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A B S T R A C T   

Aortic stenosis (AS) exposes the left ventricle (LV) to pressure overload leading to detrimental LV remodeling and 
heart failure. In animal models of cardiac injury or hemodynamic stress, bone morphogenetic protein-7 (BMP7) 
protects LV against remodeling by counteracting TGF-β effects. BMP receptor 1A (BMPR1A) might mediate BMP7 
antifibrotic effects. Herein we evaluated BMP7-based peptides, THR123 and THR184, agonists of BMPR1A, as 
cardioprotective drugs in a pressure overload model. We studied patients with AS, mice subjected to four-week 
transverse aortic constriction (TAC) and TAC release (de-TAC). The LV of AS patients and TAC mice featured 
Bmpr1a downregulation. Also, pSMAD1/5/(8)9 was reduced in TAC mice. Pre-emptive treatment of mice with 
THR123 and THR184, during the four-week TAC period, normalized pSMAD1/5/(8)9 levels in the LV, attenu
ated overexpression of remodeling-related genes (Col 1α1, β-MHC, BNP), palliated structural damage (hyper
trophy and fibrosis) and alleviated LV dysfunction (systolic and diastolic). THR184 administration, starting 
fifteen days after TAC, halted the ongoing remodeling and partially reversed LV dysfunction. The reverse 
remodeling after pressure overload release was facilitated by THR184. Both peptides diminished the TGF-β1- 
induced hypertrophic gene program in cardiomyocytes, collagen transcriptional activation in fibroblasts, and 
differentiation of cardiac fibroblasts to myofibroblasts. Molecular docking suggests that both peptides bind with 
similar binding energies to the BMP7 binding domain at the BMPR1A. The present study results provide a 
preclinical proof-of-concept of potential therapeutic benefits of BMP7-based small peptides, which function as 
agonists of BMPR1A, against the pathological LV remodeling in the context of aortic stenosis.   

1. Introduction 

Degenerative aortic valve stenosis (AS) is an ageing-related disorder 
that is the most prevalent adult heart valve disease requiring surgery in 
developed countries [1]. AS subjects the left ventricle (LV) to a slowly 
progressing pressure overload that elicits a myocardial remodeling 
response. The process of cardiac remodeling is usually progressive and 
involves molecular, cellular, microvascular and interstitial phenomena 

that manifest as phenotypic changes in size, shape, structure, and 
function [2,3]. LV hypertrophy, over time, becomes pathological; 
detrimental microstructural features, including interstitial and peri
vascular fibrosis, capillary rarefaction, and cardiomyocyte apoptosis, 
resulting in deterioration of LV diastolic and systolic functions up to the 
stage of overt heart failure [2,3]. 

Aortic valve replacement (via open surgery or transcatheter) is 
currently the only effective therapy for symptomatic patients with AS 
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[4], no effective medical treatments are available to delay or avoid 
surgery. The functional and structural changes in the LV can be allevi
ated by valve replacement (reverse remodeling). Still, the degree and 
completeness of postoperative recovery of the heart and, therefore, the 
long-term functional outcome of the patients depends on the severity of 
the structural alterations developed during the evolution of AS before 
surgery [5,6]. 

The transforming growth factor β (TGF-β) superfamily encompasses 
a large group of pleiotropic cytokines, including TGF-βs, activins, and 
bone morphogenetic proteins (BMPs), which are critically involved in 
embryogenesis and development and the maintenance of adult tissue 
homeostasis. Alterations in TGF-β superfamily pathways often result in 
severe human diseases [7,8]. 

The aberrant interplay between TGF-βs and BMPs plays a central 
pathophysiological role in chronic fibrotic diseases of most organs, 
which ultimately leads to loss of function of the affected organ.[9,10] In 
particular, TGF-β1 acts as a powerful promoter of fibrosis by inducing 
endothelial-to-mesenchymal transition, fibroblast proliferation, and 
transdifferentiation of these cells into myofibroblasts [10–15]. 
Conversely, BMP7 (also termed osteogenic protein-1, OP-1) counteracts 
TGF-β1-induced profibrogenic effects. Thus, rhBMP7 has proven effi
cacious in various experimental models of clinically relevant progressive 
fibrotic processes of organs such as the kidneys, liver, lungs, joints and 
heart [16–22]. 

In the context of the heart under pressure overload stress, our group 
and others have shown in mice subjected to transverse aortic constric
tion (TAC) that rhBMP7 attenuates the structural damage of the LV 
(fibrosis and hypertrophy), halts remodeling progression, and facilitates 
reverse remodeling after releasing the hemodynamic overload [11,19]. 
Conversely, blunting BMP7 signaling through pharmacological or ge
netic strategies potentiates TAC-induced myocardial hypertrophy and 
fibrosis [19]. 

BMP canonical signaling in target cells involves type I and type II 
receptor tetrameric complexes. Unlike TGF-β ligands, BMPs preferen
tially bind type I receptors and recruit type II receptors. The constitu
tively active type II receptor transphosphorylates and activates the type I 
receptor upon forming the heterotetrameric complex. Activated BMP 
type I receptors (BMPRI), often referred to as activin-like kinases (ALKs), 
have serine/threonine kinase activity, and their canonical cell effectors 
are the phosphorylated SMAD1/5/(8)9 transcription factors [8,23]. In 
particular, BMP7 binds BMPR1A (ALK3), BMPR1B (ALK6), and the 
activin A receptor type 1 ACVR1 (ALK2). Notably, several reports 
demonstrate the involvement of BMPR1A mediated signaling in the 
protective role of BMP7 against renal fibrosis [17,24]. 

The clinical use of rhBMP7 tissue-engineered products has been 
approved by US and EU agencies to induce localized osteogenesis in 
orthopedic and maxillofacial applications [7]. However, the potential 
therapeutic benefit of restoring BMP7 function using systemic rhBMP7 is 
hampered by bioavailability concerns, induction of neutralizing auto
antibodies against BMPs, and a range of potential adverse effects [7,25]. 
However, based on promising preclinical results, Sugimoto et al. have 
generated a library of BMP7-derived small peptides, agonists of 
BMPR1A, whose lead candidate THR123 exhibits robust antifibrotic and 
regenerative effects in several experimental models of acute and chronic 
kidney diseases [17]. In addition, THR-184, another synthetic peptide 
from the family of modulators of the BMP7 pathway, was evaluated in 
clinical studies of renal injury (NIH, ClinicalTrials.gov Identifier: 
NCT01830920) [26]. 

In the present study, we investigated whether targeting BMPR1A 
signaling with THR123 and THR184 in the heart under hemodynamic 
stress might be a potential pharmacological strategy to prevent, halt, or 
reverse pathological myocardial remodeling. 

2. Materials and methods 

2.1. Pressure overload studies in mice 

The experiments were performed in 16–20 week old male and female 
C57BL/6 mice. The study was approved by the University of Cantabria 
Institutional Laboratory Animal Care and Use Committee and was con
ducted according to directive 2010/63/E.U. guidelines of the European 
Parliament. The number of animals per group was the minimum 
necessary to achieve statistically significant differences. All animals 
received humane care, and all effort was made to minimize animal 
suffering. 

2.1.1. Transverse aortic constriction (TAC) surgery and release (de-TAC) 
We randomized male and female C57BL/6 mice to receive either TAC 

or sham operation. TAC surgery was performed using the customized 
technique described by Merino et al. which provides functionally 
equivalent levels of pressure overload regardless of the somatometry of 
the animals, allowing for a fair comparison between male and female 
mice.[27]. 

After TAC surgery, the animals were followed up for four weeks. In a 
series of mice, the constriction was released (de-TAC mice)[28] and 
these mice were followed up for one week. In termination studies, the 
mice were euthanised by decapitation under ketamine-xylazine anes
thesia. The heart was harvested, and the LV was dissected and weighed 
before snap-freezing in liquid nitrogen or fixing in 4% para
formaldehyde. The lungs were retrieved and weighed immediately, and 
after drying in an oven 65 ºC/72 h. 

2.1.2. Treatments 
THR123 and THR184 peptides (CanPeptide, Quebec, Canada) were 

administered intraperitoneally (5 µg/g/day) during (i) the entire 4-week 
TAC period (Fig. 1A) and (ii) the 3rd and 4th weeks after TAC (Fig. 1B) 
when LV remodeling was already ongoing. THR184 was administered 
(10 µg/g/day) during one week after de-TAC, to evaluate LV reverse 
remodeling after the release of pressure overload (Fig. 1C). 

2.1.3. Echocardiography 
Mice underwent echocardiographic analysis at baseline and weekly 

after TAC or sham surgery. Transthoracic echocardiography was per
formed under sedation with isoflurane (2.5%), with high-resolution ul
trasound equipment [Vevo-770 (Fujifilm-VisualSonics, Toronto, ON, 
Canada) with a 40 MHz center frequency transducer. The operator was 
blinded to the type of drug or inactive treatment received by the ani
mals. Transcoarctational pressure gradients were measured with pulsed- 
wave Doppler analysis at the distal arch and confirmed with continuous- 
wave Doppler interrogation (Philips-HP Sonos 5500 console with a 
12 MHz transducer). LV end-diastolic and end-systolic internal di
ameters, interventricular septum, and LV posterior wall thicknesses 
were measured in 2D guided M-mode recordings in the short axis left 
parasternal window, according to the recommendations of the American 
Society of Echocardiography. Cardiac mass was estimated with Dever
eux’s formula. Mitral annular plane systolic excursion (MAPSE) was 
used to estimate the LV systolic function in the long axis. The ratio of the 
peak early transmitral flow velocity (E) to peak early myocardial tissue 
velocity (e′) was measured with tissue Doppler imaging. E/e′ estimates 
the LV filling pressures, and it was used to assess diastolic function. 

2.2. Pressure overload studies in patients 

The study followed the Declaration of Helsinki guidelines for 
biomedical research involving human participants and was approved by 
our institutional ethics and clinical research committee. All patients 
were informed verbally and through printed material about the nature 
of the study and provided written informed consent. 

The study was performed in a cohort of 33 patients diagnosed with 
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isolated severe AS and undergoing aortic valve replacement surgery at 
the University Hospital Marqués de Valdecilla in Santander, Spain. Pa
tients with aortic or mitral regurgitation greater than mild, significant 
coronary stenosis > 50%, previous cardiac operations, malignancies, or 
poor renal or hepatic function were deemed ineligible for the study. The 
control group comprised a cohort of ten surgical patients with pathol
ogies not associated with LV pressure or volume overload, coronary 
heart disease, or cardiomyopathies. The clinical and demographic 
characteristics of the AS and control groups are shown in Table S1. 

During the surgical procedure, intraoperative subepicardial biopsies 
(40 mg × 3) were obtained from the LV lateral wall with a Tru-Cut™ 
needle. A single surgeon collected all samples, in a protocolised manner, 
from the same location in the obtuse margin of the heart. 

2.3. Studies in cultured cells 

2.3.1. NIH-3T3 fibroblasts and H9C2 cardiomyocytes 
NIH-3T3 fibroblast and H9C2 cardiomyocyte cell lines (ATCC) were 

cultured in DMEM supplemented with 10% DBS and 10% FBS, respec
tively, and 100 U/ml penicillin-streptomycin, at 37 ◦C under 5% CO2. 
The cells were seeded in 12-well plates (105 cells/well) and cultured for 
24 h in DMEM supplemented with 0.5% serum. In a series of experi
ments, the BMP type I receptor inhibitors DMH2 [(10 nM); Ki values 
< 1, 5.4 and 43 nM for BMPR1B, BMPR1A, and ACVR1, respectively 
(Tocris, Bristol, UK)] or the dorsomorphin derivate small molecule LDN- 
193189 [(30 nM); IC50 = 5 nM and 30 nM, for ACVR1 and BMPR1A, 
respectively (Abcam, Cambridge, UK)] were used to block BMP type I 
receptors. After 4 h, the cells were incubated with TGF-β1 (10 ng/ml; 
R&D Systems) for 24 h. Then THR123 (1 µg/ml) or THR184 (1 µg/ml) 
was added. Dose-response experiments were performed to determine the 
optimum concentrations of the peptides, and a dose of 1 µg/ml of each 
peptide was subsequently used in all experiments. The cells were 
collected the following day, processed for mRNA isolation, and analysed 

by qPCR as described below. 
H9C2 cardiomyocytes seeded on glass coverslips were incubated for 

24 h with DMEM supplemented with 0.5% serum containing TGF-β1 
(10 ng/ml), TGF-β1 (10 ng/ml) plus THR123 (1 µg/ml) or TGF-β1 
(10 ng/ml) plus THR184 (1 µg/ml). After fixation in paraformaldehyde 
(4% in PBS), cellular actin was stained with FITC-conjugated phalloidin 
(1% in PBS) for 30 min. Slides were mounted in Vectashield with DAPI 
(Vector Labs). A Zeiss Axioplan II microscope was used to acquire the 
images, and cardiomyocyte diameter was measured using ImageJ soft
ware. Results are reported as the diameter of 45 cells per treatment, 
measured in two different experiments. 

2.3.2. MTS colorimetric proliferation assay 
For MTS proliferation assays, 104 NIH-3T3 and H9C2 cells per well 

were seeded in a 96-well cell culture plate for 48 h. THR123 or THR184 
was assessed between 0 and 10 µg/ml. After 24 h, the tetrazolium salt 
MTS was added to the wells, and the plate was incubated at 37 ºC for 3 h 
in the dark. The absorbance was read at 490 nm with a Spark Multimode 
Microplate Reader (Tecan Trading AG). 

2.3.3. Cardiac primary fibroblasts 
Mice were decapitated under anesthesia with isoflurane (4%) at 4–6 

weeks postnatally, and the hearts were excised. The tissue was subjected 
to enzymatic digestion as previously described.[14] Fibroblasts were 
grown to 70% confluence before growth arrest was induced with 
serum-free medium for 24 h. The cells were then incubated with TGF-β1 
(10 ng/ml; R&D Systems), TGF-β1 (10 ng/ml) plus THR123 (1 µg/ml) or 
TGF-β1 (10 ng/ml) plus THR184 (1 µg/ml) for 48 h. We used the min
imum dose of TGF-β1 required to promote myofibroblast differentiation. 
[29]. 

2.3.4. Proliferation assay 
Cell proliferation was measured by BrdU incorporation using 

Fig. 1. Diagram of experimental groups with the schedule 
of surgeries, treatments, and echocardiographic studies. 
(A) THR123, THR184 or saline treatment begins immedi
ately after the TAC surgery and extends throughout the 
follow-up period. (B) Treatment from the 3rd week post- 
TAC. THR123 and THR184 peptides were administered 
intraperitoneally (5 µg/g/day). (C) Treatment with 
THR184 (10 µg/g/day) or saline during one week after de- 
TAC surgery, starting at the moment of de-TAC. TAC, 
transverse aortic constriction.   
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Proliferation Assay Kit (Merck BrdU Cell Proliferation Assay Kit) ac
cording to the manufacturer’s instructions. Briefly, mice cardiac primary 
fibroblasts were seeded (5 ×104) in 96 well plates for 24 h and then 
incubated in DMEM medium supplemented with 0,5% of serum for 24 h. 
Then cells were incubated with TGF-β1 (10 ng/ml), TGF-β1 (10 ng/ml) 
plus THR123 (1 µg/ml) or TGF-β1 (10 ng/ml) plus THR184 (1 µg/ml) 
for 24 h. BrdU diluted medium was added to each well in 96 well plates 
after 6 h TGF-β1 stimulation. 

2.4. Wound healing assay 

Mice cardiac primary fibroblasts were incubated in complete media 
at 37 ºC in 5% CO2 until a regular monolayer was formed. After incu
bation in medium supplemented with 0,5% of serum for 24 h, straight 
scratches for each well were made with a 200 µl pipette tip. The wells 
were then incubated with the different treatments described above. 
Pictures were captured at 0 h and 10 h time points, and then the 
migration area was analysed by Image J. 

2.5. mRNA expression 

Total RNA was obtained with TRIzol (Invitrogen, CA, USA). Real- 
time qPCR was conducted with specific TaqMan assays (Thermo 
Fisher, MA, USA) for the following transcripts: Bmpr1a, Acvr1, Bmpr1b, 
Collagen 1a1 (Col 1a1), β-myosin heavy chain (β-MHC), B-type natriuretic 
peptide (BNP) and α2-Actin (Acta-2). mRNA expression levels were 
normalized to ribosomal 18S RNA. Triplicate transcript levels were 
determined in a minimum of three independent experiments. 

2.6. Histology 

Hearts were fixed in paraformaldehyde 4% for 24 h and embedded in 
paraffin. Four short-axis sections (4 μm) at the level of the papillary 
muscles, from a minimum of three mice per experimental condition, 
were stained with Masson’s trichrome. Digital photographs of the 
complete LV sections were captured with a camera (Axiocam MRc5, 
Zeiss, Oberkochen, Germany) attached to a Zeiss Axioplan microscope. 
The fractional area of fibrosis was determined using ImageJ software 
(National Institute of Health, MD, USA). The results are expressed as the 
percentage of the blue-stained regions divided by the total LV myocar
dial area. The minor diameter of cardiomyocytes was measured (three 
fields per mouse in a minimum of three mice per group). 

2.7. Immunostaining 

Primary mouse cardiac fibroblasts were fixed in 4% para
formaldehyde for 15 min. After permeabilisation with 0.3% PBS-Triton 
X-100 (Sigma-Aldrich,) for 15 min at room temperature and blocking 
with 1% BSA (Sigma-Aldrich), the cells were incubated with chicken 
anti-vimentin (Abcam, ab24525) and mouse anti-α-SMA (Abcam, 
ab7817) overnight at 4 ◦C. After being washed with PBS, the cells were 
incubated for 30 min at room temperature with the specific secondary 
antibodies conjugated with FITC or Cy3 (Jackson ImmunoResearch, 
Cambridge, UK). Confocal images were obtained with an LSM510 laser 
scanning microscope (Zeiss, Germany) with a 20 × objective. Images 
were post-processed in Adobe Photoshop CS6 software (Adobe Systems, 
Mountain View). 

2.8. Western blotting 

Whole-cell lysates were prepared from mouse LV samples and pri
mary fibroblasts. Equal amounts of protein (LV: 30 µg; fibroblasts: 4 µg) 
were resolved on 10% (LV) or 12.5% (fibroblasts) sodium dodecyl 
sulfate-polyacrylamide (SDS-PAGE) gel and transferred onto poly
vinylidene difluoride (PVDF) membranes (Bio-Rad Lab., California, 
USA) using a Mini Trans-Blot Electrophoresis Transfer Cell (Bio-Rad 

Lab., California, USA). The primary antibodies used were mouse 
monoclonal antibody to α-SMA (Abcam, ab7817), rabbit polyclonal 
antibody to pSMAD1/5/(8)9 (Santa Cruz Biotechnology, sc-12353), 
mouse monoclonal antibody to α-tubulin (Sigma-Aldrich, T5168), and 
mouse monoclonal antibody to GAPDH (Santa Cruz Biotechnology, sc- 
32233) After incubation with the appropriate peroxidase-conjugated 
secondary antibodies, immunoreactivity was detected using the ECL 
Advance kit (GE Healthcare). Blot quantification was performed by 
densitometry using ImageJ software (National Institute of Health, MD, 
USA). The results were expressed as the optical density of the sample 
dots normalized to that obtained for α-tubulin or GAPDH. Samples from 
3 subjects per group were tested in three independent experiments. 

2.9. Statistics 

Data are expressed as means ± SEM. Differences between two in
dependent groups were assessed with Student’s t-test. Differences be
tween multiple groups were analysed with one-way or two-way ANOVA 
followed by the Bonferroni post hoc test. Correlations were performed 
using Pearson’s correlation analysis. The significance level was 
p < 0.05. GraphPad Prism 5 (GraphPad Inc, CA, USA) software was used 
for statistical analysis. 

2.10. Molecular docking 

3D structure-based in silico strategies were used to assess the in
teractions of BMP7 and the small molecules THR123, THR184 onto the 
human BMPR1A. The 3D structure of the complex formed by BMPR1A 
bound to BMP7 is lacking in Protein Data Bank (Worldwide Protein Data 
Bank (wwPDB.org)). Therefore, we generated a template of the human 
BMPR1A receptor in its bonded form with BMPs based on the complex 
BMP2-BMPR1A described by Keller et al. [30] We performed a structural 
alignment between BMP2 (PDB ID: 2QJB) and BMP7 (PDB ID: 1LXI) in 
the presence of BMPR1A (PDB ID: 2QJB), and the root-mean-square 
deviation (RMSD) was lower than 1 Å, which meant that, structurally, 
both cytokines were practically identical. Based on this structural 
similitude, we eliminated the BMP2 molecule and generated a template 
of BMP7 with BMPR1A. 

PEPstrMOD (osddlinux.osdd.net/Raghava/pepstrmod) was used for 
generating the 3D structure of the peptides based on the amino acid 
sequence (Table S2). 

Ligand-protein and protein-protein docking were conducted using 
the free web servers ClusPro (cluspro.bu.edu) and Rosetta Flex-pep- 
Dock (flexpepdock.furmanlab.cs.huji.ac.il). ClusPro applies rigid-body 
docking and searches the possible complexes according to shape 
complementarity, whereas Flex-pep-dock allows for flexibility in the 
peptides, both backbone and sidechains, and receptor sidechains during 
docking. InterfaceAnalyzer from RosettaCommons (rosettacommons. 
org) was chosen to identify the residues in the binding interfaces be
tween proteins. PyMOL (PyMOL Molecular Graphics System, Version 
2.3.4 Schrödinger, LLC) was used for the final representation of mo
lecular complexes. 

3. Results 

3.1. Studies in vivo and ex vivo 

3.1.1. Expression of BMP7 type I receptors in the LV myocardium from 
mice and humans and their regulation under pressure overload 

BMPR1A receptors have been associated with the protective effects 
of BMP7 in experimental models of pathological fibrosis [17,19,24]. 
However, the myocardial expression and regulation under hemody
namic stress of the type I receptors involved in BMP7 signaling have not 
been explored. Herein, we determined the mRNA levels of Bmpr1a, 
Bmpr1b and Acvr1 in the LV in mice and humans by qPCR. Bmpr1a was 
the most expressed type 1 receptor in the healthy murine myocardium 
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and was significantly downregulated in the LV subjected to 4 weeks of 
TAC compared with sham mice (Fig. 2A). In a previous study, we 
demonstrated in TAC mice that the expression of Bmpr1a in the LV 
correlates inversely with remodeling-related gene expression and hy
pertrophy developed, while the relationship is direct with LV functional 
systolic parameters [19]. Consistently with these findings, down
regulation of Bmpr1a was also observed in the LV of patients with AS 
compared with surgical controls (Fig. 2B). Furthermore, the inverse 
correlation of Bmpr1a transcript levels with both preoperative inter
ventricular septum thickness (n = 33; r = − 0.39; p = 0.025) and 
expression of the hypertrophy marker β-MHC (n = 33; r = − 0.4; 
p = 0.022) (Fig. S1) supports a role of altered BMPR1A signaling also in 
maladaptive myocardial remodeling in AS patients. 

3.1.2. Effects of the treatment with THR123 and THR184 on the 
myocardial remodeling response induced by pressure overload in mice 

We investigated whether pharmacological modulation of BMPR1A 
signaling with the BMP7 analogs THR123 and THR184 effectively pre
vents, halts, or reverses the pathological LV remodeling under hemo
dynamic stress. 

3.1.2.1. Preventive treatment with THR123 and THR184 starting on the 
day of TAC surgery. Male and female mice undergoing TAC or sham 
surgery received daily injections of saline, THR123, or THR184 (5 µg/g, 
i.p.) from the day of surgery until a 4-week follow-up period; echocar
diographic studies were performed weekly. After completing the follow- 
up, mice were euthanatized. The LVs were harvested, weighed, and 
processed for qPCR, histology, or western blotting. 

After TAC surgery, the average transcoarctation pressure gradients 
reached similar values (~60 mmHg) in all experimental groups 
(Fig. S2). Both THR123 and THR184, compared with saline, signifi
cantly attenuated the LV morpho-functional remodeling induced by 4- 
week TAC in male and female mice, as determined echocardio
graphically weekly (Fig. 3) and gravimetrically at 4 weeks endpoint 
(Fig. S3). As shown in Fig. 3, the time course of echocardiographic 
changes in indexed LV mass (LVMI) (Fig. 3A & B) and in the interven
tricular septum thickness (ΔIVS) (Fig. 3C & D) indicated a lower degree 
of LV hypertrophy in the TAC mice treated with either drug, compared 
to saline. Moreover, treated mice exhibited lower LV systolic and dia
stolic deterioration, as shown by the MAPSE (Fig. 3E & F) and E/e’, 
respectively (Fig. 3G & H). In sham mice, neither THR123 nor THR184 
caused significant changes in any echocardiographic morpho-functional 
parameter (Table S3). 

The degree of cardiac dysfunction was also evaluated through the 
wet lung weight, indicative of lung edema. As shown in Fig. S4, no 
significant increase in lung water content was observed in any experi
mental group compared to sham mice, indicating the absence of 
congestive lung signs at 4 weeks TAC [31]. 

The treatment with THR123 or THR184 reduced the myocardial 
overexpression of remodeling-associated genes induced by 4 weeks of 
pressure overload, including the fibrosis marker Col 1a1, the 

hypertrophy marker β-MHC and the heart failure marker BNP [32] four 
weeks after TAC (Fig. 4A, B & C). In addition, LV sections stained with 
Masson’s trichrome (Fig. 4D, E & F) showed a significantly lower fibrotic 
area of the LV and a smaller average diameter of cardiomyocytes in TAC 
mice treated with THR123 or THR184, compared with saline. Detailed 
cross-sectional area of cardiomyocytes in mice LV sections are shown in 
Fig. S5A. 

Overall, our data indicated that sustained treatment with THR123 
and THR184 during four weeks of pressure overload attenuated the 
structural (hypertrophy and fibrosis) and functional (systolic and dia
stolic) remodeling of the LV in mice of both sexes. 

3.1.2.2. Treatment with THR123 or THR184 during the 3rd and 4th weeks 
after TAC. We next assessed whether BMPR1A agonists might protect 
against the progression of the ongoing structural remodeling of the LV 
and its functional consequences. To this end, TAC mice received daily 
injections of THR123 (5 µg/g, i.p.), THR184 (5 µg/g, i.p.) or saline for 
two weeks, starting on day 15 after TAC, when the LV already exhibited 
some degree of hypertrophy and functional deterioration. As shown in  
Fig. 5, the administration of THR184 during the 3rd and 4th weeks of 
TAC prevented the progression of the LV hypertrophy, as determined 
echocardiographically (Fig. 5A & B), and halted the progression of 
systolic (MAPSE) and diastolic (E/e’) dysfunction (Fig. 5C & D). More
over, a paired comparison of the echocardiographic variables from the 
same subject at four vs. two weeks indicated that the 15 days treatment 
with THR184 promoted significant recovery of MAPSE and E/e’, thus 
suggesting a reverse remodeling effect. Gravimetric analysis of the LV 
mass, harvested 4 weeks after TAC, showed a significant weight decrease 
only in those animals treated with THR184 compared to saline, which 
agrees with the echocardiographic analysis (Fig. S3). 

In contrast, the beneficial effects of THR123 at the dose studied did 
not reach statistical significance, compared to TAC-saline mice, except 
for halting septal wall thickening and promoting a slight recovery of 
MAPSE (Fig. 5). 

Treatment with THR184, starting on day 15 after TAC, significantly 
decreased the myocardial expression of Col 1a1 and β-MHC compared 
with saline (Fig. 6A & B). The treatment with the peptides during the 
third and fourth weeks did not reduce the expression of BNP signifi
cantly compared with saline. However, in mice treated with THR184, 
the levels of BNP did not differ significantly from those of the sham mice 
(Fig. 6C). In addition, fibrosis quantification in histological sections 
stained with Masson’s trichrome (Fig. 6D & E) showed less deposition of 
fibrillar elements into the ECM in THR184-treated mice. Furthermore, 
the average cardiomyocyte diameter was significantly smaller in the 
THR184-TAC group than in the TAC-saline group (Fig. 6F). Detailed 
cross sectional area of cardiomyocytes in mice LV sections are shown in 
Fig. S5B. 

Together, the results revealed that the initiation of treatment with 
THR184 when pathological remodeling was already underway pre
vented the progression of structural damage and induced some degree of 
reverse remodeling, which attenuated the deleterious functional 

Fig. 2. Expression of BMP7 type I receptors in 
the LV from mice and AS patients: Acvr1, 
Bmpr1a and Bmpr1b. Relative mRNA expression 
was determined by qPCR and normalized to 
18 S (RE) in: (A) sham (n = 6) and TAC 
(n = 7–9) mice; (B) control (n = 10) and AS 
patients (n = 33). Data are expressed as means 
± SEM. TAC vs. Sham mice: **p < 0.01 (Stu
dent’s t-test); AS patients vs. Control patients: 
*p < 0.05 (Student’s t-test). Acvr1, activin A 
receptor type 1; AS, aortic stenosis; Bmpr1a, 
bone morphogenetic protein receptor 1 A; 
Bmpr1b, bone morphogenetic protein receptor 
1B; TAC, transverse aortic constriction.   
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consequences. In contrast, THR123, at the same dose, did not achieve 
such disease-modifying properties. 

3.1.2.3. Effects of treatment with THR123 and THR184 on the expression 
of Bmpr1a and pSMAD1/5/(8)9 in the LV of TAC mice. We assessed 
whether the effects of THR123 and THR184 involved BMPR1A canoni
cal SMAD-mediated signaling. First, we showed that the treatment with 
either peptide prevented Bmpr1a downregulation induced by TAC in the 
LV so that their expression recovered values similar to those of sham 
mice (Fig. 7A & B). Interestingly, the LV transcript levels of Bmpr1a from 
TAC-saline, TAC-THR123, and THR184 correlated directly with MAPSE, 
and inversely with the interventricular septum thickness, LVM, the 
posterior wall thickness, E/e’, and the expression levels of β-MHC and 
Col 1a1 which confirm the indirect cardioprotective role of Bmpr1a as 
we previously described [19] (Fig. S6). 

Furthermore, mice subjected to 4-week TAC and treated with saline 
exhibited significantly lower LV expression of pSMAD1/5/(8)9 than did 

sham mice. In addition, treatment with either THR123 or THR184, 
compared with saline, prevented the downregulation of pSMAD1/5/(8) 
9 protein (Fig. 7C). On the other hand, when the treatment of TAC mice 
started on day 15 after TAC, only the group treated with THR184 
showed significantly greater expression of pSMAD1/5/(8)9 than the 
saline group (Fig. 7D). These results are consistent with the effects of the 
peptides on LV structural and functional damage (Fig. 5). 

3.1.2.4. Treatment with THR184 after releasing pressure overload. A se
ries of mice were subjected to de-TAC surgery, four weeks after TAC. 
Since the treatment with THR184, starting on day 15 after TAC sug
gested a reverse remodeling effect, we evaluated this peptide to reverse 
the LV remodeling after pressure overload release. Firstly, we adminis
trated the same dose of THR184 injected in the TAC animal studies 
(5 µg/g/day) during 7-day de-TAC period. However, no improvement in 
the reverse remodeling was observed (data not shown). Therefore, 
double dose was assessed (10 µg/g/day). 

Fig. 3. Morphological and functional echocar
diographic changes induced by pressure over
load in male and female mice subjected to 4- 
week TAC. Mice received daily i.p. injections 
of saline (males, n = 10; females, n = 5), 
THR123 (males, n = 9; females, n = 7), or 
THR184 (males, n = 9; females, n = 8) during 
the 4 week follow-up period. (A & B) LVMI, LV 
mass indexed to body weight. (C & D) ΔIVS, 
increase of interventricular septum thickness. 
(E & F) MAPSE, mitral annular plane systolic 
excursion. (G & H) E/e’, ratio of peak early 
transmitral flow velocity (E) to peak early 
myocardial tissue velocity (e’). Data are 
expressed as means ± SEM. THR123 vs. saline: 
#p < 0.05, ##p < 0.01, ###p < 0.001; 
THR184 vs. saline: *p < 0.05, **p < 0.01 (two- 
way ANOVA followed by Bonferroni post hoc 
test at 4 weeks).   

A.B. Salido-Medina et al.                                                                                                                                                                                                                     



Biomedicine & Pharmacotherapy 149 (2022) 112910

7

The percentage of LV mass loss one week after pressure overload 
release was significantly greater in mice treated with THR184 (Fig. 8A). 
Besides, THR184 favored the recovery of LV systolic and diastolic 
function, as shown the percentage of MAPSE recovery (Fig. 8B) and the 
parameter E/e’ (Fig. 8C). All these data indicate a greater reverse 
remodeling and functional recovery in THR184-treated mice compared 
to the saline group. 

3.2. Studies in vitro 

3.2.1. Effects of THR123 and THR184 in cultured NIH-3T3 fibroblasts and 
H9C2 cardiomyocytes 

The addition of THR123 and THR184 to the culture medium did not 
affect the viability and proliferation of NIH-3T3 fibroblasts and H9C2 
cardiomyocytes (104 cells/well) in the MTS assays (Fig. S7). 

NIH-3T3 fibroblasts and H9C2 cardiomyocytes were activated with 
TGF-β1 (10 ng/ml) to induce Col 1a1 and β-MHC overexpression. 
Conversely, co-administration of TGF-β1 (10 ng/ml) with either 
THR123 or THR184 (1 µg/ml) resulted in repression of TGF-β1-induced 
transcriptional activation of the remodeling-related genes in both cell 
types (Fig. 9A & B). In addition, TGF-β1 induced the growth of H9C2 
cardiomyocytes, whereas THR123 and THR184 attenuated TGF-β1- 
induced hypertrophy (Fig. S5C & D). 

To determine which receptor is involved in the effects of THR123 
and THR184, we tested two inhibitors with differential selectivity for 
each type I receptor: (i) DMH2 at 5 nM blocks BMPR1B and BMPR1A, 
but not ACVR1 (ii) LDN-193189 at 30 nM blocks BMPR1A and ACVR1, 
but not BMPR1B. As shown in Fig. 9, the inhibitory effects of both 

peptides on TGF-β1-induced transcriptional activation of Col 1a1 in fi
broblasts and β-MHC in cardiomyocytes were prevented by both an
tagonists. The antagonism by DMH2 at 5 nM ruled out the participation 
of ACVR1, and LDN-19318930 at 30 nM excluded BMPR1B mediated 
effects. Overall, these findings may support BMPR1A-mediated effects. 

3.2.2. Effects of THR123 and THR184 on fibroblast proliferation, 
migration and phenotypic transformation into myofibroblasts promoted by 
TGF-β1 

Under stress, fibroblasts undergo differentiation into highly 
specialized synthetic myofibroblasts, whose sustained activation results 
in excessive fibrosis and progressive LV dysfunction. TGF-β1 activates 
myofibroblast differentiation while BMP7 exerts the opposite effect 
[33]. Therefore, we assessed whether THR123 and THR184 might 
modulate the transdifferentiation of fibroblasts into myofibroblasts 
induced by TGF-β1. 

In primary mouse cardiac fibroblasts, TGF-β1 increased the tran
scription of the coding gene (Acta-2) and the protein level of the myo
fibroblast marker α-SMA. Conversely, the addition of THR123 or 
THR184 to the medium decreased TGF-β1-induced Acta-2 and α-SMA 
overexpression (Fig. 10A & B). 

Immunofluorescence assays confirm that the stimulation of primary 
fibroblasts with TGF-β1 resulted in cytoskeletal reorganization and an 
increase in α-SMA expression. However, fibroblast co-treatment with 
TGF-β1 and either THR123 or THR184 prevented TGF-β1-induced for
mation of α-SMA filaments (Fig. 10C). 

The fibrotic response was also characterized by assessing the pro
liferation and migration of primary cardiac fibroblasts induced by TGF- 

Fig. 4. Effects of the treatment with THR123 and THR184 during the entire TAC period on LV remodeling induced by pressure overload in mice. TAC mice were 
treated daily with saline, THR123, or THR184 during a 4-week follow-up. (A, B & C) Myocardial mRNA relative expression (RE, normalized to ribosomal 18S RNA) of 
fibrosis (A: Col 1a1), hypertrophy (B: β-MHC) and heart failure (C: BNP) markers, in sham (n = 5–6), TAC+saline1–4wk (n = 7), TAC+THR1231–4wk (n = 6–7) and 
TAC+THR1841–4wk (n = 6) mice. Data are expressed as mean ± SEM. TAC+saline1–4wk vs. sham: ##p < 0.01; ###p < 0.001; TAC+THR1231–4wk or 
TAC+THR1841–4wk vs. TAC+saline1–4wk: *p < 0.05; * *p < 0.01 (One-way ANOVA followed by Bonferroni’s post hoc test). (D) Representative images of LV sections 
stained with Masson trichrome showing myocardial fibrosis in blue. Scale bar: 100 µm. (E) Percentage of fibrotic LV area in short-axis LV sections (3 sections per 
mouse, 3–6 mice per group). TAC+saline1–4wk vs. sham: ###p < 0.001; TAC+THR1231–4wk or TAC+THR1841–4wk vs. TAC+saline1–4wk: *p < 0.05, ***p < 0.001 
(One-way ANOVA followed by Bonferroni’s post hoc test). (F) Average diameter of cardiomyocytes determined in LV sections (4 sections per mouse, 3–6 mice per 
group). TAC+saline1–4wk vs. sham: ###p < 0.001; TAC+saline1–4wk vs. sham: ***p < 0.001 (One-way ANOVA followed by Bonferroni’s post hoc test). 
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β1[34]. Stimulation with TGF-β1 significantly increased fibroblast pro
liferation as indicated by BrdU incorporation. The proliferative response 
was prevented by THR123 or THR184 (Fig. 10D). 

TGF-β1-induced migration of cardiac fibroblasts was assessed in 
wound healing assays. As shown in Fig. 10E & F, THR123 and THR184 
attenuated cell migration. 

Further, we determined Acta-2 mRNA expression in the LV of TAC 
mice treated with THR123 or THR184 during the 4-week TAC period 
(Fig. 11A) or during the 3rd and 4th weeks post-TAC (Fig. 11B). Both 
treatment protocols significantly reduced Acta-2 expression compared 
with saline. Our results support that THR123 and THR184 also decrease 
in vivo the transdifferentiation of fibroblasts into myofibroblasts. 

3.3. Studies in silico 

3.3.1. Binding interaction of THR123 and THR184 with the human 
BMPR1A receptor 

The essential quantitative parameter that describes molecular in
teractions between biomolecules is binding affinity, which is often used 
as a proxy for drug potency in vivo [35,36] Radioligand-receptor binding 
assays [17] indicated the specific binding of THR123 to BMPR1A; 
however, they did not provide information on the binding affinity of the 
peptide to BMPR1A. To assess the hypothetical binding between the 
BMPR1A receptor and the peptides, and to determine whether large 
differences existed in this binding because of the 3D peptide structures, 
we performed molecular docking analysis to model the most likely 
interaction of THR123 and THR184 with the Homo sapiens BMPR1A 
receptor. 

We selected the known human BMPR1A structure in its bound form, 
deposited in PDB under the accession number 2QJB. We used the bound 
form of the BMPR1A receptor for the docking studies, because this re
ceptor has a highly flexible region associated with the binding of BMPs, 
and binding results in a disordered-to-ordered transition that generates 
an α-helix within the receptor binding site, which is not present in the 
free form of the receptor [37]. 

Regarding the peptides, we generated the 3D structures that were 

more energetically stable according to their amino acid sequence 
(Table S2). Both peptide sequences contain two cysteine residues that 
stabilize the cyclic structures of the peptides through a disulfide bond 
(Fig. 12D) [17]. 

In the molecular docking analysis, we selected binding models based 
on the interaction with Gln86 from the BMPR1A receptor. Gln86 is a 
highly conserved amino acid in BMPR1A that has been postulated to be 
essential for binding BMPs and is present in the region of BMPR1A 
associated with BMP binding [30]. 

The values that define the interaction of BMP7 with BMPR1A are 
shown in Table 1. The complex BMPR1A-BMP7 was energetically stable, 
as shown by the normalized stability of the complex. 

The complexes of BMPR1A and either THR123 or THR184 exhibited 
similar normalized stability and binding energies (dG = complex energy 
– individual member energy) (Table 1). In addition, the values of 
normalized binding energy to SASA (Table 1) showed that the bindings 
of BMP7 or the peptides with BMPR1A were energetically similar. 

Finally, we studied the interaction of THR123 or THR184 with the 
BMPR1A-BMP7 complex. The complexes BMPR1A-BMP7-peptide 
exhibited higher binding energies and lower SASA values than the 
complex BMPR1A-BMP7 (Table 1). These results indicated that both 
peptides alter the original interface topology in the BMPR1A-BMP7 
complex (Fig. 12A, B & C), binding to the BMP binding region of 
BMPR1A, thus acting as competitive agonists. 

4. Discussion 

Detrimental remodeling of the LV, which can result from myocardial 
damage or hemodynamic stress, is a major cause of heart failure [1], for 
which effective mechanism-targeted therapies are not yet available. 
Recent preclinical investigations have demonstrated that endogenous 
and rhBMP7 protect the myocardium against maladaptive phenotypic 
plasticity in experimental models of clinically relevant heart diseases, 
which strongly suggest the cardioprotective therapeutic potential of 
BMP7-based approaches [11,19,22,38,39]. In this regard, peptide 
technology studies have identified several small BMP7-derived peptide 

Fig. 5. Effects of the treatment with THR123 
and THR184 during the 3rd and 4th weeks after 
TAC on morphological and functional echocar
diographic parameters. TAC-mice were treated 
daily with saline (n = 10), THR123 (n = 9) and 
THR184 (n = 9), starting two weeks after TAC 
surgery. (A) LVMI, LV mass indexed to body 
weight. (B) ΔIVS, increment of interventricular 
septum thickness. (C) MAPSE, mitral annular 
plane systolic excursion. (D) E/e’, ratio of peak 
early transmitral flow velocity (E) to peak early 
myocardial tissue velocity (e’). Data are 
expressed as means ± SEM. THR123 vs. saline: 
**p < 0.01; THR184 vs. saline: *p < 0.05, 
**p < 0.01, ***p < 0.001 (two way ANOVA 
followed by Bonferroni post hoc test at four 
week-TAC). THR123 at 4 weeks vs. 2 weeks: 
#p < 0.05; THR184 at 4 weeks vs. 2 weeks: 
#p < 0.05, ###p < 0.001 (Student́s paired t- 
test).   
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sequences, including THR123 and THR184, with favorable biological 
activities in vitro and in vivo models of renal fibrosis [17,26]. Direct 
evidence on the involvement of BMPR1A in the renoprotective activity 
of THR123 is provided by its targeted deletion in the renal tubular 
epithelium [17]. 

The cell-type differential bioactivity of BMPs is dependent on the 
receptors expressed [40]. Therefore, we first explored whether BMPR1A 
signaling may be involved in the cardioprotective effects of BMP7. 
Herein, we show that Bmpr1a was the most abundantly expressed re
ceptor in the healthy LV myocardium in humans and mice; on the other 
hand, Acvr1 was scarcely expressed, and Bmpr1b was virtually absent. 

Bmpr1a downregulation in the LV of patients with AS and TAC-mice 
is congruent with the maladaptive dysregulation of fibrosis homeostasis 
towards impairing BMP7 antifibrotic signaling, previously described in 
the pressure overload condition [19]. 

On the other hand, Acvr1 overexpression positively correlated with 
LV hypertrophy in TAC mice (r = 0.77*) and AS patients (r = 0.32*), 
which is consistent with the involvement of ACVR1 signaling in car
diomyocyte hypertrophy induced in vitro by phenylephrine, and in vivo 
by angiotensin II in mice [41]. 

Overall, these results support that pharmacological restoration of 
canonical BMP7 signaling through BMPR1A receptors via treatment 
with agonist drugs may counteract the forces driving maladaptive 
phenotypic changes in the afterload-stressed myocardium. 

In the present study, we established the cardioprotective effects of 
two BMP7-based Sugimoto’s peptides, THR123 and THR184, in mice of 
either sex subjected to TAC. Daily i.p. injection of either peptide during 
four weeks, starting on the day of TAC surgery, (i) rescued the expres
sion of Bmpr1a and associated pSMAD1/5/(8)9 signaling in the LV, (ii) 
prevented transcriptional activation of remodeling-associated genes (Col 
1a1, β-MHC, BNP and Acta-2), (iii) attenuated LV structural damage 
(hypertrophy and fibrosis), and (iv) diminished LV dysfunction (systolic 
and diastolic). 

In the context of LV under pressure overload, although a large body 
of evidence supports that TGF-βs are essential drivers of fibrosis and 
hypertrophy remodeling programs [13,42,43], the pathophysiological 
importance of a dysfunctional counterbalance by BMP7 is incompletely 
understood [19,20,44]. Our previous findings in patients with AS and 
TAC mice have revealed that lower myocardial expression of BMP7 is 
associated with higher TGF-β signaling, more severe structural damage 
in terms of fibrosis and hypertrophy, and more significant functional 
echocardiographic abnormalities, thus supporting the imbalance be
tween opposing BMP7 and TGF-β signals. In addition, in vitro assays 
indicated that rhBMP7 prevents TGF-β-induced transcriptional activa
tion of Col 1a1 in fibroblasts and inhibits the ability of TGF-β to activate 
the hypertrophic transcription program in cardiomyocytes [19]. 

In vitro bioactivity assays revealed the counteracting effects of 
THR123 and THR184 against TGF-β1-induced overexpression of Col 1a1 

Fig. 6. Effects of the treatment with THR123 and THR184 during the 3rd and 4th weeks after TAC on the progression of myocardial structural remodeling. (A, B & C) 
Myocardial mRNA relative expression (RE, normalized to ribosomal 18S RNA) of fibrotic (A: Col 1a1), hypertrophy (B: β-MHC) and heart failure (C: BNP) markers in 
sham (n=5-6), TAC-saline3-4wk (n=5-7), TAC-THR1233-4wk (n=5-6), and TAC-THR1843-4wk (n=6-7) mice. Data are expressed as means ± SEM. TAC-saline3-4wk vs. 
sham: #p < 0.05, ###p < 0.001; TAC-THR1233-4wk or TAC-THR1843-4wk vs. TAC-saline3-4wk: *p < 0.001, ***p < 0.001 (One-way ANOVA followed by Bonferroni’s 
post hoc test). (D) Representative images of LV sections stained with Masson trichrome showing myocardial fibrosis in blue. Scale bar: 100 µm. (E) Percentage of 
fibrotic LV area in short-axis LV sections (3 sections per mouse, 3 to 6 mice per group). TAC-saline3-4wk vs. sham: ###p < 0.001; TAC-THR1233-4wk or TAC-THR1843- 

4wk vs. TAC-saline3-4wk: ***p <0.001 (One-way ANOVA followed by Bonferroni’s post hoc test). (F) Average cardiomyocyte diameter determined in LV sections (4 
sections per mouse, 3 to 6 mice per group). TAC-saline3-4wk vs. sham: ###p < 0.001; TAC-saline3-4wk vs. sham: ***p <0.001 (One-way ANOVA followed by 
Bonferroni’s post hoc test). 
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in NIH-3T3 fibroblasts and β-MHC in H9C2 cardiomyocytes, as well as 
the involvement of BMPR1A. Moreover, in primary cultures of mouse 
cardiac fibroblasts, we observed that THR123 and THR184 attenuated 
the TGF-β1-induced cardiac fibroblast proliferation and migration and 
the overexpression of the contractile protein α-SMA and its coding gene 
Acta-2, which are markers of myofibroblast phenotypic activation. 
Accordingly, the LV in TAC mice treated with THR123 and THR184 
exhibited a significant decrease in Acta-2 expression. Myofibroblasts are 
contractile fibroblasts that produce large amounts of fibrotic extracel
lular matrix (ECM) molecules, whose pathological activation and 
persistence within tissues correlate with the progression of fibrotic dis
eases [45,46]. TGF-β1 is considered the primary driver of 
fibroblast-to-myofibroblast transdifferentiation. 

Furthermore, a recent report has shown that BMP7 canonical SMAD 
signaling prevents the TGF-β1-induced transdifferentiation of human 
lung fibroblasts into myofibroblasts [29]. Interestingly, the potential 
reversibility of the myofibroblast phenotype has been demonstrated in 
cultured myofibroblasts isolated from human end-stage failing hearts 
through inhibition of TGF-β1 signaling [47]. The implication that car
diac myofibroblasts retain the ability to return to a less activated state 
provides further insights into the potential of myofibroblast-targeted 

BMP7-based therapies to delay and/or reverse the progression of LV 
fibrosis. 

The antihypertrophic role of BMPR1A signaling is supported by 
several pieces of evidence from our studies in vivo and in vitro. (i) In TAC 
mice, pharmacological activation of BMPR1A signaling with its selective 
agonists THR123 and THR184 effectively prevented, halted, and/or 
reversed LV hypertrophy, as reflected by the evolution of LV myocyte 
diameter, LV wall thicknesses and LV mass. (ii) The treatment of mice 
with THR184 after releasing the pressure overload by de-TAC surgery 
significantly augmented cardiac mass loss in the context of reverse 
remodeling. (iii) In both AS patients and TAC mice, the LV expression of 
Bmpr1a exhibited an inverse relationship with LV wall thicknesses and 
LV mass and the transcript levels of the hypertrophy marker β-MHC. (iv) 
In cultured H9C2 cardiomyocytes, THR123 and THR184 prevented TGF- 
β1-induced hypertrophy. 

The clinical diagnosis of valvular aortic stenosis commonly occurs 
after long periods of silent but progressive increases in LV hemodynamic 
stress. Thus, most patients exhibit some degree of LV remodeling when 
they are referred for treatment. However, effective pharmacological 
therapies to delay or reverse remodeling are yet lacking. After patients 
develop symptoms, the only effective treatment currently available is 

Fig. 7. Gene expression of Bmpr1a and protein 
levels of pSMAD1/5/(8)9 determined in LV 
samples. (A & B) Myocardial mRNA relative 
expression [sham (n = 6), TAC-saline (n = 8), 
TAC-THR123 (n = 7), and TAC-THR184 
(n = 7)] and (C & D) representative blots from 
mice (n = 3 per group) treated during the entire 
4-week TAC period (A & C) and mice that 
received the treatment during the 3rd and 4th 
weeks after TAC (B & D). Data are expressed as 
means ± SEM of the relative expression (RE, 
normalized to ribosomal 18S RNA) or relative 
optical density (RD vs. GAPDH). TAC-saline vs. 
Sham: #p < 0.05, ##p < 0.01; TAC-THR123 or 
TAC-THR184 vs. TAC-saline: *p < 0.05 (One- 
way ANOVA followed by Bonferroni’s test).   

Fig. 8. THR184 effects on reverse remodeling after TAC release. Mice were treated with saline (n = 7) or THR184 (n = 7), during 7 days after de-TAC surgery. (A) LV 
mass loss, left ventricle mass loss. (B) MAPSE recovery, mitral annular plane systolic excursion. (C) E/e’, ratio of peak early transmitral flow velocity (E) to peak early 
myocardial tissue velocity (e’). Data are expressed as means ± SEM. THR184 vs. saline: *p < 0.05 (Student’s t-test). 
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open surgical or transcatheter aortic valve replacement [4,48,49]. 
Interestingly, we observed the most striking results with peptide treat
ment beginning two weeks after surgery, a time at which the remodeling 
process was in progress, and LV hypertrophy and functional deteriora
tion were already ongoing. In this realistic context, THR184 restored the 
control values of Bmpr1a and pSMAD1/5/(8)9, attenuated the tran
scriptional activation of remodeling-associated genes, and halted the LV 
structural damage and systolic and diastolic dysfunction. Furthermore, 
THR184 promoted some recovery in the echocardiographic parameters 
of systolic (MAPSE) and diastolic (E/e’) functions, thus suggesting 
reverse remodeling. Regarding the clinical interest, exogenous admin
istration of THR184 plays a relevant positive role in the reverse 
remodeling process after releasing pressure overload. Treatment of mice 
with THR-184 during one week after de-TAC improved some features of 
the reverse remodeling. Remarkably, hypertrophy and LV longitudinal 
systolic and diastolic function were significantly improved during the 
de-TAC recovery period. 

Unexpectedly, THR123 administered with the same schedule as 
THR184 during the 3rd and 4th weeks of TAC did not demonstrate such 
favorable disease-modifying properties and only partially recovered 
some transcriptional and functional maladaptive changes. 

The lack of bioactivity differences in vitro between THR123 and 
THR184 in cultured fibroblasts and cardiomyocytes does not explain the 
worse in vivo beneficial effect exhibited by THR123 vs. THR184 in TAC 
mice. Therefore, we assessed whether these discrepant findings might be 
associated with potential receptor binding differences derived from the 
particular 3D structure of each peptide. The specific but weak binding of 
THR123 to the extracellular domain of BMPR1A has been reported 
previously by Sugimoto et al. in radioligand competitive binding assays 
[17]. However, the study does not provide data on the binding affinities 
of THR184 nor other molecules of the same series that allow us to infer 
potential differences in the pharmacological potency of THR123 and 
THR184 in vivo. Herein, we in silico modeled the hypothetical interaction 
of THR123 and THR184 with the human BMPR1A receptor by using 
molecular docking analyses. Our bioinformatics data predicted that 
BMP7 and both peptides form energetically stable complexes with the 
BMPR1A receptor. The interaction of THR123 and THR184 with the 
BMPR1A-BMP7 complex increased the binding energy and decreased 
the solvent-accessible surface area of BMP7 binding to BMPR1A. These 
results indicate that both peptides interacted with the BMP binding 
domain of BMPR1A to alter the binding interface between BMP7 and 
BMPR1A. The similarity of the binding energies suggests that both 
peptides exhibit comparable affinity for the receptor; therefore, even 
with the limitations of an in silico study, a similar pharmacological po
tency would be expected for both agonists. 

There are inevitable limitations in our study. TAC mice are the most 
common experimental model of pressure overload but present sub
stantial differences with the clinical scenario which limits the direct 
extrapolation of preclinical experiments into clinical practice. One of the 
principal differences in TAC model is the immediate onset of pressure 
overload, in contrast to the slow progression of aortic valve stenosis in 
patients. Therefore, any treatment assessed in TAC or de-TAC animal 
models against cardiac remodeling must be interpreted with caution. 

In conclusion, the present study supports that impaired BMP7 
signaling through BMPR1A receptors in the LV is a relevant feature of 
the maladaptive remodeling developed in response to pressure overload 
stress in experimental settings (transverse aortic constriction in mice) 
and clinical settings (aortic stenosis patients). Furthermore, our results 
in TAC mice demonstrate that the BMP7-based peptides THR123 and 
THR184 activated BMPR1A canonical pSMAD1/5/(8)9 signaling, 
thereby protecting against the structural damage and subsequent 
dysfunction of the LV induced by the hemodynamic burden. We show 
that the bioactivity of these peptides in vitro attenuated the phenotypic 
changes induced by TGF-β1 in fibroblasts (fibrogenesis) and car
diomyocytes (hypertrophy), which are important events underlying 
pathological cardiac remodeling. The present study results provide a 
preclinical proof-of-concept of potential therapeutic benefits of BMP7- 
based small peptides, which function as agonists of BMPR1A, against 
the deleterious consequences of LV pressure overload. Our observations 
may provide new insights aimed at promoting BMP7 signaling as a 
therapeutic target for the palliative treatment of LV remodeling in the 
aortic stenosis scenario. These findings may be important, given that 
aortic valve replacement is currently the only effective treatment for 
symptomatic patients with AS, and no pharmacologic tools are available 
to attenuate or reverse the adverse LV remodeling process. 
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Fig. 9. Inhibition of BMP type I receptors in treated cell lines with THR123 or 
THR184. (A & B) mRNA relative expression (RE) levels of Col 1a1 (A) and 
β-MHC (B) related to housekeeping 18 S in NIH-3T3 fibroblasts (A) and H9C2 
cardiomyocytes (B) incubated overnight with DMH2 10 nM or LDN-193189 
30 nM, two BMP type I receptor inhibitors. Then, TGF-β1 (10 ng/ml), and 
THR123 (1 µg/ml) or THR184 (1 µg/ml) were added to stimulate cells and 
evaluate the effects of BMP receptor inhibitors in the expression of Col 1a1 and 
β-MHC. TGF-β1 vs. Control: ###p < 0.001; TGF-β1 + THR123 or TGF- 
β1 + THR184 vs. TGF-β1: **p < 0.01, ***p < 0.001; DMH2 +TGF-β1 vs. 
DMH2: #p < 0.05, ###p < 0.001; LDN+TGF-β1 vs. LDN: ##p < 0.01, 
###p < 0.001 (One-way ANOVA followed by Bonferroni’s test). 
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Fig. 10. Effects of THR123 and THR184 on 
transdifferentiation of cardiac fibroblasts into 
myofibroblasts. (A) mRNA relative expression 
(RE, normalized to ribosomal 18S RNA) of Acta- 
2 in primary cardiac fibroblasts treated with 
TGF-β1, TGF-β1 + THR123, and TGF- 
β1 + THR184 (n = 3 per group). Data are 
expressed as mean ± SEM. TGF-β1 vs. Control: 
###p < 0.001; TGF-β1 + THR123 or TGF- 
β1 + THR184 vs. TGF-β1: *p < 0.05 (One-way 
ANOVA followed by Bonferroni’s test). (B) 
Protein levels of α-SMA were determined by 
western blot in primary cardiac fibroblasts 
(n = 3 per group). Data are expressed as rela
tive optical density (RD) vs. α-tubulin. TGF-β1 
vs. Control: ###p < 0.001; TGF-β1 + THR123 
or TGF-β1 + THR184 vs. TGF-β1: *p < 0.05 
(One-way ANOVA followed by Bonferroni’s 
test). (C) Representative IF of cardiac fibro
blasts stained with α-SMA (green) and vimentin 
(red). Scale bar: 20 µm. (D) BrdU proliferation 
assay in primary cardiac fibroblasts. TGF-β1 vs. 
Control: ##p < 0.01; TGF-β1 + THR123 or 
TGF-β1 + THR184 vs. TGF-β1: *p < 0.05 (One- 
way ANOVA followed by Bonferroni’s test). (E) 
Percentage of migration area of primary cardiac 
fibroblasts in wound healing assays. TGF-β1 vs. 
Control: ###p < 0.001; TGF-β1 + THR123 or 
TGF-β1 + THR184 vs. TGF-β1: ***p < 0.001 
(One-way ANOVA followed by Bonferroni’s 
test). (F) Representative images of cardiac fi
broblasts in the wound healing assay. Scale bar: 
100 µm.   

Fig. 11. Effects of THR123 and THR184 on 
Acta-2 myocardial expression. (A & B) mRNA 
relative expression (RE, normalized to ribo
somal 18S RNA) of Acta-2 in the LV from mice 
treated THR123 or THR184 during the whole 4- 
week TAC period (A) or the 3rd and 4th weeks 
after TAC (B). Data are expressed as means 
± SEM. TAC-saline vs. Sham: #p < 0.05, 
##p < 0.01; TAC-THR123 or TAC-THR184 vs. 
TAC-saline: *p < 0.05, * *p < 0.01, 
***p < 0.001 (One-way ANOVA and Bonferro
ni’s test).   
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