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SUMMARY
AB B
AND ACRONYM S

BMP = bone morphogenetic

protein

ECM = extracellular matrix

H-CFb = human cardiac

fibroblast

HHT = hereditary hemorrhagic

telangiectasia

ICTP = carboxy terminal

telopeptide of type 1 collagen
No studies have explored a functional role for bone morphogenetic protein (BMP)-9, a transforming growth

factor-b superfamily ligand, in cardiac remodeling after myocardial infarction (MI). Using BMP-9 null mice,

we observed that loss of BMP-9 decreases survival and increases cardiac rupture after MI. We further

observed that loss of BMP-9 not only increases collagen abundance, but also promotes matrix

metalloproteinase-9 activity and collagen degradation after MI. These findings identify BMP-9 as a neces-

sary component of cardiac remodeling after MI and a potentially important target of therapy to improve

outcomes after MI. (J Am Coll Cardiol Basic Trans Science 2023;8:1318–1330) © 2023 Published by Elsevier

on behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

left ventricle/ventricular

myocardial infarction
LV =

MI =
MMP = matrix

metalloproteinase

PINP = amino-terminal

propeptide of type 1 collagen

siRNA = small interfering RNA

TGF = transforming growth

factor

WT = wild-type
M yocardial infarction (MI) is a major cause
of global morbidity and mortality that af-
fects nearly 800,000 patients each year

in the United States alone.1 Cardiac wound healing af-
ter MI is a complex and multiphase process that be-
gins with necrosis and apoptosis of cardiomyocytes
due to ischemic injury with or without reperfusion
followed by the formation of a fibrotic scar.2 The
acute phase of this process involves an inflammatory
response and degradation of the extracellular matrix
(ECM) followed by collagen synthesis, organization,
and deposition within the first few weeks after MI.
Cardiac fibrosis is a critical component of this process
and a major determinant of cardiac structure and
function, which further influences long-term
outcomes.3

The transforming growth factor (TGF)-b signaling
pathway plays a central role in healing by promoting
cardiac fibrosis after MI.4-6 Bone morphogenetic
protein-9 (BMP-9) is a member of the TGF-b super-
family of ligands and is implicated in the pathogen-
esis of the vascular disorder hereditary hemorrhagic
telangiectasia (HHT)7 and pulmonary arterial hyper-
tension.8,9 Recently, we reported that BMP-9 limits
cardiac fibrosis by promoting signaling via the
downstream effector Smad1 and reducing the activity
of the profibrotic effector Smad3 in murine models of
pressure overload induced heart failure.10 A func-
tional role for BMP-9 in cardiac remodeling after MI
remains largely unexplored.

Reorganization of ECM after MI occurs during both
early- and late-phase wound healing. In the early
phase, matrix metalloproteinase (MMP) activation
degrades the ECM followed by a synthetic phase in
which collagen synthesis contributes to the genera-
tion and deposition of new ECM and cardiac fibrosis.11

In addition to canonical signaling pathways mediated
by TGF-b and BMP-9 as part of scar formation and the
wound healing process, recent studies identified that
BMP-9 may negatively regulate the expression of
MMPs in cancer cell lines.12,13 MMPs such as
MMP-2 and MMP-9 play a critical role in
regulating the turnover of ECM in basal and
activated states such as during injury.14,15 We
and others reported increased MMP-9 activity
in the left ventricle (LV) after MI,16,17 which is
associated with increased mortality in murine
models of MI.18-20 Whether BMP-9 regulates

cardiac MMP levels and activity in MI remains
unknown.

With this background in mind, we hypothesized
that loss of BMP-9 increases MMP activity and
collagen turnover which impedes LV scar formation
after MI and reduces survival.

METHODS

ANIMALS. All animal experiments were performed in
accordance with the Institutional Animal Care and
Use Committee protocols. Wild-type (WT) mice were
obtained from the Jackson Laboratory. BMP-9�/� mice
were generously provided by Dr Se-Jin Lee of John
Hopkins University.

MURINE MODEL OF MI. Adult mice 8 to 12 weeks of
age were subjected to MI by permanent left coronary
artery (LCA) ligation. Briefly, mice were anesthetized
under isoflurane inhalation and put on mechanical
ventilation using endotracheal intubation. A small
incision was made between the ribs to expose the
heart. The left coronary artery was located and ligated
using a suture to generate an infarct.21 The wound
was closed, and the mice were administered a single
dose of buprenorphine SR for postsurgery recovery.
Sham mice underwent the exact same process but
without the left coronary artery ligation. Mice were
observed daily for survival for over 2 weeks.

PRESSURE-VOLUME MEASUREMENTS AND ORGAN

HARVESTING. At the end of the study, all mice were
subjected to a terminal procedure of pressure-volume
measurement using a conductance catheter. For LV

http://creativecommons.org/licenses/by-nc-nd/4.0/
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pressure-volume measurements, the carotid artery
was located after making a small incision in anes-
thetized mice. A conductance catheter was inserted
into the artery and secured using a suture. Then the
catheter was advanced into the LV through the aortic
valve. At the end of the recording, mice were eutha-
nized, and tissues were harvested and immediately
snap-frozen in liquid nitrogen and stored at �80 �C
for further analysis. A section of the LV tissue was
also stored in formalin for histology before snap-
freezing in liquid nitrogen.

PROTEIN PREPARATION FOR WESTERN BLOT,

ZYMOGRAPHY, AND ENZYME-LINKED IMMUNOSORBENT

ASSAY. A small piece of snap-frozen tissue was
dissected out and homogenized using pestles in
T-PER lysis buffer (Thermo Fisher Scientific) supple-
mented with a protease inhibitor cocktail and phos-
phatase inhibitor cocktail. The homogenate was
incubated on ice for 1 hour and then centrifuged at
>13,000 rpm at 4 �C. The supernatant protein extract
was separated and used for the preparation of West-
ern blot samples or enzyme-linked immunosorbent
assay (ELISA). For the zymography assay, a protease
inhibitor cocktail was excluded from the lysis buffer.
For protein extraction from cells, the same buffer was
used to lyse the cells, followed by centrifugation to
separate the protein extracts.
Western blot . Protein samples were prepared using
an equal amount of protein and were denatured by
heating at 100 �C in Laemmli buffer (Boston Bio-
products). Proteins were then separated on a mini
PROTEAN TGX 4-15% gel (Bio-Rad) and transferred
onto the PVDF membrane (MilliporeSigma). The
membrane was blocked using a 5% solution of dry
milk in phosphate-buffered saline with Tween 20 for 1
hour. For detection of specific proteins, membranes
were incubated in specific antibodies overnight. The
next day, the membranes were washed 3 times for
10 minutes each with a 5% solution of dry milk in
phosphate-buffered saline with Tween 20.
Membranes were then incubated with appropriate
horseradish peroxidase–conjugated secondary anti-
body for 1 hour at room temperature. At the end,
membranes were washed 3 times with phosphate-
buffered saline with Tween 20 for 10 minutes each.
Protein bands were visualized using Pierce ECL
Western Blotting Substrate (Thermo Fisher Scientific)
on a FluorChem E FE0504 imaging machine
(ProteinSimple). ImageJ 1.52a (National Institutes of
Health) was used to quantify the band density. The
following primary antibodies were used for the anal-
ysis: pSMAD1/5 (9516; Cell Signaling Technology),
SMAD1 (9743; Cell Signaling Technology), SMAD3
(9513; Cell Signaling Technology), pSMAD3 (9520; Cell
Signaling Technology), pSMAD2 (3108; Cell Signaling
Technology), SMAD2 (5339; Cell Signaling Technol-
ogy), type 1 collagen (ab88147; Abcam), a-smooth
muscle actin (a-SMA) (ab5694; Abcam), troponin T
(ab8295; Abcam), periostin (ab14041; Abcam), BMP-9
(MAB3209; R&D Systems), endoglin (AF1320; R&D
Systems), MMP-9 (AF909; R&D Systems), MMP2
(AF1488; R&D Systems), Flt-1 (Fms related receptor
tyrosine kinase 1) (AF471; R&D Systems), vascular
endothelial growth factor (VEGF) (NB100-664;
Novus), CD-31 (NB 100-2284; Novus), and GAPDH
(MAB374; MilliporeSigma).
Zymography . To assess the MMP enzymatic activity
within infarcted and noninfarcted zones, infarcted
myocardium was carefully isolated for protein
extraction. Rest of the LV was used as noninfarcted
zone. Fresh protein samples were prepared using
sample buffer and immediately separated on gels
containing 10% gelatin. At the end of the separation,
gels were carefully incubated in renaturation buffer
for 30 minutes at room temperature. The buffer was
discarded and gels were incubated in developing
buffer for 1 hour with gentle shaking. The developing
buffer was replaced with fresh developing buffer and
gels were placed in an incubator at 37 �C. The next
morning, buffer was removed and gels were incu-
bated in the SimplyBlue SafeStain (Thermo Fisher
Scientific) for 4 hours at room temperature with
shaking. At the end, gels were washed in Milli Q water
(MilliporeSigma) to remove excess stain and digestion
bands were visualized on a FluorChem E FE0504
imaging machine (ProteinSimple) machine. Bands
were quantified using ImageJ software.
Enzyme- l inked immunosorbent assay . Serum
samples were diluted and analyzed using the manu-
facturer’s (MyBiosource) protocol to measure the
carboxy-terminal telopeptide of type 1 collagen
(ICTP) (MBS2701081) and amino-terminal propeptide
of type 1 collagen (PINP) (MBS2702748) levels. The
manufacturer’s (R&D Systems) protocol was followed
for the measurements of TGF-b1 (DB100B) and BMP-9
(DY5566) in LV tissue lysates. The TGF-b enzyme-
linked immunosorbent assay measured both active
and inactive TGF-b. LV tissue levels of inflammatory
markers were measured using enzyme-linked immu-
nosorbent assay as per the manufacturer’s protocol
for interleukin-6 (MBS9360517; MyBiosource), tumor
necrosis factor a (MBS043098; MyBiosource) and
neutrophil gelatinase-associated lipocalin (MLCN20;
R&D Systems).

HISTOLOGY. Formalin-fixed samples were embedded
in paraffin and subsequently sectioned. Sections were
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then mounted onto the slides and deparaffinized by
heating in an oven at 60 �C, followed by 3 exchanges
of HistoChoice (Sigma-Aldrich); 2 exchanges of 100%
ethanol; 1 exchange in each of 95% ethanol, 70%
ethanol, and 50% ethanol; and finally into Milli Q
water. Picrosirius red staining (ab245887; Abcam) was
performed using the manufacturer’s protocol.

CELL CULTURE. The Tufts Medical Center Institu-
tional Review Board approved the collection of hu-
man tissue for cell culture. Human cardiac fibroblasts
(H-CFbs) were isolated from myocardial tissue har-
vested during cardiac surgery at Tufts Medical
Center, then cultured in FBM Basal Medium supple-
mented with insulin, fibroblast growth factor,
Gentamicin sulfate, and fetal bovine serum (Lonza).
Cells were starved in serum-free media for 24 hours
before transfection. Oligofectamine-siRNA (Thermo
Fisher Scientific) mixture was then added onto the
cells. After 6 hours of incubation at 37 �C and 5% CO2,
serum-supplemented media was added and cells
were cultured for another 48 hours. At the end of 48
hours, cells were harvested for RNA and pro-
tein extraction.

STATISTICAL ANALYSIS. In all graphs and the table
data are presented as mean � SD. The Shapiro-Wilk
test was used to confirm the normal distribution of
dataset. For comparison among the groups, Stu-
dent’s t test was used in case of comparison be-
tween 2 groups. For comparing more than 2 groups,
analysis of variance was used followed by Tukey’s
post hoc honest significant difference test for mul-
tiple pairwise comparisons. For survival analysis,
Kaplan-Meier curves were plotted and compared
with the log-rank test. All statistical analysis was
done using GraphPad Prism 9.3.1 (GraphPad Soft-
ware). A P value of <0.05 was considered statisti-
cally significant.

RESULTS

LOSS OF BMP-9 DECREASES SURVIVAL AFTER MI

AND IS ASSOCIATED WITH CARDIAC RUPTURE. To
understand the role of BMP-9 after MI, WT and BMP-
9�/� mice were subjected to left coronary artery
ligation for 14 days. BMP-9�/� mice demonstrated
significantly reduced survival after MI as compared
with WT mice (Figure 1A), with all deaths occurring
within 7 days of left coronary artery ligation in both
groups. Subsequent necropsy analysis revealed that
86% (n ¼ 6 of 7) of deaths in the BMP-9�/� group were
associated with transmural myocardial rupture
compared with zero ruptures in WT mice (Figures 1A
and 1B). Compared with WT, levels of BMP-9 were
nearly undetectable in BMP-9�/� mice by immunoblot
analysis, real-time polymerase chain reaction, and
enzyme-linked immunosorbent assay (Figures 1C-1E).
Picrosirius staining confirmed a >5-fold increase in
LV fibrotic area in BMP-9�/� mice compared with WT
mice after MI (P ¼ 0.001) (Figures 1F and 1G).

To support cellular contributions to the observed
phenotypes related to BMP-9 function in the heart,
we quantified BMP-9 levels in isolated murine cardiac
myocytes, endothelial cells, and cardiac fibroblasts.
BMP-9 expression was observed in both fibroblasts
and endothelial cells but in not cardiac myocytes
(Supplemental Figure 1A). Both WT and BMP-9�/�

mice exhibited significantly reduced LV ejection
fraction and stroke work compared with sham mice
after MI. Compared with WT sham mice, both LV end-
systolic (P ¼ 0.012) and LV end-diastolic (P ¼ 0.011)
volumes were significantly increased in BMP-9�/�

mice but not in WT mice after MI (Table 1). These
observations suggest that loss of BMP-9 decreases
survival, increases LV fibrosis and myocardial
rupture, and further promotes maladaptive cardiac
remodeling after MI.
BMP-9L/L MICE HAVE INCREASED FIBROSIS AFTER MI.

Next, we examined the effect of BMP-9 loss on TGF-b1
levels and canonical Smad signaling. Loss of BMP-9
significantly increased messenger RNA and protein
levels of TGFb1 in the LV (P ¼ 0.013 for messenger
RNA and P ¼ 0.026 for protein measured by ELISA)
(Figures 2A and 2B). We further observed that loss of
BMP-9 significantly increased LV levels of type 1
collagen, the profibrotic TGF-b co-receptor endoglin,
and a-smooth muscle actin protein compared with
WT MI mice (Figures 2C to 2E). Loss of BMP-9 reduced
levels of phosphorylated Smad1/5 by 80% (P ¼ 0.025)
and increased levels of phosphorylated Smad3 and
Smad2 by 7-fold and 4-fold, respectively, compared
with WT mice after MI (Figures 2F to 2H). Compared
with WT, loss of BMP-9 significantly increased LV
protein levels of vascular endothelial growth factor
and the type 1 vascular endothelial growth factor
receptor FLT-1 compared with WT sham
(Supplemental Figure 1B). These finding suggest that
loss of BMP-9 promotes profibrotic signaling via
Smad3 and endoglin and may promote proangiogenic
signaling in the LV after MI.
LOSS OF BMP-9 PROMOTES MMP-9 EXPRESSION

AND ACTIVITY IN VIVO AFTER MI. To explore the
mechanisms underlying the increased incidence of
cardiac rupture in BMP-9�/� mice despite increased
collagen abundance and LV fibrosis after MI, we
measured expression and activity of MMPs. Loss of
BMP-9 increased LVMMP-9 protein levels in BMP-9�/�

mice (P < 0.01) compared with WT mice after MI
(Figure 3A). MMP2 protein levels were not
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FIGURE 1 BMP-9 Loss Leads to Decreased Survival and Increased Incidence of Cardiac Rupture and Fibrosis

Wild-type (WT) or BMP-9�/� mice were subjected to left anterior descending artery ligation to induce myocardial infarction (MI) and were allowed to recover over

14 days to assess their survival. (A) Survival plot showing the percentage of mice survived over 14 days after MI and incidences of cardiac ruptures among BMP-9�/�

deaths. * P < 0.05, log-rank test, n ¼ 16 to 18. (B) Images showing MI with intact myocardium (WT MI) and ruptured myocardium (BMP-9�/�) observed at necropsy

after MI. (C) Relative bone morphogenic protein-9 (BMP-9) protein levels in the left ventricle (LV) of mice from indicated groups corrected for GAPDH protein levels.

(D) Fold change in BMP-9 messenger RNA (mRNA) levels in LV tissues corrected for 18s rRNA expression in indicated groups. (E) BMP-9 protein levels in LV tissue

lysates detected by enzyme-linked immunosorbent assay in indicated groups. *P < 0.05, ***P < 0.001, 1-way analysis of variance followed by Tukey’s honest sig-

nificant difference, n ¼ 5 to 7. (F, G) Picrosirius staining of an infarcted LV cross-section showing the extent of fibrosis along with a graph of quantification of the fibrotic

area as percentage of total LV area. *P < 0.05 Student’s t test, n ¼ 5.
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TABLE 1 Hemodynamic Assessment 2 Weeks After MI

WT Sham WT MI BMP-9�/� MI

Body weight, g 28.28 � 1.08 26.79 � 1.6 26.75 � 6.01

Tibia length, mm 17.46 � 0.21 17.40 � 0.16 17.34 � 1.46

LV weight/tibia length, g/mm 6.58 � 0.80 7.62 � 1.08 7.46 � 0.82

Lung weight/tibia length, g/mm 9.91 � 2.25 9.92 � 1.44 8.99 � 2.02

EDV, mL 47.44 � 12.23 60.88 � 13.44 75.25 � 14.60a

EDP, mm Hg 4.75 � 5.26 7.00 � 5.01 4.60 � 5.16

ESV, mL 40.10 � 10.74 51.88 � 10.30 61.00 � 9.64a

ESP, mm Hg 88.42 � 16.10 75.44 � 8.90 82.40 � 12.15

EF, % 37.72 � 5.54 24.77 � 4.82b 21.25 � 6.17b

Stroke work 1,516.70 � 422.12 860.56 � 242.40b 768.75 � 135.21b

Values are mean � SD. The table shows pressure-volume measurements and organ weight assessment. Data
were analyzed by analysis of variance followed by Tukey’s post hoc honest significant difference test for multiple
pairwise comparisons. aP < 0.05 vs WT sham. bP < 0.01 vs WT sham.

EDP ¼ end-diastolic pressure; EDV ¼ end-diastolic volume; EF¼ ejection fraction; ESP¼ end-systolic pressure;
ESV ¼ end-systolic volume; LV ¼ left ventricular; MI ¼ myocardial infarction; WT ¼ wild-type.
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significantly increased in the LV after MI in both
WT and BMP-9�/� mice compared with WT sham
(Figure 3C). MMP-9 and MMP2 enzymatic activity
were significantly higher within the infarct zone
compared with noninfarct zones in both WT and
BMP-9�/� mice (Figures 3B and 3D). MMP-9 activity
within the infarct zone was significantly higher in
BMP-9�/� mice compared with WT mice (Figure 3B).
No significant difference in MMP2 activity was
observed between WT and BMP-9�/� infarct zones.

To explore the time course of changes in MMP-9
expression and activity after MI, WT and BMP-9�/�

mice were subjected to 1 week of left coronary liga-
tion. No deaths were observed in WT mice (n ¼ 5). In
contrast, 57% (n ¼ 4 of 7) of BMP-9�/� mice died
within 1 week. Compared with WT MI, LV type I
collagen protein levels increased 1 week after MI in
BMP-9�/� mice. Levels of phosphorylated Smad2 and
Smad3 increased in BMP-9�/� mice 1 week compared
with WT mice after MI. Phosphorylated Smad1 levels
were nonsignificantly decreased in BMP-9�/� mice
after 1 week compared with WT mice after MI. LV a-
smooth muscle actin and MMP-9 protein levels
increased in both WT and BMP-9�/� mice, but MMP-9
activity levels were increased only in BMP-9�/� mice.
These data suggest that compared with WT mice, loss
of BMP-9 increases MMP-9 activity beginning within
1 week after MI (Supplemental Figure 2).
FIGURE 2 Loss of BMP-9 Increased Profibrotic Signaling, Collagen,

(A) Transforming growth factor b1 (TGF-b1) messenger RNA levels meas

measured by enzyme-linked immunosorbent assay in LVs of indicated g

expression of (C) type 1 collagen, (D) endoglin, and (E) a-smooth muscl

(H) pSMAD3, and (H) pSMAD2 corrected for corresponding total SMADs.

significant difference, n ¼ 5 to 10. rRNA ¼ ribosomal RNA; abbreviation
To assess the effect of BMP-9 loss on cardiac in-
flammatory responses after MI, we quantified LV
levels of Interleukin-6, tumor necrosis factor a, and
neutrophil gelatinase-associated lipocalin in WT and
BMP-9�/� mice after both 1 and 2 weeks after MI.
Interleukin 6 levels were significantly increased
2 weeks after MI in WT mice but not in BMP-9�/�

mice. Neutrophil gelatinase-associated lipocalin
levels were increased in BMP-9�/� mice 1 week after
and Endoglin Levels in the LV 2 Weeks After MI

ured by real-time quantitative polymerase chain reaction and (B) TGF-b1 protein levels

roups. Western blot images and corresponding quantification graphs for relative protein

e actin (a-SMA) corrected for GAPDH protein levels. Relative protein levels of (F) pSMAD1/5,

*P < 0.05, **P < 0.01, ***P < 0.001, 1-way analysis of variance followed by Tukey’s honest

s as in Figure 1.

https://doi.org/10.1016/j.jacbts.2023.05.017


FIGURE 3 BMP-9�/� Mice Have Increased Levels of MMP-9 Protein and Enzymatic Activity 2 Weeks After MI

Immunoblots, zymographs, and corresponding quantification graphs for (A) Western blot images showing relative matrix metalloproteinase-9

(MMP-9) protein levels corrected for GAPDH protein levels and (B) zymography gel image and corresponding quantification showing relative

MMP-9 enzyme activity levels in infarcted and noninfarcted regions of LVs of mice from indicated groups 2 weeks after MI. (C) Western blot

images showing relative MMP2 protein levels corrected for GAPDH protein levels in LVs of indicated groups and (D) zymography gel image

and corresponding quantification showing relative MMP2 enzyme activity levels in infarcted and noninfarcted regions of LVs of mice from

indicated groups 2 weeks after MI. *P < 0.05, **P < 0.01 ***P < 0.001, 1-way analysis of variance followed by Tukey’s honest significant

difference, n ¼ 5 to 7. Abbreviations as in Figure 1.
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MI but not 2 weeks after MI and not in WT mice after
MI. Tumor necrosis factor a levels were unchanged
across all groups (Supplemental Figure 3).

LOSS OF BMP-9 INCREASES CIRCULATING MARKERS

OF COLLAGEN DEGRADATION AFTER MI. To test
whether increased MMP-9 levels promote collagen
degradation, we quantified biomarkers of type 1
collagen synthesis and degradation. Serum levels of
PINP, a marker of type 1 collagen synthesis, were
unchanged (Figure 4A) between WT and BMP-9�/�

mice after MI. In contrast, compared with WT, loss of
BMP-9 increased circulating levels of ICTP, a marker
of type I collagen degradation, by 3-fold (P ¼ 0.019)
(Figure 4B). The circulating ratio of ICTP/PINP was
significantly higher in BMP-9�/� mice (P ¼ 0.022)
compared with WT mice after MI (Figure 4C),
suggesting increased collagen degradation in the
absence of BMP-9.

LOSS OF BMP-9 PROMOTES MMP-9 EXPRESSION

AND ACTIVITY IN H-CFbs. To further assess whether
BMP-9 limits MMP-9 expression and activity, we
silenced BMP-9 in H-CFbs and confirmed efficient
knockdown with reduced messenger RNA levels of
both BMP-9 and its downstream target, ID1 (inhibitor
of DNA binding 1), and further confirmed reduced
protein levels of BMP-9 (Figures 5A, 5B, and 5J).
Silencing BMP-9 increased type 1 collagen and both
MMP-9 protein and activity levels compared with
cells treated with a scrambled small interfering RNA
(siRNA) (Figures 5C to 5E and 5J). Loss of BMP-9
increased levels of phosphorylated Smad3, endoglin,
and a-smooth muscle actin without affecting levels of

https://doi.org/10.1016/j.jacbts.2023.05.017


FIGURE 4 Loss of BMP-9 Is Associated With Increased Levels of Type 1 Collagen Degradation Marker

Serum levels of (A) procollagen type I N-terminal propeptide (PINP) and (B) type 1 collagen C-terminal telopeptide (ICTP) 2 weeks after MI. (C) Bar graph showing

increased serum ICTP/PINP ratio in BMP-9�/� mice 2 weeks after MI indicating increased type 1 collagen degradation. *P < 0.05, 1-way analysis of variance followed by

Tukey’s honest significant difference, n ¼ 4 to 5. Abbreviations as in Figure 1.
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phosphorylated Smad1 (Figures 5F to 5J). These data
support that loss of BMP-9 promotes MMP-9 expres-
sion, collagen production, and activation of car-
diac fibroblasts.

DISCUSSION

We report a novel functional role for BMP-9 as a critical
mediator of cardiac remodeling after MI. First, using
BMP-9 null mice, we observed that loss of BMP-9 is
associated with reduced survival after MI. Second,
despite a significant increase in LV collagen
abundance in BMP-9 null mice, we observed a signifi-
cantly higher rate of cardiac rupture and LV dilatation
compared with WT control animals. We further
observed that consistent with reduced BMP-9 activity,
fibroblast activation and profibrotic signaling via
Smad3 and endoglin increased while signaling via
Smad1 decreased in the LV after MI. Third, loss of BMP-
9 increased MMP-9 levels and activity in the LV and
was associated with increased circulating markers of
collagen degradation. Finally, to further establish an
interaction between BMP-9 and MMP-9, we silenced
BMP-9 in H-CFbs and observed increased MMP-9
levels and activity as well as signaling via Smad3 and
endoglin. Collectively, these data identify BMP-9 as a
novel master regulator of collagen turnover and MMP-
9 activity in the LV and further suggest that BMP-9may
be an important target of therapy to improve survival
and limit maladaptive cardiac remodeling after MI.

Fibrosis plays a critical role post-MI cardiac
remodeling. Prior reports have illustrated that the
TGF-b-BMP-9 pathway regulates collagen deposition
in pressure overload-mediated heart failure in murine
models.4,10 We recently reported that BMP-9
signaling via Smad1 opposes fibrosis and loss of
BMP-9 is associated with impaired cardiac function
and increased fibrosis in murine models of heart
failure.10 However, a functional role for BMP-9 in
cardiac remodeling after MI has not been explored. In
this study, we report a novel role of BMP-9 in cardiac
remodeling after MI. We identified that loss of BMP-9
reduces survival after MI and promotes myocardial
rupture. Due to advances in coronary reperfusion and
systems of care for MI, myocardial rupture after MI is
uncommon but remains a life-threatening condition.
The incidence of cardiac rupture is more frequent in
murine models of LAD ligation and provides us with a
phenotype to study the mechanisms of myocardial
wound healing after MI. We observed cardiac rupture
among the BMP-9�/� mice within the first 7 days after
MI. Prior reports have observed LV rupture within 2 to
8 days after MI irrespective of strain and geno-
type18,19,22; however, in our studies we did not
observe any rupture phenotype among WT mice. One
explanation could be due to variability of infarct size
in preclinical models of MI; however, in our study,
left coronary ligation was performed consistently
across all studies by the same blinded operator.

After MI, a balance in profibrotic Smad3 signaling
and antifibrotic Smad1 signaling is critical for physi-
ological recovery.6 Imbalance in these 2 signaling
pathways with increased Smad3 activity results in
excessive collagen deposition, cardiac fibrosis, and
poor physiological outcomes. In our model, consis-
tent with previous findings, we observe that loss of



FIGURE 5 siRNA-Mediated Knockdown of BMP-9 Leads to Increased MMP-9 Protein Expression and Enzymatic Activity in H-CFbs

(A) Bar graph showing fold changes in BMP-9 and ID1 (inhibitor of DNA binding 1) Messenger RNA expression levels in human cardiac fibroblasts (H-CFbs) transfected

with control (siControl) or BMP-9 small interfering RNA (siBMP-9). (B) Graphs showing relative protein expression of BMP-9 C type 1 collagen. (D) Graph showing

relative MMP-9 activity assessed by zymography. Graphs showing relative protein expression of (E) MMP-9, (F) pSMAD3 corrected for tSMAD3, (G) pSMAD1/5 corrected

for tSMAD1, (H) endoglin, and (I) a-smooth muscle actin in H-CFbs transfected with scrambled siRNA (siControl) or siRNA against BMP-9. (J) Corresponding

zymography gel image and Western blot images. *P < 0.05, **P < 0.01 ***P < 0.001. Student’s t test, n ¼ 4 to 6. Abbreviations as in Figures 1 to 3.
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BMP-9 tips the balance toward profibrotic Smad3
signaling with attenuation of Smad1 phosphorylation.
This is also associated with increased TGF-b levels.
Whether loss of BMP-9 increases TGF-b levels or loss
of Smad1 signaling and worsening cardiac function
further increases TGF-b levels requires further
investigation.

During the first few days after MI, collagen syn-
thesis and deposition are balanced by profibrotic
signaling pathways and MMP activity. If collagen
production persists without degradation, excessive
fibrosis increases scar burden and thereby impairs
cardiac function and creates the substrate for
ventricular arrhythmias.23 We recently observed that
loss of BMP-9 increases cardiac fibrosis in LV pressure
overload models9 and therefore anticipated that
BMP-9 null mice may have more stable scar formation
and be protected from death and cardiac rupture after
MI. Interestingly, we observed significantly more
fibrosis and collagen deposition in BMP-9 null mice
that were associated with lower survival and a
significantly higher incidence of cardiac rupture. This
suggested that while these mice may have more
abundant myocardial collagen content and cardiac
fibrosis, the quality of the scar may be poor and sus-
ceptible to rupture.
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The majority of prior reports exploring myocar-
dial integrity and cardiac rupture in murine models
of MI strongly suggested a potential role for
increased expression and activity of MMPs as a
potential reason for poor scar integrity.18,19

Furthermore, studies have shown that inhibition of
MMPs can reduce the incidence of cardiac rupture
in murine models.20,24,25 This prompted us to
investigate the MMP activities and levels in MI.
Indeed, we found that BMP-9�/� mice had increased
expression of MMP-9 and increased activity of both
MMP-9 and MMP2 in the LV after MI. MMP2 and
MMP-9 have strong collagenase activity and regu-
late dynamic changes in the ECM.26 Interestingly,
many cancer cells utilize increased MMPs activity to
alter the ECM and invade tissues.27,28 The TGF-b-
BMP-9 pathway has also been shown to regulate
MMP activity and level in various cancer cell
models.27,29,30 The role of the TGF-b-BMP-9
pathway in MMP regulation is not known. We
investigated whether BMP-9 has direct control over
the expression and activity of MMPs in cardiac fi-
broblasts. Indeed, our in vitro data show that
siRNA-mediated loss of BMP-9 leads to increased
expression and activity of MMP-9. These findings
are consistent with our in vivo data, and for the
first time, we show a direct link between BMP-9 and
MMP-9 in the heart. These findings are significant
as this adds a point of intersection between cancer
therapies and management of myocardial wound
healing after MI. Furthermore, this also signifies the
importance of a cellular process that can be targeted
for cancer treatment and may have an impact on
critical organs such as the heart. Interestingly,
currently, the TGF-b pathway is under intense
investigation for developing novel therapies for
both cancers and cardiovascular diseases. Recently
an antibody-based molecule that targets BMP re-
ceptors entered the third phase of clinical trials for
treatment of pulmonary arterial hypertension
(NCT03496207).31,32 How this drug affects cardiac
remodeling after MI is yet to be determined.

Findings of this study may be important for pa-
tients with HHT. There are limited comprehensive
reports that have studied the cardiac remodeling
after MI in the HHT population. Most of these
studies are limited to case reports. TGF-b signaling
pathway plays central role in the development of
HHT. Mutations in proteins involved in this
pathway are associated with different types of
HHTs. Mutations in endoglin (type 1), ALK1 (type 2),
and SMAD4 (juvenile polyps HHT) are associated
with formation of arteriovenous malformations—a
classic symptom of HHT. Although these type differ
slightly, they all share common phenotype of
bleeding. A more recent type of HHT, type 5, has
been associated with mutations in BMP-9,7 which
leads to altered BMP-9 protein processing, which is
associated with skin lesions and nosebleeds. Inter-
estingly, we did not observe any subcutaneous as
well as internal bleeding in our BMP-9�/� mouse
model, which is consistent with previous observa-
tion.10 In contrast to this, conditional deletion of
the ALK1 gene leads to gastrointestinal bleeding
similar to the HHT phenotype.33 This suggests that
while the BMP-9-ALK1 pathway is important in the
development of HHT, the loss of BMP-9 and ALK1
differentially affect the vascular remodeling. While
HHT patients have an increased risk of thrombotic
events due to frequent incidences of bleeding and
hemorrhage, how their genetic predisposition af-
fects the cardiac recovery after MI remains un-
known.34-36

Finally, to explore whether increased MMP ac-
tivity increases collagen degradation, we assessed
the biomarkers for collagen degradation. Indeed, our
data indicated that BMP-9�/� mice, which have
significantly higher levels and activity of MMPs,
have elevated levels of biomarkers associated with
collagen degradation. PINP of acts as a biomarker for
type I collagen synthesis, while ICTP serves as a
surrogate for its degradation.37 The relative levels of
these biomarkers indicate the overall turnover of
collagen. These findings raise an important question
about the quality vs quantity of collagen. While
BMP-9�/� mice have increased fibrosis and collagen
deposition, they also have increased mortality due
to cardiac rupture. Our results suggest that the
quality of collagen is critical to stabilize the scar and
prevent the rupture after MI, as degradation of
collagen in BMP-9�/� mice is associated with
significantly lower survival despite having increased
fibrosis. Furthermore, most of the MMP-9 activity is
concentrated in the infarct region of the heart
(Figure 3), which is a major site of fibrosis due to
collagen deposition (Figure 1F). Previous reports
have indicated that after MI, collagen fibers have
weaker structural integrity due to lower crosslinking
and overall organization.38 Whether loss of BMP-9
plays a role in collagen crosslinking and its organi-
zation remains unknown. Future studies are
required to confirm the effect of BMP-9 loss of ma-
trix spatial organization and fiber structure. Figure 6
illustrates our finding, in which intact BMP-9 activ-
ity after MI leads to a physiological process that
results in the stabilization of cardiac wound through

https://clinicaltrials.gov/ct2/show/NCT03496207


FIGURE 6 BMP-9 Is Required for Survival After MI and Its Loss Is Associated With Increased Incidences of Myocardial Rupture and Death

Central figure depicting the mechanism of the TGF-b/BMP-9-mediated wound healing process after MI. The intact BMP-9 axis preserves physiological scar formation

while, loss of BMP-9-medicated signaling increases fibrosis and myocardial rupture along with collagen degradation. AMI ¼ acute myocardial infarction; other ab-

breviations as in Figures 1 to 3.
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scar formation. The loss of the BMP-9 axis leads to
increased SMAD3 mediated activity and increased
fibrosis, but the loss of SMAD1 activity is associated
with collagen degradation and reduced survival af-
ter MI due to increased incidences of ventricular
rupture.

STUDY LIMITATIONS. First, we have used a whole-
body BMP-9 knockout mouse model. Future
studies are required to establish a cell-specific effect
of BMP-9 in cardiac remodeling. Second, we per-
formed studies in male mice only. Interestingly, a
previous report has shown that female mice are
protected from cardiac rupture irrespective of
strain.39 How sex hormones affect myocardial re-
covery and survival after MI needs further investi-
gation. Third, we employed a model of left coronary
artery ligation as opposed to ischemia-reperfusion
injury to limit variability in LV injury associated
with MI. The physiological assessment by pressure-
volume loop analysis was done on surviving mice at
the end of 2 weeks after MI. This created bias in the
data collection, as physiological data of dead mice
were not collected and included in the final anal-
ysis. Finally, we have used C57BL6 mice as WT
control animals that have same genetic background



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Cardiac fibrosis

is a major component of wound healing after MI and serves to

reduce ventricular wall stress by replacing cardiomyocyte loss

with an organized matrix of collagen. In this study, we identified

that BMP-9 plays an important role in regulating cardiac fibrosis

after a heart attack. Specifically, we identified that loss of BMP-9

is associated with reduced survival and increased collagen

abundance in the LV. Despite increased levels of collagen, loss of

BMP-9 also led to a significantly high rate of cardiac rupture,

which may be due in part to increased activity of MMP-9 and

subsequent collagen degradation. Consistent with this observa-

tion, silencing BMP-9 expression in H-CFbs led to increased

MMP-9 activity in vitro. These data introduce a novel functional

role for BMP-9 in cardiac remodeling and suggest that BMP-9

may be a master regulator of cardiac fibrosis and collagen turn-

over after MI.

TRANSLATIONAL OUTLOOK: MI remains a major cause of

morbidity, mortality, and health care costs. Few studies have

explored a functional role for BMPs in cardiac remodeling after

MI. This study demonstrates that loss of BMP-9 activity increases

mortality and the incidence of cardiac rupture after MI in murine

models and further identifies a novel association between BMP-9

expression and BMP-9 activity. These findings suggest that

pharmacologic approaches that target the BMP-9 signaling

cascade may lead to new treatment modalities for patients

experiencing heart attack.
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as BMP-9�/� mice. Due to low litter size and litter
numbers associated with BMP-9�/� breeding, litter-
mates were not used.

CONCLUSIONS

We report a novel functional role for BMP-9 in cardiac
remodeling after MI. Based on recent observations
showing that BMP-9 may be a critical regulator of
cardiac fibrosis, our findings provide new mechanistic
insight by illustrating that BMP-9 is necessary for
survival and that loss of BMP-9 is associated with an
increase in cardiac rupture, which occurs despite
increased collagen abundance and may be driven by
higher levels of MMP-9 activity and collagen degra-
dation in the absence of BMP-9. These findings
identify BMP-9 as a potentially important target of
therapy to improve outcomes for millions of in-
dividuals experiencing MI.
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