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Background Myostatin inhibits the development of skeletal muscle and regulates the proliferation of skeletal muscle

fibroblasts. However, the role of myostatin in regulating cardiac muscle or myofibroblasts, specifically in

acutemyocardial infarction (MI), is less clear. This study sought to determinewhether absence of myostatin

altered left ventricular function post-MI.

Methods Myostatin-null mice (Mstn�/�) andwild-type (WT)mice underwent ligation of the left anterior descending

artery to induce MI. Left ventricular function was measured at baseline, days 1 and 28 post-MI. Immuno-

histochemistry and immunofluorescence were obtained at day 28 for cellular proliferation, collagen deposi-

tion, and myofibroblastic activity.

Results Whilst left ventricular function at baseline and size of infarct were similar, significant differences in favour

of Mstn�/� compared to WT mice post-MI include a greater recovery of ejection fraction (61.8 � 1.1% vs

57.1 � 2.3%, p < 0.01), less collagen deposition (41.9 � 2.8% vs 54.7 � 3.4%, p < 0.05), and lowermortality (0

vs. 20%, p < 0.05). There was no difference in the number of BrdU positive cells, percentage of apoptotic

cardiomyocytes, or size of cardiomyocytes post-MI between WT and Mstn�/� mice.

Conclusions Absence of myostatin potentially protects the function of the heart post-MI with improved survival,

possibly by limiting extent of fibrosis.
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Introduction
Myostatin is known to be a negative regulator of skeletal

muscle mass [1]. Although myostatin was discovered nearly

two decades ago, its role in the heart remains controversial.

The expression of myostatin in the heart (protein, mRNA or

both) is up-regulated both in rat models of volume-overload,

and in patients with congestive heart failure [2–5]. Myostatin

also regulates the proliferation of normal and dystrophic
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skeletal muscle fibroblasts [6,7] and may be an important

mediator between cardiomyocytes and fibroblasts, an effect

consistent with the activities of other members of the TGF-b
superfamily [8]. Therefore, myostatin may play a role in regu-

lating both the viablemyocardium and the extent of connective

tissue deposition following myocardial infarction (MI).

The aim of this studywas to assess if there was a difference

in left ventricular function post-MI in the absence of myo-

statin when compared to controls.
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Materials and Methods
Heterozygote Mstn+/� mice (C57BL/6 background) were

kindly gifted by Se-Jin Lee, John Hopkins University [1].

Mice were genotyped and bred to homozygosity at the Rua-

kura Small Animal Colony Unit. Adult male (12-week-old)

Mstn�/� and WT (C57BL/6) mice were randomised to

induction of MI or sham-control group (n = 12 per genotype

and procedure). All animals and surgical procedures were

performed with local ethical approval and conformed with

the NIH Guidelines for the care and use of laboratory

animals.

Induction of MI
General anaesthesia was achieved using a combination of

Ketamine, Xylazine and Acepromazine. Mice were intubated

and ventilated in a supine position on a 37 �C heated pad. A

10 mm left thoracotomy was performed at the fourth inter-

costal space and ligation of the LAD artery was made mid-

way between the left atrium and apex of the left ventricle [9].

Successful ligation was attained when blanching of the distal

myocardium was observed. Assisted ventilation was main-

tained until spontaneous breathing was restored. For sham-

control, a left thoracotomy was performed without coronary

artery ligation. Mice were observed daily in a small animal

colony unit with provision of standard chow and water ad

libitum.

Echocardiogram and Clinical Parameters
Total body weight (BWT) was recorded at baseline and

weekly, thereafter. Heart rate (HR) and blood pressure were

measured on conscious mice during daylight at baseline,

and at day 28 post-surgery using a computerised blood

pressure tail-cuff analysis system (Visitech Systems, Apex,

NZ, USA). Each measurement was obtained from an average

of 25 readings.

Transthoracic echocardiography was performed at base-

line, days 1 and 28 post-surgery, using a Philips HDI 5000

Sono CT ultrasound, with a 10 MHz broadband compact

linear array transducer (Phillips NZ Ltd, Auckland, New

Zealand).Micewere lightly anaesthetisedwith the aforemen-

tioned anaesthetic combination. Imaging was obtained in the

parasternal short axis view at the level of the papillary

muscle using two-dimensional (2D) and M-Mode analysis

[10]. Left ventricular end diastolic and systolic diameters

(LVEDD and LVESD respectively) were measured and frac-

tional shortening (FS) and ejection fraction (EF) calculated.

Three readings were obtained for each measurement and

then averaged. The operator was blinded to the surgical

procedure.

Histological Examination
On day 28, themicewere weighed and sacrificedwith carbon

dioxide asphyxiation, coupled with cervical dislocation.

Hearts were rapidly excised, weighed, formalin-fixed and

embedded in paraffin wax. Seven micrometre sections were

cut longitudinally in the centre of the infarct, and stained
Please cite this article in press as: Lim S, et al. Absence of My
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with haematoxylin and eosin (H&E). Each section was

photographed (Leica DMI6000 B inverted microscope,

Leica Microsystems, Germany). The size of the infarct was

calculated as previously described [11] using Image J

Software (NIH).

Collagen deposition was assessed with Van Gieson stain-

ing. A modified grid-counting system was used to estimate

the amount of collagen deposition in the peri-infarct region,

where viable cardiomyocytes were still present [12]. A grid of

equal spaces was created over the region of interest (ie.

infarcted and peri-infarcted areas) on each section of the

myocardium. Grids that had over 50% of infarcted scar tissue

(stained red) were graded as 1, while grids with over 50% of

viable tissue (stained yellow/light brown) interspersed with

collagen were graded as 2. Grids with only viable cardio-

myocytes were not counted as this represents the distant

non-infarcted myocardium. The amount of collagen deposi-

tionwas calculated as a percentage of the infarcted scar tissue

to the total region of interest (infarcted + viable).

Immunohistochemistry (IHC)
Immunohistochemistry was performed to: assess DNA

synthesis [anti-5-Bromo-20-deoxyuridine (BrdU)], quantify

the size of cardiomyocytes (laminin); and assess apoptosis,

programmed necrosis and survival [anti-cleaved caspase-3

(1:300) (#9664, Cell Signalling Technology, MA, USA),

anti-PARP-1 (1:10,000) (#1835238, Roche Diagnostics NZ

Ltd, Auckland, NZ), anti-pAkts473 [25_TD$DIFF] (1:100) (#4058, Cell Sig-

nalling Technology, MA, USA), anti-pAkt1/2/3s473 (1:2000)

(SC-7985, Santa Cruz Biotechnology, CA, USA) and anti-

pAkt1/2/3t308 (1:1000) (SC-16646, Santa Cruz Biotechnol-

ogy, CA, USA). All were performed according to the man-

ufacturer’s protocol. For negative controls, a mouse IgG1

antibody (Dako, # x0931, VWR, Auckland, New Zealand)

was used at the same dilution as the primary antibody of

interest.

BrdU (0.1 ml/10 g BWT) was injected intra-peritoneally

two hours before euthanasia (Cell Proliferation kit, #

RPN20, GE Healthcare Life Sciences, Auckland, New Zea-

land). The total labelling fraction was calculated as a ratio of

the BrdU positive cells to the total number of cells counted on

each field with six fields per section in the border region of

the infarcted ventricle randomly selected [13]. For sham

animals, the six fields were randomly taken throughout

the left ventricle.

Cells were stained with laminin (Dako, #Z0097, VWR,

Auckland, New Zealand) to highlight the cell membrane

and counterstained with haematoxylin to visualise the

nuclei. A point-counting system was used where a grid of

equal spacing was overlaid onto the section. Only cells with

well-defined cell membrane and visible nuclei that sit on the

‘crosses’ of the grid were selected. The minimal Feret diam-

eter and the cross-sectional area were measured from at least

300 consecutive cells in each section using image J (NIH)

software.

The immunointensity of the other cellular markers was

obtained semi-quantitatively using a multiplicative quick
ostatin Improves Cardiac Function Following Myocardial
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score method [14]. Briefly, the analysis takes into account

both the proportion of positive cells (category A and scored

from 1 to 6) and the intensity of the staining (category B, and

scored 0 to 3). A quick score is derived from the product of

both categories.

Immunofluorescence (IF)
An indirect immunofluorescence method was adopted to

localise myofibroblasts using a-smooth muscle actin anti-

body (a-SMA) at a dilution of 1:100 and overnight incubation

(SC-32251, Santa Cruz Biotechnology). This antibody is spe-

cific for a-smooth muscle actin, expressed in myofibroblasts

and vascular smooth muscle cells but is non-reactive with

actin from fibroblasts, myocardium and striated muscle. The

number of myofibroblasts was calculated using the grid-

counting system as described, where grids with immunoflu-

orescence positivity (orange/red) graded as 1, and grids with

only DAPI (blue) was graded as 2. The number of myofibro-

blasts was estimated as a percentage of positive immunoflu-

orescence to the total immunofluorescence activity (Grade 1

+ 2). Grids with blood vessels were excluded from the

analysis.

Statistical Analysis
Data were subjected to analysis of variance (ANOVA) using

the statistical software package Genstat (release 15.0). Factors

of genotype (Mstn�/� or WT), treatment (sham or ligation of

LAD) and their interaction were included in the treatment

term. Data were logarithmically transformed when required,

to stabilise the variance and a geometric mean was derived.

All data were presented as mean � standard error of the

mean (SEM). Data were considered to be statistically signifi-

cant when p < 0.05.
Results

Infarct Size Was Similar Between the
Two Genotypes
Ligating the LAD artery midway between the left atrial

appendage and the apex produced an infarct size of approx-

imately 11% of the left ventricle (Mstn�/� 9.9 � 1.9% vs WT

12.5 � 1.8%, p = 0.38). No difference was observed between

the genotypes. The mean time to complete ligation of the

LAD artery was similar between the two groups

(29.8 � 1.4 min vs 27.8 � 1.0 min respectively, p = 0.24). His-

topathological examinations of the cardiac tissue at 28 days

post-MI revealed an area of ischaemia, and replacement of

cardiomyocytes by inflammatory cells and scar tissue. No

histological abnormalities were seen in sham-operated mice

in which the architecture of the myocardium was preserved

(Figure 1).

Absence of Myostatin is Associated With
an Improved Survival Post-surgery
Six WT mice died within a few hours following surgery,

requiring recruitment of an additional six mice. Of these
Please cite this article in press as: Lim S, et al. Absence of My
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mice, five died post-MI, while one died in the sham-operated

group. The mortality rate was higher in WT compared with

Mstn�/� mice (20% vs 0%, p < 0.05).

Clinical Parameters
Mstn�/�mice were consistently larger thanWT counterparts

and remained so throughout the study period. Induction of a

myocardial injury did not alter BWT of the Mstn�/� mice

over the 28-day period post-MI. Conversely, an almost 7%

increase in BWT was observed in WT mice at the end of the

study period, irrespective of whether the mice were assigned

to the sham or ligation groups (p < 0.001).

Baseline resting HR was higher in the Mstn�/� group

compared with WT littermates (575.5 � 11.3 bpm vs

535.9 � 12.0 bpm, p < 0.05), while the opposite was observed

at day 28 post-surgery (599.1 � 12.0 bpm vs 645.4 � 6.5 bpm,

p < 0.01), irrespective of surgical procedures. The MAP was

significantly greater in WT mice both at baseline and at day

28 post-MI compared with Mstn�/� mice. Induction of MI

resulted in a 9% reduction of MAP in the Mstn�/� mice,

whilst an increase of almost 6% in MAP was seen in the WT

ligation group (p < 0.05) (Figure 2).

Restoration of Cardiac Function Post-MI
Was Observed in the Absence [24_TD$DIFF]of
Myostatin
Cardiac function, as determined by FS or EF using echocar-

diography, was similar between the groups at baseline

(p = 0.162 and p = 0.15, respectively). Induction of MI

resulted in a similar reduction in FS and EF (6% and 8%,

respectively), which was not different between both groups

of ligated mice (p = 0.7), but differed from sham-operated

mice (p < 0.05) in the first 24 hours. However, by day 28, FS

and EF had returned to baseline in the ligated Mstn�/�
[26_TD$DIFF]mice,

an effect not seen in WT counterparts (p < 0.05 and p < 0.01

respectively) (Figure 3).

Immunohistochemistry and
Immunofluorescence
The size of cardiomyocytes was increased in the absence of

myostatin as measured by both the cross-sectional area and

the minimal Feret’s diameter (p < 0.05) (Figure 4A). Induc-

tion of MI did not alter the size of cardiomyocytes within the

groups (p = 0.2). Microscopically, there was an obvious dis-

array of myocardial fibres and cellular infiltration in the MI-

induced mice (Figure 4E), whilst the integrity was preserved

in sham-operated mice.

Post-MI mice demonstrated an increase in the labelling

fraction of BrdU at day 28 post-surgery comparedwith sham-

operated groups (p < 0.01) (Figure 4B). There was no differ-

ence in the number of BrdU-positive nuclei between the WT

and Mstn�/� ligated mice.

Mstn�/� mice had less collagen deposition and a greater

amount of viable myocardium in the border region of the

infarcted area compared withWTmice (p < 0.05) (Figure 4C,

F). Similarly, the intensity of immunofluorescence of a-SMA
ostatin Improves Cardiac Function Following Myocardial
g/10.1016/j.hlc.2017.05.138
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Figure 1 Size of the infarct in the left ventricle. (A) Percentage of infarct size between WT and Mstn�/� mice at day 28 post-
MI (mean � SEM). (B) Representative sections of sham-operated (upper panels) andMI (lower panels) animal. The increased
in inflammatory infiltrates were present in the infarcted region of both WT and Mstn�/� mice (arrows) (H&E stain, �200).
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(a marker of myofibroblasts), was increased in the MI groups

compared to sham-operated controls, and was restricted to

the infarcted zone (p < 0.001). Immunofluorescence of

a-SMA in the ligated Mstn�/� mice tended to be lower

compared with WT ligated mice, although statistical signifi-

cance was not achieved (p = 0.15) (Figure 4D, G).

The Reduction in Fibrosis is Not a
Result of an Alteration in Apoptosis,
Programmed Necrosis or Cellular
Survival
The intensity of immunostaining for anti-PARP-1 (Figure 5A,

D) and cleaved caspase-3 (Figure 5B, E) in the peri-infarct

region was not different between Mstn�/� andWTmice, but

was absent in the sham-operated mice. In contrast, pAktt308

and pAkts473 were present in all four groups of mice, with a
Please cite this article in press as: Lim S, et al. Absence of My
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greater intensity of immunostaining for the expression of

pAktt308 observed in the peri-infarct region of ligated mice,

compared to sham-operated controls, irrespective of geno-

type (p < 0.05) (Figure 5C, F)
Discussion
This study demonstrated that the absence of myostatin is

associated with (1) a potentially favourable survival outcome

post-MI; (2) greater recovery of left ventricular function post-

MI; and (3) a reduction in the extent of cardiac fibrosis.

The reduced mortality in the Mstn�/� mice post-MI was

unanticipated and, to our knowledge, has not previously

been reported. The mortality rate of 20% in WT observed

here is consistent with those reported in the literature [15–17].

All deaths except one occurred early post-MI, suggesting the
ostatin Improves Cardiac Function Following Myocardial
g/10.1016/j.hlc.2017.05.138
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Figure 2 Clinical parameters between WT and Mstn�/� mice. (A) Mean body weight (�SEM). Significant difference was
observed inWTmice at baseline and day 28 post-surgery irrespective of surgical procedures, whilst no difference was noted
in Mstn�/� mice; (B) Heart rate; (C) Mean arterial pressure (MAP) (mean �SEM) * p < 0.05, ** p < 0.01, *** p < 0.001.
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susceptibility of death inWTmice to open thoracic surgery in

general. The cause of death was not apparent at autopsy. The

reason for the observed reduction in mortality in Mstn�/�

mice is unknown. All procedures were standardised, per-

formed in a random order, with similar operating time

between the genotypes, and in the surviving cohort, the

reduction in ventricular function and infarct size were simi-

lar. Therefore, the difference in mortality is unlikely a result

of bias in the surgical procedure. Unfortunately, monitoring

of electrocardiograms was not available to determine

whether a fatal dysrhythmia had occurred either during or

after the procedure.

It is widely recognised that the increased size in Mstn�/�

mice is a result of an increase in lean body mass and reduced

body fat [18,19], without cardiac hypertrophy [20]. The sta-

bility of mean body weight in Mstn�/� mice supports the

observation that cachexia has not occurred throughout the

study period. Conversely, the increase in body weight in WT
Please cite this article in press as: Lim S, et al. Absence of My
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mice post-MI, as also previously reported [21] may be due to

alterations in fat or lean mass, or extracellular fluid such as

water and salt retention.

Open chest surgery alone has been reported to result in

haemodynamic changes in WT mice [13]. A postoperative

resting tachycardia developed in WT mice, both in the sham

and ligated groups. In contrast, maintenance of a physiologi-

cal HR post-surgery in Mstn�/� mice may imply an altered

compensatory mechanism to injury. It is unknown if myo-

statin affects the autonomic nervous system (ANS), a key

determinant of HR. Treatment with carvedilol in rats with an

aorto-caval shunt has been shown to inhibit the up-regula-

tion of myostatin mRNA induced by the shunt [2]. This

suggests a role of myostatin in the regulation of the ANS.

We have demonstrated, similar to Rodgers et al., that both

the LVESD and LVEDD were greater in Mstn�/� mice and

remained unchanged at the different time points measured

[22]. These data extend previous observations that cardiac
ostatin Improves Cardiac Function Following Myocardial
g/10.1016/j.hlc.2017.05.138
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performance is preserved not only following chemical stress

[22], but also in the failing heart. This further supports the

hypothesis that an eccentric hypertrophy of the myocardium

exists in the Mstn�/� mice and the greater LVESD and

LVEDD and functional improvement to be consistent with

a physiological, and not pathological effect [22].

To investigate the potential mechanism(s) for this apparent

protective effect, we assessed the excised hearts histologi-

cally. Mstn�/� mice had less scar tissue and more viable

myocardium in the border region of the infarcted area com-

pared with WTmice. Excessive collagen deposition has been

demonstrated to adversely affect the process of myocardial

remodelling [23]. It is widely accepted that cardiac fibro-

blasts, specifically myofibroblasts, are critical for the mainte-

nance of homeostasis of the extracellular matrix [23] by

promoting excessive collagen deposition and/or inhibiting

degradation at the site of the infarct through various cyto-

kines and growth factors, one of which is TGF-b [24]. This

study suggests that lack of myostatin also resulted in a

reduction in cardiac fibrosis, an effect consistent with the

reported function of other members of the TGF-b
Please cite this article in press as: Lim S, et al. Absence of My
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superfamily. Emerging evidence has shown that myostatin

is pro-fibrotic in skeletal muscle [6,25]. The proposed mech-

anisms include a direct stimulation of the proliferation of

fibroblasts and expression of extracellular matrix proteins by

myostatin [6], a switch to a fibrotic synthetic phenotype to aid

in the progression of fibrosis [26], and an enhanced differen-

tiation of fibroblasts to myofibroblasts [25]. A co-stimulatory

relationship exists between TGF-b1 and myostatin in pro-

moting the formation of fibrosis [25]. Here, we demonstrate

that the activity of a-SMA is induced in the infarcted cardiac

tissue, and the intensity ofa-SMA activity is lower inMstn�/

� mice, compared with WT mice post-MI, suggesting less

myofibroblasts in the Mstn�/� mice. One possible mecha-

nism is that the absence of myostatin reduces the formation

of fibrosis in the myocardium and likely does so by prevent-

ing/reducing the differentiation of fibroblasts to myofibro-

blasts, an effect previously reported in skeletal muscle

fibroblasts [25].

Several studies have reported conflicting results between

cardiac fibrosis and myostatin [20,27]. Morissette and col-

leagues reported a reduction in cardiac fibrosis in senescent
ostatin Improves Cardiac Function Following Myocardial
g/10.1016/j.hlc.2017.05.138
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Figure 4 Immunohistochemistry and immunofluorescence. (A) Size of the cardiomyocytes by cross-sectional area. (B)
Percentage of BrdU positive nuclei (BrdU labelling fraction) in the border region of the infarcted ventricle. (C) Percentage of
collagen deposition in the infarcted region relative to the peri-infarct area betweenMstn�/� andWTmice. (D) Percentage of
cells expressing alpha-smooth muscle actin (a-SMA) immunofluorescence (mean � SEM) (* p < 0.05, ** p < 0.01, ***
p < 0.001). Representative sections of the myocardium in sham-operated (upper panels) and MI (lower panels) stained
with (E) laminin, (F) Van Gieson and (G) a-SMA immunofluorescence antibody. V: blood vessel, MF: myofibroblasts.
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Mstn�/� mice compared with WT mice, but a mechanism

was not proposed [27]. Cohn and co-workers demonstrated

that myostatin does not regulate cardiac hypertrophy or

fibrosis in the double mutant mdx/Mstn�/� mice compared
Please cite this article in press as: Lim S, et al. Absence of My
Infarction. Heart, Lung and Circulation (2017), http://dx.doi.or
with mdx mice [20]. However, the mean body weights

between Mstn�/� and WT mice in that study were similar

(40.3 � 2.1 g vs 37.4 � 0.9 g) which may explained the lack of

difference between the size of cardiomyocytes and heart
ostatin Improves Cardiac Function Following Myocardial
g/10.1016/j.hlc.2017.05.138
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Figure 5 Semiquantitative IHC of (A) anti-PARP-1 antibody, (B) anti-cleaved caspase-3 antibody, (C) pAKT308 antibody (*
p < 0.05) in the peri-infarct region of the WT and Mstn�/� mice post-MI. Representative section of cardiac tissue in sham-
operated (upper panels) and MI-induced (lower panels) mice for (D) anti-PARP-1 antibody, (E) cleaved caspase-3 antibody,
and (F) pAKT308 antibody. Sections counterstained with haematoxylin to visualise the nuclei (arrow heads). DAB-positive
cells (arrows) were present in MI groups but not sham animals (�400).
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weights. In addition, the assessment of collagen deposition

reported by Cohn et al. was performed without stimulation.

It is also possible that the severe cardiomyopathic changes in

mdx mice circumvented the effects of the absence of myo-

statin in the heart and thereby, negated any possible benefit

that knockout of myostatin imparts.

To determine if the restoration in cardiac function in

Mstn�/� mice may be a result of other mechanism(s), we

examined the size of cardiomyocytes, DNA synthesis, and

alteration in cellular growth and apoptotic pathways. While
Please cite this article in press as: Lim S, et al. Absence of My
Infarction. Heart, Lung and Circulation (2017), http://dx.doi.or
the size of cardiomyocytes was greater in the absence of

myostatin, induction of MI did not increase the size of car-

diomyocytes further. This supports the earlier observation

that the increase in heart weight pre-MI is likely due to the

increase in the number and size of cardiomyocytes. How-

ever, the increase in function in the hearts of Mstn�/� mice

post-MI is not the result of pathological hypertrophy. There

was no difference in the number of newly synthesised cells in

themyocardium between the groups followingMI. Although

the characteristics of the newly synthesised cells were not
ostatin Improves Cardiac Function Following Myocardial
g/10.1016/j.hlc.2017.05.138
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examined in this study, the distribution of the cells indicated

the likely candidates were non-cardiomyocytes. This obser-

vation is supported at least in part, by the in vitro studies by

Morissette et al. which demonstrated that myostatin regu-

lates the growth of cultured neonatal cardiomyocytes but

does not affect the number of cardiomyocytes [28]. We noted

no difference in apoptosis and programmed necrosis, which

is unsurprising, given that apoptosis and necrosis of cardi-

omyocytes tend to occur early following a cardiac injury [29].

It is however possible that other pathways or enzymes (eg.

intracellular Ca2+ concentrations, caspase 8 etc.) are involved

which were not examined. Similarly, we observed a greater

intensity of immunostaining for the growth and survival

factor pAktt308 in ligated animals with no difference observed

between Mstn�/� and WT mice. Collectively, these data

suggest that while cellular survival may be important in

the early remodelling process, it is less critical at 28 days

post-MI when the formation of scar tissue and fibrosis

becomes a more prominent feature.

In summary, the absence of myostatin appears to protect

cardiac function following an acute MI. The mechanism may

relate to a reduction in the extent of fibrosis. This study

suggests that absence of myostatin may be potentially bene-

ficial to the heart post-MI. Further studies in this area are

warranted to assess whether an antagonist to myostatin may

be beneficial in preserving cardiac function following an

acute MI.
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