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Bone Morphogenetic Protein-4 Mediates Cardiac
Hypertrophy, Apoptosis, and Fibrosis in Experimentally
Pathological Cardiac Hypertrophy

Bo Sun, Rong Huo, Yue Sheng, Yue Li, Xin Xie, Chang Chen, Hui-Bin Liu, Na Li, Cheng-Bo Li,
Wen-Ting Guo, Jiu-Xin Zhu, Bao-Feng Yang, De-Li Dong

Abstract—Identifying the key factor mediating pathological cardiac hypertrophy is critically important for developing the
strategy to protect against heart failure. Bone morphogenetic protein-4 (BMP4) is a mechanosensitive and proinflammatory
gene. In this study, we investigated the role of BMP4 in cardiac hypertrophy, apoptosis, and fibrosis in experimentally
pathological cardiac hypertrophy. The in vivo pathological cardiac hypertrophy models were induced by pressure-overload
and angiotensin (Ang) II constant infusion in mice, and the in vitro model was induced by Ang II exposure to cultured
cardiomyocytes. The expression of BMP4 increased in pressure overload, Ang II constant infusion-induced pathological
cardiac hypertrophy, but not in swimming exercise-induced physiological cardiac hypertrophy in mice. BMP4 expression
also increased in Ang II-induced cardiomyocyte hypertrophy in vitro. In turn, BMP4 induced cardiomyocyte hypertrophy,
apoptosis, and cardiac fibrosis, and these pathological consequences were inhibited by the treatment with BMP4 inhibitors
noggin and DMHI1. Moreover, Ang Il-induced cardiomyocyte hypertrophy was inhibited by BMP4 inhibitors. The
underlying mechanism that BMP4-induced cardiomyocyte hypertrophy and apoptosis was through increasing NADPH
oxidase 4 expression and reactive oxygen species-dependent pathways. Lentivirus-mediated overexpression of BMP4
recapitulated hypertrophy and apoptosis in cultured cardiomyocytes. BMP4 inhibitor DMHI1 inhibited pressure overload—
induced cardiac hypertrophy in mice in vivo. The plasma BMP4 level of heart failure patients was increased compared with
that of subjects without heart failure. In summary, we conclude that BMP4 is a mediator and novel therapeutic target for
pathological cardiac hypertrophy. (Hypertension. 2013;61:352-360.) ® Online Data Supplement
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Cardiac hypertrophy is a compensatory mechanism in
response to mechanical stimuli, exercise training, or
pressure-overload. Cardiac hypertrophy is subdivided into
physiological and pathological hypertrophy. Physiological car-
diac hypertrophy does not progress to heart failure. However,
pathological cardiac hypertrophy, characterized by cardiac
hypertrophy, apoptosis, and fibrosis, progressively leads to
heart failure.! Identifying the key factor mediating cardiac
hypertrophy, apoptosis, and fibrosis is critically important for
developing the strategy to protect against pathological cardiac
hypertrophy.

Bone morphogenetic protein (BMP)-4, a member of the
BMP family, has been extensively studied in embryo, bone, and
cartilage development.? BMP4 is a mechanosensitive and pro-
inflammatory gene,* and it induces endothelial cell apoptosis,
and endothelium dysfunction*> and promotes cardiomyocyte
apoptosis after ischemia-reperfusion injury—induced myocar-
dial infarction.® However, the role of BMP4 in pathological

cardiac hypertrophy has never been identified. Here, we stud-
ied the changes of BMP4 expression in experimentally patho-
logical cardiac hypertrophy in vivo and in vitro, the effects of
BMP4 on cardiomyocyte hypertrophy, apoptosis, and cardiac
fibrosis, and the underlying mechanism.

Methods

Pressure Overload-Induced Cardiac Hypertrophy
In Vivo

The pressure-overload heart hypertrophy model was obtained by
subjecting the animals to transverse aortic constriction (TAC) as
described in our previous work.” Detailed information is described in
the online-only Data Supplement.

Angiotensin (Ang) II-Induced Cardiac
Hypertrophy In Vivo

Male mice (22-26 g body weight) were anesthetized with sodium
pentobarbital (60 mg/kg, IP). A 1-cm incision was prepared in the
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midscapular region, and an osmotic mini-pump (Alzet model 2004;
DURECT Corporation) was implanted. Pumps contained Ang II
(Sigma-Aldrich, USA), which was dissolved in saline solution, and
the infusion rate was 1.5 mg/kg per day for 4 weeks.

Swimming Exercise-Induced Physiological Cardiac
Hypertrophy

Swimming exercise was performed as described.® In brief, the swim-
ming-trained mice were subjected to a 90-minute swimming exercise

session, twice a day, 5 days a week for 4 weeks. Water temperature
was controlled at 30°C to 32°C.

Ang II-Induced Cardiomyocyte Hypertrophy
In Vitro

Cardiomyocytes were isolated from 1- to 3-day-old neonatal rat hearts.
Ang II treatment was used to induce cardiomyocyte hypertrophy. In
the experiments of using Ang II, cardiomyocytes were incubated with
10 nmol/L and 100 nmol/L Ang II for 48 hours. The culture medium
containing Ang II was changed every 24 hours. Cardiomyocytes were
prepared for immunocytochemistry as described previously.” Detailed
information is described in the online-only Data Supplement.
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Results

BMP4 Expression Increases in Pathological

Cardiac Hypertrophy In Vivo and In Vitro
Pressure-overload for 2 and 4 weeks induced significant car-
diac hypertrophy (Figure S1A and S1B in the online-only Data
Supplement). The mature and precursor of BMP4 protein and
BMP4 mRNA expression were markedly increased in 2- and
4-week TAC-treated hearts (Figure 1A—1D). After 1-, 3-, and
7-day TAC treatment, no morphological cardiac hypertrophy was
observed in TAC treated mice (Figure S2A and S2B). However,
the BMP4 mature and precursor protein levels increased gradu-
ally during the time course (Figure 1E), in parallel with the grad-
ual increase of 3-myosin heavy chain protein level (Figure 1F).
Constant release of Ang II by using Alzet pump induced cardiac
hypertrophy (Figure S3A and S3B), in which BMP4 mRNA and
protein expressions significantly increased (Figure 1G and 1H).
Next, the changes of BMP4 expression in an in vitro pathologi-
cal cardiomyocyte hypertrophy model were examined. Ang II
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(10 nmol/L) treatment for 48 hours induced significant cardio-
myocyte hypertrophy (Figure S4); meanwhile, it also induced
increases of BMP4 expression in mRNA and protein levels
(Figure 1I and 1J). Taken together, BMP4 expression increased
in pathological cardiac hypertrophy.

To indentify the specificity of BMP4 increase in pathologi-
cal cardiac hypertrophy, we used the mice ramp swimming-
exercise model.® After 4-week swimming exercise, mild
cardiac hypertrophy was induced without alterations of patho-
logical gene markers such as atrial natriuretic peptide (ANP),
B-type natriuretic peptide (BNP), and 3-myosin heavy chain
(Figure S5A-S5C), and without detectable difference in
fibrosis (Figure S12). The cardioprotective gene Hsp70 was
reported to be upregulated in exercise-induced (physiological)
but not in pressure overload-induced (pathological) cardiac
hypertrophy.’ In the present work, Hsp70 protein expression
increased in swimming exercise but not in TAC model (Figure
S5D). Hence, we concluded that the present swimming
exercise-induced cardiac hypertrophy was physiological. No
changes of BMP4 mRNA and protein expressions occurred
in this model (Figure S5E and S5F), indicating that BMP4
increase was specific in pathological cardiac hypertrophy.

BMP4 Induces Cardiomyocyte Hypertrophy and
Apoptosis Through Increasing NADPH Oxidase 4
Expression and Reactive Oxygen Species-Dependent
Pathways

We exposed cultured cardiomyocytes to BMP4 in the presence
and absence of BMP4 inhibitor noggin. Cardiomyocytes dem-
onstrated a dramatic increase in size and sarcomeric assembly
after 48-hour exposure to 10 and 50 ng/mL. BMP4. In the pres-
ence of 100 ng/mL noggin, the increases of cell area induced
by 50 ng/mL BMP4 were inhibited (Figure 2A). BMP4 (50
ng/mL) induced significant increases of ANP, BNP, 3-myosin
heavy chain mRNA expressions, and protein/DNA ratio, and
these increases were reduced by the treatment of BMP4 inhibi-
tors, noggin (100 ng/mL) and DMH1(10 pmol/L; Figure 2B).
We also proved that BMP4-induced cardiomyocyte death
(Figure 2C) increased caspase-3 activity (Figure 2D), increased
bax, and decreased bcl-2 protein expression (Figure 2E), and
these changes were reversed by cotreatment with noggin or
DMHI1. BMP4 inhibitors alone showed no significant effect
on cardiomyocyte hypertrophy, viability, and apoptosis (Figure
S6). Taken together, BMP4 induced not only cardiomyocyte
hypertrophy, but also cardiomyocyte apoptosis.

Ang 1II induced cardiomyocyte hypertrophy and increased
expression of ANP and BNPin mRNA level (Figure 2 F and 2G).
BMP4 inhibitors, noggin, and DMH1 completely suppressed
Ang II-induced hypertrophy and Ang II-induced increase of
BMP4 mRNA expression (Figure 2F and 2G), suggesting that
BMP4 also mediated Ang II-induced consequences.

Excessive production of reactive oxygen species (ROS)
plays an important role in pathological cardiac hypertrophy.'
We found that BMP4 increased ROS production in
cardiomyocytes and the increase was inhibited by DMHI1
treatment (Figure 3A). NADPH oxidase (NOX) 2 and NOX4
are closely related to ROS production in cardiomyocytes.
BMP4 treatment for 48 hours increased NOX4 but not NOX?2
mRNA expression (Figure 3B), and the BMP4-induced

increase of NOX4 mRNA expression was inhibited by
noggin or DMHI treatment (Figure 3C). BMP4 increased
mitochondrial NOX4 protein level, which was inhibited by
the treatment of noggin or DMHI, but BMP4 did not affect
NOX2 protein level (Figure 3D). In in vivo pathological and
physiological cardiac hypertrophy models, we found that
NOX2 protein expression increased in swimming exercise-
induced cardiac hypertrophy but not in TAC- or Ang II-
induced cardiac hypertrophy (Figure S7A). NOX4 protein
expression increased in all 3 hypertrophy models (Figure
S7B). It was notable that the fold increase of NOX4 in TAC-
and Ang II-induced cardiac hypertrophy was much higher
than that in swimming exercise-induced cardiac hypertrophy
(3.16+0.553 folds in TAC and 2.75+0.258 folds in Ang II
treatment groups versus 1.23+0.023 folds in swimming-
exercise group, P<0.01). Next, we further validated the role
of NOX4 in BMP4-induced cardiomyocyte hypertrophy and
apoptosis by using the NADPH oxidase inhibitor apocynin
and the radical scavenger tempol (Figure S8).

Calcineurin and Ca?*/calmodulin-dependent protein kinase
IT (CaMKII), the 2 Ca®*-dependent signaling proteins, have
been implicated in pathological cardiac hypertrophy.'"!?
BMP4 treatment did not change calcineurin, CaMKII, phos-
phorylated CaMKII (Figure S9A and S9B), as well as total
p38, phosphorylated p38, total 1/2ERKSs, and phosphorylated
1/2ERKSs expressions in protein level (Figure S9D). However,
BMP4 treatment increased oxidized CaMKII (ox-CaMKII)
and phosphorylated JNK (P-JNK) in protein level and the
increases were inhibited by noggin or DMHI1 treatment
(Figure S9C and S9E). Oxidation-dependent CaMKII acti-
vation plays critical role in cardiac hypertrophy and cardiac
injury."*" Both ox-CaMKII and JNK activation are dependent
on ROS,"*5 therefore we concluded that BMP-induced path-
ological cardiac hypertrophy was through ROS-dependent
pathways.

BMP4-induced cardiomyocyte hypertrophy and apoptosis
were further validated by lentivirus-mediated overexpression
of BMP4 in cultured cardiomyocytes (Figure S10).

In cardiomyocytes, BMP4-induced increase of BMP4
mRNA was inhibited by noggin treatment (Figure S11A).
BMP4-induced increase of BMP4 protein expression was sup-
pressed by noggin or DMHI1 treatment (Figure S11B). BMP2
and BMP4 share >80% amino acid homology and form a
distinct subclass of BMPs. Several studies revealed that there
was interaction between BMP2 and BMP4.117 We found that
BMP4 treatment did not affect BMP2 protein expression in
cardiomyocytes (Figure S11C).

BMP4 Induces Cardiac Fibrosis

Pressure-overload and Ang II constant infusion but not
swimming exercise induced significant cardiac fibrosis
(Figure S12). So we further investigated the role of BMP4 in
cardiac fibrosis. BMP4 at 10 and 50 ng/mL showed no effect
on cell viability of cardiac fibroblasts (Figure 4A). Exposure
to 10 and 50 ng/mL BMP4 induced significant increase of
collagen in cardiac fibroblasts. In the presence of 100 ng/mL
noggin, BMP4-induced increase of collagen was inhibited
(Figure 4B). BMP4 increased BMP4 protein expression in
cardiac fibroblasts (Figure 4C).
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Figure 2. Bone morphogenetic protein-4 (BMP4) induces cardiomyo

cyte hypertrophy and apoptosis and BMP4 inhibitors suppress

angiotensin (Ang) ll-induced cardiomyocyte hypertrophy. A, BMP4 treatment induced increase of the cell area of cardiomyocytes which
was inhibited by BMP4 inhibitor noggin. Cardiomyocytes were identified (x200) with sarcomeric a-actinin antibody (red signal), and
nuclei were stained with bisbenzamide (blue). The BMP4-treated cells showed dramatically stretched state. The right panel showed the
summarized data of cell area. Fifty cells were qualified in each group from 3 individual experiments. **P<0.01 vs control; ##P<0.01 vs

50 ng/mL BMP4. B, The increased atrial natriuretic peptide (ANP), B-type natriuretic peptide (BNP), -myosin heavy chain (MHC) mRNA
expression, and protein/DNA ratio induced by BMP4 were inhibited by BMP4 inhibitors noggin and DMH1. n=8 for ANP, BNP, 3-MHC
analysis, and n=6 for protein/DNA ratio analysis. “P<0.05, **P<0.01 vs control; #P<0.05, ##P<0.01 vs 50 ng/mL BMP4. C, BMP4 reduced
the cell viability of cardiomyocytes. n=5, **P<0.01 vs control. D, BMP4 treatment increased caspase-3 activity in cardiomyocytes and
the increase was inhibited by BMP4 inhibitors noggin and DMH1. n=6,"*P<0.01 vs control; #P<0.05 vs BMP4. E, The increased bax and
decreased bcl-2 protein expression induced by BMP4 were prevented by BMP4 inhibitors noggin and DMH1. n=6 for bax and bcl-2
analysis. *P<0.05,"P<0.01 vs control; #P<0.05, ##P<0.01 vs BMP4. F, The increased cell area of cardiomyocytes induced by Ang Il was
inhibited by BMP4 inhibitors noggin and DMH1. One hundred cells from 3 individual experiments were qualified in each group. **P<0.01
vs control; ##P<0.01 vs Ang Il. G, The increased ANP, BNP, BMP4 mRNA expression induced by Ang Il was inhibited by BMP4 inhibitors
noggin and DMH1. n=9 for ANP, BNP, and BMP4 analysis,**P<0.01 vs control; ##P<0.01 vs Ang II.

By immunostaining of a-SMA, the marker of myofibroblasts,
we found that BMP4 induced fibroblasts to differentiate into
myofibroblasts, which showed not only the clear fiber, but also
the enlarged area, and the induced differentiation was inhibited
by noggin or DMHI treatment (Figure 4D). Differentiated
myofibroblasts were further validated by measuring a-SMA
protein expression (Figure 4E). However, BMP4 treatment
showed no significant effect on matrix metalloproteinase-2

and matrix metalloproteinase-9 mRNA expression in cardiac
fibroblasts (Figure S13).

Ang II stimulates fibroblasts to generate collagen and dif-
ferentiate to myofibroblasts. Ang II treatment increased BMP4
protein expression (Figure 4F) and collagen production in car-
diac fibroblasts, and the increased collagen was inhibited by
noggin or DMHI1 treatment (Figure 4G). Immunostaining of
a-SMA showed thattheinduced differentiation of myofibroblasts
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Figure 3. Bone morphogenetic protein-4 (BMP4) induces increase of reactive oxygen species (ROS) production and upregulation

of NADPH oxidase (NOX) 4 expression in cardiomyocytes. A, Flow cytometry analysis showed that BMP4 induced increase of ROS
production in cardiomyocytes, which was inhibited by DMH1. n=4 individual experiments, 10 000 cells in each experiment. ROSUP was
positive control. *P<0.05 vs control; #P<0.05 vs 50 ng/mL BMP4. B, BMP4 induced increase of NOX4 but not NOX2 mRNA expression
in cardiomyocytes. n=4 individual experiments,**P<0.01 vs control. C, BMP4 increased NOX4 mRNA expression, which was inhibited
by noggin and DMH1. n=4 individual experiments,**P<0.01 vs control. ##P<0.01 vs BMP4. D, BMP4-induced increase of mitochondrial
NOX4 protein expression was inhibited by noggin and DMH1 in cultured cardiomyocytes. BMP4 did not affect NOX2 protein expression.
n=9 for NOX4 analysis and n=6 for NOX2 analysis. **P<0.01 vs control; ##P<0.01 vs BMP4.

by Ang II was inhibited by noggin or DMH1 treatment (Figure
4H), and the detection of a-SMA protein expression showed
similar results (Figure 4I). In cardiac fibroblasts, apocynin and
tempol also inhibited BMP4-induced increase of a-SMA pro-
tein expression (Figure S14), indicating that NOX was involved
in BMP4-induced fibroblast differentiation.

DMH1 Inhibits Pressure Overload-Induced
Pathological Cardiac Hypertrophy In Vivo

Alzet pump containing the small molecule chemical DMHI1
was implanted subcutaneously in mice after TAC operation.
The rate of constant release of DMH1 was 2 mg/kg per day
for 4 weeks. Administration of DMH1 completely suppressed
TAC-induced cardiac hypertrophy and fibrosis, as demon-
strated by the decreased heart weight/body weight index, left
ventricle weight/body weight index, ANP, BNP, -myosin
heavy chain mRNA expressions, myocyte cross section area,
fibrosis ratio, collagen I, and NOX4 levels (Figure 5SA-5E).
DMHI1 treatment inhibited TAC-induced increases of BMP4
and ox-CaMKII in protein level (Figure SF and 5G).

Plasma BMP4 Level in Heart Failure Patients
Finally, we examined the plasma BMP4 levels in heart failure
patients. The plasma BMP4 level of heart failure patients was

increased compared with that of subjects without heart failure
(Figure S15).

Discussion
Our data indicated that BMP4 was not only a pathologi-
cal marker, but also an essential mediator for pathological
cardiac hypertrophy. The underlying mechanism of BMP4-
induced pathological cardiac hypertrophy was summarized in
Figure 6. We suggest that BMP4 is a novel therapeutic target
for pathological cardiac hypertrophy.

Several studies about BMP4 in cardiovascular system
have implied that BMP4 might be involved in pathological
cardiac hypertrophy, for example, BMP4 stimulates ROS
production through NADPH oxidases in endothelium,>'
exaggerates cardiac ischemia-reperfusion injury by
promoting cardiomyocytes apoptosis.® However, the role of
BMP4 in pathological cardiac hypertrophy has never been
identified. We found that BMP4 induced cardiomyocyte
hypertrophy and apoptosis through increasing NOX4
expression and ROS-dependent pathways. There might be
multiple ROS-dependent pathways involved in pathological
cardiac hypertrophy. In the present work, we measured
the p-JNK and ox-CaMKII expressions, but we did not
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Figure 4. Bone morphogenetic protein-4 (BMP4) induces cardiac fibrosis. A, BMP4 (10, 50 ng/mL) had no effect on viability of cardiac
fibroblasts. n=6. B, BMP4-induced increase of collagen production in cardiac fibroblasts and the increase was inhibited by noggin.

n=5, *P<0.05, **P<0.01 vs control; ##P<0.01 vs 50 ng/mL BMP4. C, BMP4 increased BMP4 protein expression in cardiac fibroblasts.
n=8, **P<0.01 vs control. D, BMP4 induced fibroblasts to differentiate into myofibroblasts and the differentiation was inhibited by BMP4
blockers noggin and DMH1. Fibroblasts were immunostained for smooth muscle a-actin (SMA) (red) and nuclei (blue). BMP4-treated
fibroblasts had clearly visible SMA positive stress fibers. The framed area was enlarged as shown. Five hundred cells were analyzed for
myofibroblast differentiation ratio in each group. y?-test was used, **P<0.005, vs control; ##P<0.005 vs BMP4. E, BMP4 increased o.-
SMA protein expression in cardiac fibroblasts and the increase was inhibited by cotreatment of noggin or DMH1. n=7, *P<0.05 vs control;
#P<0.05 vs BMP4. F, Angiotensin (Ang) Il treatment increased BMP4 protein expression in cultured cardiac fibroblasts. n=7, *P<0.05,
**P<0.01 vs control. G, BMP4 inhibitors noggin and DMH1 inhibited Ang ll-induced collagen increase in cardiac fibroblasts. n=5, **P<0.01
vs control; ##P<0.01 vs Ang Il. H, Ang ll-induced differentiation from fibroblasts into myofibroblasts was inhibited by BMP4 blockers
noggin and DMH1. The framed area was enlarged as shown. One thousand cells were analyzed for myofibroblast differentiation ratio in
each group. y? test was used, **P<0.005 vs control; ##P<0.005 vs Ang Il. I, The increased a-SMA protein expression induced by Ang Il
was inhibited by BMP4 blockers noggin and DMH1. n=6, **P<0.01 vs control; ##P<0.01 vs Ang Il.

exclude the possibility that there were other ROS-dependent
pathways involved in BMP4-induced pathological cardiac

hypertrophy.

Both NOX2 and NOX4 have been reported to be involved
in pathological cardiac hypertrophy.'” We found that BMP4

treatment increased NOX4 but not NOX2 expression in
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Figure 5. Bone morphogenetic protein-4 (BMP4) inhibitor DMH1 inhibits pressure overload-induced pathological cardiac hypertrophy in
vivo. A, Administration of DMH1 suppressed transverse aortic constriction (TAC)-induced cardiac hypertrophy as demonstrated by the
decreased heart weight (HW)/body weight (BW) index, left ventricle weight (LVW)/BW index, and atrial natriuretic peptide (ANP), B-type
natriuretic peptide (BNP), f-myosin heavy chain (MHC) mRNA expressions. n=6 in each group, **P<0.01 vs sham; ##P<0.01 vs TAC. B,
Representative photographs of Hematoxylin and eosin stained sections and the summarized data of cardiomyocyte cross section area.
**P<0.01 vs sham; ##P<0.01 vs TAC. C, Representative photographs of Masson trichrome stained sections and the summarized data
of cardiac fibrosis ratio. **P<0.01 vs sham; ##P<0.01 vs TAC. n=3 hearts in each group. Average 10 stained sections for each heart. D,
Representative Western blot for cardiac collagen | using left ventricle tissue and the summarized data. **P<0.01 vs sham; ##P<0.01 vs
TAC. n=6 in each group. Col | indicates collagen |. E, Representative westernblot for cardiac NADPH oxidase 4 (NOX4) using left ventricle
tissue and the summarized data. **P<0.01 vs sham; ##P<0.01 vs TAC. n=7. F, Representative Western blot for cardiac mature BMP4
using left ventricle tissue and the summarized data. **P<0.01 vs sham; ##P<0.01 vs TAC. n=7 hearts in each group. G, DMH1 treatment
reduced TAC-induced increase of oxidized-calmodulin—-dependent protein kinase Il (CaMKII) protein expression. *P<0.05, **P<0.01, vs

sham; ##P<0.01 vs TAC. n=7 in each group.

cardiomyocytes. Therefore, we further compared NOX2 and
NOX4 expressions in in vivo pathological and physiological
cardiac hypertrophy models in mice. Results showed that the
alterations of NOX4 and NOX2 expressions in in vivo patho-
logical cardiac hypertrophy were consistent with the effects
of BMP4 on NOX4 and NOX2 expressions in vitro, indicat-
ing that NOX4 played a more important role in pathological
cardiac hypertrophy.

We observed the changes of BMP4 expression in TAC-
and Ang II constant infusion-induced cardiac hypertrophy
in mice in vivo. TAC treatment increases left ventricular
end-systolic pressure, left ventricular end-systolic volume,
and left ventricular end-diastolic volume.? In this model,
the upregulated BMP4 expression in the heart might come
from the local pressure and volume overload. Ang II shows
multiple effects, such as increase of the systemic blood
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Figure 6. Proposed mechanism underlying bone morphogenetic
protein-4 (BMP4)-induced pathological cardiac hypertrophy.
Ang indicates angiotensin; NOX4, NADPH oxidase 4; and ROS,
reactive oxygen species

pressure, increase of sympathetic activity, and increase of Ang
[I-aldosterone system. Therefore, in Ang II constant infusion-
induced cardiac hypertrophy model, we extrapolated that the
upregulated BMP4 expression might come from the pressure-
overload and the direct stimulation of hormones.

A recent work reported that BMP4 was involved in valvular
interstitial cell activation in human myxomatous mitral valve
prolapse.?! They found that in vitro hBMP4 treatment of iso-
lated human mitral valvular interstitial cells mimicked the cel-
lular activation and extracellular matrix remodeling as seen in
mitral valve prolapse tissues. Mitral valve prolapse was asso-
ciated with development to progressive mitral regurgitation,
which in turn, predisposed to eccentric left ventricular hyper-
trophy. Our data together with this report indicated that BMP4
mediated not only the pathological cardiac hypertrophy, but
also the mitral valve prolapse, suggesting that BMP4 might be
a target with wide clinic potential.

Heart failure is generally accompanied with endothelial
dysfunction.?? Therefore, in addition to the heart, the increased
plasma BMP4 in heart failure patients may also come from the
injured endothelium, from which BMP4 can also be secreted.?
Because BMP4 induced cardiac hypertrophy, apoptosis, and
fibrosis, the increased plasma BMP4 might be an important
factor to promote human heart failure progress.

Perspectives

BMP4 induces pathological cardiac hypertrophy. Furthermore,
BMP4 upregulates itself, which magnifies the harmful effects
of BMP4. Therefore, blockade of BMP4 and its related signal-
ing is of therapeutic significance. It is exciting that the small
molecule BMP4 inhibitor such as DMHI1 has been developed,
which make it promising to develop the kind of small mol-
ecule chemicals for clinic.

Sources of Funding
This work was supported by the National Basic Research Program of
China (grant number 2012CB517803), the National Natural Science
Foundation of China (81121003, 81173049), the Postgraduate
Innovation Fund of Heilongjiang Province (YJSCX2011-315HLJ
to Sun. B), and the Program for New Century Excellent Talents In
University (NCET-09-0132 to Li.Y).

BMP4 Mediates Pathological Cardiac Hypertrophy 359

Disclosures
None.

References

1. Bernardo BC, Weeks KL, Pretorius L, McMullen JR. Molecular distinction
between physiological and pathological cardiac hypertrophy: experimental
findings and therapeutic strategies. Pharmacol Ther. 2010;128:191-227.

2. Monsoro-Burq AH, Duprez D, Watanabe Y, Bontoux M, Vincent C,
Brickell P, Le Douarin N. The role of bone morphogenetic proteins in
vertebral development. Development. 1996;122:3607-3616.

3. Sorescu GP, Song H, Tressel SL, Hwang J, Dikalov S, Smith DA, Boyd
NL, Platt MO, Lasségue B, Griendling KK, Jo H. Bone morphogenic pro-
tein 4 produced in endothelial cells by oscillatory shear stress induces
monocyte adhesion by stimulating reactive oxygen species production
from a nox1-based NADPH oxidase. Circ Res. 2004;95:773-779.

4. Tian XY, Yung LH, Wong WT, Liu J, Leung FP, Liu L, Chen Y, Kong
SK, Kwan KM, Ng SM, Lai PB, Yung LM, Yao X, Huang Y. Bone mor-
phogenic protein-4 induces endothelial cell apoptosis through oxida-
tive stress-dependent p3SMAPK and JNK pathway. J Mol Cell Cardiol.
2012;52:237-244.

5. Miriyala S, Gongora Nieto MC, Mingone C, Smith D, Dikalov S, Harrison
DG, Jo H. Bone morphogenic protein-4 induces hypertension in mice:
role of noggin, vascular NADPH oxidases, and impaired vasorelaxation.
Circulation. 2006;113:2818-2825.

6. Pachori AS, Custer L, Hansen D, Clapp S, Kemppa E, Klingensmith J.
Bone morphogenetic protein 4 mediates myocardial ischemic injury
through JNK-dependent signaling pathway. J Mol Cell Cardiol.
2010;48:1255-1265.

7. Dong DL, Chen C, Huo R, Wang N, Li Z, Tu YJ, Hu JT, Chu X, Huang W,
Yang BF. Reciprocal repression between microRNA-133 and calcineurin
regulates cardiac hypertrophy: a novel mechanism for progressive cardiac
hypertrophy. Hypertension. 2010;55:946-952.

8. Bostrom P, Mann N, Wu J, Quintero PA, Plovie ER, Pandkova D, Gupta
RK, Xiao C, MacRae CA, Rosenzweig A, Spiegelman BM. C/EBP[ con-
trols exercise-induced cardiac growth and protects against pathological
cardiac remodeling. Cell. 2010;143:1072-1083.

9. Sakamoto M, Minamino T, Toko H, Kayama Y, Zou Y, Sano M, Takaki
E, Aoyagi T, Tojo K, Tajima N, Nakai A, Aburatani H, Komuro I.
Upregulation of heat shock transcription factor 1 plays a critical role in
adaptive cardiac hypertrophy. Circ Res. 2006;99:1411-1418.

10. Tsutsui H, Kinugawa S, Matsushima S. Oxidative stress and heart failure.
Am J Physiol Heart Circ Physiol. 2011;301:H2181-H2190.

11. Molkentin JD, Lu JR, Antos CL, Markham B, Richardson J, Robbins J,
Grant SR, Olson EN. A calcineurin-dependent transcriptional pathway for
cardiac hypertrophy. Cell. 1998;93:215-228.

12. Anderson ME, Brown JH, Bers DM. CaMKII in myocardial hypertrophy
and heart failure. J Mol Cell Cardiol. 2011:;51:468-473.

13. Singh MV, Swaminathan PD, Luczak ED, Kutschke W, Weiss RM,
Anderson ME. MyD88 mediated inflammatory signaling leads to CaMKII
oxidation, cardiac hypertrophy and death after myocardial infarction. J
Mol Cell Cardiol. 2012;52:1135-1144.

14. He BJ, Joiner ML, Singh MV, et al. Oxidation of CaMKII determines the
cardiotoxic effects of aldosterone. Nat Med. 2011;17:1610-1618.

15. Kamata H, Honda S, Maeda S, Chang L, Hirata H, Karin M. Reactive oxy-
gen species promote TNF alpha-induced death and sustained JNK activa-
tion by inhibiting MAP kinase phosphatases. Cell. 2005;120:649-661.

16. Uchimura T, Komatsu Y, Tanaka M, McCann KL, Mishina Y. Bmp2 and
Bmp4 genetically interact to support multiple aspects of mouse develop-
ment including functional heart development. Genesis. 2009;47:374-384.

17. Anderson L, Lowery JW, Frank DB, Novitskaya T, Jones M, Mortlock
DP, Chandler RL, de Caestecker MP. Bmp2 and Bmp4 exert opposing
effects in hypoxic pulmonary hypertension. Am J Physiol Regul Integr
Comp Physiol. 2010;298:R833-R842.

18. Wong WT, Tian XY, ChenY, Leung FP, Liu L, Lee HK, Ng CF, Xu A, Yao
X, Vanhoutte PM, Tipoe GL, Huang Y. Bone morphogenic protein-4 impairs
endothelial function through oxidative stress-dependent cyclooxygenase-2
upregulation: implications on hypertension. Circ Res. 2010;107:984-991.

19. Maejima Y, Kuroda J, Matsushima S, Ago T, Sadoshima J. Regulation
of myocardial growth and death by NADPH oxidase. J Mol Cell Cardiol.
2011; 50:408-416.

20. Chen C, Huo R, Tong Y, Sheng Y, Liu HB, Gao X, Nakajima O, Yang
BF, Dong DL. Systemic heme oxygenase-1 transgenic overexpression
aggravates pressure overload-induced cardiac hypertrophy in mice. Cell
Physiol Biochem. 2011;28:25-32.

Downloaded from http://hyper.ahajournals.org/ at UNIV PIEMORIENTAA VOGADRO on February 18, 2013


http://hyper.ahajournals.org/

360

21.

22.

Hypertension February 2013

Sainger R, Grau JB, Branchetti E, Poggio P, Seefried WF, Field BC,
Acker MA, Gorman RC, Gorman JH 3rd, Hargrove CW 3rd, Bavaria JE,
Ferrari G. Human myxomatous mitral valve prolapse: role of bone mor-
phogenetic protein 4 in valvular interstitial cell activation. J Cell Physiol.
2012;227:2595-2604.

Chong AY, Blann AD, Patel J, Freestone B, Hughes E, Lip GY.
Endothelial dysfunction and damage in congestive heart failure: relation

23.

of flow-mediated dilation to circulating endothelial cells, plasma indexes
of endothelial damage, and brain natriuretic peptide. Circulation.
2004;110:1794-1798.

Sorescu GP, Sykes M, Weiss D, Platt MO, Saha A, Hwang J, Boyd N, Boo
YC, Vega JD, Taylor WR, Jo H. Bone morphogenic protein 4 produced
in endothelial cells by oscillatory shear stress stimulates an inflammatory
response. J Biol Chem. 2003;278:31128-31135.

Novelty and Significance

What Is New?

Bone morphogenetic protein-4 (BMP4) expression increases in patho-
logical but not physiological cardiac hypertrophy.

BMP4 induces cardiac hypertrophy, apoptosis, and fibrosis.

BMP4 induces cardiac hypertrophy and apoptosis through increasing
NADPH oxidase 4 expression and reactive oxygen species-dependent
pathways.

What Is Relevant?

Chronic hypertension induces pathological cardiac hypertrophy and
heart failure.

e Pathological cardiac hypertrophy is characterized by hypertrophy, apop-

BMP4 mediates cardiac hypertrophy, apoptosis, and fibrosis in
experimentally pathological cardiac hypertrophy. BMP4 is a novel
therapeutic target for pathological cardiac hypertrophy.

tosis, and fibrosis.

Summary
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Supplemental Methods

Agents

Angiotensin I (AngIl) and DMH1 were purchased from Sigma (sigma-Aldrich); Tempol
was purchased from Santa Cruz Biotechnology and PhosSTOP from Roche; Anti-BMP-4,
-BMP-2, -CaMKII, -NOX-4 and -NOX-2(gp-91) antibodies were from Santa Cruz;
Anti-p-CAMK- [l was from Promega; Anti-calcineurin was from BD Biosciences;
Anti-HSP-70,-Bax and -Bcl-2 were from Cell signaling Technology. Anti-GAPDH was from
kangchen (China). Anti- sarcomeric a-actinin was from Abcam. Anti-B-MHC was form Sigma.
Anti-p-P38, anti-P38, anti-p-ERK1/2, anti-ERK1/2, anti-p-JNK, anti-JNK were from cell
signaling technology. Anti-ox-CaMKII was from Millipore. Recombinant human BMP-4,
BMP-2 and recombinant human noggin were purchased from R&D Systems. The real-time
PCR primers were shown in Table-S1.

Animals

Kunming mice (male) and Wistar rats (SLAC Laboratory Animal Co. Ltd, Shanghai, China)
were used. The animals were kept under standard animal room conditions (temperature 2141
°C; humidity 55-60%) with food and water continuously available for 1 week before the
experiment. All the experimental procedures were approved by the Institutional Animal Care
and Use Committee of Harbin Medical University, PR China.

Pressure Overload-induced Cardiac Hypertrophy in vivo

The pressure-overload heart hypertrophy models were obtained by subjecting the animals to
transverse aortic constriction (TAC) as described in our previous work'. Adult male mice
(22-26g body weight) were anesthetized and placed in the supine position and a midline
cervical incision was made to expose the trachea. After successful endotracheal intubation, the
cannula was connected to a volume cycled rodent ventilator (UGO BASILE S.R.L. Italy). The
chest was opened and the thoracic aorta was identified. A 7-0 silk suture was placed around
the transverse aorta and tied around a 26-gauge blunt needle which was subsequently
removed. This maneuvers increased systolic pressure about 1.5 folds and induced cardiac
hypertrophy (1). The chest was closed and the animals were kept ventilated until recovery of
autonomic breath. At the pre-determined time points (day 1,3,7 and week 2,4), surviving
animals were sacrificed and the heart was quickly excised and weighted in cold (4°C) buftfer.
The left ventricle and right ventricle were separated and weighted, and left ventricle tissue
was then rapidly frozen in liquid nitrogen and stored at -80°C for subsequent western blot or
real-time PCR analysis. All procedures involving animals and their care were approved by the
Institutional Animal Care and Use Committee of Harbin Medical University, PR China.
Angiotensin Il (Ang I1)-induced cardiac hypertrophy in vivo

Male mice (22-26g body weight) were anesthetized with sodium pentobarbital (60 mg/kg,
1.p.). A 1-cm incision was prepared in the mid-scapular region and an osmotic mini-pump
(Alzet model 2004; DURECT Corporation) was implanted. Pumps contained Ang I1
(Sigma-Aldrich, USA) which was dissolved in saline solution and the infusion rate was 1.5
mg/kg per day. After 4 weeks, mice were sacrificed, hearts were weighted and left cardiac
ventricles (LCV) were fixed in 10% formalin for histology or quickly frozen in liquid
nitrogen for quantification of gene expression.

Swimming exercise-induced physiological cardiac hypertrophy

Swimming exercise was carried out as described 2. In brief, the swimming-trained mice were
subjected to a 90-min swimming exercise session, twice a day, 5 days a week for 4 weeks.
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Water temperature was controlled at 30-32°C.

Angiotensin Il-induced cardiomyocyte hypertrophy in vitro

Ang II treatment was used to induce cardiomyocyte hypertrophy. In the experiments of using
Ang I, cardiomyocytes were incubated with 10nmol/L and 100nmol/L Ang Il for 48hrs. The
culture media containing Ang Il was changed every 24 hrs. Cardiomyocytes were prepared for
immunocytochemistry as described previously . Monoclonal antibody against sarcomeric
a-actinin (Sigma) was added at dilutions of 1:200. Nuclear staining was performed with
1.3umol/L bisbenzimide (Sigma). The cardiomyocyte surface was depicted by using
Image-Pro Plus Version (5.0.1) software and the relative surface area was read with the
arbitrary units (the number of pixels) for evaluating hypertrophy '.

Isolation and culture of cardiomyocyte and cardiac fibroblast

Cardiomyocytes and cardiac fibroblasts were isolated from 1-3-day-old neonatal rat hearts
using a conventional method adopted by our and other studies '~. Briefly, after hearts were
digested by trypsin, cells were suspended in DMEM (Dulbecco’s modified Eagle’s
medium/medium) with 10 %FBS, and pre-cultured in humidified incubator (95%air-5% CO,)
for 90 min to obtain cardiac fibroblasts for their selective adhesion. Then the suspended
cardiomyocytes were plated in another dish. The purity of cardiomyocytes was increased by
supplementing BrdU(5-Bromo-2’-deoxyuridine) to prevent non-cardiomyocytes from
developing. Culture medium was renewed after 48hrs and cells were further cultured for
24hrs. Then, both cardiomyocytes and cardiac fibroblasts were cultured in non-serum DMEM
for 12hrs before experiments.

Protein/ DNA Ratio Analysis

After standard culture procedures, the total protein and DNA ratio of cardiomyocytes was
analyzed. In a brief, cells were rinsed in cold PBS twice and scraped with 100ul of lysis buffer
(150mM Nacl ,15mM sodium citrate and 0.25%SDS PH=7.0).The collected cells were
immediately frozen and stored at -20°C. Then samples were thawed and vortexed, 1ul sample
was applied to determine the total protein content using BCA method. DNA concentrations
were detected by using a DNA Quantitation Kit (Sigma-Aldrich).

BMP4 inhibitor DMH1 treatment in vivo

After TAC operation, 1-cm incision was prepared in the mid-scapular region of mice and an
osmotic mini-pump (Alzet model 2004; Alza) containing DMH]1(Sigma-Aldrich,USA)was
implanted. The constant infusion rate of DMH1 was 2 mg/kg per day. After 4 weeks, mice
were sacrificed and hearts were harvested for analysis.

Drug treatment

Ang Il ( 10nmol/L and 100nmol/L), BMP4 (50ng/ml), BMP2(50ng/ml), Noggin (100ng/ml )
and DMH1(10pumol/L) were applied for 24hrs in cardiac fibroblasts and 48hrs in
cardiomyocytes. The culture media containing different drugs was renewed every 24 hrs. In
the experiments, BMP4, BMP2 and noggin were dissolved in PBS solution and diluted in the
culture media as the ratio 1.25:5000. DMH1 was dissolved in DMSO and diluted in the
culture media as the ratio 0.7:1000. Under this condition, these vehicles showed no effect.
Real-time PCR Analysis

One microgram of total RNA from each sample was used to generate cDNA by using M-MLV
reverse transcriptase per manufacturer's specifications (Promega Corporation,USA).

Real-time PCR was cycled in 95°C/15s, 60°C/30s and 72°C/30s for 40 cycles, after an initial
denaturation step at 95°C for 10 min using SYBR Green PCR Master Mix purchased from
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Applied Biosystems (USA). Amplification was performed by using 7500 Fast Real-Time PCR
Systems (Applied Biosystems,USA) and the products were routinely checked by using
dissociation curve software. Transcript quantities were compared by using the relative
quantitive method, where the amount of detected mRNA normalized to the amount of
endogenous control (GAPDH). The relative value to the control sample is given by 24T,
The real-time PCR primer sequences were shown in Table-S1.

Western Blot

Cellular and tissue proteins were extracted with lysis buffer which contained 1% protease
inhibitor solution. After complete homogenization on ice rotator, samples were centrifuged at
13500¢g for 15min at 4°C to precipitate cell debris. The supernatants were transferred into
fresh tubes and protein concentrations were determined with BCA Protein Assay
Kit(Bio-Rad). The proteins were electrophoresed in 10% SDS-PAGE and transferred to
nitrocellulose membranes. After blocking with 5% non-fat dry milk in phosphate-buffered
saline (PBS) for 2 hours at room temprature, the membranes were incubated with the primary
antibodies at 4°C over night. After washing with PBS-0.1% Tween 20(PBST), membranes
were incubated with fluorescence-conjugated goat anti-rabbit IgG , goat anti-mouse IgG or
donkey anti-goat IgG (1:10000 dilution, Invitrogen) at room temperature for 1h. Western blot
bands were quantified by using Odyssey infrared imaging system (LI-COR) and Odyssey
v3.0 software.

MTT assay

Viability of cells cultured in the 96-well culture plates was assessed by measuring
mitochondrial dehydrogenase activity, using the colorimetric MTT assay, based on the fact
that viable cells (but not dead cells) can reduce 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl tetrazolium bromide (MTT).

Collagen assay

Collagen assay was performed using the Sircol collagen assay method (biocolor, UK). Briefly,
100ul test samples of treated cardiac fibroblasts were mixed with Iml Sirco dyes reagent and
incubated at 25°C for 30 minutes. After centrifugation at 1,0000 g for 10 minutes, the
supernatants were removed. Then 1ml alkali regent was added to pellet to release the bound
dye into solutions. The absorbance of each sample was measured by a microplate Reader at
540nm.

TUNEL staining

After 3 times PBS washing, treated myocytes were fixed by 4% paraformaldehyde,
permeabilized in 0.1% Triton x-100 sodium citrate buffer. Then an In Stiu cell death detection
kits (Roche) were used to label apoptotic cells, and the nuclei were stained with DAPI. The
numbers of total cells and Tunel positive cells were automatically counted by Image-Pro plus
version. The apoptosis rate was defined as ratio of apoptotic cells to total cells.

Detection of reactive oxygen species (ROS) by flow cytometry

ROS level of cardiomyocytes was quantified by using ROS assay kit (Beyotime Institute of
Biotechnology, China). Cells were harvested by trypsin and exposed for 20 min at 37 C to 10
umol/L DCFH-DA, which became fluorescent when oxidized to DCF within the cells.
Labeled cells were washed twice in PBS and then subject to cytometric analysis (excitation:
488nm; emission:525nm). The model of flow cytometry was FACSAria (BD). ROS level was
represented with fluorescence intensity. The number of analyzed cells was 10000 in each
individual experiment.

Caspase-3 activity assay

Caspase-3 activity was determined by using Caspase-3 Activity Assay Kit (Beyotime Institute

4
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of Biotechnology, China), which is based on the ability of caspase-3 to change
acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-pNA) into the yellow formazan product,
p-nitroaniline (pNA). Briefly, the cells were harvested and washed with cool PBS twice,then
the cells were lysed with lysis buffer (100ul per 2x106cells) for 15 min on ice. The lysate was
centrifuged at 13500r/min for 15 min at 4 °C, then collected the supernatant and protein
concentration was determined by Bradford Protein Assay Kit (Beyotime Institute of
Biotechnology, China). After incubating the mixture composed of 40ul of cell lysate, 50ul
reaction buffer and 10ul of 2mmol caspase-3 substrate(Ac-DEVD-pNA)in 96-well plates at
37°C overnight, the absorbance of p-nitroanilide at 405nm was determined by using a
microtiter plate reader (Bio-TEK Epoch, BioTek Instrument, VT,USA). Caspase-3 activity
was calculated as a ratio of p-nitroanilide content to total protein amount. The detail analysis
procedure was described in the manufacturer’s protocol (Beyotime Institute of Biotechnology,
China).

Infection of cardiomyocytes with lentiviruses expressing rBMP4

Cardiomoyotes were plated in 6 wells plate(2 X 10°cells /well) and cultured in a humidified
incubator (95% air-5% CO,) at 37°C. After 48hrs incubation, culture medium was renewed
and cells were further cultured for 24hrs. Then, the cells were prepared for lentivirus infection
with rBMP4 lentiviral packaging prepared by 3DBiopharm Co Ltd (Shanghai, China) which
was shown in Figure-S10A. Infection was carried out in DMEM with 10% FBS at MOI
(multiplicity of infection) of 20 for 48hrs to obtain the maximal efficiency and the minimal
cell loss. Polybrene (6Hg/ml) was added to ensure the infection efficiency. After 48hrs
infection, culture medium was changed to the medium without lentiviruses and the cells were
further cultured for 24hrs. BMP4 overexpression induced by rBMP4 lentiviral transfection
was confirmed by western blot examination (Figure-S10B). The performance of lentiviral
transfection was based on the company’s instruction.

Plasma BMP4 measurement

The human plasma BMP4 concentration was measured with BMP4 human Elisa Kit (Abcam
Inc, USA) according to the specifications.

Plasma samples

The plasma collection was approved by the Ethics Committee of Harbin Medical University.
The plasma samples of heart failure patients were provided by the cardiology department, first
affiliated hospital of Harbin Medical University. The control plasma samples were provided
by the clinical laboratory, the second affiliated hospital, Harbin Medical University. The
control plasma samples were from subjects of department of ENT (ear-nose-throat) when the
routine blood index checks were finished. The residual plasma was used for the present study.
The subjects as control were without heart diseases. The age of subjects as control (57.0+£2.0
years) matched with the heart failure patients (63.2+2.5 years) as possible.

The plasma fraction was prepared immediately by centrifugation at 3,000g for 5 min at 4 C.
Samples were then immediately divided into aliquots (0.5 ml) in cryovials and frozen at
-80°Cuntil the analysis procedures were carried out. The information of subjects as control
was shown in Table-S2, and the clinical parameters of heart failure patients were shown in
Table-S3.

Data analysis

Data were presented as mean+SEM. Significance was determined by using Student t test or
one-way ANOVA, followed by Tukey post test. P<0.05 was considered significant.
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Figure S1. Pressure-overload induced cardiac hypertrophy in mice. A. Heart weight/body
weight (HW/BW),left ventricle weight/body weight (LVW/BW) and body weight (BW) after
2 and 4weeks of pressure overload in mice. The number was shown in brackets.
*P<0.05,**P<0.01, vs.sham. B. Cardiac mRNA levels of ANP, BNP, and f-MHC after 2 and

4weeks of pressure overload in mice. n=5 in each group. **P<0.01, vs.sham. TAC, transverse
aortic constriction.
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Figure S2. No cardiac hypertrophy was observed in mice treated with TAC for 1, 3, and
7 days. There was no difference of HW/BW and LVW/BW among the groups. n=6 in each

group. TAC, transverse aortic constriction.
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Figure S3. Ang Il constant infusion (4 weeks) induced cardiac hypertrophy in mice. A.
Ang II constant infusion for 4 weeks increased HW/BW and LVW/BW index. The number
was shown in brackets. **P<0.01, vs. control. B. Ang II constant infusion for 4 weeks
increased cardiac ANP, B-MHC mRNA expression. n=4, **P<0.01, vs. control.
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Figure S4. Ang Il induced cardiomyocyte hypertrophy in vitro. A. Ang II induced increase
of cell area of primary rat cardiomyocytes. The left panel showed the representative
photographs of cardiomyocytes and the right panel showed the summarized data of cell area.
Cells were stimulated with Ang II. Cardiomyocytes were identified (x200) with sarcomeric
a-actinin antibody (red signal), and nuclei were stained with bisbenzamide (blue). One
hundred cells were qualified in each group. **P< 0.01 vs. control. B. Ang II induced
increases of ANP and BNP mRNA expression in cardiomyocytes. n=5 individual experiments.
C. Ang Il induced increases of protein/DNA ratio in cardiomyocytes. n=3 individual
experiments. *P<(.05 vs. control. Ctrl, control.
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Figure S5. No change of cardiac BMP4 expression in mice after 4 weeks of swimming
exercise. A. Four-week swimming exercise increased heart weight/tibial length (HW/TL) in
mice. n=7 in each group. **P<0.01, vs. control. B. Body weight during swimming exercise.
n=7 in each group. C. Four-week swimming exercise did not affect cardiac ANP,BNP,;-MHC
mRNA expression in mice. n=5. D. Four-week swimming exercise but not TAC increased
cardiac Hsp70 protein expression. n=5 in each group. **P<0.01, vs. control. E. Four-week
swimming exercise did not affect cardiac BMP4 mRNA expression in mice. n=5 in each
group. F. Four-week swimming exercise did not affect cardiac BMP4 protein expression in
mice. n=5 in each group.
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Figure S6. Noggin and DMHZ1 alone showed no effect on cardiomyocyte hypertrophy,
viability and apoptosis. A. Noggin and DMH]1 alone showed no effect on cardiomyocyte
hypertrophy. For cell area evaluation, fifty cells were qualified in each group from three
individual experiments. n=8 for ANP, BNP, B-MHC mRNA expression analysis. B. Cell
viability was examined by MTT method. n=3 individual experiments. C. Noggin and DMH1
showed no effect on caspase-3 activity in cardiomyocytes. n=3 individual experiments. D.
Noggin and DMH1 showed no effect on ROS production in cardiomyocytes. n=4 individual
experiments. E. Noggin and DMH1 showed no effect on cardiomyocyte apoptosis evaluated
by TUNEL staining.
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Figure S7.Changes of NOX2, 4 in pathological and physiological cardiac hypertrophy in

mice. A. NOX2 protein expression increased in swimming-exercise but not TAC or Ang II

induced cardiac hypertrophy in mice. The number was shown in brackets. **P<0.01,
vs.control. B. NOX4 protein expression increased in swimming-exercise, TAC and Ang II
induced cardiac hypertrophy in mice. Note: the fold increase of NOX4 in TAC and Ang 11
treatment groups is much higher than that in swimming-exercise group. The number was
shown in brackets. **P<0.01, vs.sham or control.
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Figure S8. Apocynin and tempol inhibited BMP4-induced cardiomyocyte hypertrophy
and apoptosis.

A. Apocynin and tempol inhibited BMP4-induced cardiomyocyte hypertrophy. For evaluation
of cell area of cultured cardiomyocytes, one hundred cells from 3 individual experiments were
qualified in each group. n=6 for ANP and BNP analysis. **P<0.01, vs. control. ##P<0.01
vs.BMP4. B. Apocynin and tempol inhibited BMP4-induced cardiomyocyte apoptosis. (a)
TUNEL-positive nuclei were green, and DAPI was blue. BMP4 was 50ng/ml; Tempol was
100umol/l; Apocynin was100umol/l. (b) Bar graph showing the quantification of the
apoptotic cells. The 2,000 cells from 3 individual experiments were analyzed in each group.
**P< (.01 vs. control; ##P<0.01 vs. BMP4. (c) Apocynin and tempol inhibited
BMP4-induced increase of caspase-3 activity in cultured cardiomyocytes. n=6,**P< 0.01 vs.
control; ##P<0.01 vs. BMP4.
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Figure S9. BMP4 treatment increased ox-CaMKII, P-JNK but did not alter calcineurin,
CaMKIlI, P-CaMKIllI, P-p38,total-p38, P-ERK1/2 and total ERK1/2 in protein level in
cultured cardiomyocytes. A. Representative westernblots and analyzed data for calcineurin
in cultured cardiomyocytes.Cal, calcineurin. B. Representative westernblots and analyzed
data for total CaMKII, phosphorylated CaMKII (P-CaMKII) in cultured cardiomyocytes. C.
Representative westernblots and analyzed data for ox-CaMKII in cultured cardiomyocytes.
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Noggin and DMH1 inhibited BMP4-induced increase of ox-CaMKII in protein level.
**P<0.01 vs control; ##P<0.01 vs BMP4. D. Representative westernblots for P-p38, total p38,
P-ERK1/2 and total ERK1/2 in cultured cardiomyocytes. E. DMHI1 inhibited BMP4-induced
increase of P-JNK in protein level. n=4, **P<0.01 vs control; ##P<0.01 vs BMP4.
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Figure S10. BMP4 overexpression induced by rBMP4 lentiviral transfection
recapitulated cardiomyocyte hypertrophy and apoptosis in vitro. A. Establishment of
rBMP4 lentiviral packaging. B. BMP4 overexpression induced by rBMP4 lentiviral
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transfection was confirmed in two independent experiments. C. BMP4 overexpression by
rBMP4 lentiviral transfection induced cardiomyocyte hypertrophy. The cell area and
hypertrophy markers were evaluated. For evaluation of cardiomyocyte area, 250 cells from
two independent experiments in each group were analyzed. n=8 for analysis of ANP, BNP,
B-MHC mRNA expression. **P<(.01, vs. control. D. TUNEL staining assay showed that
BMP4 overexpression by rBMP4 lentiviral transfection induced cardiomyocyte apoptosis.
TUNEL-positive nuclei are green, and DAPI is blue. The number of cells from two
independent experiments was shown in the brackets. X*-test was used, **P<0.005, vs. control.
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Figure S11. BMP4 induced increase of BMP4 expression in cultured cardiomyocytes. A.
BMP4 induced increase of BMP4 mRNA expression was inhibited by noggin treatment.
n=6,**P<0.01, vs. control; ## P< 0.01 vs.50ng/ml BMP4. B. BMP4 induced increase of
BMP4 protein expression was inhibited by noggin and DMHI1 treatment. n=7, **P<0.01, vs.
control; ## P<0.01 vs.50ng/ml BMP4. C. BMP4 did not affect cardiac BMP2 protein
expression in cardiomyocytes. n=4.
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Figure S12. TAC or Ang Il constant infusion but not swimming-exercise induced cardiac
fibrosis in mice. Cardiac fibrosis was analyzed and quantified by using masson's trichrome
method. The interstitial fibrosis was in blue staining. The degree of fibrosis was evaluated by
the ratio of the area of blue staining to the total area. Image-Pro Plus Version (5.0.1) was used
for analysis. A. Representative fields of Masson’s trichrome stained heart sections in each
groups. TAC and Ang II-treated animals showed more perivascular fibrosis in the hearts. B.
The summarized data showed that TAC and Ang II, but not swimming exercise induced
significant cardiac fibrosis. n=10. **P<0.01 vs Sham or control.
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Figure S13. BMP4 treatment had no significant effect on matrix metalloproteinase-2 (MMP-2)
and MMP-9 mRNA expressions in cardiac fibroblasts. n=6 in each group.
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Figure S14. The increased a-SMA protein expression induced by BMP4 was inhibited by
apocynin and tempol. n=6, **P<0.01, vs. control; #P< 0.05 vs. BMP4.
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Figure S15. Plasma BMP4 level increased in heart failure patients. Compared with control,
the plasma BMP4 levels were increased in heart failure patients.
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Table-S1. Sequences of gRT-PCR primers

Gene

Accession

name No. Species Forward primer(5'-3") Reverse primer (5'-3")
ANP Eﬁ:g?izgi m;’a“tse CTCCGATAGATCTGCCCTCTTGAA ~ GGTACCGGAAGCTGTTGCAGCCTA
BNP Eﬁ:ggf;zéj m;’a“tse TGATTCTGCTCCTGCTTTTC GTGGATTGTTCTGGAGACTG
B-MHC Eﬁ:gfgzigf mf;“ CCAGAAGCCTCGAAATGTC CTTTCTTTGCCTTGCCTTTGC
BMPI NM 0097553  mouse GACTCACGGCGGACTCTAAGC GCGGCACTGACACTCGTAGC
BMP2 NM 0075532  mouse GACTCTGGTGAACTCTGTG CTAACGACACCCGCAGCCCT
BMP3 NM 1734043  mouse = GCACAGGGACAGAGACCAAACT CTGCTGCCGCTGTACCTGTCAT
BMP4 NM 0075542  mouse  CACCAGGGCCAGCACGTCAGAATC AGTGAATGGCGACGGCAGTTCT
BMP4 NM 012827.2 rat GGGAGGAGGAGGAAGAAGAG TGGGATGCTGCTGAGGTT
NOX2 NM_ 023965.1 rat CCAGTGAAGATGTGTTCAGCT GCACAGCCAGTAGAAGTAGAT
NOX4 NM 053524.1 rat AGTCAAACAGATGGGATA TGTCCCATATGAGTTGTT
GADPH Eﬁjg?jgigj mlf’autse AAGAAGGTGGTGAAGCAGGC TCCACCACCCAGTTGCTGTA
MMP-2 NM 031054.2 rat GGGTCTCAGAACGCCGTGGAG ACAGGACGCAGAGAACCCGC
MMP-9 NM_031055.1 rat GGGCATCTGGGGATTGAACTCAGC AGCGCCCGACGCACAGTAAG
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Table-S2. Information of subjects as control.

Sex Number Age (year)
Male 13
57.0+£2.0
Female 11

Table-S3. The clinical parameters of heart failure patients.

Function

Heart 1
cart of left Left ventricle L'eft Right atrium nght
. Age . . . function . atrium ventricle
Patients  Sex Clinical diagnosis . ventricle
(y) classific
ation EF FS IVST LVPW LvDd Ad vd Hd Ad
% % (mm) (mm) (mm) (mm) (mm) (mm) (mm)
50- 30- 34-4 32-4
N I I - - - < -
ormal values 70 45 6-12 6-12  35-55 30 9 5 7-23
| fomale 73 Diatedcardiomyopathy, CLBBB =\ 53 0 g 61 41 52 43 20
HF, AF
Dilated cardiomyopathy ,
2 femal 75 v 32 16 10 10 57 51 66 50 28
emate Hypertensive disease (I), HF,AF
3 male 45 Egated cardiomyopathy , CLBBB, =, 50 g g g3 72 2 48 3R 23
4 female 5o wypertemsivedisease(l).HEAP o 00 o0 04 o 70 43 46 31 22
CAD
5 female 58 RHD, MS, Arrhythmia, AF, HF v 55 29 9 9 45 50 55 42 22
6 male 69 CAD, AP, M1, HF v 48 25 11 11 75 55 58 45 23
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10

11

12

13

14

15

16

17

18

19

female

male

female

female

female

female

male

male

female

male

male

male

female

44

76

52

72

55

59

60

50

55

81

66

67

70

RHD, VD, Arrhythmia, AF, HF

CAD, Ischemic cardiomyopathy,
HF

Dilated cardiomyopathy,

VPC, HF

CAD, HF, Hypertensive disease
(II), AF

Dilated cardiomyopathy ,

HF, PVT

CAD, Hypertensive disease (III) ,
HF

CAD, MI, Arrhythmia, AFL

Dilated cardiomyopathy, HF,
Hypertensive disease (III), AF
CAD, AP, HF, Hypertensive
disease (III)

CAD, HF, MVP, AF

Dilated cardiomyopathy , CAD,
HF, AVB, LBBB

CAD, MI, Hypertensive disease
(III), Ischemic cardiomyopathy,
HF

CAD, HF, MI, AF,
cardiomyopathy,

Ischemic

IV

1Y%

1Y%

1Y%

III

0%

III

III

v

IV

1Y%

IV

50

26

35

44

27

33

35

41

32

42

43

39

30

26

12

17

22

13

16

17

20

16

21

22

20

15

7.7

10

10.9

10

11.4

10.1

11.4

12

10.4

10

8.5

9.3

10.9

10.4

10.1

10.8

11

10.4

10

54

75

61.7

61

72

56

56

60

62

67

71

60

55

51

52

40

43

45

38

44

45

45

49

45

43

50

58

57

57

48

57

45

56

55

46

69

56

45

54

44

41

42

38

42

33

43

46

36

50

42

35

43

21

24

21

23

20

20

20

26

20

22

22

20

22

25
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20

21

22

23

24

25

26

27

28

female

male

female

male

female

male

female

female

male

78

63

41

79

75

69

63

48

78

CAD, Hypertensive disease (III),
MI, HF
CAD, Ischemic cardiomyopathy,
MI, HF

Peripartum cardiomyopathy, HF

CAD, AP, HF

CAD, Hypertensive disease (III) ,
HF

CAD, MI, HF

Dilated cardiomyopathy, RBBB,
HF

CAD, MI, VPC,
cardiomyopathy, HF
Dilated cardiomyopathy, AF, VPC,
HF

Ischemic

v

v

I1I

v

III

0%

III

v

III

29

32

63

31

30

39

35

28

39

15

16

34

15

15

19

17

14

20

53

9.5

10

10

94

9

10.6

9.5

10

10

8.4

9

62

62

50

55

68

58

59

64

64

44

42

38

40

44

36

36

43

47

45

46

48

46

55

46

45

53

58

37

38

34

37

44

36

35

40

48

21

22

20

20

25

20

23

24

26

IVST: Interventricular Septal Thickness; LVPW: Left Ventricular Posterior Wall; LVDd: Left Ventricular Diastolic dimension; Ad: Anteroposterior

diameter; Vd: Vertical diameter; Hd: Horizontal diameter; EF: Ejection Fraction; FS: Fractional Shortening; HF: Heart Failure, LBBB: Left
Bundle Branch Block; RBBB: Right Bundle Branch Block; CAD: Coronary Artery Disease; MI: Myocardial Infarction; AF: Atrial Fibrillation;
MVP: Mitral Valve Prolapse; VPC: Ventricular Premature Contraction; AP: Angor Pectoris; CLBBB: Complete Left Bundle Branch Block; RHD:
rheumatic heart disease; MS: mitral stenosis; VD: valvular disease; PVT: paroxysmal ventricular tachycardia; AFL: atrial flutter; AVB:
Atrioventricular block
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