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Abstract
Signaling through activin receptors regulates skeletal muscle mass and activin recep-
tor 2B (ACVR2B) ligands are also suggested to participate in myocardial infarc-
tion (MI) pathology in the heart. In this study, we determined the effect of systemic 
blockade of ACVR2B ligands on cardiac function in experimental MI, and defined 
its efficacy to revert muscle wasting in ischemic heart failure (HF). Mice were treated 
with soluble ACVR2B decoy receptor (ACVR2B-Fc) to study its effect on post-MI 
cardiac remodeling and on later HF. Cardiac function was determined with echocar-
diography, and myocardium analyzed with histological and biochemical methods 
for hypertrophy and fibrosis. Pharmacological blockade of ACVR2B ligands did not 
rescue the heart from ischemic injury or alleviate post-MI remodeling and ischemic 
HF. Collectively, ACVR2B-Fc did not affect cardiomyocyte hypertrophy, fibrosis, 
angiogenesis, nor factors associated with cardiac regeneration except modification 
of certain genes involved in metabolism or cell growth/survival. ACVR2B-Fc, how-
ever, was able to reduce skeletal muscle wasting in chronic ischemic HF, accompa-
nied by reduced LC3II as a marker of autophagy and increased mTOR signaling and 
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1  |   INTRODUCTION

Heart failure (HF) has a prevalence of 1%-2%, increased with 
aging and rising up to 10% among persons over 70 years of 
age. Coronary artery disease, which predisposes the heart 
to myocardial infarction (MI), is the main cause for systolic 
HF.1 The treatment options for HF are limited, including 
symptom-relieving agents such as diuretics or, pharmaceu-
ticals that modify the remodeling processes such as agents 
dampening renin-angiotensin system signaling or adrenergic 
activity. Despite the current pharmacological therapy, HF 
bears a high mortality rate.

HF can induce body weight loss, known as wasting or 
cachexia. This is accompanied by skeletal muscle wasting, 
which is estimated to affect at least 20% of HF patients, 
but the prevalence may be higher due to missed diagnoses. 
Muscle wasting is associated with reduced exercise capacity 
and poor prognosis of HF patients.2 Muscle wasting in HF is 
thought to be triggered by activation of the sympathetic ner-
vous system, the renin-angiotensin system, glucocorticoids, 
pro-inflammatory cytokines, and members of the transform-
ing growth factor‑β (TGFβ) family.3 Standard drugs for HF 
treatment, angiotensin convertase inhibitors or beta-blockers 
have minor beneficial effects on reverting muscle wasting. 
However, anabolic agents such as testosterone and beta2-ag-
onists represent some benefit in HF-induced muscle wasting 
by improving muscle function or increasing lean mass.3

The TGFβ family of growth factors, including activins, 
bone morphogenetic proteins (BMP), and growth differenti-
ation factors (GDF), regulate cardiac physiology and patho-
physiology, but their effects in the adult heart are not well 
known. Activin A is upregulated in the heart after MI or isch-
emia-reperfusion (IR) injury in experimental models4-6 as 
well as in human MI.7 Serum levels of activin A are elevated 
in HF and even increase with disease severity.8 Activin A is 
also upregulated in T lymphocytes and in peripheral mono-
nuclear cells in HF patients8 and in peripheral mononuclear 
cells in coronary artery disease patients with stable angina.9 
Similarly, cardiac myostatin (also known as GDF8) is upreg-
ulated immediately after MI10 and increased in human myo-
cardium in advanced HF.11,12 Members of the TGFβ family, 

activin A and myostatin, also substantially regulate skeletal 
muscle mass.13,14

Ischemic injury may be alleviated by inhibiting the signal-
ing of these factors. For example, follistatin, an endogenous 
antagonist of myostatin/activin reduced IR injury in mice5 and, 
in a transgenic model, the deficiency of myostatin improved 
cardiac function after MI.15 Moreover, we have recently re-
ported that systemic blockade of ACVR2B ligands protects 
the heart against IR injury.6 In a recent study, inhibition of 
ACVR2B signaling also restored cardiac function in HF in-
duced by aging, sarcomere mutation or pressure overload.16 
However, manipulation of these signaling pathways may 
also affect muscle mass. For example, cardiomyocyte-spe-
cific overexpression of myostatin induces muscle wasting in 
mice17 while neutralizing antibody against myostatin reduces 
skeletal muscle wasting in cardiac pressure-overload-induced 
HF.17 It is currently not understood how ACVR2B signaling 
and its inhibition contribute to cardiomyocyte function and 
cardiac remodeling after MI. In addition, the therapeutic po-
tential of ACVR2B-Fc in treating skeletal muscle wasting in 
ischemic HF has not been addressed.

ACVR2B-Fc binds endogenous ligands activin A, myo-
statin (GDF8), and its close homolog GDF11 with high af-
finity18 and inhibits the physiological responses of ACVR2B 
ligands in skeletal muscle19-21 and heart.6,22 ACVR2B-Fc also 
binds activin B, activin AB, BMP9, and BMP10, whose ac-
tions in striated muscle are less characterized.23 In this study, 
we determined the effect of systemic blockade of ACVR2B 
ligands on the heart in post-MI remodeling and in ischemic 
HF as well as its effects on skeletal muscle wasting in isch-
emic HF.

2  |   MATERIALS AND METHODS

2.1  |  Myocardial infarction

Experimental protocols were approved by the Animal Use and 
Care Committee of the University of Oulu and by the National 
Animal Experiment Board (ESAVI/7250/04.10.07/2014), 
and all the experiments were carried out in accordance with 

Cited4 expression as markers of physiological hypertrophy in quadriceps muscle. 
Our results ascertain pharmacological blockade of ACVR2B ligands as a possible 
therapy for skeletal muscle wasting in ischemic HF. Pharmacological blockade of 
ACVR2B ligands preserved myofiber size in ischemic HF, but did not compromise 
cardiac function nor exacerbate cardiac remodeling after ischemic injury.

K E Y W O R D S

activins, growth differentiation factors, myocardial infarction
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the guidelines of that committee and with the ethical stand-
ards laid down in the 1964 Declaration of Helsinki and its 
later amendments. The mice were maintained in plastic cages 
at a constant 21°C temperature with a 12  hours light-dark 
cycle and had free access to food (Teklad Global Rodent 
diet, Harlan Laboratories, Indianapolis, IN) and water. 
Immediately after operation, mice were kept in warm room 
at 25°C temperature overnight.

8-10 week old male C57BL/6J mice (Harlan) were sub-
jected to myocardial infarction (MI) by ligation of the left 
anterior descending coronary artery (LAD) as previously de-
scribed.24,25 Sham-operated mice were subjected to the same 
surgical procedure without ligation of the LAD. All opera-
tions were performed under isoflurane anesthesia (Vetequip 
evaporiser, 2% of isoflurane with 1  L/min oxygen flow). 
Carprofen (Rimadyl; Zoetis, Louvain-la-Neuve, Belgium) 
5 mg/kg s.c. (injection volume 0.125-0.15 mL) and buprenor-
phine (Vetergesic; Ceva Santé Animale, Libourne, France) 
0.05 mg/kg s.c. (injection volume 0.1-0.3 mL) were adminis-
tered as peri-operation analgesia. Postoperation dehydration 
was prevented with s.c. administration of 5% of glucose solu-
tion (injection volume 0.5-1.0 mL). All animals were moni-
tored after the surgery and received a dose of buprenorphine 
(0.05 mg/kg) in the evening of the operation day. Carprofen 
was administered once per day and buprenorphine twice for 
day for three days post-MI.

2.2  |  ACVR2B-Fc treatment

ACVR2B-Fc recombinant fusion protein was produced as 
described earlier.21 The ectodomain of human ACVR2B 
was fused with a human IgG1 Fc domain and expressed 
in Chinese hamster ovary cells grown in suspension cul-
ture. We have verified the efficacy of ACVR2B-Fc in the 
heart after a single dose administered s.c.6 and, in the skel-
etal muscle, after repeated dosage.21 Experimental studies 

with pharmacological ACVR2B ligand blockade have been 
summarized in Figure 1. ACVR2B-Fc was administered as 
5 mg/kg s.c. immediately after ligation of LAD and contin-
ued twice per week for 4 weeks (termed “4 wk study”) or 
started after 4 weeks of LAD ligation and continued twice 
per week for 6 weeks (termed “4 + 6 wk study”). The same 
volume of PBS or human IgG1-Fc control was used as a 
vehicle control. As an additional study group, we adminis-
tered ACTB-Fc, specifically blocking activin B ligand, as 
5 mg/kg s.c. immediately after ligation of LAD and contin-
ued twice per week for 4 weeks (4 wk study). ACTB-Fc is 
a proprietary activin B ligand trap produced in CHO cells in 
a similar manner as ACVR2B-Fc and is based on the fusion 
of an N-terminally truncated human follistatin 288 sequence 
fused to human IgG1 Fc domain part. The dimeric ACTB-Fc 
ligand trap blocks activin B bioactivity in a HepG2 cell 
Smad2/3 assay as effectively as ACVR2B-Fc but does not 
block activin A and myostatin (Pasternack A, Laitinen M, 
Ritvos O, unpublished results). In this study, ACTB-Fc is 
used as a control to distinguish between activin A and B 
bioactivities.

In the 4 wk study, the littermates were randomly and 
equally divided into treatment groups to avoid any bias be-
tween the mouse litters. The person operating on the mice 
was blinded from treatment. Regarding 4 + 6 wk study, the 
hearts were evaluated by echocardiography and the ejection 
fraction was determined after 4 weeks of LAD ligation. The 
mice were divided into treatment groups with equal degrees 
of MI-induced injury in both groups. Ejection fractions were 
22.8  ±  12.4% and 21.2  ±  7.7% at 4  weeks post-MI in the 
groups allocated to vehicle and ACVR2B-Fc treatments, 
respectively.

In addition, the expression levels of ACVR2B ligands and 
ACVR2 receptors in the myocardium were analyzed at 3, 5, 
7, and 14  days after MI. All analysis to assess functional, 
histological, and other outcome were performed in a blinded 
manner.

F I G U R E  1   Summary of experimental MI studies with pharmacological blockade of ACVR2B signaling. In addition to experimental 
treatment studies, the gene expression levels of activin family members in the myocardium were analyzed at 3 d, 5 d, 7 d, 2 wk, 4 wk, and 10 wk 
after MI. Activin receptor 2B (ACVR2B), soluble decoy receptor ACVR2B-Fc (ACVR2B-Fc), modified follistatin-Fc protein binding activin B 
(ACTB-Fc), myocardial infarction (MI)
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2.3  |  Echocardiography

Mice were anesthetized with isoflurane and transthoracic 
echocardiography was performed with Vevo 2100 (Visual 
Sonics, Toronto, ON, Canada) high frequency, high resolu-
tion linear array ultrasound system using a MS-550D trans-
ducer (40  MHz, axial resolution 40  μm, lateral resolution 
90  μm). B-mode, M-mode, mitral annular velocity-tissue 
Doppler images were recorded and analyzed with Vevo 
Workstation software 1.7 by a blinded observer.

2.4  |  RNA isolation and quantitative  
real-time PCR

Three, 5, 7, and 14  days post-MI, and at the end of 4 wk 
or 4  +  6 wk treatment studies, the mice were euthanized 
with CO2 and sacrificed by decapitation. The heart and 
quadriceps femori were then excised, the mid LV sample 
and mid quadriceps samples were frozen in liquid nitrogen 
and stored at −70°C. Thereafter, RNA was isolated with 
Trizol (Invitrogen, Thermo Fisher Scientific, Waltham, MA, 
USA) and cDNA was synthesized from 500  ng of RNA 
with Transcriptor First Strand cDNA synthesis kit (Roche, 
Basel, Switzerland). The expression levels were evaluated 
on an ABI Prism 7700 Sequence Detection System (Applied 
Biosystems, Thermo Fisher Scientific) and the oligonucleo-
tide primer and detection probe sequences used for mRNA 
quantitation are presented in Table S1 and in our previous 
study.6

2.5  |  Western blotting

The total protein content was extracted from the LV peri-
infarct zone and mid quadriceps as described earlier26 and 
the protein concentrations were determined with colorimetric 
protein assay (Bio-Rad Laboratories, Hercules, CA, USA). 
Afterward, protein samples (40 µg) were denatured at 97°C for 
5 minutes and loaded on sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE). The membranes were 
then incubated for 1 hour at RT in blocking buffer (Odyssey, 
LI-COR Biosciences, Lincoln, NE, USA) diluted into Tris-
buffered saline (TBS, 50 mM Tris, 200 mM NaCl, pH 7.4). 
Membranes were then incubated overnight with primary an-
tibody PGC1 C-term (Calbiochem #516557, 1:1000; Merck 
Millipore Sigma, Darmstadt, Germany), pERK1/2 (Thr202/
Tyr204) (Cell Signaling #9106, 1:2000, Cell Signaling 
Technology, Danvers, MA, USA), pS6 (Ser240/244) (Cell 
Signaling #2215, 1:1000) or GAPDH (Merck Millipore Sigma 
#MAB374, 1:500 000) in blocking buffer, washed with TBS-
0.05% of Tween-20, and incubated with secondary antibody 
(goat-anti-rabbit Alexa Fluor 680; Molecular Probes, Thermo 

Fisher Scientific or goat-anti-mouse IRDye 800; Rockland 
Immunochemicals, Pottstown, PA, USA) for 1  hour at RT. 
Antibody binding was detected by Odyssey Infrared Imaging 
System (LI-COR Biosciences) and quantified using the public 
domain NIH Image program (developed at the US National 
Institutes of Health, Bethesda, MD).

2.6  |  Immunohistochemistry

After excision of the heart, a transversal section of the LV 
was fixed overnight in phosphate-buffered 10% of formalin 
(pH 7.0) and thereafter prepared as paraffin-embedded sec-
tions. Thereafter, five µm thick sections were cut from the 
mid-section of the heart at the level of the papillary muscles. 
For staining, sections were deparaffinized in xylene and de-
hydrated in graded ethanol series. After the quadriceps femori 
were fixed overnight in phosphate-buffered 10% of formalin 
(pH 7.0), the muscle was cut transversally from the middle, 
embedded in paraffin and cut in 5 µm sections.

The sections were stained with Masson's trichrome stain 
to visualize cardiomyocytes, cell nuclei, and fibrous tis-
sue. Alternatively, sections were stained with 5  µg/mL of 
wheat germ agglutinin (WGA) Alexa Fluor 488-conjugate  
(Molecular Probes, Thermo Fisher Scientific). Cross-
sectional myocyte cell size was quantified (Nikon NIS-
Elements, Nikon, Minato, Tokyo, Japan) as an average of 
50 cardiomyocytes/section obtained from five representative 
fields of each section (with 40× objective) from epicardial 
and endocardial sides of the LV. For quantification of the 
skeletal muscle size, paraffin-embedded sections from quad-
riceps femori were stained with WGA and two images per 
section (with 20× objective) were taken with a fluorescence 
microscope (Nikon Eclipse 80i). Individual cell sizes were 
quantified from the whole image (NIS Elements), containing 
approximately 100 cells/image.

Primary antibody for slow myosin heavy chain MHCI 
(Chemicon #MAB1628, 1:200, Merck Millipore Sigma), 
was used to detect the slow-twitch myocytes in the skeletal 
muscle. The sections were first stained with WGA, then, 
double-stained with MHCI and finally counterstained with 
DAPI. Alexa Fluor 568 goat anti-mouse IgG (A11031; 
Invitrogen, Thermo Fisher Scientific) was used for second-
ary detection. Primary antibody for PAX7 (Abcam #34360, 
1:200) was used to detect satellite cells. The sections were 
first stained with WGA, then, double-stained with PAX7, and 
finally, counterstained with DAPI.

For quantifying cardiac fibrosis, the sections were stained 
with Picrosirius Red (Direct Red 80, Sigma, Merck Millipore 
Sigma) as described.27 The sections were analyzed under 
the microscope with linear polarized light (Olympus BX51, 
Shinjuku, Tokyo, Japan) and the images were obtained from 
the peri-infarcted area and from the remote LV area with a color 
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digital camera (with 20x objective, Olympus, DP71). Red and 
green birefringence of collagen fibers were quantified (NIH 
Image Program) and averaged from multiple fields of each 
section representing increased interstitial fibrosis. At 4 + 6 wk 
study, after full fibrotic maturation and at late stage remodel-
ing, we quantified picrosirius-stained sections with fluorescent 
microscope. Picrosirius red shows red fluorescence.28 The 
sections were viewed under fluorescent light (with 540/25 nm 
filter), and imaged throughout the peri-infarcted area. The pic-
tures were stitched together in Adobe Photoshop and total fi-
brosis was determined from the whole peri-infarcted LV area, 
which represents higher fibrosis than remote LV.

To determine adipocyte cell size, sections prepared from go-
nadal fat were stained for hematoxylin-eosin. Cross-sectional 
adipocyte cell size was quantified (Adobe Photoshop) as an 
average of 60 adipocytes/section obtained from four represen-
tative fields of each section (with 10× objective).

2.7  |  Soluble collagen assay

To quantify the amount of soluble collagen in the myocar-
dium, samples from LV remote area were solubilized in 
0.1 mg/mL pepsin in 0.5 M acetic acid, incubated on a ro-
tator for 24  hours at 4°C. Samples were further processed 
according to the manufacturer's instructions (Sircol, #S1000, 
Biocolor, Carrickfergus, NI, UK), and analyzed for solu-
ble collagen with a microplate reader at 555  nm (Thermo 
Scientific Varioscan, Thermo Fisher Scientific).

2.8  |  Statistics

Data are expressed as mean ± SD. The data were analyzed 
with SPSS software using Student t test or one-way ANOVA 
when appropriate, followed by Dunnett or Tukey post 
hoc test. When data were not normally distributed, Mann-
Whitney U test or Kruskal-Wallis test with Bonferroni cor-
rection was used. *P < .05, **P < .01, and ***P < .001.

3  |   RESULTS

3.1  |  ACVR2B ligands are differently 
regulated in the myocardium after MI

We first determined the time course of activation of ACVR2B 
ligands after MI. In IR, we have reported that myostatin and 
activin A are already upregulated in the myocardium at 
6  hours after ischemic insult and their levels are sustained 
for 24 hours.6 In MI, Inhba (activin A) and Inhbb (activin B) 
levels were upregulated in the myocardium during the first 
few days after infarction and were sustained for the first few 

weeks after the ischemic insult, in levels exceeding that of 
Tgfb (Tfgβ) (Figure 2A). In contrast to activin A and activin 
B, the levels of Gdf8 (myostatin) were downregulated during 
the early days after infarction while the levels of its close ho-
molog, Gdf11 were not affected (Figure 2B). We then deter-
mined the levels of the main receptors binding these ligands. 
Here, Acvr2b was downregulated while Acvr2a also showed 
minor downregulation (Figure  2C). However, it should be 
noted that changes in the expression levels do not directly 
contribute to actual ACVR2B signaling but rather indicates 
ACVR2B signaling to be modified in MI.

3.2  |  Systemic blockade of ACVR2B ligands 
does not alleviate post-MI remodeling

We then aimed to determine whether systemic blockade of 
ACVR2B ligands, similar to its cardioprotective effects in 

F I G U R E  2   Expression of ACVR2B ligands in myocardium 
post-MI. MI was achieved by permanent ligation of the left anterior 
descending (LAD) coronary artery in mice. The time course of the 
expression of ACVR2B ligands was determined from LV with qPCR. 
The expression of Tgfb1, the main factor of TGFβ family is shown 
as a comparison. Additionally, the expression levels of activin type II 
receptors were analyzed. Levels below sham values are shown with 
grey. n = 5 (3 d, 5 d, 7 d, 4 wk), n = 6 (2 wk), n = 9 (10 wk). Data are 
presented as mean + SD. *P < .05, **P < .01 vs sham. Inhba (activin 
A), Inbb (activin B), Gdf8 (myostatin)
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transient IR model,6 could alleviate ischemic injury, reduce 
cardiac remodeling and restore cardiac function after MI. 
Systemic blockade of ACVR2B ligands by ACVR2B-Fc 
was started immediately after MI and continued through-
out the inflammatory and reparative phases (4 wk study). 
Complementary to ACVR2B-Fc, which blocks ACVR2B 
ligands activin A, activin B, myostatin, and GDF11, we 
treated an additional group of mice with an inhibitor, which 
induces systemic blockade of activin B ligand specifically 
(ACTB-Fc).

The MI model is associated with approximately 30% mor-
tality rate,24 mainly caused by LV rupture during 3-7  days 
post-MI. In our 4 wk study, where treatments were started 
immediately after MI, 7 out of 24 MI-operated mice died in 
the first few days after infarction. In more detail, 5/10 mice 
in the vehicle-treated MI group, 7/9 mice in the ACVR2B-
Fc-treated MI group and 5/5 mice in the ACTB-Fc-treated 

mice survived until end of 4 wk study (Figure S1). However, 
survival was not significantly different in comparison to the 
vehicle-treated MI group.

When monitoring cardiac function 4 weeks post-MI by 
echocardiography, neither ACVR2B-Fc nor ACTB-Fc had 
an effect on cardiac systolic function or LV dimensions 
(Figure 3A, Table S2). ACVR2B-Fc or ACTB-Fc did not 
affect cardiac mass, cardiomyocyte size (Figures  3B and 
S1) or fibrosis (Figure  3C). ACVR2B-Fc did not affect 
gene expression of hypertrophic, fibrotic or angiogenetic 
factors (Figure  S1). However, ACVR2B-Fc upregulated, 
although not significantly, factors associated with re-
modeling and fibrosis, such as Il6 (Figure  S1, P  =  .09). 
ACTB-Fc also slightly upregulated Fgf2 (Figure  S1, 
P = .06). ACVR2B-Fc or ACTB-Fc did not cause compen-
satory upregulation of ACVR2B ligands or type II recep-
tors (Figure S1).

F I G U R E  3   ACVR2B-Fc or ACTB-Fc do not alter post-MI remodeling. Mice were treated with vehicle (grey columns), with a soluble 
decoy receptor ACVR2B-Fc (ACVR2B-Fc, black columns) or with a modified follistatin-Fc protein binding activin B (ACTB-Fc, blue columns). 
Treatment was started immediately after permanent ligation of the left anterior descending (LAD) coronary artery and continued for 4 weeks  
(4 wk study). A, As determined with echocardiography, neither ACVR2B-Fc nor ACTB-Fc affected the cardiac function, ventricular 
remodeling (left ventricular diameter in diastole, LVID;d) or hypertrophy (LV posterior wall thickness, LVPW;d) in MI mice (complementary 
echocardiography data in Table S2). Representative pictures of Masson trichrome stained heart sections, cut horizontally. B, ACVR2B-Fc or 
ACTB-Fc did not induce cardiac hypertrophy. C, ACVR2B-Fc or ACTB-Fc did not affect cardiac fibrosis as determined with picrosirius red stain 
from cardiac sections. Representative images of picrosirius red-stained collagen fibers in cardiac sections pictured from the peri-infarcted area 
under polarized light. ACVR2B-Fc or ACTB-Fc did not affect genes related to cardiac hypertrophy, fibrosis or angiogenesis (Supplementary data 
in Figure S1). Sham values are shown as a dotted line. n = 5, 7, 5 (A, B), n = 3, 4, 3 (B, peri-infarcted area), n = 3, 4, 4, (C). Data are presented as 
mean + SD
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3.3  |  Systemic blockade of ACVR2B ligands 
does not improve cardiac function in ischemic 
heart failure

Next, we aimed to study whether ACVR2B-Fc could improve 
cardiac function when administered after established ischemic 
HF. ACVR2B-Fc treatment was started 4 weeks after MI and 
continued for 6 weeks (4 + 6 wk study). ACVR2B-Fc treat-
ment started at chronic stage post-MI did not affect cardiac 
systolic function or LV dimensions (Figure 4A, Table S3). 
Furthermore, ACVR2B-Fc did not significantly provoke MI-
induced cardiac hypertrophy during the 6-week treatment 
(Figure  4B). ACVR2B-Fc slightly reduced cardiac fibrosis 
in the late-remodeling stage, but this was not statistically sig-
nificant (Figure 4C, P = .057). We determined the expression 
levels of multiple genes associated with cardiac hypertrophy, 
fibrosis, angiogenesis, cardiogenesis, migration, contractil-
ity, and metabolism (Figure S2). We detected ACVR2B-Fc to 
upregulate Tnf (Tnfα) (P < .05) and Angpt2 (angiopoietin 2)  
(P < .05) and a similar trend was detected already in the 4 
wk study (Figure S1). Interestingly, ACVR2B-Fc downregu-
lated Ddit4 (Redd1) (P < .05), DNA damage-inducible tran-
script, which regulates cell growth and survival (Figure S2). 
In addition, ACVR2B-Fc upregulated Pgc1α4, an alternative 
splice variant of the Ppargc1a (Pgc1α) gene (P <  .01), as-
sociated with physiological hypertrophy in striated muscle.29 
ACVR2B-Fc also substantially downregulated the expres-
sion of Ccl21 (P  <  .001), a chemokine and the ligand for 
CCR7 receptor, associated with immunological responses 
and tissue remodeling but the function in the heart remains 
mostly unknown. The expression of CCL21 is increased in 
the heart and serum during HF, and its high levels are associ-
ated with increased mortality in patients with HF.30,31 The 
downregulation of Ccl21 in the current study, however, did 
not contribute to any notable changes in cardiac homeostasis 
during ischemic HF.

When treating sham mice, ACVR2B-Fc downregulated 
the expression of Nppa (atrial natriuretic peptide) (P < .01) 
and Acta1 (skeletal muscle actin-α) (P < .05). Although Lox 
was slightly elevated, collagen deposition was not signifi-
cantly increased by ACVR2B-Fc in sham mice (Figure S2).

3.4  |  Systemic blockade of ACVR2B ligands 
other than activin B increases skeletal muscle 
size post-MI and in ischemic heart failure

We then aimed to study whether ACVR2B-Fc could reduce 
skeletal muscle loss in HF-induced muscle wasting. In 4 wk 
study, ACVR2B-Fc treatment in MI mice increased both 
bodyweight and skeletal muscle size whereas the block-
ing of activin B had no effects (Figure  5A). ACVR2B-Fc 
also induced physiological changes outside the muscula-
ture, which were not obtained by blocking only activin B. 

ACVR2B-Fc-induced splenomegaly and reduced fat mass in 
MI mice, determined by reduced adipocyte size (Figure S3). 
In addition to altering adipose phenotype, myostatin defi-
cient mice have greater insulin sensitivity.32,33 In line with 
this, ACVR2B-Fc lowered blood glucose levels in MI mice, 
although not statistically significantly (P = .08).

Similarly, 6 wk treatment with ACVR2B-Fc (4 + 6 wk  
study) increased bodyweight in ischemic HF mice but 
not to same extent as their sham counterparts (Figure 5B). 
ACVR2B-Fc already increased bodyweight after 1 week of 
treatment, both in the sham and MI mice (Figure 5B). To en-
sure that this was due to muscle hypertrophy, we quantified 
the size of muscle fibers in the quadriceps skeletal muscle 
and observed that ACVR2B-Fc increased the mean myofi-
ber size in this muscle group (Figure 5C). When examined 
in more detail, MI increased the proportion of small myofi-
bers, which suggests that muscle wasting was present in our 
model of ischemic HF. Furthermore, ACVR2B-Fc decreased 
the proportions of small myofibers while also increasing the 
proportion of larger myofibers (Figure 5C). Increased mus-
cle fiber size by ACVR2B-Fc was associated with increased 
mTORC1 signaling as marked by an increased phosphory-
lation of pS6 whereas phosphorylation of ERK was not af-
fected (Figure 5D). ACVR2B-Fc lowered the protein level of 
PGC1α in skeletal muscle (Figure 5D) and its transcript lev-
els (Figure S4) suggesting metabolic alterations in addition to 
hypertrophy. This was accompanied by ACVR2B-Fc lower-
ing the gene expression of Myh7 (MHCβ) while no changes 
in the proportion of MHCI slow-twitch myofibers were de-
tected (Figure 5E). ACVR2B-Fc did not increase activation 
of satellite cells (Figure S4).

In addition to lowering Ppargc1a (Pgc1α1) expres-
sion, ACVR2B-Fc downregulated Pfkm gene expression 
(Figure  S4) in skeletal muscle while upregulating Cited4 
expression (Figure 5E). ACVR2B-Fc nonsignificantly down-
regulated atrogenes Fbxo32 (Atrogin1, P = .08) and Trim63 
(Murf1, P  =  .07) (Figure  S4), which was accompanied by 
reduced lipidated LC3 (LC3II) as a marker of autophagy 
(Figure  5F). ACVR2B-Fc did not affect the expression 
levels of ACVR2B ligands Inhba, Inhbb, Tgfb1 or recep-
tors Acvr2a, Acvr2b or BMP receptor Bmpr2 (Figure  S4). 
However, ACVR2B-Fc increased the expression levels of 
Gdf11 in MI mice and both Gdf11 and Gdf8 in sham mice 
(Figure S4). This suggests that there is a compensatory in-
crease of these anti-hypertrophic factors after ACVR2B-Fc-
induced muscle hypertrophy. Since BMPs can also regulate 
muscle mass,34 we determined the levels of BMPs in MI 
mice and in response to ACVR2B-Fc treatment. While other 
BMPs were not affected, MI induced slight upregulation of 
Gdf6 (Bmp13) (Figure S4, P = .06) in skeletal muscle. In the 
heart, MI reduced the expression of Bmp7 and similarly to 
skeletal muscle, increased the expression of Gdf6 (Bmp13) 
(Figure S4, P < .05). ACVR2B-Fc, however, did not affect 
BMP levels in skeletal muscle or in the heart.
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F I G U R E  4   ACVR2B-Fc does not modify cardiac function, hypertrophy or fibrosis in ischemic heart failure. Mice were treated with 
vehicle (grey columns) or with a soluble decoy receptor ACVR2B-Fc (ACVR2B-Fc, black columns). Treatment was started 4 weeks after 
permanent ligation of the left anterior descending (LAD) coronary artery and continued for 6 weeks (4 + 6 wk study). A, When evaluated using 
echocardiography, ACVR2B-Fc did not affect the cardiac function, ventricular remodeling (left ventricular diameter in diastole, LVID;d) or 
hypertrophy (LV posterior wall thickness, LVPW;d) in MI mice (complementary echocardiography data in Table S3). Representative pictures of 
Masson trichrome stained heart sections cut horizontally. B, ACVR2B-Fc did not induce cardiac hypertrophy. In comparison, heart weight to body 
weight ratios and cardiomyocyte cross-sectional area shown for sham-operated vehicle-treated (white columns) and ACVR2B-Fc-treated (yellow 
columns) mice. C, ACVR2B-Fc did not affect cardiac fibrosis as determined with picrosirius red stain from cardiac sections. Representative images 
of picrosirius red-stained collagen fibers in cardiac sections pictured from the peri-infarcted area under fluorescent light. Complementary data on 
ACVR2B-Fc affected genes in myocardial hypertrophy, fibrosis, angiogenesis, cardiogenesis, and metabolism in Figure S2. Sham values are shown 
as a dotted line. n = 8, 9 (A, C), n = 5, 4, 8, 9 (B). Data are presented as mean + SD. *P < .05, ***P < .001 vs sham
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4  |   DISCUSSION

4.1  |  ACVR2B-Fc promotes skeletal muscle 
hypertrophy but has no effect on cardiac 
function or remodeling post-MI or in ischemic 
heart failure

Daily administration of follistatin, the endogenous inhibi-
tor of activins and myostatin for 4 weeks after experimental 

MI, decreases sympathetic remodeling and inflammatory 
activation, accompanied by sustained cardiac function.35 
In our previous study, we found that ACVR2B-Fc reduced 
transient ischemia-reperfusion injury in the heart.6 In the cur-
rent study, we further investigated whether the blockade of 
ACVR2B signaling alleviates post-MI remodeling. In order 
to investigate whether the effects of ACVR2B-Fc may be in 
part through activin B, we also administered a novel blocker 
for activin B. We observed that, with systemic blockade of 

F I G U R E  5   ACVR2B-Fc increases skeletal muscle hypertrophy post-MI and in ischemic heart failure. MI was induced by permanent ligation 
of the left anterior descending (LAD) coronary artery. Vehicle, ACVR2B-Fc or ACTB-Fc treatment was started immediately after operation  
(4 wk study, A) or 4 weeks after the operation (4 + 6 wk study, B-F). A, ACVR2B-Fc treatment increased bodyweight and skeletal muscle size 
post-MI while ACTB-Fc had no effect on skeletal muscle hypertrophy. B, ACVR2B-Fc treatment increased bodyweight in ischemic HF. Data for 
sham-operated vehicle or ACVR2B-Fc-treated mice shown as comparison. C, ACVR2B-Fc treatment increased mean skeletal muscle size in the 
quadriceps muscle of animals with ischemic HF. In addition, ACVR2B-Fc shifted the distribution of cross-sectional areas toward larger cell size, 
reversing MI-induced muscle wasting (grey and black scatter lines visualizing the distributions). D, ACVR2B-Fc increased the phosphorylation 
of S6, an indicator of mTOR signaling while phosphorylation of ERK was not affected. ACVR2B-Fc lowered the protein level of PGC1α in 
skeletal muscle suggesting metabolic alterations in addition to hypertrophy. E, As analyzed from MHCI double stain with wheat germ agglutinin, 
ACVR2B-Fc did not significantly reduce the proportion of MHCI slow-twitch myocytes in the quadriceps but ACVR2B-Fc lowered the expression 
of MHCβ. This was accompanied by upregulation of Cited4. F, ACVR2B-Fc reduced autophagy in the quadriceps muscle. Complementary data on 
ACVR2B-Fc affected genes in skeletal muscle metabolism and atrophy represented in Figure S4. Sham values are shown as a dotted line. n = 5, 7, 
5 (A), n = 5, 4, 8, 9 (B, D), n = 5, 7, 9 (C, E immunostaining, F), n = 6, 7 (E, qPCR). Data are presented as mean ± SD. **P < .01, ***P < .001 vs 
sham, #P < .05, ##P < .01, ###P < .001 vs MI vehicle
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ACVR2B ligands, we did not detect a reduction in inflam-
mation or preservation of cardiac function in permanent MI, 
even though the treatment was started immediately after MI 
or administered at the time point for chronic heart failure. 
In a pressure overload model, blockade of ACVR2 signal-
ing improves systolic function even if started 2 weeks after 
induction of pressure overload.16 In this study, ACVR2B-Fc 
lowered the expression of ANP and skeletal α-actin in sham 
mice, but this was not able to generate cardioprotection in 
ligation model of MI.

ACVR2 ligands bind to activin receptor 2A and 2B 
(ACVR2A and ACVR2B),23,36 which in turn activate type I 
receptors such as activin receptor-like kinases (ALK) ALK4 
and ALK5, activating downstream molecule SMAD2/3.37,38 
SMADS regulate myogenic genes that are involved in cellu-
lar hypertrophy, proliferation or differentiation.39 In addition 
to SMAD2/3 signaling, ACVR2 ligands also signal through 
noncanonical pathways to regulate cardiomyocyte growth by 
upregulation of atrophy-related atrogenes or autophagy genes 
resulting in proteasome-dependent muscle protein degrada-
tion and decreased muscle protein synthesis.38

We found that ACVR2B-Fc reversed muscle loss and in-
creased skeletal muscle hypertrophy in infarcted mice. This 
was accompanied by increased mTOR signaling as deter-
mined by increased phosphorylation of ribosomal protein S6, 
as described previously in healthy and cachectic mice.19,21 In 
addition, ACVR2B-Fc increased the gene expression of Creb 
binding protein (CBP)/p300-interacting transactivator with 
ED-rich carboxy-terminal domain-4 (Cited4), a transcription 
factor involved in physiological hypertrophy and increased 
mTOR signaling in cardiac muscle.40,41 ACVR2B-Fc also 
upregulates Cited4 after IR injury in the heart,6 but we did 
not detect this after prolonged use of ACVR2B-Fc in the pos-
tischemic heart.

ACVR2B-Fc-induced skeletal muscle hypertrophy was 
not accompanied by increased phosphorylation of ERK. 
ACVR2B-Fc was previously shown to restore ERK phos-
phorylation in cancer cachexia and to prevent skeletal muscle 
atrophy.20 We also found ACVR2B-Fc-induced skeletal mus-
cle hypertrophy was associated with a trend of reduced atro-
gene expression, namely Atrogin-1 and MuRF1, which was 
described before when ACVR2B-Fc reduced muscle wasting 
in cancer cachexia.20,42 This was accompanied by a reduction 
of the autophagosomal form of LC3 and the ratio of auto-
phagy-induced LC3II in the membrane versus the cytosolic 
LC3I form, which suggests decreased autophagosome for-
mation and/or increased autophagosome turnover/clearance. 
To conclude, ACVR2B-Fc-induced hypertrophy in skeletal 
muscle in mice with ischemic HF include mechanisms of 
physiological hypertrophy accompanied by increased mTOR 
signaling and reduction of atrogenes/autophagy. This sug-
gests that the hypertrophy occurs in a conventional manner 
previously described for ACVR2B blockade. Furthermore, as 

ACVR2B-Fc did not increase proliferation of satellite cells, 
similar to described before,43 it appears that ACVR2B-Fc 
thus blocks the direct effects of ACVR2B ligands on muscle.

Cardiac overexpression of myostatin induces muscle 
wasting while myostatin blocking antibody reduces skeletal 
muscle wasting in pressure-overload-induced heart failure.17 
Although we did not detect an effect of ACVR2B-Fc on the 
myocardium, ACVR2B-Fc could alter cardiokine secretion 
from the heart, regulating skeletal muscle function. To con-
firm the efficacy of ACVR2B-Fc in addition to increased 
skeletal muscle hypertrophy, we also detected other physi-
ological effects of ACVR2B blockade, that is, reduction of 
adipose tissue, splenomegaly, and reduction of blood glucose 
in MI mice.

The limitation of the study is that skeletal muscle masses 
were not weighed. In addition, we did not monitor skeletal 
muscle function. However, based on increased body weight, 
increased myofiber cross-sectional area and increased mTOR 
signaling in skeletal muscle, we suggest that blockade of 
ACVR2B signaling attenuates muscle wasting in ischemic 
HF. This is significant as maintenance of skeletal muscle 
mass can prevent common pathological conditions.44 Muscle 
mass serves as a reservoir for amino acids to maintain protein 
synthesis in vital organs, and loss of muscle mass is an im-
portant factor for survival in HF.2

4.2  |  ACVR2B-Fc induces metabolic 
modification in skeletal muscle in ischemic 
heart failure

Myostatin deficiency or treatment with ACVR2B-Fc down-
regulates the expression of MHCβ in skeletal muscle. This 
is accompanied by a reduction in expression of genes in-
volved in oxidative phosphorylation.45 Similarly, we found 
ACVR2B-Fc to downregulate MHCβ and a key metabolic 
gene PGC1α1 at both the gene and protein level in the 
quadriceps muscle of mice with HF. Metabolic alterations by 
ACVR2B-Fc have been linked to increased muscle fatigabil-
ity, especially in dystrophic mice.46 On the contrary, when 
given to healthy mice, ACVR2B-Fc impaired mitochondrial 
function but did not compromise the bioenergetics status dur-
ing muscle activity.47 In the current study, we did not ana-
lyze the endurance capacity of MI mice but skeletal muscle 
hypertrophy and its metabolic changes did not affect cardiac 
structure or function. If it caused increased skeletal muscle 
fatigability, this would probably lead to increased cardiovas-
cular stress, worsening of cardiac remodeling with increased 
extracellular matrix production and an increased expression 
of fetal gene program factors. By analyzing a variety of genes 
controlling cardiac function and remodeling processes, we 
did not encounter an indication of worsening the heart failure 
status.
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Contrary to downregulation of PGC1α1 in skeletal 
muscle, ACVR2B-Fc upregulated PGC1α4 in the heart. A 
PGC1α4 isoform that results from alternative promoter usage 
and splicing of the primary PGC1α transcript induces robust 
skeletal muscle hypertrophy without regulating metabolic 
effects such as oxidative phosphorylation similar to what 
the PGC1α1 isoform does.29 As there was no clear benefit 
of ACVR2B-Fc treatment on cardiac function or remodel-
ing, the upregulation of PGC1α4 probably reflects the minor 
hypertrophic effect of ACVR2B-Fc in the heart. We did 
not detect that ACVR2B-Fc alters the expression of genes 
involved in oxidative phosphorylation or glycolysis. This 
suggests that there has been no conversion of cardiomyocyte 
energy production to glycolytic metabolism after prolonged 
ACVR2B-Fc treatment, which could be detrimental to a 
failed heart.48 In addition, ACVR2B-Fc did not change the 
expression of genes involved in contractility and, in line with 
this, there was no change in cardiac systolic function, unlike 
recently described in nonischemic heart failure models.16 To 
conclude, ACVR2B-Fc induces metabolic changes in skele-
tal muscle by possibly restricting mitochondrial function but 
not contributing to myopathy while, at the same time, upreg-
ulating PGC1α4, an alternative splicing product in the heart.

It has been reported that myostatin deficiency increases 
LV diameter and decreases systolic function, inducing ec-
centric cardiac hypertrophy.49 Inactivation of myostatin in 
cardiomyocytes leads to increased glycolysis and glycogen 
accumulation, substantial cardiac hypertrophy and heart 
failure.50 This was even associated with >25% mortality in 
healthy mice just 10 days after induction of myostatin defi-
ciency. In our study ACVR2B-Fc, blocking systemic myosta-
tin signaling, did not cause cardiac hypertrophy or any signs 
of worsening of HF. We observed no lethality after one week 
following the induction of MI.

4.3  |  Contribution of ACVR2B ligands into 
skeletal muscle wasting in heart failure

In addition to myostatin, other ACVR2B ligands may con-
tribute to HF. Recently, activin A was suggested as the 
primary culprit for cardiac dysfunction in HF models, as ad-
enoviral delivery of activin A impaired cardiac function even 
in healthy mice.16 However, the function of the pleiotropic 
factor, GDF11, in the heart and skeletal muscle is still con-
troversial.51 Thus, we found it of high interest to block ac-
tivin A, myostatin, and GDF11 signaling with ACVR2B-Fc, 
in post-MI remodeling and ischemic HF to better understand 
the role of ACVR2B signaling in cardiovascular diseases. 
Activin B has been shown to modulate inflammation and 
fibrotic activation in kidney IR injury or in kidney trans-
plantation.52,53 As activin B was upregulated in the heart 
post-MI and its effects in the heart are not known, we used 

an additional setting to specifically block activin B. Blockade 
of activin B may distinguish the inflammatory component of 
ACVR2B signaling from the cell viability/growth regulating 
effects by activin A, myostatin, and GDF11. In the current 
study, however, systemic blockade of activin B, similarly to 
ACVR2B-Fc, did not alleviate post-MI remodeling. Unlike 
ACVR2B-Fc, which induced skeletal muscle hypertrophy, 
systemic blockade of activin B did not increase muscle size.

Similarly to myostatin, GDF11 expression is increased 
during aging and inhibits muscle regeneration,54 while its ca-
chectic effects could be reversed by blockade of ACVR2A/
ACVR2B.55 Furthermore, while exogenous GDF11 reduces 
cardiac hypertrophy and fibrosis after pressure overload, it 
also induces severe cachexia, which even leads to increased 
death.56 Although we did not detect changes in the expres-
sion level of GDF11, we cannot rule out that ACVR2B-Fc 
could have mediated skeletal muscle hypertrophy partly by 
blocking effects of GDF11. In zebrafish, activin A has been 
shown to promote heart regeneration by acting as a cardio-
myocyte mitogen after cardiac injury,57 and provides an out-
come opposite to that of myostatin. As likely expected in 
infarcted adult mammalian heart, we did not detect an effect 
of ACVR2B-Fc on genes involved in cardiac stem cell activa-
tion, cardiomyogenesis or cardiac differentiation.

4.4  |  ACVR2B signaling in post-MI 
inflammation, cardiac remodeling, and fibrosis

Myostatin deficiency not only increases skeletal muscle 
mass, but also reduces cardiac fibrosis and improves cardiac 
function in senescent mice.58

In a conditional mouse model, increased expression of 
myostatin in cardiomyocytes induces interstitial fibrosis and 
impairs cardiac contractility.59 Furthermore, inhibition of 
myostatin by ACVR2B-Fc reverses fibrosis in the skeletal 
muscle of dystrophic mice by increasing fibroblast apopto-
sis.60 Since activins are suggested to contribute to inflamma-
tory and fibrotic diseases,61 we also assessed the effect of the 
blockade of ACVR2B ligands in postmyocardial remodeling 
and in ischemic HF.

Infarction is followed by acute inflammatory response (up 
to 4 days post-MI), involving the recruitment of innate and 
adaptive immune cells into the injured area. However, other 
sets of leukocytes and activation and differentiation of fibro-
blasts, also involving angiogenesis, contributes to resolution 
of inflammation, and wound repair (days 4-14 post-MI). 
Thereafter, fibrosis is completed by a scar maturation phase 
and, late cardiac remodeling, possibly involving chronic 
inflammation which occurs weeks to months after MI.62 
Considering the view that ACVR2B ligands can regulate a va-
riety of cell types affected in the infarcted heart, it is surpris-
ing how small the effect of long-term blockade of ACVR2B 
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signaling has on post-MI remodeling. ACVR2B-Fc increased 
the expression of the inflammatory cytokine TNFα, which 
is known to contribute to reduced contractility, cardiomyo-
cyte hypertrophy, and fibrosis.63 However, the upregulation 
of TNFα did not compromise cardiac function and there was 
rather a trend to reduced fibrosis.

4.5  |  Therapeutic aspects of ACVR2B-
Fc in the treatment of heart failure-induced 
muscle wasting

Systemic blockade of ACVR2B ligands in mice has been 
shown to revert chemotherapy-20,22 and cancer-induced 
muscle wasting,19,42 and to alleviate sarcopenia in dys-
trophic mice.21,64,65 In addition, ACVR2B-Fc has been re-
ported to reduce tumor-induced splenomegaly.19 While MI 
did not induce spleen growth itself, 4 or 6 week treatment 
with ACVR2B-Fc-induced substantial splenomegaly both in 
healthy and in infarcted mice. This increase in spleen size is 
comparable to that obtained from administration of granulo-
cyte colony stimulating factor,66 a hematopoietic mobilization 
agent which has side effects that include severe splenomeg-
aly and even spleen rupture. The induction of splenomegaly 
by ACVR2B-Fc is probably due to blockade of GDF11, since 
GDF11 is known to be involved in hematopoiesis by con-
trolling erythrocyte maturation.51 To overcome these possi-
ble side effects, systemic blockade of ACVR2B ligands, to 
treat muscle wasting, should preferably be replaced by more 
selective agents such as specific antibodies to activin A or 
myostatin,13 thus, not affecting GDF11.

Drugs in preclinical and early stage clinical development 
for the treatment of HF display a variety of targets. They are 
directed to inflammation, hyperglycemia, cardiac ion chan-
nels, diuresis, metabolism, neurohumoral activity, vasodila-
tation and, ventricular remodeling. Pirfenidone, an inhibitor 
for TGFβ1 is in Phase 2 clinical trials to evaluate its efficacy 
to restrict cardiac remodeling and fibrosis in patients whom 
have HF with preserved ejection fraction.67 Considering that 
ACVR2B ligands target many of the abovementioned phys-
iological functions, it was rather unexpected to not detect a 
significant benefit of ACVR2B-Fc treatment for the heart in 
ischemic HF. Importantly, even though systemic blockade of 
ACVR2B ligands after MI is not beneficial to the heart, it is 
not detrimental for the healthy or injured heart when treating 
skeletal muscle wasting.

To conclude, our data show that systemic blockade of 
ACVR2B ligands did not affect cardiac hypertrophy, fibrosis 
or cardiac function in post-MI remodeling phase and ischemic 
HF. ACVR2B-Fc increased skeletal muscle hypertrophy in 
infarcted mice, which did not compromise cardiac function 
or worsen HF pathology. Despite its possible side effects on 
hematopoietic system, ACVR2B-Fc could be a therapeutic 

for HF-induced muscle wasting as ACVR2B-Fc prevented 
chronic MI-induced skeletal muscle wasting. It remains to be 
elucidated whether dual blockade of ACVR2A/ACVR2B by 
bimagrumab, which provides full anabolic response in skele-
tal muscle,36 could offer benefit for the infarcted heart.
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