2AR activation is involved in anti-apoptotic or
cardioprotective effects in cardiomyocytes /7 vitro 18:19. Morisco et al. reported that pre-
treatment with 1C1118551, a B2AR-specific antagonist, failed to attenuate 1SO-induced
hypertrophy in neonatal cardiomyocytes 20, indicating that B2AR is not involved in
cardiomyocyte hypertrophy. Thus, we speculate that prevention of cardiac hypertrophy in
B2ARKO mice is attributed to non-myocytes such as cardiac fibroblasts.

In contrast, several lines of evidence indicate that non-selective BAR agonists induce
cardiomyocyte hypertrophy. However, the agonist-concentrations used in these experiments
may be substantially higher than those observed in heart failure patients. For example,
plasma concentration of norepinephrine in heart failure patients is approximately 4 nM,
while 20 uM is required to induce myocyte hypertrophy 2122, While this is often attributed
to the tissue concentration, which may be much higher based on the observation of
catecholamine spill over 23, the precise mechanism remains elusive. The presented data
suggest that cardiac fibroblasts at least partially contribute to the development of cardiac
hypertrophy via BAR stimulation as an amplifier of hypertrophic signaling.
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The hypertrophic responses to pathological stimuli in B2ARKO are controversial. In a
previous report 24, B2ARKO mice with an FVB background showed exaggerated
hypertrophic responses 3 weeks after pressure overload induced by transverse aortic
constriction (TAC). We also performed TAC surgery on B2ARKO and WT mice and
observed similar hypertrophic responses in both genotypes (data not shown). In any case,
B2ARKO mice demonstrated differential hypertrophic responses to pressure overload
compared to the responses to chronic p-adrenergic stimulation presented in this study. We
believe that the latter model is more suitable for examining the effect of B2AR activation in
the heart.

BARSs are expressed in various cardiac cells. In cardiac fibroblasts, functional p2AR
expression has been reported based on a pharmacological inhibition study 14 15, The
production of cAMP and its involvement in fibroblast growth has been also reported 25: 26,
Thus, B-adrenergic signaling in fibroblasts is involved in the regulation of cellular
properties. Consistent with this, we found that B2AR-deficient cardiac fibroblasts showed
reduced migration. Collectively, we consider that B2AR plays functional roles in cardiac
fibroblasts in mice.

While our results indicate that secretion of pro-hypertrophic factors from cardiac fibroblasts
contributes to the development of hypertrophy upon B—adrenergic stimulation, the precise
molecular mechanism remains undetermined. Some of candidate molecules have been
previously reported to be secreted from cardiac fibroblasts to induce cardiomyocyte or
cardiac hypertrophy 1327, For instance, catecholamines or isoproterenol reportedly
stimulate interleukin-6 synthesis in both mouse and rat cardiac fibroblasts 28 29, In addition,
Bageghni et al. has demonstrated that fibroblast-specific activation of p38 MAPK signaling
promotes cardiac hypertrophy via IL-6 signaling 30. Moreover, prevention of cardiac
hypertrophy has been reported in IL-6KO mice 31. Thus, IL-6 appears to be a redundant
candidate as a pro-hypertrophic factor secreted from cardiac fibroblasts during chronic -
adrenergic stimulation. Accordingly, we examined IL-6 expression in hearts from p2ARKO
or WT mice 2 h after intraperitoneal 1SO administration. However, contrary to our
expectation, expression levels of IL-6 were similar between the two genotypes (data not
shown). Therefore, it seems that IL-6 is not responsible for fibroblast-induced cardiac
hypertrophy upon B-adrenergic stimulation.

Limitations: In the presented study, we utilized a Cre-recombinase transgenic model
regulated by the periostin promoter. As this drives gene expression in both neonatal cardiac
fibroblasts and adult myofibroblasts, this represents a limitation of our study. However, as
myofibroblasts play a role in the process of cardiac remodeling and heart failure 32, this
indicates that the significance of the PKA signaling presented here could be even more
pronounced in the development of heart failure.

In summary, we demonstrated that B2AR in cardiac myofibroblasts plays a substantial role
in the development of cardiac hypertrophy and fibrosis induced by chronic p-adrenergic
stimulation in mice. We also showed that PKA in cardiac fibroblasts is involved in the
induction of cardiac hypertrophy downstream of B2AR via a putative paracrine mechanism.
Our results suggest that treatment with B2AR antagonists represents a promising novel
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approach for updating current B-blocker therapy, at least partially, by preventing fibroblast

ac

tivation. Finally, determination of the secreted molecules responsible for fibroblast-

mediated cardiomyocyte hypertrophy is needed for further development of novel
therapeutics for heart failure.
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Fig 1. Deletion of B2AR attenuates cardiac hypertrophy after chronic p2AR stimulation in mice
(A) Representative images of hematoxylin-eosin staining of whole hearts from wildtype

control or B2ARKO mice 2 weeks after isoproterenol (1ISO) stimulation or sham operation.
The bar indicates 1 mm. (B) Gravimetric analysis. Heart weight (HW) normalized to body
weight (BW) ratios are shown. (C) Lung weight normalized to BW (LW/BW) ratios. (D)
Fractional shortening (%) obtained 2 weeks after sham operation or ISO-pump implantation
by echocardiographic analysis. (E) Left ventricular dimension at end-diastole (LVEDd)
obtained 2 weeks after sham operation or ISO-pump implantation by echocardiographic
analysis. (F) Representative image of WGA-FITC conjugate staining of heart tissue. The bar
indicates 50 um. (G) Cross-sectional area measurements in WGA-FITC conjugate-stained
hearts. (H, I, J) Expression levels of cardiac hypertrophic marker genes, Ajppa (H), Nppb (1),
and Actal (J), in ventricles from mouse cohorts determined by real-time RT-PCR. Values
were normalized to that of GAPDH and are represented as fold increases relative to that in
the wildtype sham group. Values are shown as mean + SD, and the number displayed on
each column indicates the number of samples. T £<0.05 vs. all other groups, */#<0.05
between two indicated groups by one-way ANOVA followed by Tukey—Kramer test.
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Fig 2. Deletion of B2AR attenuates | SO-induced car diac fibrosis and migration of cardiac
fibroblasts

(A) Representative images of M-T staining of heart tissue obtained from wildtype or
B2ARKO mice at 2 weeks after sham-operation or 1SO-stimulation. The bar indicates 100
um. (B) Quantification of fibrotic area assessed by M-T staining. (C, D) Expression levels of
cardiac fibrotic marker gene, Co/1a2(C) and Col3a1 (D) in ventricles determined by real-
time RT-PCR. Values were normalized to that of GAPDH and are represented as fold
increases relative to that in the wildtype sham group. (E) Representative images of cell
migration as assessed by scratch assay. Images of scratched confluent cardiac fibroblasts
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from wildtype control (upper panels) or B2ARKO (lower panels) mice were taken at
indicated time points. Arrows indicate the width of cell-free areas. The bar indicates 200 pum.
(F) Quantitation of migration distance of cardiac fibroblasts at 6 h and 12 h. Values are mean
+ SD, and the number displayed on each column indicates the number of samples. T/<0.05
vs. all other groups, */~<0.05 between two indicated groups by one-way ANOVA followed
by Tukey-Kramer test.
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Fig 3. B2AR in cardiac fibroblasts regulates car diomyocyte hyper trophy
(A) Representative image of AR RT-PCR products obtained from adult mouse

cardiomyocytes or fibroblasts. (B) Representative images of neonatal rat cardiomyocytes
(NRCMs) with actinin staining 24 h after stimulation with 1SO (0.5 pM or 10 uM) or
vehicle. (C) Cell surface area measurements of NRCMs 24 h after stimulation with low or
high dose of ISO (0.5 uM or 10 uM) normalized to those of NRCMs treated with vehicle.
Values are mean £ SD of three independent experiments. T £<0.05 vs. other groups by
Student’s t-test. (D) Representative images of actinin staining of NRCMs stimulated with
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media conditioned by cardiac fibroblasts from wildtype or B2ARKO mice with or without
ISO treatment. (E) Cell surface area measurements of NRCMs stimulated with media
conditioned by cardiac fibroblasts from wildtype or B2ARKO mice with or without 1SO
treatment. The values were normalized to those of NRCMs treated with media conditioned
by wildtype without ISO treatment. Values are mean + SD of four independent experiments.
F<0.05 between two indicated groups by one-way ANOVA followed by Tukey-Kramer test.
The bars indicate 50 pm.
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Fig 4. Fibroblast-specific activation of PK A mediates cardiac hypertrophy in mice
(A) Representative image of immunoblot probed with indicated primary antibodies. Protein

samples were prepared from adult cardiac fibroblasts from indicated genotypes at passage 2.
The number on the right side of each panel indicates the size of the molecular marker. (B)
Quantification of immunoblot bands using protein samples obtained from cardiac fibroblasts
of Pn-Cre or DTG mice based on three independent experiments. (C, D) Gravimetric
analysis of Pn-Cre and DTG mice. HW/BW ratio (C) or LW/BW ratio (D) at 8 weeks or 12
weeks of age are shown. (E) Fractional shortening (%) in Pn-Cre and DTG mice at 8 weeks
or 12 weeks of age determined by echocardiographic analysis. Values are mean + SD, and
numbers displayed on the column indicate the number of samples. (F) Echocardiographic
analyses of LVEDd from Pn-Cre and DTG mice at 8 weeks or 12 weeks of age. (G)
Representative images of WGA-FITC conjugate staining of heart tissue at 12 weeks of age
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(left panels). Cross-sectional area measurements in WGA-FITC conjugate stained hearts
from Pn-Cre and DTG at 12 weeks of age (right panel). The bar indicates 50 um. (H)
Representative images of actinin staining of NRCMs stimulated with media conditioned by
cardiac fibroblasts from Pn-Cre or DTG mice (left panels). Cell surface area ratio
normalized to that in non-treated NRCMs from six independent experiments are shown in
right panel. The bar indicates 50 um. Values are shown as mean + SD, and numbers
displayed on the columns indicate numbers of samples. */<0.05 between two indicated
groups by unpaired Student’s #test.
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