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Transforming growth factor-� family cytokines have diverse
actions in the maintenance of cardiac homeostasis. Follistatin-
like 3 (Fstl3) is an extracellular regulator of certain TGF-� fam-
ily members, including activin A. The aim of this study was to
examine the role of Fstl3 in cardiac hypertrophy. Cardiac myo-
cyte-specific Fstl3 knock-out (KO) mice and control mice were
subjected to pressure overload inducedby transverse aortic con-
striction (TAC). Cardiac hypertrophy was assessed by echocar-
diography and histological and biochemical methods. KO mice
showed reduced cardiac hypertrophy, pulmonary congestion,
concentric LVwall thickness, LVdilatation, and LV systolic dys-
function after TAC compared with control mice. KO mice dis-
played attenuated increases in cardiomyocyte cell surface area
and interstitial fibrosis following pressure overload. Although
activin A was similarly up-regulated in KO and control mice
after TAC, a significant increase in Smad2phosphorylation only
occurred in KO mice. Knockdown of Fstl3 in cultured car-
diomyocytes inhibited PE-induced cardiac hypertrophy. Con-
versely, adenovirus-mediated Fstl3 overexpression blocked the
inhibitory action of activin A on hypertrophy and Smad2 activa-
tion. Transduction with Smad7, a negative regulator of Smad2
signaling, blocked the antihypertrophic actions of activin A
stimulation or Fstl3 ablation. These findings identify Fstl3 as a
stress-induced regulator of hypertrophy that controls myocyte
size via regulation of Smad signaling.

Cardiac hypertrophy is initially an adaptive response to pre-
serve left ventricular (LV)3 function in response stresses, but
sustained hypertrophic growth of the myocardium leads to an

increased risk of cardiovascular events and death (1). There-
fore, a better understanding of the processes that regulate car-
diac hypertrophy could lead to the development of new treat-
ments for heart failure (2). To this end, a number of recent
studies have sought to identify secreted proteins, referred to as
cardiokines or cardiomyokines, that modulate cardiac hyper-
trophy via endocrine, paracrine, or autocrine mechanisms
(3–5).
Transforming growth factor-� (TGF-�) superfamily pro-

teins exert diverse roles in embryonic development, organ
homeostasis, and the response to injury (6, 7). Activin A and
myostatin, TGF-� superfamily factors, are negative regulators
of tissue growth (8, 9). Recent reports indicate that activin A
transcript levels are induced in congestive heart failure (10),
and both activin A (11) and myostatin (12) can attenuate car-
diac hypertrophy in vitro. Follistatin (Fst) and follistatin-like
(Fstl) proteins are extracellular regulators of TGF-� superfam-
ily members (9). Both Fst and Fstl3 bind to and antagonize the
action of activin A and myostatin (13, 14), but Fstl3 binds
activinAwith amuch higher affinity than Fst through itsN-ter-
minal domain (15). Although Fstl3 shares structural and func-
tional homology with Fst (16), Fstl3 is preferentially expressed
in heart whereas Fst is not (17). Proteins antagonized by Fstl3,
(e.g. activin A, myostatin, and BMP2) function to promote
receptor-mediated Smad signaling (14, 18, 19). Smad proteins
have been implicated in the regulation of cardiac hypertrophy,
including Smad2, 3, and 4 (20–23). Similarly, the TGF-� family
ligand, BMP2, is reported to have a protective effect on cultured
cardiac myocytes through activation of the Smad1 pathway
(24).
We recently demonstrated that Fstl3, but not Fst, is up-reg-

ulated in heart in response to injuries and that it antagonized
the protective role of activin A in a model of myocardial ische-
mia-reperfusion injury (25). In addition, Fstl3 transcript
expression is up-regulated in cardiac myocytes of patients with
end-stage heart failure and associated with the severity of the
disease (26). However, the possible role of Fstl3 in cardiac
hypertrophy and the mechanisms underlying its effect are not
understood at a molecular level. To explore the role of Fstl3 in
pathological cardiac myocyte growth, we examined the effects
of cardiomyocyte-specific ablation of Fstl3 on the response to
hypertrophic stimulation inmouse heart and cultured neonatal
ventricular myocytes. We demonstrate that cardiac myocyte
expression of Fstl3 is necessary for the full development of car-
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diac hypertrophy through a mechanism involving, at least in
part, the inhibition of stress-induced activin A/Smad2
signaling.

EXPERIMENTAL PROCEDURES

Materials—Antibodies against phosphorylated Smad2
(Ser465/Ser467), Smad2, phosphorylated Smad1 (Ser463/Ser465)/
Smad5 (Ser463/Ser465), Smad1, Smad4, Smad6, and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) were purchased
from Cell Signaling Technology. Dulbecco’s modified Eagle’s
medium (DMEM) was purchased from Invitrogen. Activin A
levels were determined using ELISA kits (R&D Systems).
Primary Neonatal Rat Ventricular Myocytes Culture—Pri-

mary culture of neonatal rat ventricular myocytes (NRVMs)
were prepared as described previously (27). NRVMswere incu-
bated in DMEM supplemented with 7% fetal calf serum (FCS)
for 18 h after preparation and subsequently transfectedwith the
rat small interfering RNA (siRNA) reagent, purchased from
Dharmacon Inc., that represents a mixture of four different
siRNAs that target Fstl3 (SMARTpool�). Transfection was
performed by Lipofectamine 2000 reagent (Invitrogen)
according to the manufacturer’s protocol. Forty-eight hours
after transfection, NRVMs were incubated with phenyleph-
rine (PE, 100 �mol/liter). In some experiments, NRVMs
were infected with adenoviral vectors expressing Fstl3 (Ad-
Fstl3), Smad7 (Ad-Smad7), Smad2 (Ad-Smad2), or �-galac-
tosidase (Ad-�-galactosidase) at a multiplicity of infection of
50 for 8 h in DMEM. The media were then replaced with
fresh DMEM without adenovirus. Forty-eight hours after
infection, NRVMs were incubated with PE (100 �mol/liter).
In other experiments, serum-deprived NRVMs were incu-
bated with recombinant activin A (100 ng/ml; Sigma) for
24 h. NRVMs were also preincubated with the activin recep-
tor-like kinase (ALK) inhibitor, SB431542 (10 �mol/liter;
Calbiochem) for inhibition of Smad2 phosphorylation for 1 h
prior to activin A treatment.
Transverse Aortic Constriction (TAC) Protocol—Studies

using cardiac myocyte specific Fstl3 knock-out mice (KO) in a
C57BL/6 background were approved by the Institutional Ani-
mal Care and Use Committee of Boston University. As
described previously (25), cardiac myocyte-specific Fstl3-defi-
cient mice were generated by crossing Fstl3flox/flox with trans-
genic mice expressing Cre-recombinase under the control of
the �-myosin heavy chain promoter (The Jackson Laboratory)
(28). We compared KO mice (Cre-Fstl3flox/flox) with control
(Cre-Fstl3�/�) mice. Mice (8–10 weeks old) were anesthetized
with sodium pentobarbital (50 mg/kg intraperitoneally). The
chest was opened, and the thoracic aorta was identified after
blunt dissection through the intercostal muscles. A 7–0 silk
suture was placed around the transverse aorta and tied
around a 26-gauge blunt needle, which was subsequently
removed as described previously (4). Sham-operated mice
underwent a similar surgical procedure without constriction
of the aorta. Animals were anesthetized and then killed. The
hearts and lungs were removed and weighed. In some exper-
iments, heart and blood samples were extracted 7 days after
TAC.

Echocardiography—After 21 days, we subjected surviving
mice to transthoracic echocardiography to determine cardiac
function and structure. To measure LV systolic function and
chamber dimensions, we performed echocardiography with an
Acuson Sequoia C-256 machine using a 15-MHz probe. After
we obtained a two-dimensional image, we quantified diastolic
interventricular septum, diastolic posterior wall thickness, LV
end diastolic diameter, and percent LV fractional shortening
fromM-mode images.
Histology—Mice were killed, and LV tissue was obtained

21 days after the TAC procedure. Heart samples were
embedded in OCT compound (Miles) and frozen in liquid
nitrogen. Tissue slices (7 �m in thickness) were prepared. To
determine the myocyte cell surface area (CSA) and the levels
of myocardial interstitial fibrosis, sections stained with Mas-
son’s trichrome were quantified, as described previously (4).
Western Blot Analysis—Tissue samples obtained on postop-

erative day 7 were homogenized in lysis buffer (Cell Signaling
Technology) with protease inhibitor mixture (Sigma). Protein
content was determined by the Bradford method. Equal
amounts of protein (100 �g) were separated in denaturing
8–12% polyacrylamide gels and transferred to nitrocellulose
membranes. Membranes were immunoblotted with primary
antibodies at a 1:1,000–5,000 dilution followed by the sec-
ondary antibody conjugated with horseradish peroxidase
(HRP) at a 1:1,000–10,000 dilution. Proteins were visualized
using ECL Western blotting detection kit (Amersham Bio-
sciences). To detect Fstl3 in heart, lysates were concentrated
�10-fold using a Microcon device (Millipore) prior to
analysis.
RNA Isolation and Quantitative RT-PCR—Total RNA was

prepared frommouse heart by using an RNA isolation kit for
fibrous tissue (Qiagen). Total RNA from cultured cells was
prepared with an RNA isolation kit (Qiagen). Complemen-
tary DNA (cDNA) was synthesized from 500 ng of total RNA
by using SuperScript RT-PCR Systems (Invitrogen). Quanti-
tative real-time RT-PCR was carried out on an iCycler (Bio-
Rad), using SYBR Green (Applied Biosystems). The primer
sequences used were as follows: mouse:GAPDH forward (F),
5�-TCACCACCATGGAGAAGGC-3� and reverse (R), 5�-
GCTAAGCAGTTGGTGGTGCA-3�; Fstl3 F, 5�-CAACCC-
CGGCCAAGAACT-3� and R, 5�-CTTCCTCCTCTGCTG-
GTACTTTG-3�; activin A F, 5�-TGGTGCCAGTCTAGTG-
CTTC-3� and R, 5�-CCGTCACTCCCATCTTTCTT-3�; rat:
GAPDH forward (F), 5�-TCAAGAAGGTGGTGAAGCAG-
3� and reverse (R), 5�-AGGTGGAAGAATGGGAGTTG-3�;
Fstl3 F, 5�-CGTTACCTACATCTCGTCGTGT-3� and R, 5�-
TCTCTTCCTCCTCTGCTGGTA-3�; activin A F, 5�-
ATGTGCGGATTGCTTGTG-3� and R, 5�-CTTCCCGTCT-
CCATCCA-3�. The expression levels of examined transcripts
were compared with those of GAPDH and normalized to the
mean value of controls.
Statistical Analysis—Data are presented as mean � S.E.

Group differences were analyzed by two-tailed Student’s t test
or analysis of variance (ANOVA). To comparemultiple groups,
theMann-WhitneyU test with Bonferroni correctionwas used.
A value of p � 0.05 was considered statistically significant.
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RESULTS

Cardiac Myocyte-specific Fstl3 Deletion Attenuates Pressure
Overload-induced Cardiac Hypertrophy and Dysfunction—To
investigate the role of Fstl3 in cardiac hypertrophy, �-myosin
heavy chain Cre�/�;Fstl3flox/flox knock-out (KO) mice were
used inwhich Fstl3 exons 3–5 are deleted in a cardiomyocyte-
specific manner. Pressure overload cardiac hypertrophy was
induced by TAC, and the mice were studied 21 days later.
Following TAC, 12 of 15 WT mice and 11 of 16 KO mice
survived this procedure. Although both WT and KO mice
showed an increase in heart weight/body weight and lung
weight/body weight ratios after banding, KO mice displayed
significant reductions in these parameters (Fig. 1, A and B).
No differences in these parameters were detected between
control and KO mice in sham-operated mice. Likewise, no
differences were detected between WT C57BL/6 mice that
were either positive or negative for the Cre transgene, either
at base line or following TAC, under the conditions of our
assays (supplemental Fig. 1).
Echocardiographic analysis demonstrated that KOmice sub-

jected to TAC had reduced LVwall thickness and improved LV
systolic function, as indicated by smaller LV end diastolic
dimension and greater percent fractional shortening compared
with control mice (Fig. 1, C–F). Histological analysis revealed
an increase in CSA of cardiac myocytes and in LV interstitial
fibrosis in both control and KO mice after TAC (Fig. 1, G–I).
However, KOmice showed significantly lowerCSA and fibrosis
compared with control mice. Collectively, these data show that
Fstl3 is required for the full development of the hypertrophic
response, whereas no significant differences in cardiac param-
eters were observed between the two strains under base-line
conditions in the sham-operated hearts.
Analyses of Fstl3, Activin A, and Signaling in Hearts after

TAC Injury—Levels of Fstl3 and activin A, a high affinity bind-
ing partner of Fstl3 (15, 18), were assessed in the sham and
TAC-treated hearts. Consistent with our previous study (25),
Fstl3 and activinA transcript levels in the hearts of controlmice
were up-regulated 9- and 3-fold, respectively, 1 week after pres-
sure overload (Fig. 2, A and B). Protein levels of Fstl3 also
increased in control mice, but this induction was absent in the
KO mice after TAC (Fig. 2A), suggesting that the induction of
Fstl3 expression by hypertrophic stimuli takes place primarily
in cardiacmyocytes. KOmice also displayed reductions in basal
Fstl3 transcript and Fstl3 protein levels in sham hearts. Activin
A transcript levels in heart and circulating protein levels
increased after TAC, but no differences were found between
KO and control mice (Fig. 2, B and C). Similarly, there were no
differences in myostatin transcript levels in heart between the
two strains (Fig. 2D).

To determine the effect of Fstl3 ablation on the possible par-
ticipation of Smad signaling in pressure overload cardiac hyper-
trophy, the expression and phosphorylation of different Smad
proteins at 1 week after TAC were assessed by Western blot
analysis. As shown in Fig. 2E, the phosphorylation of Smad2 at
Ser465/Ser467 did not differ under sham-operated conditions
between KO and control mice or after TAC in control mice.
However, Smad2 phosphorylation was increased in response to

TAC in KO mice. In contrast, no changes were detected in the
myocardial expression and/or phosphorylation of Smad1/5,
Smad4, or Smad6 protein either between mouse strains or in
response to TAC (supplemental Fig. 2). Therefore, the effect of
Fstl3 ablation appeared to specifically affect Smad2 signaling
under conditions of pressure overload.
Ablation of Fstl3 Inhibits Cardiac Myocyte Growth in Vitro—

To examine the role of Fstl3 in cardiac growth at a mechanistic
level, an in vitro model of cardiac myocyte hypertrophy using
PE and siRNA-mediated down-regulation of Fstl3 expression
was employed. PE treatment increased the transcript levels and
protein of Fstl3 and activin A in NRVMs (Fig. 3, A–D). Trans-
fection of NRVMs with siRNA against Fstl3 resulted in a 69%
decrease in Fstl3mRNA levels under basal conditions and 79%
under PE stimulation conditions (Fig. 3A). In contrast, Fstl3
knockdown did not alter basal or PE-induced activin A expres-
sion at the mRNA (Fig. 3C) or protein (Fig. 3D) levels, but
Smad2 phosphorylation was increased in response to PE in the
Fstl3 knockdown condition (Fig. 3E). Knockdown of Fstl3 did
not affect myocyte CSA under basal conditions, but it inhibited
the PE-mediated increase in CSA (Fig. 3, F andG). The ablation
of Fstl3 in cardiomyocytes markedly attenuated PE-stimulated
protein synthesis as assessed by [3H]leucine uptake (Fig. 3H).
Fstl3 knockdown also inhibited PE-induced brain natriuretic
peptide (BNP), atrial natriuretic factor (ANF), and �-skeletal
actin (sk-actin) expression (Fig. 4).
To explore the role of Smad signaling in Fstl3modulation of

stress-induced cardiac hypertrophy, a series of experiments
were performed with an adenoviral vector expressing Smad7,
an inhibitor of Smad2 activity (29). As shown in Fig. 4A, trans-
duction with Smad7 reversed the inhibitory action of Fstl3
knockdown on the PE-induced increase in myocyte CSA. Con-
sistent with these data, treatment with 10 �M SB431542, a spe-
cific inhibitor of TGF-� superfamily type I ALK receptors
(ALK4, 5, and 7) (30), blocked the inhibition of PE-induced
myocytes hypertrophy by Fstl3 knockdown (Fig. 5A). The
attenuation of PE-stimulated cardiac marker expression (ANF,
BNP, and sk-actin) by Fstl3 ablation was also reversed by trans-
ductionwithAd-Smad7 (Fig. 4,B–D). Similarly, treatmentwith
SB431542 also reversed the suppressive actions of Fstl3 knock-
down on PE-induced BNP, ANF, and sk-actin expression in
cultured myocytes (Fig. 5, B–D). As shown in Figs. 4E and 5E,
both SB431542 and Smad7 abolished PE-stimulated Smad2
phosphorylation. Collectively, these data suggest that Fstl3
modulates stress-induced hypertrophy via regulation of ALK-
mediated Smad signaling.
Fstl3 Attenuates the Antihypertrophic Effects of Activin A—

To determine whether Fstl3 overexpression has a direct effect
on cardiac myocyte hypertrophy, NRVMs were transduced for
48 h with an adenoviral vector expressing Fstl3. Fstl3 overex-
pression, per se, did not alter basal or PE-stimulated myocyte
CSA (supplemental Fig. 3,A andB) and had little or no effect on
ANF or BNP gene expression under these conditions (supple-
mental Fig. 3, C and D).
Because activin A is a natural target of Fstl3, we next exam-

ined the effect of recombinant activin A on cardiomyocyte
hypertrophy in the presence and absence of Fstl3 expression.
As shown in Fig. 6A, activin A partially blocked the induction of
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FIGURE 1. Loss of Fstl3 attenuates exacerbation of pressure overload induced cardiac hypertrophy and heart failure. A and B, ratio of heart weight to
body weight (HW/BW) (A) and lung weight to body weight (LW/BW) (B) in WT and cardiac myocyte-specific Fstl3 mice at 3 weeks after sham operation or TAC.
C–F, echocardiographic analysis of diastolic intraventricular septum (IVSd) (C), diastolic posterior wall (PWd) (D), LV end systolic diameter (LVEDD) (E), and the
fractional shortening (%FS) (F) for WT and KO mice at 3 weeks after sham operation or TAC. G, representative histological LV sections from WT or KO mice stained
with Masson’s trichrome. Heart samples were collected at 3 weeks after sham operation or TAC. Magnification, �400. H and I, quantitative analysis of the CSA
of cardiomyocytes (H) and the intestinal fibrosis area (I) from each group. Results are presented as mean � S.E. For sham-treated mice, n � 6 for WT and KO. For
TAC-treated mice, n � 12 for WT and n � 11 for KO. *, p � 0.05 versus corresponding sham; #, p � 0.05 versus corresponding WT mice.
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cardiac hypertrophy by PE, consistent with a previous report
showing that activin A inhibits leukemia inhibitory factor-in-
duced cardiomyocyte elongation and sarcomeric organization
(11). This antihypertrophic activity of activin A was neutral-
ized by adenovirus-mediated Fstl3 overexpression. The anti-
hypertrophic action of activin A was also suppressed by
transfection with the Smad2 inhibitor, Smad7. Treatment
with activin A also suppressed the PE-mediated induction of
ANF, BNP, and sk-actin transcripts, and the suppressive
effect of activin A on these hypertrophy markers was
reversed by transduction with either Fstl3 or with Smad7

(Fig. 6, B–D). Smad2 phosphorylation by activin A was also
cancelled by transduction either with Fstl3 or with Smad7
(Fig. 6E). Similar to stimulation with activin A, or Fstl3 abla-
tion, expression of Smad2 diminished PE-mediated myocyte
hypertrophy but had no effect on basal myocyte size (supple-
mental Fig. 4). The levels of Fstl3 and Smad7 overexpression
in these assays can be seen in Fig. 6F.

DISCUSSION

The balance between members of the TGF-� superfamily
(TGF-�, BMPs, activin, and myostatin) and their inhibitors
(inhibins, follistatins, nodal) regulates a variety of physiological
and pathological processes, including cell proliferation, differ-
entiation, and wound healing (9). We and others have recently
described that the expression of activin A and Fstl3 is induced
in response to permanent left anterior descending artery liga-
tion, myocardial ischemia-reperfusion injury, pressure-over-
load cardiac hypertrophy, and in end-stage heart failure
patients, whereas the expression of other members of the
activin/inhibin system, such as inhibin � or Fst, is not affected
(25, 26, 31). The consistent increase of in Fstl3 and activin A
expression in these diverse models of myocardial injury sug-
gests that these proteins are cardiokines whose levels of expres-
sion could influence cardiac disease outcome.
Here, we show that cardiacmyocyte-specific Fstl3 deficiency

attenuates myocardial hypertrophy, systolic dysfunction, and
LV interstitial fibrosis following pressure overload. These
effects were accompanied by an increase in Smad2 phosphory-
lation in the heart. Given the lack of differences between con-
trol andKOmice in the absence of cardiac injury, it appears that
basal levels of cardiomyocyte-derived Fstl3 expression have lit-
tle or no role in cardiac homeostasis. On the contrary, Fstl3
contributes to the development of the hypertrophic response to
pathological stimuli. This response is recapitulated in cultured
cardiomyocytes where knockdown of Fstl3 inhibits PE-induced
hypertrophy but has no effect on cell growth under basal con-
ditions. In contrast to the findings reported here, Mukherjee et
al. have shown that whole body Fstl3-deficient mice display no
modifications of muscle nor body weight but an increase in
heart size under basal conditions (32). We attribute the differ-
ences in cardiac phenotypes between the global and myocyte-
specific knockouts to a consequence of the metabolic pheno-
types that are associated with whole body Fstl3 ablation.
Fstl3 potentially exerts its anti-hypertrophic actions by inter-

feringwith activinA action (Fig. 5E). Like Fstl3, TAC leads to an
increase in activin A expression in heart and in the serum. In
cultured myocytes, activin A inhibits PE-induced myocyte
growth and diminishes the expression of hypertrophic markers
including BNP, ANF, and sk-actin. These findings are consis-
tent with the study of Florholmen et al. showing that activin A
inhibits the hypertrophic action of leukemia inhibitory factor
(11). Here, it is shown that Fstl3 antagonizes the antihypertro-
phic actions of activin A on growth of myocytes that are sub-
jected to adrenergic stimulation. Based upon chemical inhibi-
tor studies, it has been proposed that the signaling actions of
activin A are mediated by serine/threonine kinase activin type
II receptors that form a heterodimeric complex with ALK4, 5,
and/or 7 (33, 34). Consistent with this hypothesis, we show that

FIGURE 2. Fstl3 deficiency leads to increased Smad2 activation following
pressure overload. A and B, Fstl3 transcript and protein levels and activin A
mRNA levels in the hearts of WT and KO mice at 1 week after sham operation
or TAC. C, serum activin A protein levels for WT and KO mice at 0, 1, or 3 weeks
after TAC. D, myostatin mRNA levels in the hearts of WT and KO mice at 1 week
after sham operation or TAC. E, changes in phosphorylation of Smad2
(P-Smad2) in the hearts of WT and KO mice at 1 week after sham operation or
TAC. Representative blots of phosphorylated and total Smad2 are shown.
Lower panels show quantitative analysis of Smad2 phosphorylation. Relative
phosphorylated levels of Smad2 were normalized to control values in sham-
treated WT mice (n � 6 –12 hearts in each group). *, p � 0.05 versus corre-
sponding sham; #, p � 0.05 versus corresponding WT mice.
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the inhibition of ALK signaling blocks the antihypertrophic
actions of either Fstl3 knockdown or activin A overexpression
in cultured cardiac myocytes.

It is established that activation of ALK4, 5, or 7 receptors by
activin A leads to Smad2 phosphorylation (6). Previously, it has
been shown that overexpression of Smad2 in cardiomyocytes

FIGURE 3. Fstl3 ablation attenuates the hypertrophic actions of PE treatment in cultured cardiac myocytes. A and B, results of real-time PCR and Western
blot analysis of Fstl3 (A) and activin A (B) gene expression with unrelated or Fstl3 siRNA in the presence or absence of PE (100 �mol/liter) for 24 h. C and D, no
effect of Fstl3 deletion on activin A mRNA and protein expression by NRVMs. Activin A protein levels in media were assessed by ELISA. E, effect of Fstl3
knockdown on Smad2 phosphorylation. Relative phosphorylated levels of Smad2 were normalized to control values in NRVMs that were not targeted with
siRNA. F, representative fluorescence microscope images of NRVMs transfected with unrelated siRNA or Fstl3 siRNA for 48 h following by stimulation with
phenylephrine (PE, 100 �mol/liter) for 24 h. G and H, quantitative analysis of cell surface area (G) and protein synthesis (H) assessed by [3H]leucine incorporation
after siRNA transfection with or without PE. *, p � 0.05 versus corresponding control without PE; #, p � 0.05 versus corresponding no-targeting siRNA.
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results in reduced hypertrophy induced by phenylephrine and
angiotensin II (20). The cellular action of Smad2 is potentiated
by Smad4 (35), and the myocyte-specific ablation of Smad4 in
heart leads to cardiac hypertrophy (20, 21). In contrast, Smad7,
an inhibitory Smad protein (29), reverses the antihypertrophic
action of Smad2 in myocytes (22). Here, it is shown that myo-
cyte-specific ablation of Fstl3 in the heart leads to the up-regu-
lation of Smad2 phosphorylation under pressure overload, but
not base-line, conditions. In contrast, these conditions did not
alter the phosphorylation states of Smad1/5, nor the expression
of Smad4 and Smad6. In culturedmyocytes, the transduction of
Smad7 functioned in a manner similar to the overexpression of
Fstl3 in that both proteins reversed the antihypertrophic
actions of activin A. Similarly, Smad7 reversed the antihyper-
trophic effect of Fstl3 knockdown.
It is noteworthy that whereas hypertrophic stimuli induce

activin A expression, this is associated with increased Smad2
phosphorylation in hearts of Fstl3 KO but not WTmice. Thus,
it appears that this system is held in check because both Fstl3
and activin A are induced by hypertrophic stimuli inWTmice.

However, in the Fstl3-null heart, this system of checks and bal-
ances is perturbed, and Smad2 activation becomesmore prom-
inent leading to a reduction in the hypertrophic response. Col-
lectively, our results in vitro and in vivo suggest that activin A
and Fstl3 act as a molecular rheostat to control heart growth in
response to injury (Fig. 6G).
The mechanism underlying the prohypertrophic effect of

Fstl3 appears to involve the sequestration and inactivation of
TGF-� superfamilymembers, such as activinA, and prevention
of Smad2 activation by these family members. As shown here
and elsewhere, activin A is regulated by cardiac stress in
murine, rattus, canine, and human systems (10, 25, 31). How-
ever, it is conceivable that Fstl3 also interacts with other
TGF-� superfamily members to influence cardiac biology.
For example, Fstl3 can bind to both BMP2 and myostatin
which have been implicated in the control of myocyte hyper-
trophy and survival and myocyte communication with skel-
etal muscle (12, 24, 36). In this regard, other TGF-� super-
family members have been identified in the heart, and they
may interact with the Fstl3/activin A/ALK regulatory sys-
tem. For example, GDF-15 has been shown to exert an inhib-
itory effect on myocyte growth via an activation of Smad2

FIGURE 4. Antihypertrophic effects of Fstl3 knockdown are reversed by
Smad7 transduction in cultured cardiac myocytes. A, quantitative analysis
of cell surface area after siRNA and/or Ad-Smad7 transfection with or without
PE. B–D, results of real-time PCR analysis of BNP (B), ANF (C), and sk-actin (D)
expression following transduction of unrelated or Fstl3 siRNA in the presence
or absence of Ad-Smad7 transduction. Some cells were treated with PE.
Results are presented as mean � S.E. (n � 8 per group). E, effect on Smad2
phosphorylation. Representative blots of phosphorylated and total Smad2
are shown. Lower panels show quantitative analysis of Smad2 phosphoryla-
tion. Relative phosphorylated levels of Smad2 were normalized to control
values. *, p � 0.05 versus corresponding WT (both no-targeting siRNA and
Ad-�-galactosidase (Ad-�gal)) without PE. #, statistical difference (p � 0.05)
between indicated bars.

FIGURE 5. Antihypertrophic effect of Fstl3 knockdown can be reversed by
ALK inhibition in cultured cardiac myocytes. A, quantitative analysis of cell
surface area after siRNA transfection with or without PE or SB432541(10
�mol/liter). B–D, results of quantitative RT-PCR analysis of BNP (B), ANF (C),
and sk-actin (D) expression in NRVMs treated with unrelated or Fstl3 siRNA in
the presence or absence of PE or SB432541. E, effect on Smad2 phosphoryla-
tion. Representative blots of phosphorylated and total Smad2 are shown.
Lower panels show quantitative analysis of Smad2 phosphorylation. Relative
phosphorylated levels of Smad2 were normalized to control values. *, p �
0.05 versus corresponding WT without PE. #, statistical difference (p � 0.05)
between indicated bars.
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(22), but this factor has no known extracellular regulatory
partner or cell surface receptor. Thus, further investigations
of these classes of molecules in the heart could lead to the
identification of new molecular targets useful for the diag-
nosis or treatment of cardiac disease.
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