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Abstract

The transforming growth factor-B (TGF-) superfamily member, myostatin, is a negative regulator of muscle growth and may
contribute to adverse cardiac remodeling. Whether suppressing myostatin could benefit pressure-overloaded heart remains
unclear. We investigated the effects of pharmacological inhibition of myostatin on cardiac fibrosis and hypertrophy in a mouse
model of pressure overload induced by transverse aortic constriction (TAC). Two weeks after the surgery, TAC and sham mice
were randomly divided into groups receiving mRK35, a monoclonal anti-myostatin antibody, or vehicle (PBS) for 8 wk.
Significant progressive cardiac hypertrophy was observed in TAC mice, as reflected by the increased wall thickness, ventricu-
lar weight, and cross-sectional area of cardiomyocytes. In the groups treated with mRK35, compared with sham mice, cardiac
fibrosis was increased in TAC mice, accompanied with elevated mRNA expression of fibrotic genes. However, among the TAC
mice, mRK35 did not reduce cardiac hypertrophy or fibrosis. Body weight, lean mass, and wet weights of tibialis anterior and
gastrocnemius muscle bundle were increased by mRK35. When compared with the TAC-PBS group, the TAC mice treated
with mRK35 demonstrated greater forelimb grip strength and a larger mean size of gastrocnemius fibers. Our data suggest
that mRK35 does not attenuate cardiac hypertrophy and fibrosis in a TAC mouse model but has positive effects on muscle
mass and muscle strength. Anti-myostatin treatment may have therapeutic value against muscle wasting in cardiac vascular
disease.

NEW & NOTEWORTHY Recent research has highlighted the importance of inhibiting TGF-§ signaling in mitigating cardiac dys-
function and remodeling. As myostatin belongs to the TGF- family, we evaluated the impact of myostatin inhibition using
mRK35 in TAC-operated mice. Our data demonstrate that mRK35 significantly increased body weight, muscle mass, and muscle
strength but did not attenuate cardiac hypertrophy or fibrosis. Pharmacological inhibition of myostatin may provide therapeutic
benefits for the management of muscle wasting in cardiovascular diseases.

fibrosis; hypertrophy; myostatin; skeletal muscle; transverse aortic constriction

INTRODUCTION

The transforming growth factor-f (TGF-p) signaling pathway
is a major mediator involved in the pathogenesis of cardiac fi-
brosis and hypertrophy and regulates matrix metabolism in
the pressure-overloaded heart (1). Following cardiac injury, the
TGF-p family ligands including TGF- itself, activins, and myo-
statin [also known as growth differentiation factor-8 (GDF-8)]
activate downstream pathways, such as suppressor of mothers
against decapentaplegic (SMAD) signaling proteins in both
fibroblasts and cardiomyocytes, resulting in cardiomyocyte hy-
pertrophy, fibroblast proliferation and migration, extracellular
matrix deposition, and myofibroblast differentiation, which
ultimately lead to adverse cardiac remodeling, contractile
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dysfunction, and heart failure (HF; 2, 3). Thus, TGF-f signaling
is considered as one of the potential therapeutical targets in
patients with cardiac fibrosis and HF.

Inhibitors of TGF-B ligands or TGF-B receptors, including
activin receptor II (ActRII) and activin receptor-like kinase 5
(ALKS), have been under investigation as promising antifi-
brotic agents by interfering TGF-p signaling (2). For instance,
pirfenidone, a nonpeptide synthetic molecule, has been
reported to reduce the expression of various profibrotic factors
including TGF- B, tumor necrosis factor-a, platelet-derived
growth factor, and collagens (4, 5). GW788388, an ALKS blocker,
decreased TGF-p activity, attenuated cardiac dysfunction, and
ameliorated cardiac remodeling following myocardial infarc-
tion (MI; 6).
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Recently, the role of ActRII ligands has been a subject of
intense interest. The latest study has demonstrated that admin-
istration with neutralizing antibody anti-ActRII (CDD866) or
anti-ActRII ligands (RAP-031) preserved and restored sys-
tolic function in a mouse model of pressure overload (7).
Furthermore, myostatin, well known as a negative regulator
of skeletal muscle growth across species (8), has been reported
to elevate in the cardiac tissue following MI, induction of pres-
sure overload, and HF (9-11). Notably, genetic deletion of
myostatin has been shown to enhance cardiac function and
insulin sensitivity in aged mice (12, 13). Castillero et al. (14)
further provided compelling evidence that blocking ActRII
signaling using myo-Fc, a cleavage-resistant version of myo-
statin’s propeptide domain, which competitively inhibits en-
dogenous myostatin, GDF-11, and activins from binding to
ACTRII, improved fractional shortening and prevented fibro-
sis in mice post-MI. mRK35 is a mouse monoclonal anti-
myostatin antibody that inhibits TGF- signaling by binding to
the mature myostatin dimer to block its interaction with ActRII
(15). It has been proven that mRK35 increased skeletal muscle
mass and improved muscle strength and contractility in the X
chromosome-linked muscular dystrophy (mdx) mouse model
of Duchenne muscular dystrophy (16). However, the
effects of mRK35 in heart have not been studied yet. On
this basis, we evaluated whether mRK35 is protective

against cardiac remodeling and fibrosis in post-transverse
aortic constriction (TAC) mice.

METHODS

Study Design

Female C57BL/6J mice (12 wk old; Charles River, Wilmington,
MA) were assigned to either TAC or sham operation. Two weeks
after the surgery, sham (n = 20) and TAC mice (n = 25) were
randomized into two groups to receive weekly treatment
of 10 mg/kg mRK35 (16, 17; Pfizer, Cambridge, MA) or vehi-
cle (PBS) via intraperitoneal injection. Echocardiography
was obtained to assess the longitudinal changes of cardiac
function. Since mRK35 can increase the muscle mass and
strength in mdx mice (16), 2 days before the treatment and
before euthanasia, body composition was measured using
a minispec, and skeletal muscle strength was assessed
using a grip strength meter (GSM) and a rotarod. The mice
were euthanized 8 wk after the treatment. Organs were col-
lected and snap-frozen for molecular analyses or were fix-
ated in 4% paraformaldehyde and paraffin-embedded for
histochemical purposes. Heart tissues were arrested in di-
astole before fixation. The complete experimental protocol
is illustrated in Fig. 1A. This study was approved by the
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Figure 1. Effect of mRK35 on cardiac function and hypertrophy. A: experimental design. B—E: longitudinal changes of ejection fraction (B), fractional
shortening (C), left ventricular anterior wall in diastole (LVAWd; D), and left ventricular posterior wall in diastole (LVPW(d; E). F: left ventricle and right ven-
tricle (LVRV) weights corrected for tibia length (TL). G: gene expression of atrial natriuretic peptide (ANP). H and /: LVAWd (H) and LVPWd (/) 10 wk after
surgery. J: representative images of heart tissue depicting the cardiomyocyte size, stained with wheat germ agglutinin (WGA) in green and counter-
stained with 4/,6-diamidino-2-phenylindole (DAPI) in blue. K: quantification of cross-sectional area of cardiomyocytes from WGA-stained section. Data
are presented as means + SD. In D and E, *P < 0.05, **P < 0.01, and ***P < 0.001 indicate significant difference between sham + PBS and transverse
aortic constriction (TAC) + PBS at each time point; #P < 0.05 and ##P < 0.01 indicate significant difference between sham + mRK35 and TAC +
mRK35 at each time point. In F-K, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 indicate significant difference between groups. In J, white

bar=50 pm.

H196

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00223.2023 - www.ajpheart.org

Downloaded from journals.physiology.org/journal/ajpheart at University of Groningen (129.125.019.061) on November 16, 2023.


http://www.ajpheart.org

(}) THE EFFECTS OF mRK35 IN TAC-OPERATED MICE

Animal Ethical Committee of University of Groningen
(IvD No. 16487-01-002) and was conducted according to
the Guide for the Care and Use of Laboratory Animals, pub-
lished by National Institutes of Health. The study is
reported following the Animal Research: Reporting of In
Vivo Experiments (ARRIVE) guidelines (18). We studied
female mice as previous studies with the TAC mouse
model predominantly focused on male mice, and no data
are available for this specific intervention in female mice.

TAC

TAC surgery was performed as previously published (19).
In brief, the mice were anesthetized under inhalation of iso-
flurane (2.5%), and the ascending aorta was constricted using
a rubber O-ring (Apple rubber, Lancaster, NY) with an inner
diameter of 0.56 mm to create reproducible stenosis. Sham-
operated mice underwent the same operation without the
placement of the O-ring.

Echocardiography

M-mode and two-dimensional echocardiography were
acquired to evaluate cardiac structure and function 2, 4, 8,
and 10 wk after TAC/sham surgery, using the Vevo 3100 sys-
tem (FUJIFILM VisualSonics, Toronto, Canada), equipped
with a 40-MHz MXX550D linear array transducer (20). Vevo
LAB software version 5.5.0 (FUJIFILM VisualSonics) was
used to measure echocardiographic parameters.

Minispec

Body composition (fat, fluid, and lean mass) was deter-
mined using a minispec LF90II body composition analyzer
(Bruker Optics, Billerica, MA) according to the guidelines
provided by the supplier.

GSM

Mice were gently held by the tail and were allowed to grab
the horizontal bar of the grip-strength apparatus (The
Chatillon DFS II digital force gauge; AMETEK STC, Berwyn,
PA) with forelimb paws in a pronated manner while being
held horizontally. The mice were then pulled away gently
until the grip was released and the maximal force (in newton)
achieved by the animal was recorded; the hindlimbs were
kept away from the apparatus, and the average of three trials
was reported. All mice were tested by the same person.

Rotarod

We used an IITC rotarod 755 (II'TC Life Science) to measure
the motor functions (balance, coordination, stamina, and
power production) of the mice. The mice were acclimated to
the rotarod through 3 trials/day for 3 consecutive days. On
the next day of testing, mice ran on the device as it acceler-
ated from 4 to 40 rpm over 5 min. The time the mouse
remained on the rotarod was recorded. This accelerating
protocol was performed three times, and the average of the
three trials was calculated.

Masson Staining

Midpapillary slices of the ventricles were fixated in 4%
paraformaldehyde for 24 h. Tissues were dehydrated
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and embedded in paraffin using an automated system
(Leica TP 1020, Wetzlar, Germany). Paraffin-embedded
heart tissues were cut into 4-um sections and Masson tri-
chrome staining was performed. Stained sections were
automatically scanned using a NanoZoomer 2.0-HT digi-
tal slide scanner (Hamamatsu, Shizuoka, Japan). The
amount of fibrosis in each section was determined using
Aperio’s ImageScope software and was quantified as a
percentage of the entire section at x20 magnification as
described (21).

Wheat Germ Agglutinin Staining

Cardiomyocyte and gastrocnemius myofiber cross-sectional
areas (mm?) were visualized with wheat germ agglutinin
(WGA) fluorescein isothiocyanate (Sigma-Aldrich, Burlington,
MA) staining. Fluorescent images were made using a Leica
AF6000 microscope at x20 magnification. Cross-sectional
areas were measured for >30 cardiomyocytes and for all
myofibers in five acquired images per animal, using Fiji
software. The observer was blinded to the conditions.

Quantitative Polymerase Chain Reaction

Total RNA from LV tissue was extracted using TRI
Reagent VR (Sigma-Aldrich). Quantitative polymerase chain
reaction (QPCR) was performed using iQ SYBR green super
mix (Bio-Rad, Hercules, CA) and C1000 Thermal Cycler
CFX384 Real-Time PCR Detection System (Bio-Rad). Gene
expression levels were quantified with Bio-Rad CFX Manager
2.0. All gene expression levels were normalized to the refer-
ence gene 36B4 and were presented as fold-change to the
sham-PBS group. Primer sequences used were as follows: 5'-
GCTTCCAGGCCATATTGGAG-3' (forward) and 5'-GGTGGTC
TAGCAGGTTCTTG-3’ (reverse) for atrial natriuretic peptide
(ANP); 5'-CAACGAGACCACCTTATACC-3' (forward) and 5'-
CATATCCACAGAGGCTTTCC-3' (reverse) for tissue inhibitor
of metalloproteinase 1 (TIMP1); 5'-CAGTGAAACCCAACGC
AAAC -3’ (forward) and 5-AGGCAACATCATTCCCTCTC-3’
(reverse) for galectin-3; 5’-TTCCACACCCCAATCTTCAT-3'
(forward) and 5-GGGGTCTTTTGAACTGTGGA-3' (reverse)
for fibronectin; 5'-GCATCTCCACCCGAGTTAC-3’ (forward)
and 5-ACTGGTGCAGCCAGAAAG-3' (reverse) for connective
tissue growth factor (CTGF); 5'-AGAGCATGACCGATGGATT
C-3' (forward) and 5’-CGCTGTTCTTGCAGTGATAG-3’ (reverse)
for collagen type I « 1 chain (Collal); 5'-CTACTGGATTGACCCT
AACC-3' (forward) and 5-CTGCCACCATTGATAGTCTC-
3’ (reverse) for Colla2; 5'-ATATGCCCACAGCCTTCTAC-3’
(forward) and 5’-CCACCAGTTGGACATGATTC-3' (reverse)
for Col3al; and 5'-AAGCGCGTCCTGGCATTGTC-3’ (forward)
and 5'-GCAGCCGCAAATGCAGATGG-3' (reverse) for 36B4.

Statistical Analyses

All values are presented as means + SD. Normality of data
was determined by the Shapiro-Wilk test. Normally distrib-
uted variables were compared using ANOVA, whereas
skewed data were compared using Kruskal-Wallis test. Two-
way ANOVA with post hoc Tukey was used to compare the
longitudinal changes of cardiac function, wall thickness, and
body weight. A two-tail P value < 0.05 was statistically signif-
icant. GraphPad Prism 9.1.0 (GraphPad Software, San Diego,
CA) was used for statistical analyses.
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RESULTS

A total of 50 mice were randomized to TAC or sham sur-
gery, and 5 mice were died during surgical and echocardiog-
raphy procedures. Two weeks after the surgery, sham and
TAC mice were randomized into mRK35 and PBS groups.
The final group sizes for analysis were 10 for the sham-PBS
group, 10 for the sham-mRK35 group, 12 for the TAC-PBS
group, and 13 for the TAC-mRK35 group.

Effect of mMRK35 on Cardiac Function and Hypertrophy

Echocardiography measurements revealed that 10 wk af-
ter TAC surgery, the mice had preserved left ventricular ejec-
tion fraction (EF) and fractional shortening (FS; Fig. 1, B and
C). There were no differences among groups at each time
points regarding the EF and FS. Progressive cardiac hyper-
trophy was significantly observed in TAC mice, reflected by
the increased wall thickness from 2 wk after surgery (Fig. 1, D
and E), the enhanced ventricular weights (Fig. 1F), and the
elevated gene expression of ANP (Fig. 1G). After 8-wk treat-
ment, mRK35 did not attenuate the cardiac hypertrophy
induced by TAC (Fig. 1, H and I). Detailed echocardiographic
data are provided in Supplemental Table S1 (https://doi.org/
10.6084/m9.figshare.23128481). The wheat germ agglutinin
(WGA) staining showed that the mean cross-sectional area of
cardiomyocytes significantly increased after TAC, which was
not reduced by the mRK35 treatment (457 = 97 um? vs. 484 +
116 umz in TAC-PBS vs. TAC-mRK35, P=1.0; Fig. 1, Jand K).

Effect of mMRK35 on Cardiac Fibrosis

Cardiac fibrosis was determined by Masson trichrome
staining. Among groups treated with mRK35, compared with
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the sham mice (1.3 = 0.4%), cardiac fibrosis was increased in
the TAC mice (2.8 £ 1.5%, P = 0.005; Fig. 2, A and B), accom-
panied with elevated mRNA expression of fibrotic genes
including TIMPI, galectin-3, fibronectin, CTGF, Colla2, and
Col3al determined by qPCR (Fig. 2, C-I). In the sham mice,
compared with vehicle, mRK35 reduced the expression of fi-
bronectin, Collal, and Colla2. However, the significance of
this difference disappeared within the TAC mice.

Assessment of Skeletal Muscle Mass and Strength
Changes Inducted by mRK35

The body weight of mice receiving mRK35 significantly
increased compared with the PBS-treated mice from 1 wk af-
ter the treatment (Fig. 3A). Body composition measured by
the minispec showed significant increase of lean mass after
8-wk treatment both in sham-mRK35 and TAC-mRK35
groups (Fig. 3, B and C). Muscle strength was assessed by
both forelimb grip strength and the duration that mice
remained on a rotarod. All groups showed comparable base-
line levels of body composition, grip strength, and remaining
durations on the rotarod (data were not shown). TAC mice
treated with mRK35 demonstrated greater grip strength than
PBS-treated mice (0.86 = 0.15 N vs. 1.02 = 0.11 N in TAC-PBS
vs. TAC-mRK35, P = 0.009; Fig. 3D). There was no difference
of duration on rotarod observed among groups (Fig. 3E).

The wet weights of the gastrocnemius muscle bundle and
tibialis anterior significantly increased in the mice treated
with mRK35 compared with the PBS-treated mice (Fig. 3, F
and G). Consistently, an increase in gastrocnemius fiber area
was observed in the TAC-mRK35 mice (1,105 + 102 pm? vs.
1,266 * 102 ym? in TAC-PBS vs. TAC-mRK35, P < 0.001;
Fig. 3H). The frequency distribution of muscle fiber sizes
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Figure 2. Effect of mRK35 on cardiac fibrosis. A: representative heart sections stained with Masson trichome. B: quantlﬁcation of overall cardiac fibrosis
from Masson trichrome-stained sections. C—/: left ventricle mRNA expression levels of tissue inhibitor of metalloproteinase 1 (TIMP1; C), galectin-3 (D), fi-
bronectin (E), connective tissue growth factor (CTGF; F), collagen type | o 1 chain (Collal; G), collagen type | o 2 chain (Col1a2; H), and collagen type lll o, 1
chain (Col3a1; /). Data are presented as means + SD. *P < 0.05, **P < 0.01, and ***P < 0.001 indicate significant difference between groups. In A, black

bar =1mm and white bar = 50 um. TAC, transverse aortic constriction.
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Figure 3. Assessment of skeletal muscle mass and strength changes inducted by mRK35. A: longitudinal changes of body weight. B: body mass compo-
sition (fluid, fat, and lean mass) measured 8 wk after treatment. C: comparison of lean mass after 8 wk of treatment. D: forelimb grip strength measured
after 8 wk of treatment. E: duration the mice remained on a rotarod measured after 8 wk of treatment. F: weight of gastrocnemius muscle bundle cor-
rected for tibia length (TL). G: tibialis anterior weight corrected for TL. H: quantification of gastrocnemius fiber size from the wheat germ agglutinin (WGA)
stained section. I: frequency distribution of gastrocnemius fiber size. J: representative images of gastrocnemius fiber sections with stains of WGA in
green and 4’,6-diamidino-2-phenylindole (DAPI) in blue. Data are presented as means + SD. In A, * indicates differences of transverse aortic constriction
(TAC) + PBS vs. TAC + mRK35 at each time point. In B—H, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 represent significant difference
between groups. In J, white bar = 50 um. TAC, transverse aortic constriction.

revealed a shift toward a larger size in mice treated with
mRK35 compared with the PBS-treated mice (Fig. 3I).
Representative images of gastrocnemius fiber sections for
each group are shown with WGA and 4',6-diamidino-2-
phenylindole (DAPI) stains (Fig. 3J).

DISCUSSION

Consequences of pharmacological inhibition of myo-
statin and ACTRII ligands have been mainly reported in
studies analyzing the effects on muscular dystrophy, can-
cer cachexia, and muscle wasting (16, 22-24). The latest
studies have highlighted the potential importance of
TGF-B signaling inhibition for attenuating cardiac dys-
function, remodeling, and reduction of cardiac fibrosis
(1-4, 6, 7, 14). Therefore, we evaluated the effects of
mRK35, a monoclonal antibody with a high affinity of
myostatin, in the TAC-operated mice. We reported that
mRK35 significantly increased the body weight, muscle
mass, and muscle strength. However, mRK35 did not
attenuate cardiac hypertrophy or reduce cardiac fibrosis.

Previous data have shown that myostatin, as a crucial ActRII
ligand, is upregulated in the heart after injury or induction
of pressure overload and heart failure (9-12). Interestingly,
genetic deletion of myostatin has been reported to improve
cardiac function, bone density, and insulin sensitivity in
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senescent mice (13, 25). In addition, George et al. (26) provided
evidence that cardiac myostatin was elevated in patients with
dilated or ischemic cardiomyopathy, and myostatin activity
was associated with compensatory myocyte hypertrophy in
human HF. Similar expression patterns were observed in
mice, where circulating and cardiac myostatin raised shortly
after MI, despite a lack of increase in circulating GDF-11 and
activin A (27).

Roh et al. (7) for the first time systematically investigated
the inhibition of ActRI or ActRII ligands in multiple models
of HF induced by aging, sarcomere mutation, or pressure
overload. The study demonstrated that overall systemic
ACctRII activity appears to increase in human aging, in frailty,
and in HF. In mice, elevated circulating activin A and
increased cardiac ActRII signaling were sufficient to
impair cardiac function. In this study, systemic ActRII
inhibition by using CDD866, a blocker of ActRIIA and
ActRIIB, or RAP-031, a soluble ActRIIB, restored systolic
function in LV pressure overload induced by TAC operation
and decreased the expression of fibrotic genes including
Collal and CTGF.

When compared with the study by Roh, we used the same
TAC-operated mouse model with a different treatment.
mRK35 is a monoclonal antibody with a high affinity of myo-
statin without any inhibition of ActRII or activin A. Our data
suggest that simply inhibiting myostatin may not be as
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effective and sensitive as directly blocking either ActRII
or activin A to sufficiently attenuate pressure overload-induced
cardiac fibrosis and cardiac hypertrophy. Whether myostatin is
an appropriate treatment target for pressure overload should
be further studied.

The latest work of Castillero et al. (14) further focused on
the potential attenuation of blocking myostatin on adverse
cardiac remodeling and fibrosis in a mouse model of MI.
The mice were given Myo-Fc or a combination of follista-
tin and an ALKS inhibitor (GW788388). Myo-Fc is a cleav-
age-resistant version of myostatin’s propeptide domain
that competitively inhibits the binding of endogenous
myostatin, GDF-11, and activins to ActRII (28). Follistatin
directly binds myostatin, GDF-11, and activins, thereby
preventing these ligands from binding ActRII (8). Both
pharmacological treatments showed similar and impres-
sive improvements in fractional shortening and fibrosis,
convincingly demonstrating that inhibiting ActRII signal-
ing could improve post-MI outcomes and prevent patho-
logical cardiac remodeling. However, our data are not fully
in line with these results.

In contrast to Castillero’s research, we investigated the
role of myostatin inhibition in a different model of cardiac
remodeling. Circulating and cardiac myostatin increased af-
ter MI as previously reported, but unlike the TAC model,
increases in circulating GDF-11 and activin A were not
observed post-MI (27). Therefore, myostatin could be a better
therapeutic target than activin A for ischemic HF. However,
whether the upregulation of cardiac myostatin due to pres-
sure overload is pathological or compensatory remains
unclear. Cardiac remodeling, fibrosis, and dysfunction may
respond differently to anti-myostatin therapy because of dif-
ferent etiologies. In addition, we followed the initial dose
and administration method of mRK35 for the mdx mouse
model of Duchenne muscular dystrophy. Whether the effect
of mRKa35 in different models of cardiac remodeling is dose
dependent should be further investigated.

Consistent with the previous findings (16, 17), mRK35 is ca-
pable to increase body weight, muscle mass, and grip
strength and enlarge the size of skeletal muscle fibers. This
reinforces that targeting ActRII signaling is beneficial for car-
diac cachexia, despite a possible therapeutical effect on heart
diseases. One study examined the impact of JA-16, another
monoclonal anti-myostatin antibody, in an HF cachexia
mouse model (29). JA-16 preserved the muscle weight (quad-
riceps and gastrocnemius), although it failed to improve the
survival rate. This suggests the therapeutic value of inhibi-
ting myostatin against muscle wasting in heart failure,
which should be more investigated in future translational
study.

Conclusions

A high-affinity monoclonal antibody for myostatin, mRK3S5,
significantly increases body weight, muscle mass, and mus-
cle strength but did not attenuate cardiac hypertrophy and
cardiac fibrosis in a mouse model of pressure overload.
Cardiac remodeling, fibrosis, and dysfunction may respond
differently to anti-myostatin therapy because of different
etiologies. Anti-myostatin treatment may have therapeutic
value against muscle wasting in cardiac cachexia.
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