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Objectives

Background
Methods

Results

The aim of this study was to examine the function of the bone morphogenic protein growth differentiation factor
5 (Gdf5) in a mouse model of myocardial infarction (MI).

The Gdf5 has been implicated in skeletal development, but a potential role in the heart had not been studied.

The Gdf5-knockout (KO) and wild-type (WT) mice were subjected to permanent left anterior descending coronary
artery (LAD) ligation. Cardiac pathology, function, gene expression levels, and signaling pathways downstream of
Gdf5 were examined. Effects of recombinant Gdf5 (rGdf5) were tested in primary cardiac cell cultures.

The WT mice showed increased cardiac Gdf5 levels after MI, with increased expression in peri-infarct cardiomyo-
cytes and myofibroblasts. At 1 and 7 days after MI, no differences were observed in ischemic or infarct areas
between WT and Gdf5-KO mice. However, by 28 days after Ml, Gdf5-KO mice exhibited increased infarct scar
expansion and thinning with decreased arteriolar density compared with WT. The Gdf5-KO hearts also displayed
increased left ventricular dilation, with decreased contractility after MI. At 4 days after MI, Gdf5-KO mice exhib-
ited increased cardiomyocyte apoptosis and decreased expression of anti-apoptotic genes Bcl2 and Bcl-xL com-
pared with WT. Unexpectedly, Gdf5-KO hearts displayed increased Smad 1/5/8 phosphorylation but decreased
p38-mitogen-activated protein kinase (MAPK) phosphorylation versus WT. The latter was associated with in-
creased collagen gene (Collal, Col3al) expression and fibrosis. In cultures, rGdf5 induced p38-MAPK phosphor-

ylation in cardiac fibroblasts and Smad-dependent increases in Bcl2 and Bcl-xL in cardiomyocytes.

Conclusions

Increased expression of Gdf5 after Ml limits infarct scar expansion in vivo. These effects might be mediated by

Gdf5-induced p38-MAPK signaling in fibroblasts and Gdf5-driven Smad-dependent pro-survival signaling in
cardiomyocytes. (J Am Coll Cardiol 2010;55:135-43) © 2010 by the American College of Cardiology

Foundation

Growth differentiation factor 5 (Gdf5), also known as bone
morphogenetic protein (BMP) 14, is a secreted morphogen of
the transforming growth factor-beta super-family, conferring
signaling by activation of Smad 1/5/8 or mitogen-activated
protein kinase (p38-MAPK) (1,2). The Gdf5 is one of the few
morphogenetic proteins that interact with both type 2 BMP
and activin receptors with equivalent affinities (3). This ability
of Gdf5 and its persistent expression in postnatal tissues posit
a potentially important role.
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During development, Gdf5 is expressed in several tissues
including the heart (4—6). Studies in vitro suggest that Gdf5 has
effects on angiogenesis (7,8), apoptosis (9), cell survival (6),
differentiation (10), and migration (7). Although Gdf5 expression
continues into adulthood in some tissues (4), its role in the heart
had not been studied. Mutations in Gdf5 produce skeletal disor-
ders in humans and in mice (4). Gdf5-deficient mice exhibit
reduced revascularization and delayed healing after tendon injury
(11). Given these findings, we hypothesized that Gdf5 might

influence remodeling and repair processes in the heart.

See page 144

Here we show that Gdf5 protein and its receptors are
expressed in the adult mouse heart and that Gdf5 levels are
elevated after myocardial infarction (MI). To study the role of
Gdf5 in cardiac repair, we compared the structure and function
of Gdf5-knockout (KO) and wild-type (WT) hearts after left
anterior descending coronary artery (LAD) ligation. To exam-



136 Zaidi et al.

Gdf5 Regulates Cardiac Repair

Abbreviations
and Acronyms

AW = anterior wall

ERK = extracellular signal
regulated kinase

Gdf5 = growth
differentiation factor 5

ID1 = inhibitor of
differentiation 1

LAD = left anterior
descending coronary artery

LV = left ventricle/

ine the mechanisms underlying ab-
normal cardiac repair in Gdf5-KO
mice, we studied Smad 1/5/8 and
p38-MAPK signaling, collagen
gene expression, fibrosis, apoptosis,
and vascularization. In addition,
we examined the effects of Gdf5
on survival of neonatal cardiomy-
ocytes. This is the first report
of the effects of Gdf5 deficiency
in particular and a BMP family

member in general on cardiac

ventricular repair.
MAPK = mitogen-activated
protein kinase Methods

MI = myocardial infarction

Animals. The C57Bl16 mice and
mice heterozygous for the Gdf5
(bp“v allele) were purchased from
Jackson Laboratory (Bar Harbor,
Maine). Heterozygous mice were
crossed to obtain homozygous KO
and WT littermates.

Surgery and hemodynamic pro-
cedures. Mice (8 to 12 weeks of
age) were subjected to LAD liga-
tion or sham surgery according to
protocols approved by our institu-
tional Animal Care Committee.
Experimental procedures for this
model are detailed elsewhere (12).
For in vivo hemodynamic mea-
surements, mice were anesthetized
with 1% isoflurane, and the right
carotid artery was cannulated with
a micromanometer catheter (IMil-
lar Instruments, Houston, Texas).
Heart rate, aortic blood pressures, left ventricular (LV) systolic
pressure, and peak positive and negative first derivatives of the
LV pressure (=dP/dt) were recorded.
Reverse-transcriptase polymerase chain reaction. Ribo-
nucleic acid (RNA) was isolated and reverse-transcribed with
the SuperScript III kit (Invitrogen, Burlington, Ontario, Can-
ada). Quantitative real-time polymerase chain reaction (PCR)
was performed with SYBR green as per the manufacturer
(Applied Biosystems, Streetsville, Ontario, Canada). Real-
time data were normalized to glyceraldehyde-3-phosphate
dehydrogenase complementary deoxyribonucleic acid. Primer
sequences are listed in Supplementary Table A.

Histology, immunohistochemistry, and Western blot.
Hearts were fixed in 10% formalin, paraffin-embedded,
sectioned (5 wm), and stained with hematoxylin and eosin
or trichrome. Images were captured and analyzed by Image
J software (National Institute of Health). Infarct area,
transmurality, and expansion index were calculated as de-
scribed (13). Antibody against Gdf5 (R&D Systems, Min-
neapolis, Minnesota; and Santa Cruz Biotechnology, Santa

MMP = matrix
metalloproteinase

mRNA = messenger
ribonucleic acid

KO = knockout

rGdf5 = recombinant
growth differentiation
factor 5

RNA = ribonucleic acid

RNAi = ribonucleic acid
interference

RT-PCR = reverse-
transcriptase polymerase
chain reaction

SM = smooth muscle

TUNEL = terminal
deoxynucleotidyl

t f (TdT)-mediated
dUTP nick end labeling

WT = wild-type
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Cruz, California), smooth muscle (SM)-alpha-actin (Dako,
Mississauga, Ontario, Canada), activated caspase 3, phos-
phorylated Smad 1/5/8, phosphorylated and total p38-
MAPK, extracellular signal regulated kinase (ERK)1/2 and
c-jun N-terminal kinase, Bcl2 and Bel-xL (Cell Signaling
Technology, Danvers, Massachusetts), total Smad 1/5/8
and inhibitor of differentiation 1 (ID1) (Santa Cruz Bio-
technology, Santa Cruz, California), HRP-conjugated sec-
ondary antibodies (Bio-Rad, Mississauga, Ontario, Can-
ada), and the Vectastain kit (Vector Laboratories,
Burlington, Ontario, Canada) were employed for immuno-
histochemistry and/or Western blot. Myocardial fibrosis
was assessed by trichrome as described (12).

Cell culture. Neonatal mouse cardiac fibroblasts and car-
diomyocytes were prepared as described (14,15) (Supple-
mentary Fig. 1). Cells were cultured in Dulbecco’s modified
Eagle’s media/F12 media containing 10% serum. Passage 2
fibroblasts were kept in 0.1% serum containing medium for
38 h and stimulated with recombinant Gdf5 (rGdf5, R&D
Systems) at a concentration of 250 ng/ml. Cardiomyocytes
were treated with buffer or rGdf5 at a concentration 250
ng/ml. Terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick end labeling (TUNEL) was per-
formed with the CardioTACS kit (R&D Systems).
Ribonucleic acid interference (RNAi). Stealth RNAi
against mouse Gdf5, Smad 4, p38-MAPK (Mapkl4),
negative control, BlockiT alexa Fluor, and lipofectamine
2000 were purchased from Invitrogen. The RNAi were
transfected at a final concentration of 20 nmol/l as described
by the manufacturer, and gene expression was assessed by
quantitative real time reverse-transcriptase polymerase chain
reaction (RT-PCR).

Statistical methods. Data for Gdf5 expression, ventricular to
body weight ratios, and vascularity were analyzed by 2-way
analysis of variance followed by Bonferroni test for multiple
comparisons among groups. When only 2 groups were com-
pared, the Student # test was applied. Collagen expression data
were analyzed by single factor analysis of variance followed by
Student £ test. All values shown are mean = SEM.

Results

Adult mouse heart expresses Gdf5 and its receptors. To
conclusively establish that Gdf5 is expressed in the heart,
RT-PCR was performed on messenger ribonucleic acid
(mRNA) from whole adult mouse hearts (n = 3). The
amplified product was sequenced to confirm Gdf5 expression
(Fig. 1A). Similarly, RT-PCR was used to confirm the
expression of BMP and activin receptors through which Gdf5
transduces its signals. Both type 1 (Bmprlb) and type 2
(Bmpr2, Acvr2a, Acvi2b) receptors were expressed.

Cardiac Gdf5 expression is increased after MI. Anterior
walls (AWs) (infarct) and posterior walls (PW) (noninfarct) of
the LV were dissected for RNA extraction. The RT-PCR
revealed serial increases in Gdf5 mRNA levels in the infarct-
containing AW. To quantify this, real-time quantitative RT-
PCR was also performed. Compared with sham and nonsur-
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Gdf5 Levels Are Regulated After Ml

(A) Reverse-transcriptase polymerase chain reaction—defined expression of growth differentiation factor 5 (Gdf5) and bone morphogenetic protein (BMP) and activin
receptors in the adult mouse heart. (B) Real-time quantification of Gdf5 messenger ribonucleic acid (mRNA) expression in the anterior walls (infarct) and posterior walls
(noninfarct). All data were normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) mRNA Bar “c” represents noninfarcted control. All data are given as mean
=+ SEM (n = 3 mice/bar). Data were compared by 2-way analysis of variance (ANOVA) (p < 0.001) followed by Bonferroni test for multiple comparisons. (C) Elevated
cardiac Gdf5 protein levels are evident 7, 21, and 40 days after myocardial infarction (MI). Recombinant Gdf5 (rGdf5) is a positive control. (D) Immunohistochemistry
shows elevated Gdf5 protein expression in peri-infarct cardiomyocytes at 14 days after Ml (a, ¢, and d). IgG control was used in panel b. Panels ¢ and d are higher mag-
nifications of the Gdf5-stained section. (E) The Gdf5 expression (brown staining, right panel) was also observed in smooth muscle cell-alpha actin-positive cardiac myo-
fibroblasts (blue staining, left panel). The right panel is counterstained with hematoxylin (blue) to visualize nuclei. Arrows denote cells which are stained for smooth
muscle cell-alpha actin. *p < 0.025; p < 0.003. LAD = left anterior descending coronary artery; LV = left ventricle.

gery control subjects, Gdf5 mRNA levels were elevated at 7
and 14 days after MI (Fig. 1B). The Gdf5 mRNA levels at 7
and 14 days after MI were 8.5- and 11.6-fold higher, respec-
tively, in the AW of infarcted mice as compared with the AW
of 7-day sham-operated control subjects (p < 0.025). In-
creased cardiac Gdf5 protein expression after MI was con-
firmed by Western blot (Fig. 1C), which revealed that Gdf5
protein levels remained elevated up to 40 days after MI
(reaching maximum levels at 21 days). Immunohistochemistry
at 14 days showed elevated Gdf5 expression in cardiomyocytes
(Fig. 1D) and myofibroblasts (Fig. 1E) in the peri-infarct areas
of the heart after MI.

Gdf5-deficient mice exhibit adverse infarct remodeling.
Tetrazolium staining of heart sections at 1 day after MI
showed no difference in ischemic area between Gdf5-KO
and WT mice. Infarct area at 7 days after MI also did not
differ between Gdf5-KO and WT mice. However, by 28
days after MI, morphometry revealed a 42% greater infarct

area in Gdf5-KO mice as compared with WT control
subjects (Table 1). At 28 days after MI, ventricular weight
to body weight ratio was elevated by 9% in Gdf5-KO as
compared with WT (Fig. 2). At this time point, hearts from
Gdf5-KO mice exhibited a 30% increase in thinning of the
infarcted LV and transmural infarct expansion (Table 1).
The full thickness extent of the infarct (i.e., its transmural-
ity) at 28 days after M1, as quantified by 2 different formulae
(13), was significantly greater in Gdf5-KO as compared
with WT mice (Table 1). Finally, quantification of dilation
and thinning of the infarct wall (13) revealed 156% greater
infarct expansion (infarct topography and area without
additional necrosis) in Gdf5-KO mice (Table 1). These data
indicate that Gdf5 plays an important role in preventing
infarct wall thinning, cardiac dilation, and infarct expansion.
Gdf5-deficient mice exhibit impaired cardiac function
after MI. Terminal hemodynamic studies at 28 days after
MI revealed expected reductions in measures of cardiac
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L C” A Hemodynamic Data

Parameters WT KO p Value Parameters (28 Days After Ml) WT (n = 16) KO (n = 18) p Value
Infarct area, 7 days after Ml 3495 +5.68 31.97 =4.74 0.403 HR (beats/min) 565 = 15 545 = 12 0.298
Infarct area, 28 days after Ml 31.73 298 4510 +4.25 0.013 SBP (mm Hg) 96 £ 3.5 82 £2.7 0.004
Infarct thickness, 28 days after M| 0.64 + 0.05 0.45 + 0.04 0.007 DBP (mm Hg) 78 + 3.4 68 +2.4 0.026
Degree of transmurality (%), MAP (mm Hg) 84 + 3.4 73+25 0.013
28 days after Mi 61.89 = 6.59 83.13 = 3.03 0.009 LVSP (mm Hg) 101 + 4.1 85 + 3.0 0.004
Area subtended by infarct (%), +dP/dt (mm Hg/s) 4627 +179 3,812 +135  <0.001
28 days after Ml 61.06 = 3.87 87.28 272 <0.0001 —dP/dt (mm H/s) 4531 + 173 3.802 = 151 0.003
Expansion index, 28 days after Ml 0.70 = 0.10 1.79 £ 0.35 <0.003

Infarct area ([infarct area/total left ventricle (LV) area] X 100) was calculated at 7 days for growth
differentiation factor 5 (Gdf5)-knockout (KO) and wild-type (WT) (n = 7 each) mice and 28 days for
Gdf5-KO (n = 16) and WT mice (n = 19). Infarct thi was by ging thickness
of the infarct over 5 equally spaced locations and dividing by thickness of the noninfarcted LV
measured at mid-septum. Transmurality was defined as infarct length touching the epicardium
divided by total infarct length. Area subtended by the infarct was determined by the formula: infarct
area/entire LV area subtended by outer infarct margin. Expansion index was calculated as
described in the Results section. All data are mean = SEM. Analyses were by Student t test.
MI = myocardial infarction.

function in LAD-ligated Gdf5-KO and WT mice as
compared with their respective sham-operated control sub-
jects (data not shown). However, within LAD-ligated
groups, Gdf5-KO mice displayed significantly greater re-
ductions in indexes of cardiac function than their WT
control subjects (Table 2). In sham control subjects, param-
eters of cardiac function did not differ between Gdf5-KO and
WT mice. However, mean arterial pressure was somewhat
lower in Gdf5-KO (77 *+ 2.5, n = 10) versus WT (92 * 3.9,
n = 12) mice (p < 0.05). Although cardiac function of
Gdf5-KO and WT did not differ at 8 days after MI, it was
significantly reduced in Gdf5-KO mice at 14 days after MI
(Supplementary Table B).

Differential activation of p38-MAPK and Smad 1/5/8 in
Gdf5-KO and WT hearts. As known downstream medi-
ators of BMP or Gdf5 signaling in other tissues (1,2,16), the
activation (i.e., phosphorylation) of Smad 1/5/8 and p38-
MAPK was first examined by Western blot of heart lysates
from WT mice. Although total Smad 1/5/8 and p38-MAPK
protein levels did not change, Smad 1/5/8 phosphorylation

Data were analyzed by Student t test. All data are mean *= SEM.

DBP = aortic diastolic blood pressure; +dP/dt = peak first derivatives of change in left ventricular
pressure/time; HR = heart rate; LVSP = peak left ventricular systolic pressure; MAP = mean aortic
blood pressure; SBP = aortic systolic blood pressure; other abbreviations as in Table 1.

increased slightly at 14 days after MI, and p38-MAPK
phosphorylation was decreased at both 7 and 14 days after MI
(Fig. 3A). We next compared expression and phosphorylation
of these signaling proteins in the hearts of Gdf5-KO and -WT
mice at 7 days after MI. Although total Smad 1/5/8 and
p38-MAPK levels did not differ between Gdf5-KO and WT
hearts, phosphorylation of Smad 1/5/8 was increased approx-
imately 3-fold in Gdf5-KO hearts, whereas phosphorylation of
p38-MAPK was reduced approximately 80% (Fig. 3B). In-
creased phosphorylated Smad 1/5/8 in Gdf5-KO hearts was
predominantly present within the infarct area (Supplementary
Fig. 2). At this time point, activated levels of ERK1/2 and
c-jun N-terminal kinase did not differ between Gdf5-KO and
WT mice (data not shown). These experiments revealed that
Gdf5 deficiency results in a significant and seemingly selective
reduction in p38-MAPK signaling after MI.

Gdf5 deficiency increased collagen gene expression and
fibrosis after MI. Signaling via p38-MAPK is known to
suppress collagen type I, alpha-1 (Collal) and collagen type
III, and alpha-1 (Col3al) gene transcription in cardiac cells
(17) and to reduce cardiac fibrosis after MI (18). Because
Gdf5-KO mice manifest reduced p38-MAPK phosphoryla-
tion after MI, we next examined collagen gene expression and

fibrosis in WT and Gdf5-KO mice. In WT mice, Collal
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(A) Ventricle to body weight ratios at 28 days after Ml or sham. (B) Representative trichrome-stained sections of 28 days after Ml hearts.
Data are mean * SE. Analysis was by 2-way ANOVA followed by Bonferroni test. KO = knockout; WT = wild-type; other abbreviations as in Figure 1.
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p38-MAPK and Smad 1/5/8 levels are similar in nonsurgical Gdf5-KO and WT control subjects. *p < 0.05 versus WT. Abbreviations as in Figures 1 and 2.

(Fig. 4A) and Col3al (Fig. 4B) mRNA levels in the infarct
zone were elevated 19- and 16-fold, respectively, above sham-
operated control subjects at 7 days after MI and 49- and
34-fold, respectively, at 14 days after MI. In Gdf5-KO mice,
Collal and Col3al mRNA levels were an additional 2.6- and
2.2-fold higher than in WT hearts at the 7-day time point. By
14 and 28 days after MI, this difference was no longer
apparent, because Collal and Col3al levels were similarly
elevated in Gdf5-KO and WT mice versus sham. Of note,
there were no differences in matrix metalloproteinase
(MMP)-9 and MMP-2 levels between Gdf5-KO and WT
hearts at 7 and 28 days after MI (Supplementary Fig. 3).
Fibrosis was 46% greater in Gdf5-KO mice hearts, compared
with WT mice, after MI (Fig. 4C). These studies showed that
Gdf5 deficiency results in increased Collal and Col3al
mRNA expression and fibrosis after MI.

Gdf5 deficiency reduced the numbers of myocardial vessels
after MI. Coronary artery occlusion is known to remodel the
myocardial vasculature (19,20), and expression of phosphory-
lated p38-MAPK after MI has been correlated with vascular
density and inversely correlated with infarct area (18). Accord-
ingly, we examined arterial density in Gdf5-KO mice with

smooth muscle (SM)-alpha-actin to identify muscular pre-
capillary vessels. In the infarct region (infarct and border area),
the number of SM-alpha-actin—stained vessels was reduced by
57% in Gdf5-KO hearts as compared with WT (Fig. 5),
whereas the number of these vessels in noninfarcted regions
did not differ. Similarly, in sham-operated control subjects, the
number of SM-alpha-actin—stained cardiac vessels did not
differ between Gdf5-KO and WT mice. At 14 days after M1,
ID1 expression did not differ between the Gdf5-KO and WT
mice (Supplementary Fig. 4). These observations showed that
Gdf5 deficiency results in reduced numbers of muscular myo-
cardial arteries, an effect independent of ID1 but consistent
with reduced p38-MAPK signaling.

Gdf5 improved cardiomyocyte survival and increased
expression of anti-apoptotic genes via Smad signaling. Be-
cause less viable myocardium was ultimately observed in
Gdf5-KO mice at 28 days after MI (Fig. 2, Table 1), we
also explored whether Gdf5 has effects on cardiomyocyte
survival. In a cell culture model of serum-deprivation—
induced apoptosis (21), the number of TUNEL-positive
nuclei was reduced by 79% in rGdf5-treated cells (Fig. 6A).
To identify putative mechanisms, we examined the mRNA
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levels of Bel-xL, Bel2, and Bax. The pro-survival effect of
rGdf5 was accompanied by 53% and 138% increases in
expression of the anti-apoptotic genes Bcl2 and Bel-xL,
respectively (Fig. 6B), with no change in the expression of
the pro-apoptotic gene Bax. Of note, these effects of rGdf5
were also observed in the absence of an apoptotic insult (i.e.,
in serum-stimulated cardiomyocytes). These data suggest
that Gdf5 might confer cardiomyocyte survival by elevating
expression of Bcl2 and Bel-xL.
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To explore signaling mechanisms mediating the anti-
apoptotic effects of rGdf5 in neonatal cardiomyocytes, we
employed RNAI against Smad4, which is essential for Smad
1/5/8 signaling, and p38 MAPK. The RNAi to Smad4
decreased endogenous Smad4 (Fig. 7A) and blocked rGdf5-
induced expression of Bel-xL (Fig. 7B) and suppression of
apoptosis (Fig. 7C). These effects were not observed with
RNAIi against p38-MAPK (Mapk14) (data not shown).
Consistent with our in vitro findings, Gdf5-KO mice hearts
showed increased apoptosis and decreased Bcl2 and Bel-xL
expression in the peri-infarct areas at 4 days after MI,
compared with WT mice (Fig. 8).

Gdf5 induces p38-MAPK phosphorylation in cardiac fibro-
blasts. To examine whether rGdf5 activates p38-MAPK,
cardiac fibroblasts and cardiomyocytes were treated with
rGdf5. Phosphorylation of p38-MAPK was rapidly induced
in cardiac fibroblasts treated with rGdf5 (Fig. 6C), with
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Sections were immunostained for smooth muscle-alpha-actin, and only stained
vessels of 15 to 100 um diameter were counted under a light microscope
(40X objective) and averaged for each section. Vessels were counted in the
anterior wall, including in normal tissue for sham, and in the infarct and border
zones for LAD-ligated hearts. Data were analyzed by 2-way ANOVA (p < 0.05)
followed by Bonferroni test. (A) Representative sections from the peri-infarct
(left panels) and infarct (right panels) areas of the post-MI Gdf5-KO and WT
hearts are shown. (B) Data are plotted as number of vessels/microscopic field
and bars represent mean = SEM. Abbreviations as in Figures 1 and 2.
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Figure 6

(A) Cardiomyocytes apoptosis was determined by terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick end labeling (TUNEL) labeling after 48 h
of serum-free culture supplemented with rGdf5 or buffer. Data shown are repre-
sentative of 3 independent experiments. (B) Quantitative real-time reverse-
transcriptase polymerase chain reaction show elevated expression of Bcl2
and Bcl-xL in Gdf5-treated cells. Gene expression data were normalized to
Gapdh and calculated as fold change versus buffer-treated control subjects

*p < 0.05. (C) The rGdf5 induces phosphorylation of p38-MAPK in mouse car-
diac fibroblasts. Abbreviations as in Figures 1 and 3.

total p38-MAPK protein levels remaining unchanged. Of
interest, activation of p38-MAPK was not observed in
rGdf5-treated cardiomyocytes.

Discussion

Although some BMPs had been studied in cardiac devel-
opment, their role in repair of the adult heart had not. We
now show that Gdf5 (ak.a., BMP14) is expressed in the
adult mouse heart and that its levels are elevated after 7 days
after MI. We further show that the receptors through which
Gdf5 transduces its signals (3) are also expressed. More
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Suppression of Apoptosis in Neonatal Cardiomyocytes
(A) Smad4 ribonucleic acid interference (RNAi) decreases Smad4 mRNA levels
in neonatal cardiomyocytes. *p < 0.05 versus other treatments; tp < 0.001
versus control RNAi; n = 3/treatment. (B) Smad4 RNAi ablates rGdf5 induc-
tion of Bel-xL mRNA. *p < 0.03 versus other treatments; Tp < 0.05 versus
buffer-treated control RNAi; n = 3/treatment. (C) Neonatal cardiomyocyte were
transfected with Smad4 or control RNAi, and apoptosis was determined by
caspase 3 immunostaining after 48 h of serum free culture with rGdf5 or
buffer. *p < 0.001 versus buffer-treated control RNAi; tp = 0.007 versus
Gdf5-treated control RNAi; n = 10 microscopic fields/treatment. Abbreviations
as in Figures 1.
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Figure 8 Gdf5-KO Mice Exhibit Increased Apoptosis and
Reduced Expression of Bcl2 and Bcl-xL After MI
(A) Sections were immunostained for activated caspase-3. Apoptotic cells were
counted in the peri-infarct areas of post-MI hearts under a light microscope
(40X objective) and averaged for each section. (B) Post-MI heart sections were

immunostained for Bcl2 and BelxL. In Gdf5-KO mice, expression of these genes
was lesser than the WT hearts after MI. Abbreviations as in Figures 1 and 2.

importantly, we are the first to show that the absence of this
BMP results in impaired cardiac repair after MI, as manifest
by increased indexes of post-healing infarct scar expansion,
increased cardiomyocyte apoptosis, decreased vascular density,
and accelerated functional deterioration in Gdf5-KO mice.
Finally, our data suggest that the increased expression of Gdf5
after MI serves to improve cardiac repair by Smad-dependent
reduction in cardiomyocyte apoptosis, enhanced p38-MAPK
phosphorylation in cardiac fibroblasts, suppression of collagen
expression and fibrosis, and preservation of vascular density.
Together, these findings enhance our understanding of the
mechanisms and importance of the transforming growth
factor-beta super family in healing and repair after MI (22).
Hearts from Gdf5-KO mice exhibited increased ventri-
cle/body weight ratio, infarct area, LV wall thinning,
transmural infarct expansion, and cardiac dilation and thin-
ning. The Gdf5-KO mice also displayed worse hemody-
namic parameters after MI. Together these morphometric
and functional studies indicate impaired cardiac repair and
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function in Gdf5-KO mice. To examine molecular causes
underlying this phenotype, p38-MAPK and Smad 1/5/8
phosphorylation were studied in post-MI hearts. Compared
with WT, Gdf5-KO mice exhibited decreased p38-MAPK
phosphorylation and increased Smad 1/5/8 phosphoryla-
tion. Although the unexpected increase in phosphorylated
Smad 1/5/8 in the infarct area might be due to dysregulated
expression of other BMPs or inhibitory Smads, the docu-
mented effects of Gdf5 deficiency on post-healing infarct
scar expansion, apoptosis, vascular density, cardiac function,
and fibrosis are entirely consistent with the decreased
p38-MAPK phosphorylation observed in Gdf5-KO mice.

Indeed, several lines of evidence suggest that the pheno-
type of Gdf5-deficient mice might be partly due to reduced
p38-MAPK signaling. First, normalization of reduced p38-
MAPK phosphorylation in post-MI hearts has been shown
to reduce infarct area, increase vascular density, improve
cardiac function, and decrease cardiac fibrosis and apoptosis
(18). Second, cardiomyocyte-specific p38-MAPK deletion
produced massive cardiac fibrosis and elevated collagen
expression after pressure overload (23). Third, p38-MAPK
phosphorylation is known to suppress Collal and Col3al
transcription in cardiomyocytes (17).

Whether directly or indirectly dependent on p38-MAPK
signaling, our findings of reduced numbers of muscular
arteries in the Gdf5-KO heart after LAD ligation are
consistent with an important role for Gdf5 in tissue vascu-
larity. The Gdf5-KO mice have previously been shown to
have a defect in revascularization after tendon injury (11),
and rGdf5 is known to confer angiogenesis in chick cho-
rioallantoic membrane and rabbit cornea (8). The impor-
tance of this “vascular” effect on the post-MI phenotype of
Gdf5-KO mice is likely to be high. Others have shown loss
of coronary arteries after MI, followed by a gradual increase
in capillary and arteriolar densities over 3 weeks (19). This
is believed to enhance blood flow, reduce infarct area, and
contribute to cardio-protection in hypoxia-preconditioned
ischemic hearts (19). Other studies supporting post-MI
angiogenesis in mice include increased perfusion (20) and
improved LV function after therapeutic angiogenesis (24).
As such, we believe that the decreased infarct-zone vascu-
larity of Gdf5-KO mice is a major contributor to the
documented increases in infarct thinning and expansion.
Further studies will be needed to explore what role, if any,
is played by Gdf5 on the abundance or recruitment of
circulating endothelial progenitors, cells known to partici-
pate in angiogenesis and repair after MI (25,26).

The Gdf5 is a pleiotropic BMP that is also known to
confer anti-apoptotic and pro-apoptotic effects on different
cells (6,9). Here, we show that cardiomyocyte survival in
rGdf5-treated cells and in post-MI hearts is associated with
increased expression of Bel-xL and Bel2, which are potent
inhibitors of apoptosis. The Bcl2 gene transfer has also been
shown to improve post-MI repair by reducing cardiomyo-
cyte apoptosis (27). In rat cardiomyocytes, BMP2 improved
cell survival by increasing Bel-xL but not Bcl2 mRNA levels
(21). Finally, rGdf5 induced rapid p38-MAPK phosphor-
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ylation in cultured neonatal cardiac fibroblasts but not in
cardiomyocytes. Together, these data suggest complemen-
tary mechanisms through which the Gdf5 deficiency might
have adversely affected repair after MI.

Our isolated finding of a mildly reduced systemic blood
pressure in noninfarcted (i.e., sham-operated) Gdf5-KO mice
as compared with WT mice might be related to the lower body
weight and shorter limbs of Gdf5-KO mice. Alternatively, this
difference might suggest an additional role for Gdf5 in vascular
function and blood pressure. Because no structural or func-
tional differences could be detected between the hearts of
healthy Gdf5-KO and WT mice, additional studies will be

needed to explore the basis of the blood pressure observation.

Conclusions

We have shown that Gdf5 and its receptors are expressed in
adult mouse heart and that the Gdf5 levels are elevated after
MI. The Gdf5-deficiency impaired cardiac repair after MI;
a phenotype associated with reduced p38-MAPK phos-
phorylation, elevated Collal and Colla3 mRNA levels,
increased fibrosis, enhanced apoptosis, and reduced vascu-
larization of the LV wall after MI. Having said this, Gdf5
is only one of several molecules involved in post-MI repair.
Furthermore, uninjured Gdf5-KO mice survive without
pertinent abnormalities. Accordingly, overlapping expres-
sion of other BMPs or growth factors might be partially
compensating for the loss of Gdf5 in the KO model.
Despite this possibility, the perturbations caused by Gdf5
deficiency have promoted the initiation of irreversible events
that led to decreased vascularity and greater loss of myocardium
in Gdf5-KO mice. Our results indicate that endogenous levels
of Gdf5 in particular and BMPs in general influence cardiac
repair after injury or ischemia. In addition, our study supports
the potential use of Gdf5-based therapies to improve repair
and reduce progressive loss of cardiomyocytes after infarction.
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For Supplementary Figures 1 to 4 and Supplementary
Tables A and B, please see the online version of this article.
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