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ABSTRACT

Myostatin is a well-established inhibitor of skeletal muscle development. However, the
role of myostatin in cardiac muscle, specifically in acute myocardial infarction (Ml), is
less clear. Therefore, the aim of this thesis is to determine the potential effects of

myostatin following an acute MI.

Methods: The first study examined the concentration of myostatin mRNA at different
time points following an induction of M1 in an ovine model. Using a murine model with a
constitutive deletion of the myostatin gene (Mstn™) and compared with WT controls, the
second study investigated several clinical outcomes in the absence of myostatin at 28
days following an acute MI via ligation of the left anterior descending (LAD) artery. At
28 days post-MI, mice were injected with BrdU, then euthanized and their hearts were
excised and weighed, followed by histological examination, immunohistochemistry and

indirect immunofluorescence.

Findings: When compared with non-infarcted ovine controls, the concentration of
myostatin mMRNA was reduced and reached a nadir at day one post-MI in the peri-infarct
region of the myocardium before a progressive restoration of the concentration of
myostatin mRNA to that of the controls (P < 0.01). This dynamic change was not
observed in the distant region of the myocardium post-MI (P < 0.01). In the Mstn”™ mice,

the total body weight was larger than WT mice (39.21 £ 0.57g vs 24.66 = 0.37g, P <
1!



0.001) and remained so during the study period. The mortality rate in Mstn” mice was
lower compared with WT mice post-surgery (0% vs 20%, P < 0.05). Ligation of the LAD
artery resulted in a similar infarct size in both the Mstn” and WT mice (9.9 + 1.9% vs
125 £ 1.7%, P = 0.38). Cardiac ejection fraction (EF) as determined by
echocardiography was similar at baseline between the genotypes (61.5 £ 1.2% vs 60.6 +
1.3%, P = 0.15) and following induction of MI, a similar degree of reduction in EF
resulted (-8.6 = 2.2% vs -7.3 = 2.7%, P = 0.6). However, at 28 days post-MI, EF was
restored to baseline in Mstn”" but not in the WT mice (61.8 £1.1% vs 57.1 £ 2.3%, P <
0.01). Mstn™ mice had a lower mean increased in heart rate post-surgery compared with
WT mice (+23.6 = 13.7bpm vs +109.5 + 14.3bpm, P < 0.01). Induction of MI resulted in
a lower increased in mean arterial pressure in Mstn” mice compared with WT mice (-7 +
3.9mmHg vs +4.4 £ 3.9mmHg, P < 0.05). There was no difference in the number of
BrdU positive cells, the percent of apoptotic cardiomyocytes, and the size of
cardiomyocytes between Mstn” and WT mice. However, a reduction in the extent of
collagen deposition was observed in the Mstn™ mice compared with WT mice (41.9 +

2.8% vs 54.7 + 3.4%, P < 0.05).

Conclusion: The absence of myostatin protects the function of the heart following an
acute MI likely via inhibiting the extent of fibrosis. Further studies are needed to
determine whether administration of myostatin antagonists could be used as an effective

adjunct to the current management of acute Ml.
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Overview of myostatin and

myocardial infarction



1.1 Introduction

Ischaemic heart disease (IHD) was the second leading cause of death in New Zealand in
2009, accounting for 5553 deaths (96.6/100,000 in men, 48.6/100,000 in women) *.
Furthermore, the investigation and management of ischaemic heart disease, including
coronary angiography, angioplasty and coronary artery bypass surgery, contributed to a
significant rate of hospitalisation in New Zealand 2 Primary percutaneous coronary
intervention remains the most effective treatment following an episode of acute
myocardial infarction (Ml) 3 contributing to an overall decline in the mortality from IHD,
with a 68.3% and 67.4% reduction respectively from 1980 to 2009 in the male and female
age-standardised death rate !. However, substantial morbidity remains with survivors
being at risk of recurrent MI and developing acute or chronic heart failure *°. Indeed, the
prevalence of heart failure, which increases with age, has risen substantially as a result of
an overall increase in life expectancy °. Furthermore, as one of the major causes of
chronic heart failure °, preventing or reducing the severity and impact of ischaemic heart

disease is essential in the management of chronic heart failure.

The pathophysiological consequences of ischaemic heart disease and the resultant heart
failure are cellular inflammation and proliferation, apoptosis, regeneration, hypertrophy
and remodelling of the myocardium, as well as fibrosis and formation of extracellular
matrix in the interstitium 2. As a result, several novel therapeutic approaches have been
considered to target these pathways in an attempt to reduce the burden of the disease.

Specifically, one of the areas of interest is the transforming growth factor-p (TGF-p)

-2-



superfamily and its downstream cellular pathways, which play a role in hypertrophic

signalling as well as modulation of fibrotic responses * *°.

Myostatin was discovered in 1997 following a screen of mouse genomic DNA to identify
new members of the TGF-B superfamily ™. Genetically modified mice with a disruption
in the myostatin gene were found to be at least 30% larger than wild-type (WT)
counterparts with individual muscles weighing two to three times heavier than WT
controls ™. Naturally, this led to an interest in developing a myostatin inhibitor to combat
debilitating disorders of skeletal muscle such as Duchenne muscular dystrophy ***°. The
subsequent detection of myostatin in cardiomyocytes and an up-regulation of myostatin
expression in the peri-infarct tissue after MI suggested that, like other members of the
TGF-B superfamily, myostatin may be a key player in cardiac pathology *°. Indeed, a
recent study had demonstrated that loss of myostatin slowed the progression of the
growth of atheromatous lesions in low density lipoprotein (LDL) receptor-null (LdIr-/-)
mice . Other studies had demonstrated that the expression of myostatin (either mRNA,
protein or both) was up-regulated in various pathological models of chronic heart failure
1820 Myostatin was also shown to directly regulate the proliferation of normal and
dystrophic skeletal muscle fibroblasts 2%, However, little is known about the effects of
myostatin in an acute phase of myocardial injury, such as following an acute MI. Whether
myostatin has a different role in cardiomyocytes or cardiac fibroblasts is also unclear. It is
also not known if the frequently reported up-regulation of myostatin expression following
cardiac injury is beneficial, detrimental, or neutral to the heart. Therefore, the aim of this

thesis is to determine whether the absence of myostatin will improve the recovery of
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cardiac function post-MI and, if so, whether the mechanism involves regulating the

hypertrophy of cardiomyocytes or through a reduction in fibrosis or possibly both.

To introduce the role of myostatin in the heart, this chapter will firstly address the
characteristics, structure and biosynthesis of myostatin. A brief overview of the TGF-$
receptors and post-receptor signalling pathways will be discussed. This will be followed
by an overview of the role of myostatin at a cellular level, and the clinical applications
published to date. The chapter will conclude with a critical analysis of the current
literature, reviewing the effects of myostatin on the heart in normal and

pathophysiological states, followed by the hypothesis and aims of the study.

1.2 Characteristics, structure, biosynthesis and

regulation of myostatin

The human myostatin gene maps to chromosome 2¢.32.2 and is highly conserved across
the vertebrate species 2. It is a small gene of 7.8kb and consists of three exons and two

intervening introns (Figure 1-1). The gene is processed to produce a single 3.1kb mRNA

species which is translated into a protein of 375 amino acids (aa) in humans ** %,

In mice, myostatin can be detected in the early developing somites and is expressed

11, 25

throughout embryogenesis and, probably, throughout life . The expression of
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myostatin was originally described as being almost exclusively expressed in skeletal
muscle, although a lower level of detection was observed in adipose tissue **. With the
advent of more sensitive detection techniques, subsequent studies have shown that
myostatin is also expressed in cardiac tissue *® and in the serum of multiple species

including humans 2> 2",

The biological function of myostatin also appears to be highly conserved across species
(Figure 1-2). As previously mentioned, genetically engineered mice lacking the receptor
binding moiety of myostatin are 30% larger than heterozygotes and wild type
counterparts with individual muscles of myostatin-null mice weighing two to three fold
more than wild type mice **. In Belgian Blue and Piedmontese cattle, there are naturally
occurring loss-of-function mutations in the myostatin gene which result in a double-
muscling phenotype ?® %, Similarly, an inactivating mutation in the myostatin gene was
discovered in the whippet dog breed, resulting in a double-muscle phenotype known as
the ‘bully whippet’ *. Several polymorphisms in the myostatin gene were detected in
Piétrain pigs and may be responsible for the increased muscularity seen *!. In several fish
species, mutations in the myostatin gene were also thought to be responsible for increased

32-34

growth and development of the muscle . In 2004, a myostatin loss-of-function

% These collective

mutation was reported in a child with muscle hypertrophy
observations support the role of myostatin as a negative regulator of the skeletal muscle

mass.



(:: 7.3kb :> Chm 2q32.2

A. Genomics Exon 1 Exon 2 Exon3
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Figure 1-1. Human myostatin and its gene product. (A) Position of the three exons; (B) mRNA
transcriptional initiation sites; (C) Structure of the myostatin protein. Modified with permission

from Patel K. et al. Neuromuscular disorders 2005;15:117-126



Neonate

Figure 1-2. Alteration in the myostatin gene resulting in the double muscling phenotype seen
in various species. (A) Genetically engineered myostatin-null mouse compared to wild-type
mouse. Mutation of the myostatin gene in a (B) human child, (C) Belgian blue cattle, (D)
Whippet dog, and (E) Piétrain pig. Images compiled with permission from various references

— see text.



Myostatin shares characteristic hallmarks common to members of the TGF-§
superfamily: an N-terminal signal peptide for secretion, a pro-region followed by an
RSRR sequence representing a proteolytic processing site, and a C-terminal domain
containing nine cysteine residues, six of which are integral to forming a cysteine knot
structure **. Myostatin is synthesized as a precursor protein, known as prepromyostatin
and requires at least three proteolytic events to generate the biologically active mature
myostatin (Figure 1-3). The first cleavage removes the 24 amino acid signal peptide to
form promyostatin *. The second cleavage by the furin family of protein convertases
occurs at the RSRR site at amino acid 240-243 *. This processing event generates the N-
terminal fragment known as the latent associated peptide (LAP or propeptide) and the C-
terminal fragment which eventually gives rise to the mature myostatin, both of which
remained non-covalently bound and are collectively referred to as the latent complex.
Release of the mature myostatin from this latent complex requires a third proteolytic
cleavage immediately N-terminal to aspartate 76 by the bone morphogenetic protein

(BMP)-1/tolloid family of metalloproteinases (TMP) %,

It was originally thought that generation of the latent complex occurred constitutively
within the Golgi apparatus and, therefore, secretion of myostatin into circulation was
thought to occur as a latent complex from myostatin producing cells *’. However, recently
it has been shown that the predominant form of myostatin in skeletal myocytes is
promyostatin and this promyostatin is present extracellularly *. After secretion, this
inactive promyostatin is held in the extracellular matrix by latent TGF-p binding proteins

(LTBPs) with LTBP-3 being the predominant LTBP family in skeletal muscle *'.
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Promyostatin is then converted to the latent complex through cleavage by furin
convertases in the extracellular space (Figure 1-4). In contrast, myostatin already exists as
a latent complex in serum and requires only cleavage by BMP-1/TMP for activation 2* ',
Therefore, two different pools of myostatin exist in regulating muscle growth: a local

pool in skeletal muscle and a systemic pool in serum, the latter which could potentially be

derived from heart or adipose tissue *.

NH2 @ COOH

P S
myostatin Lsional ] I | |
| | [ |
G RSRR (FuriPACE)
Promyostatin I I I
|
l | |
G BMP-1/TMP
| LAP/Propeptide |
I Mature I
Latent complex l
I |
I |
LAP/Propeptide
I }—I l I Mature myostatin ]
|
I — | | |

Active myostatin ligand

Figure 1-3. Schematic structure of the myostatin protein and the proteolytic
processing sites. Reproduced with permission from Breitbart A et al. Am J

Physio Heart Circ Physio 2011;300:H1973-H1982
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Figure 1-4. Model of myostatin and TGF-B ligand maturation and secretion.
Green arrows indicate the proposed model. Reproduced with permission from

Anderson et al. J Bio Chem 2008;283(11):7027-35
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The C-terminal region of mature myostatin exists as a disulphide linked dimer, as

demonstrated by McPherron and co-workers ™

. Under non-reducing conditions, an
antibody directed against the C-terminus detected two protein species with apparent
molecular masses (M;) of 101,000 and 25,000, which is consistent with the dimeric forms

of the unprocessed and processed myostatin respectively .

The propeptide form of myostatin facilitates the correct folding of the C-terminal domain
into a cysteine knot structure *. Correct folding of the protein is important for myostatin
action *®. The often cited example of incorrect folding of mature myostatin came from the
Piedmontese breed of cattle which have a high frequency of the double-muscling
phenotype %8 The Piedmontese cattle phenotype arises from a naturally occurring single
nucleotide polymorphism that substitutes a guanine (G) to an adenine (A) in exon 3,
resulting in a cysteine to tyrosine substitution in the mature region of the protein (amino
acid 313) 2. This cysteine residue is crucial for the correct formation of the cysteine knot
structure. The mutation in this region results in a misfolded peptide which forms a
dominant negative protein that cannot activate the receptors 2%. Therefore, muscle
development is not inhibited, and the resulting increase in muscle mass is referred to as
‘double muscling® %%, The myostatin propeptide is also able to regulate the activity of the
C-terminal dimer following proteolytic processing *. In vitro studies have shown that the
myostatin propeptide is able to block the biological activity of the C-terminal dimer

through inhibition of receptor binding ¥ %

. This inhibitory effect has also been
demonstrated in vivo in which transgenic mice overexpressing myostatin propeptide have

increased muscling, arising from both an increase in the number and size of muscle fibres
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that were comparable to that of myostatin knockout mice, and the increase in muscle

weight corresponded to the expression of the myostatin propeptide *.

In addition to the propeptide, the activity of myostatin is regulated at several levels. As
mentioned earlier, the expression of myostatin is limited to only a few cell types such as
skeletal muscle, cardiac and adipose tissue ' *®. Secondly, myostatin is synthesized as a
precursor protein and remains inactive until the subsequent proteolytic cleavages take
place, as previously described *. Thirdly, several extracellular inhibitors that control the
binding of myostatin to cell surface receptors have been implicated in the regulation of
myostatin activity *°. These proteins, which have the potential to develop as potent
inhibitors of myostatin, include follistatin (Fst), follistatin-like related gene (FLRG), and
growth and differentiation factor-associated serum protein-1 (GASP-1). Follistatin is a
multi-domain protein with an N-terminal domain and three subsequent Fst domains
(FSD1-3) **. Follistatin is thought to inhibit the activity of myostatin by binding to the C-
terminal dimer and blocks its ability to bind to the receptor *. Transgenic mice
overexpressing follistatin develop hypermuscularity similar to that of the myostatin
knockout mice *. The roles of FLRG and GASP-1 in the regulation of myostatin activity
are less clear and several possibilities were speculated. These include the ability of these
regulators forming higher order complexes with the myostatin C-terminal dimer and
maintaining myostatin latency, or the ability of these proteins in terminating myostatin

signalling post-receptor binding *.

As a result, these endogenous inhibitors may
potentially alter the concentration of myostatin protein and this would, therefore, explain

some of the discrepancies seen between myostatin mRNA and protein expression
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reported in the literature. Nevertheless, understanding and appreciating that the activity of
myostatin can be regulated at multiple levels is essential, particularly when an inhibitor of

myostatin is to be developed for therapeutic use.

1.3 TGF-P receptors and SMAD signalling pathways

The TGF-B superfamily has been broadly divided into two main groups based on the
phylogenetic relationship of the ligands: (1) TGF-B and activin/inhibin, and (2) bone
morphogenetic protein  (BMP)/growth and differentiation factor (GDF) *. Upon
activation of the mature ligand from its latent complex, members of the TGF-B
superfamily exert their effects through a series of cell-surface serine/threonine
transmembrane receptors, known as receptor types | and Il *. There are seven type | and
five type Il receptors in vertebrates, classified based on their sequence similarities (Table
1-1). Binding of the ligand firstly to a type Il receptor induces the association between
type | and 1l receptors. The type Il receptor transphosphorylates the inactive GS box, a
highly conserved region immediately preceding the protein kinase domain located in the
type | receptor, and activates its kinase domain *%. It is thought that different TGF-p
ligands use specific receptors for signalling, although some receptors may display a more
promiscuous behaviour **. For example, TGF-B uses type II receptor TGF-BRII and type I
receptor Activin like kinase-5 (Alk5) *°, while activin signals through Act RII or Act
RIIB and Alk4 “. However, Alk4 can also mediate GDF1 and Nodal signals, while Act
RIIB mediates Nodal, BMP2, BMP 6/7 and Inhibin A/B signals (Table 1-1). In the case

of myostatin (also known as GDF8), the active ligand preferentially binds to type Il
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receptors Act RIl or Act RIIB (with higher affinity to the latter) and recruits type |

receptors Alk4 or AIK5 to activate downstream signals (Figure 1-5).

The activated ligand-receptor complex phosphorylates the first group of the SMAD
family of transcription factors, the receptor-regulated or R-Smads and forms the receptor-
Smad complex (Figure 1-6). The binding of the type | receptor to R-Smads is facilitated
by the SMAD anchor for receptor activation (SARA), a protein that recruits SMADs to
the membrane “*. Different R-Smads are recognised by different receptors wherein Smads
1, 5 and 8 are recognised by BMP receptors whilst Smads 2, 3 by TGF-B and Activin
receptors *’. The phosphorylated R-Smads accumulate in the nucleus and associate with
the second class of the SMAD family of transcription factors, the Co-Smad of which
Smad 4 is the only member, to form a functional heteromeric complex “%. In the nucleus,
this transcriptional complex associates with one of the many DNA-binding cofactors and
various coactivators and corepressors of gene expression “*. The third class of the SMAD
family of transcription factors, the Inhibitory Smads (Smads 6 and 7) counteract the
effects of R-Smads and antagonise TGF-p signalling. Despite belonging to the subgroup
of BMP family, myostatin has been shown to preferentially signal through TGF-B/activin
dependent intracellular pathway by phosphorylation of Smads 2 and 3 and activate

downstream signal transduction **%°,

This combination of complex receptor binding capacities, the presence of binding
proteins, the effects of coactivators and co-repressors, and other accessory receptors may

explain how members of the TGF-f family manage to produce diverse cellular responses
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and why they are regarded as multifunctional hormones. Moreover, there are thoughts to

be interactions between the TGF-p and other signalling cascades and receptor crosstalk,

and possibly SMAD-independent pathways, which have started to be described **°* .
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Figure 1-5. TGF-B receptors affinity and selective SMAD signalling.
Reproduced with permission from Rebbapragada A. et al. Mol. Cell. Biol.

2003;23(20):7230-42
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Table 1-1. Known ligand-binding properties and nomenclature for the TGF-p superfamily

receptors. Modified with permission from de Caestecker M. Cytokine & Growth Factor

Reviews 2004;15:1-11

Receptors

Ligands

Type 1 Receptors

Alk 1 Group

Alk 1 TGF-B, Activin A

Alk 2 TGF-B, Activin A, MIS, BMP6/7

Alk 3 Group

Alk 3 BMP2/4, BMP6/7

Alk 6 BMP2/4, GDF5/6, GDF9b, MIS, BMP6/7
Alk 5 Group

Alk 4 Activin A, GDF1 and Nodal, GDF 11
Alk 5 TGF-p

Alk 7 Nodal

Type 11 Receptors

TGF-B RII TGF-p

BMP RII Inhibin A, BMP2/4, BMP6/7, GDF5/6, GDF9b

Act RII (Activin type Il receptor)

Activin A, Inhibin A/B, GDF1 and Nodal, BMP2,
BMP6/7, GDF5, GDF9b, GDF8/11

Act RIIB

Activin A, Inhibin A/B, Nodal, BMP2, BMP6/7,
GDF5, GDF8/11

MIS RII (Mullerian inhibiting substance type Il
receptor

MIS
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Figure 1-6. The TGF-B and SMAD pathway. Binding of a TGF- family member to its type II

receptor (1) in concert with a type | receptor (2) leads to formation of a receptor complex (3) and
phosphorylation of the type | receptor (4). Thus activated, the type | receptor subsequently
phosphorylates a receptor-regulated SMAD (R-Smad) (5), allowing this protein to associate with
Smad4 (6) and move into the nucleus (7). In the nucleus, the SMAD complex associates with a
DNA-binding partner, such as Fast-1 (8), and this complex binds to specific enhancers in targets
genes (9), activating transcription. Reproduced with permission from Massague J. Ann Rev Biochem

1998;67:753-91
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1.4 The role of myostatin in proliferation and

differentiation of cells

A number of studies have examined the effects of myostatin on proliferation of cells.
Thomas and co-workers have shown that myostatin protein is synthesized and
proteolytically processed in myoblasts *2. They also reported that myostatin inhibited the
proliferation not only of C,C;, myoblasts, but also of primary ovine myoblasts, and that
this inhibition was reversible once myostatin protein was removed from the culture media
°2 Taylor and colleagues have shown that both the full-length 375aa and the 110aa C-
terminal recombinant myostatin protein inhibit the proliferation of C,C;, myoblasts in a
dose-dependent manner >*. Rios and co-workers were able to transiently transfect C,C,
myoblasts with a transgenic myostatin construct, which subsequently synthesized the
protein and induced a 50% reduction in the rate of myoblast proliferation >*. Collectively,
these data indicate that myostatin inhibits the growth of skeletal muscle by reducing the
number of cells and myofibres. Myostatin appears to achieve this reduction in cell
number by inhibiting the activity of cyclin-dependent kinases (Cdks) of which Cdk2 is
the primary target *>. A concomitant up-regulation of the cyclin-dependent kinase
inhibitor p21 was observed 2. Together, these resulted in hypophosphorylation of
retinoblastoma (Rb) protein and arrest of the progression of the cell cycle at the G1-S

phase.
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The effects of myostatin on differentiation have also been extensively studied. For
cellular differentiation to occur, undifferentiated mesoderm cells must commit to the
myogenic lineage, followed by proliferation and irreversible withdrawal from the cell
cycle *°. A number of muscle-specific transcription factors collectively known as the
MyoD family of muscle regulatory factors (MRF) are critical for the formation of
multinucleated myotubes >°. Within the MRF family, MyoD and Myf5 are classified as
primary MRFs as they are involved in the determination of the myogenic lineage,
whereas myogenin and MRF4 are considered secondary MRFs as they control the process

of terminal differentiation °°.

Using C,Cy; and primary ovine myoblasts, Langley and co-workers showed that
myostatin inhibited differentiation of myoblasts in a dose-dependent manner >. They also
examined whether this inhibition was mediated through MRFs and found that the
expression of MyoD, Myf5 and myogenin were significantly increased in the control
myoblasts when myostatin was not added to the differentiation media, whilst the
expression of these factors was down-regulated in the myostatin-treated myoblasts.
Similarly, Joulia and colleagues were able to overexpress myostatin in C,C3, myoblasts
and showed that in cultures expressing antisense to myostatin, myotubes had formed
earlier and were of greater length than that of control cells °’. Furthermore, it was shown
that myostatin inhibited protein synthesis in myotubes of C,Cy, culture cells *%. Taken
together, these data support the role of myostatin in regulating muscle mass through

inhibition of cell replication, differentiation and protein synthesis.
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The findings from in vitro studies were supported by animal research in which the
composition of different muscle groups was examined histologically. Skeletal muscles
from myostatin null (Mstn™) mice were found to have a significantly increased number of
myocytes and the synthesis of DNA was 50% higher than wild-type muscle **. Moreover,
the cross-sectional area of the fibres were larger in Mstn” muscle compared with wild-
type muscle, indicating that hypertrophy of the muscle fibre also contributed to the
overall increased in skeletal muscle mass . Conversely, overexpression of myostatin in
male transgenic mice was associated with lower skeletal mass, and a reduction in fibre

size and myonuclear numbers .

1.5 Clinical applications of myostatin

The increased mass of skeletal muscle in the absence of myostatin has a significant
agricultural impact, especially in the meat industry. Specifically, meat from Belgian
Blues and Piedmontese cattle are prized for the quantity, tenderness and palatability *°.
However, whether this increased in the mass of skeletal muscle results in improvement in
muscle performance is unclear. Indeed, forced exercise in double muscle cattle resulted in
precocious exhaustion, with significant elevation in lactic acid and serum creatinine
kinase ®. In mice, inhibiting the activity of myostatin either by genetic manipulation of
the myostatin gene or the administration of myostatin antibody in otherwise normal
skeletal muscles result in inconsistent performance of the muscle strength that is
disproportional to the effects of an increase in the mass of skeletal muscle ® 2. In some

cases, the increase in the mass of skeletal muscle in Mstn™ mice has not resulted in any
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strength advantage over WT mice ®. Nevertheless, it is possible that a functional benefit
may be gained in dystrophied or atrophied muscle such as that seen in primary and

secondary muscle disorders.

1.5.1 Primary and secondary muscle disorders

Primary muscle disorders include muscular dystrophies [Duchenne muscular dystrophy
(DMD), Becker muscular dystrophy (BMD), facioscapulohumeral dystrophy (FSHD),
and limb-girdle muscular dystrophy (LGMD)], congenital myopathies, metabolic and
inflammatory myopathies. Secondary muscle diseases encompass age-related sarcopenia,
cachexia, denervation and the effects of medications such as glucocorticoids ®. While
inhibiting the activity of myostatin does not correct the underlying pathology, it has the
potential to ameliorate these disorders by increasing muscle mass and strength. For
example, using animal models of DMD, deletion of myostatin was associated with a
functional improvement of muscle by increasing muscle mass and reducing the extent of
fibrosis in the diaphragm > ** % Animal models of several other forms of muscular
dystrophy, however, have produced less consistent results °®°. These differences in
efficacy may be explained by the mode of myostatin inhibition applied (eg. prenatal vs
postnatal inhibition, myostatin antibody vs endogenous inhibitor of myostatin etc.) and
the severity of the underlying muscle dystrophy. In humans, a phase I/l double-blind,
placebo-controlled, dose-escalation safety study of a myostatin inhibitor, MYO-29 was
conducted in 2006 involving 116 subjects with primary muscle diseases **. MYO-29 or

Stamulumab was the first neutralizing antibody to myostatin to be used in clinical trials.
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MYO-29 was reported to be safe and well tolerated with only cutaneous reactions
reported in the highest dose cohort **. However, there was no improvement in muscle
strength and function in the study, although the authors commented that the study was
underpowered to determine efficacy. A subsequent study demonstrated that improvement
in muscle strength may have occurred at the cellular level which was not apparent at the

whole muscle or functional level .

The cause of age-related sarcopenia is multifactorial, resulting in loss of skeletal muscle
mass and overall decreased performance in muscle and increase frailty with aging ™. The
pathophysiology is complex with contributing factors including age-associated reduction
of anabolic hormones, increase in inflammatory insults and oxidative stress, apoptosis in
myofibres and a reduction in nutritional status and physical activity "*. A significant
structural reorganisation of muscle fibre occurs with aging, with loss of both type | (slow
oxidative) and accelerated loss of type Il (fast glycolytic) myofibres along with an
infiltration of lipid into the intracellular and intramyocellular space "2 In addition, age-
related neurodegeneration causing atrophy of muscle fibres has also contributed to the

overall reduction in muscle performance ".

When aged Mstn™ mice were compared with their WT controls as well as their respective
adult cohorts, the total body weight was not different between the senescent Mstn” and
WT mice "%, However, aged WT mice had a greater body mass compared with adult WT
mice as a result of an increase in fat mass, while no difference in body weight was

observed between the senescent and adult Mstn” mice "°. The senescent Mstn” mice
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maintained more muscle mass and lower percentage of body fat compared with senescent
WT mice . A later study reported similar findings wherein aged Mstn”™ mice had greater
lean fat-free mass and less total and percentage of body fat content compared with the
aged WT controls ™. While the effects of longevity were not examined in these studies, a
favourable aging phenotype in the Mstn™ mice is established, with a possible advantage

of myostatin deletion in ameliorating age-related sarcopenia.

The content of myostatin varies in different skeletal muscles of aging rodents, depending
upon the age and type of muscle studied. In mice up to 92 weeks of age, there was no
significant changes in myostatin protein in the soleus muscle (50% type | and 50% type
la fibres) ™. An initial increase in the abundance of myostatin protein as determined by
western blot analysis was observed in combined gastrocnemius and plantaris (Gast/Plant)
muscles (predominantly type Il fibres) until 11 weeks of age, followed by a gradual
reduction up to 92 weeks of age °. Similarly, the concentration of myostatin MRNA was
reduced in gastrocnemius muscle of the old adult rats (30 month old) compared to young
adult rats (6 month old) . In humans, however, the concentrations of myostatin mRNA
and the abundance of myostatin protein in vastus lateralis muscles of healthy older
individuals (70-89 year old, men or women) were increased under resting conditions
compared with young adults ( 18-30 year old, men or women) " ’®. An earlier report
detected no difference in myostatin mRNA expression in vastus lateralis of older men
(62-77 year old) compared with young men (21-31 year old), although the author could
not exclude the possibility of an increased in the abundance of myostatin protein in the

79

older cohort . These conflicting results in myostatin mRNA expression may be
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explained by a gender difference, the age group studied and possibly difference in body
weight. In serum, the abundance of myostatin protein has been reported to be increased ®
or decreased ® in older population (60-92 year old) than in young adults (18-35 year old).
One possible explanation is the methodological challenges in measuring serum myostatin
using an appropriate and reliable assay. Nevertheless, administering anti-myostatin
antibody to aged mice resulted in an increased in muscle mass and grip strength,
suggesting that inhibition of myostatin may have the potential to improve the function of

aging muscles %,

Cachexia is another important secondary muscle disorder that is described as a ‘complex
metabolic syndrome associated with underlying illness and characterised by loss of
muscle with or without loss in fat mass’ ®. It is often seen in patients with chronic
diseases such as heart failure, renal failure, chronic obstructive airway diseases or
inflammatory disorders such as cancer, AIDS, or sepsis ® ®. Cachexia in patients is
associated with a higher mortality and a poorer response to treatment compared with
control cohorts " . Myostatin was considered to be a potential mediator of cachexia *
% Systemic administration of myostatin in mice resulted in severe wasting with an
average of 33% total body weight loss compared to controls ?’. In HIV-infected men with
AIDS-wasting syndrome, the abundance of myostatin protein in serum and skeletal
muscle was significantly greater than that in HIV-infected men without weight loss or
healthy adults 2. Based on this finding, those authors suggested that myostatin may be
contributing to the pathophysiology of muscle protein wasting seen in AIDS-wasting

syndrome %, Although the precise mechanism is unknown, it was speculated by the
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investigators that myostatin down-regulates the expression of MyoD in both in vitro and
in vivo models of cachexia . The induction of cachexia by myostatin appears to be
mediated independent of the nuclear factor-kappa B (NF-«B) transcription factors, a

pathway that is critical in the initiation of cachectic conditions .

1.5.2  Obesity

When myostatin was first discovered in skeletal muscle, a lower expression was also
detected in adipose tissue ™. The role of myostatin in adipose tissue is unclear, but
subsequent studies have demonstrated a reduction in the accumulation of fat with
increasing age in Mstn” mice compared with wild-type controls **. In addition, when
Mstn” mice were fed a high-fat diet, the increase in body fat was significantly less than
that in wild-type mice ®2. When the Mstn™ allele was crossed with two genetic mouse
models of obesity, the Agouti lethal yellow (A’/a) or the leptin ob/ob mice, the double
mutants mice had lower mass of adipose tissue, a decrease in the mass of the fat pad and
improved fasting glucose and glucose tolerance compared with their single mutant
counterparts **. Furthermore, other metabolic consequences associated with diet-induced
obesity, such as serum leptin, cholesterol and triglycerides were also ameliorated by the

inhibition of myostatin when fed a high-fat diet ** %,

In humans, morbidly obese subjects who underwent biliopancreatic diversion surgery, the

weight loss post-surgery was associated with a significant reduction in the expression of
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myostatin mRNA . The precise mechanism by which myostatin influences the
accumulation or metabolism of fat remains unclear. Emerging evidence suggests that the
reduction in fat mass appears to be an indirect effect of lack of myostatin in skeletal
muscle rather than adipose tissue *°. However, a recent study reported that treatment with
myostatin inhibited the differentiation of brown adipocytes and that this inhibition
occurred early in the stages of brown adipogenic differentiation *. Given the increasing
interest in using cold-induced thermogenesis to activate brown adipocytes and combat
obesity, antagonising the effects of myostatin is a promising target in the treatment of

obesity by promoting the differentiation of brown adipocytes *" %.

1.5.3 Type 2 DM and insulin resistance

Along with the role of myostatin in the metabolism of fat and energy expenditure, a
parallel improvement in glucose metabolism has also been shown in the absence of
myostatin *X. When Mstn™ mice were compared with WT littermates following a standard
diet, the fasting serum glucose and insulin were lower in the Mstn™ mice together with a
significant improvement in the glucose tolerance (GTT) and insulin tolerance (ITT) tests
% Using a hyperinsulinaemic-euglycaemic clamp, Mstn” mice had a lower plasma
glucose and insulin concentrations at baseline, and required a higher infusion of glucose
to maintain euglycaemia during the clamp compared with WT mice %. Taken together,
these data suggest greater insulin sensitivity in Mstn™ mice, and an enhanced response in

the peripheral tissues of the Mstn™ mice to take up glucose during hyperinsulinaemia.
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In humans, the age- and gender-adjusted expression of myostatin mRNA and protein
concentration in skeletal muscle was significantly increased in patients with Type 2 DM
compared with healthy controls, whilst no difference in the plasma myostatin
concentration was observed *. The skeletal muscle content of myostatin MRNA
correlated positively with impaired insulin sensitivity, increased triglycerides, obesity and
poor fitness level . However, this correlation was only apparent in healthy controls, and
not in Type 2 DM patients, and the authors suggested that the metabolic effects of
myostatin is likely confounded by other factors in Type 2 DM . In contrast, another
study examining similar clinical manifestations and the concentration of plasma
myostatin between Type 2 DM and healthy controls reported a different result *®. The
plasma concentration of myostatin was significantly increased in patients with Type 2

DM compared with healthy controls *%.

1.5.4 Bone

It has long been recognized that a positive correlation exists between muscle mass and
bone mineral density (BMD) in humans and that ‘the weight of a muscle reflects the
forces it exerts on the bones to which it is attached, and a reduction or increase in muscle
weight results in a corresponding loss or increase of bone’ ™. Being a potent regulator
of skeletal muscle mass, naturally the effects of myostatin on bone have been examined.
Compared with wild-type littermates, Mstn™ mice with increase muscle mass were found
to have increased cortical area and bone mineral content (BMC) in the muscle attachment

site of the humerus, without an increase in BMD %. A later study by the same author
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found an increase in femoral BMD compared with control mice '®. Induction of fibular
fracture resulted in a greater increase in callus size and bone volume in Mstn” mice
compared to wild-type mice, indicating that inhibition of myostatin may enhance the

repair of fracture ***.

In summary, the potential beneficial role of myostatin is not limited to skeletal muscle
alone. Indeed, systemic circulation of myostatin implies that the effects of myostatin are
broader than previously thought, that the inhibition of myostatin can be an effective
adjunct to the current management of metabolic and bone diseases, in addition to skeletal
muscle disorders. Importantly, pertinent to this thesis are the possible effects of myostatin

on the heart.

1.6 Ischaemic heart disease, cardiomyopathy and

myostatin

The historical management of acute MI in humans has evolved significantly from a
largely palliative approach with strict bed rest to a curative intent with primary
revascularisation and secondary prevention '®. As a result, a steady decline in mortality
has been observed following these therapeutic advances and modification of
cardiovascular risk factors (Figure 1-7). However, the in-patient and one-year mortality
following acute coronary syndrome remains high as described in a recent Scandinavian

observational study '°. The in-patient mortality for STEMI (ST elevation myocardial
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infarction), NSTEMI (non-ST elevation myocardial infarction) and UA (unstable angina)

in a cohort of unselected patients was 9.6%, 13% and 2.6% respectively . Notably, the

mortality rate during the follow-up period (median follow up of 10 months) increased to

19%, 27% and 12% respectively ‘. These data suggest that further gains in the acute

management of coronary heart diseases to improve morbidity and mortality have yet to be

achieved.
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Figure 1-7. Decline in deaths from cardiovascular disease in relation to scientific

advances. Reproduced with permission from Nabel et al. NEJM 2012;366:54-63
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1.6.1 Pathogenesis of MI and heart failure

To improve treatment outcomes for MI requires an understanding of the pathogenesis of
coronary artery diseases. Coronary heart disease (CHD), as defined by the ICD-10 codes
120-125, includes acute MI, other acute ischaemic (coronary) heart disease, angina
pectoris, atherosclerotic cardiovascular disease and all other forms of chronic ischaemic
CHD %, Each of these represents a spectrum in severity of what is essentially caused by
underlying atherosclerosis of the coronary arteries. For the purpose of this thesis,

attention will be focused on acute MI.

Atherosclerosis is a chronic inflammatory process involving a complex interplay between
the endothelium, smooth muscle of the arterial walls, monocytes and macrophages, and
T-lymphocytes ’. Following insults such as oxidative, haemodynamic and biochemical
stimuli (eg. cigarette smoking, hypercholesterolameia, hypertension), the permeability of
the intact endothelial cells changes '%. This results in invasion of the intima by lipid rich
macrophages and T-lymphocytes, forming the earliest recognisable atherosclerotic lesion,
the “fatty streak” ’. With ongoing inflammation, endothelial and smooth muscle cells
proliferate, and the “fatty streak” develops into a more advanced and complex occlusive
lesion known as a fibrous plaque ”. The fibrous plaques gradually increase in size with
formation of a connective tissue matrix. These fibrous plaques then project into the lumen
and eventually restrict the blood flow either temporarily (unstable angina) or permanently
(in the case of MI) (Figure 1-8). Rupture of these plaques exposes pro-coagulant material

to coagulation proteins and platelets, predisposing the vessels to thrombosis %,
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Figure 1-8. Stages of atherosclerosis development. Reproduced with permission from

Nabel et al. NEJM 2012;366:54-63
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After the initial myocardial ischaemia/infarction, reperfusion may occur (if death does not
ensue), either naturally or through therapeutic intervention, followed by healing and
repair of the myocardium . Ventricular remodelling following an infarct is a complex
and evolving process, resulting in an alteration in the size, shape and function of the
ventricle, and is regulated by mechanical, neurohormonal, and genetic factors *'°. Post-
infarction remodelling is a continuous event that initially begins in the infarcted region,
but with time, secondary changes also occur in the non-infarcted tissue ™ ™2 The
process of remodelling can be arbitrarily divided into several phases (Figure 1-9) and
involves the three key components of the myocardium: cardiomyocytes, cardiac
fibroblasts and extracellular matrix, and the capillary microcirculation **°. The initial
apoptosis and necrosis of cardiomyocytes triggers a cascade of immuno-inflammatory
responses including degradation of extracellular matrix, inhibition of tissue proliferation
and release of inflammatory mediators ®. Expansion of the infarct follows which is a
result of thinning and dilatation of the infarcted myocardial wall, and may predispose the
ventricle to early rupture and formation of an aneurysm ° . In late phases of healing, a
global rearrangement of the surviving myocardium occurs with the development of
cardiomyocyte hypertrophy, interstitial fibrosis, and dilatation of the LV resulting in the
impairment of the ventricle and heart failure. The dilatation of the LV post-MlI is thought
to be an adaptive response of the ventricle to injury in order to maintain stroke volume
despite a decline in ejection fraction '®. This is achieved by a series of chronotropic and
inotropic activities and stimulate the sympathetic adrenergic system to maintain the pump
function . However, the augmented ventricular wall stress triggers further dilatation of
the ventricle, resulting in a greater increase in the volume of the cavity, which will require
an even greater augmentation of ventricular wall stress and a vicious cycle is created *®.
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Furthermore, during the late phase of remodelling, hypertrophy of the cardiomyocytes
occurs to compensate for loss of cells post-MI in an attempt to overcome the increased

load and progressive dilatation of the ventricle %,

While cardiomyocytes contribute to the major myocardial tissue volume, cardiac
fibroblasts surround the cardiomyocytes and bridge the areas between the myocardial
tissue layers 3. Fibroblasts are the major player in the maintenance of the extracellular
matrix and contribute to the myocardial remodelling process ***. In response to injury,
cardiac fibroblasts in the myocardium proliferate and differentiate into myofibroblasts °, a
specialised fibroblast which are only found in the granulation tissue in the infarcted

region and not in healthy, uninjured myocardium **.

Myofibroblasts retain the
characteristics of fibroblasts and produce extracellular matrix (predominantly collagen) to
replace necrotic cardiomyocytes and form a scar **°. Myofibroblasts are also able to
contract and are associated with a smaller and stronger scar area to prevent expansion of

the infarct 1%°

. While initially beneficial, excessive fibroblast proliferation and deposition
of extracellular matrix in the interstitium and surrounding non-infarcted myocardium
eventually leads to increased myocardial stiffness, impaired relaxation and progressive
diastolic and systolic dysfunction °. Therefore, efforts in interrupting these deleterious
remodelling processes either directly or through modulation of hypertrophic signalling
pathways or neurohormonal responses will be the basis for effective treatment of
ischaemic heart disease and heart failure. Indeed, new therapeutic approaches to manage
HF, including targeting microRNAs, stem and progenitor cells, gene therapy, anti-

inflammatory and anti-fibrotic responses have shown promising results .
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Figure 1-9. Stages of cardiac remodelling post-infarction. Reproduced with permission from

Fraccarollo et al. Cardiovascular Research 2012;94:293-303

1.6.2 Myostatin and the heart
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In 1999, Sharma and co-workers were the first to report that myostatin may play a role in
the heart, having detected myostatin in murine and sheep heart tissue *°. Since then,

116, 117
h

myostatin has been detected in the hearts of different species of fis , chickens %8,

rats 1°

, pigs ° and humans ?°. However, for almost 15 years since its detection, the
precise function of myostatin in the heart remains to be elucidated. Specifically, it
remains unclear as to whether myostatin is beneficial or detrimental to the process of
healing following myocardial damage. It is also not known whether the effects of
myostatin in the heart are different at baseline or after a stimulus. Hence, for the purpose
of the thesis, this section will firstly provide an overview of the current literature relating

to the effects of myostatin in the heart, which led to the hypothesis and aims of the study.

The systemic and skeletal muscle effects of myostatin will not be addressed in this work.

1.6.2.1 Where is myostatin found in the heart?

The expression of myostatin can be detected in the developing foetal heart, suggesting a
possible role in early heart development *°. This expression continues into adulthood and
is well conserved in mammals *°. In normal cardiac tissue, myostatin protein is detected
in higher abundance in Purkinje fibres with a lower abundance also seen in
cardiomyocytes and the smooth muscles of coronary arteries *°. Within the ventricular
myocardium, a differential LV/RV expression of myostatin mRNA is found with a two-
and six-fold increase in myostatin mRNA expression in the left ventricle of newborn and

20-day piglets, respectively, compared to the right ventricle *%°.
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1.6.2.2 1Is the effect of myostatin on the proliferation and
differentiation of cardiac cells similar to that seen in

skeletal muscle?

While the expression of myostatin mRNA and protein was observed in rat
cardiomyocytes from embryonic day 18 (E18) through to post-natal life (Days 0, 2, 5 and
10), the abundance was much lower in the actively proliferating cardiomyocytes at E18,
compared with postnatal day 10, when the majority of the cardiomyocytes lose the ability
to proliferate *°. Thereafter, a reduction in both the mature myostatin protein and mMRNA
expression (two-fold and 15-fold respectively) were observed in adult cardiomyocytes
compared with foetal cardiomyocytes at E18 in the same study. These data indicate that
the expression of myostatin is inversely proportional to the proliferation of
cardiomyocytes and that myostatin modulates hypertrophic growth rather than

hyperplastic growth post-natally **°.

In in vitro studies, the addition of recombinant myostatin inhibited the proliferation of
dividing foetal and neonatal cardiomyocytes, via blocking the transition through the G1-S
phase of the cell cycle and this effect was reversed when myostatin was removed *°.
Similarly, myostatin is expressed predominantly in the nuclei of the H9c2 rat embryonic
cardiomyocytes, and proliferation of cells is reduced by either endogenous or exogenous

recombinant myostatin protein **

. Furthermore, addition of myostatin is shown to
partially suppress equilibrative nucleoside transporter-1 (ENT-1) mRNA, which is a

marker of cellular differentiation, indicating that myostatin also inhibits the
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differentiation of cardiomyoblasts *?2. Collectively, these results support the role of
myostatin in inhibiting cardiac cellular proliferation and differentiation, in a manner

similar to that observed in skeletal muscle myoblasts.

1.6.2.3 What is the physiological role of myostatin in the heart?

Morphologically, the hearts of Mstn™ mice were normal even at 24 months of age when
compared with wild-type (WT) littermates . The heart weights of adult Mstn”" mice,
however, have been reported to be similar ?*, increased ***'*% or even decreased *** when
compared with age-matched controls. These conflicting results for heart weight are likely
due to the different age groups of adult mice used, and the variable body weights
measured. Nevertheless, it appears that the weight of the heart is related to an autocrine or
paracrine function of myostatin in the myocardium rather than the endocrine effects from
circulating myostatin ***. This was demonstrated by transgenic mice with overexpression
of myostatin with a muscle-specific creatinine kinase (MCK) promoter (which is active in
both skeletal and heart muscle) to have smaller hearts compared with controls *?*. This
difference in heart weight was not observed in transgenic over-expresser mice with a

myostatin mutation in the MCK-3E promoter which is only active in skeletal muscle ***.

Rather intriguingly, despite the differences in heart weight between Mstn” and myostatin
over-expresser mice, and severe cardiomyopathy in the hearts of dystrophin-deficient

(mdx) mice, most studies reported similar resting cardiac function among the groups
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studied when compared with controls 2123124 |n other words, cardiac muscle retains its
functional efficacy at rest irrespective of the change in morphology and muscle mass.
One postulate suggested was that while myostatin reduced the size of the heart during
embryonic development, factors that trigger changes in cardiac function in early post-
natal life are either absent or non-operative, thereby maintaining normal tissue

composition and function at rest '*

. On the other hand, Rodgers and co-workers
demonstrated that the heart weights in adult Mstn™ mice (7 month old) of both sexes were
greater than WT controls, but that this was associated with significantly reduced resting
fractional shortening (FS) and ejection fraction (EF) '?2. However, the internal diameters
and volumes of the left ventricle at diastole and systole were greater in Mstn”™ mice, and
intraventricular septum wall thickness and stroke volume (SV) were similar in both
groups consistent with eccentric hypertrophy of the myocardium *?. When stimulated
with a sympathomimetic agent isoproterenol, Mstn™ mice performed better with a greater
reduction in systolic volumes and greater increased in FS and EF compared with WT
mice *%. Based on these findings, it was concluded that the increase in heart size in Mstn®
-

mice is most likely a physiological, and not pathological hypertrophy of the

myocardium %,

While the effects of longevity have not been reported, the effects of myostatin in the
hearts of the normal aging mice have been examined recently "> ™. In one study, the mass
of the hearts in WT and Mstn”™ mice increased with age (from 4 through to 30 months)
but no difference between the two genotypes was observed "*. Resting cardiac function

was better preserved in aged Mstn” mice compared with WT mice "®. A reduction in
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cardiac fibrosis and an increased in the ratio of phosphorylated to total phospholamban
activity, which is important for maintaining contractile function, were thought to be
responsible for this preservation in cardiac function seen in aged Mstn” mice “.
Conversely, another study reported an increase in heart weights and a dilated
cardiomyopathy phenotype at rest in the aging Mstn” mice compared with WT controls
™ The apparent pathological cardiac function in these aging Mstn” mice was shown to
have an enhanced contractile ability following isoproterenol stress test, consistent with a
physiological hypertrophy of the myocardium, that was not seen in aged WT controls ™.
These data were in line with their earlier reports in adult Mstn”™ mice ** but was different
from that obtained by Morissette et al . The difference in cardiac function may be
explained by the way the echocardiography was performed — both studies used a 10 MHz

transducer, but one was performed on anaesthetized mice "* while the other was carried

out on conscious mice .

In summary, the literature provides conflicting evidence as to the effects of myostatin in
physiologically normal hearts. Nevertheless, it appears that a unique cardiac phenotype
which is different from the WT mice does exist in the absence of myostatin. It is likely
that this phenotype leads to a growing interest of a possible role of myostatin in cardiac

pathology.

1.6.2.4 What about the role of myostatin in diseased state?
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Interestingly, while the abundance of myostatin protein was reported to be low in normal
cardiomyocytes *°, the expression of myostatin can be re-induced in the presence of

pathological stimulation %,

1.6.2.4.1 Acute myocardial infarction

The literature on the effects of myostatin following acute Ml was limited. One of the
earlier reports was demonstrated by Sharma et al. using three year old Romney ewes and
induction of acute MI was achieved by occluding the distal left anterior descending
(LAD) artery with sterile gel foam *°. The hearts were excised at 0.5, 1, 2, 6, 12 and 30
days post-infarct and the immunointensity of myostatin was examined. The
immunointensity of myostatin was increased in the peri-infarct cardiomyocytes from 0.5
day and persisted throughout the study *°. Immunostaining in the viable cardiac tissue and
in the cardiomyocytes in the infarcted area was at a very low level and similar to non-
infarcted controls *°. Another study adopted an ischaemic-reperfusion model to induce M|
in WT mice, and the expression of myostatin mRNA 28 days post-MI was similar in the
non-infarcted, peri-infarcted and infarcted zone of the cardiac muscle **2. However, that
study did not include sham-operated mice as controls, which may limit the interpretation

of results.

1.6.2.4.2 Volume-overload heart failure
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The expression of myostatin was studied in a rat model of volume-overload induced by
aorto-caval shunt followed by treatment with carvedilol, a non-selective vasodilating beta

blocker *°.

Both myostatin protein and mMRNA expression were up-regulated
(approximately three fold) in the myocardium of the shunt group compared with sham-
operated animals and this increased expression of myostatin was inhibited following
treatment with carvedilol *°. Similarly, in the skeletal muscle of the shunt group, the
abundance of myostatin protein was increased and this increase was blocked by treatment
with carvedilol. It is not known whether or not carvedilol acts directly on the
cardiomyocytes or through its effects on the sympathetic nervous system to inhibit the
expression of myostatin. It is also possible that the haemodynamic changes resulting from
carvedilol exposure alters the expression of myostatin. Lenk and co-workers examined
the effects of myostatin expression in rats with chronic heart failure induced by ligation
of LAD artery and compared with sham-operated controls ‘%, Once CHF was confirmed
in the ligation animals, the two groups were further divided into either exercise-trained or
sedentary arms, and the expression of both myostatin protein and mRNA was examined
eight weeks later. The expression of myostatin mMRNA was increased in skeletal and heart
muscles following induction of heart failure, although this did not reach significance *°.
The abundance of myostatin protein, on the other hand, was significantly increased in
both tissues in animals with CHF . The discrepancy between the myostatin mRNA and
protein findings may be related to post-transcriptional or post-translational modifications
which the authors did not elucidate further. Importantly, while no difference was
observed between exercise-trained and sedentary rats in sham-operated controls, exercise-
trained CHF rats had a significant reduction in the abundance of myostatin protein back

to baseline compared with sedentary CHF controls 8. The authors speculated that this
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reduction in myostatin protein could be linked to a reduction in TNF-a seen following
exercise-training. In a larger animal model of CHF (i.e. beagle dogs), tachycardia-induced
dilated cardiomyopathy via over-pacing did not alter the expression of myostatin mMRNA
and that the authors suggested that the up-regulation of myostatin is only seen in cardiac

diseases characterized by hypertrophic process *°.

However, this unchanged expression
of myostatin mRNA could simply be explained by the fact that the endomyocardial
biopsies were taken from the septal region of the right ventricle, an area already reported

120

to have a low concentration of myostatin =, therefore making it more difficult to identify

any significant changes.

In humans, the expression of myostatin in CHF patients has also been reported to be up-
regulated in several studies 2* 2% 2" George and co-workers examined various myostatin
proteins, including the full-length precursor promyostatin, the propeptide and the latent
complex in normal human myocardial tissue and serum and compared with patients in
advanced HF 2. While no difference was seen in the full length precursor, the abundance
of myostatin propeptide, which is a marker of myostatin activation, was increased in the
myocardial tissue of ischaemic (ICM) and non-ischaemic (DCM) dilated cardiomyopathy
patients compared with normal subjects %°. The concentration of myostatin latent complex
in blood was also increased in DCM HF patients compared with healthy controls %.
Consistent with these findings, downstream of myostatin, the Smad2/3 signalling was
also increased in ICM and DCM patients °. The expression of BMP-1 was increased in
both ICM and DCM patients, and correlated with higher concentrations of cleaved

20

propeptide <. The unchanged concentrations of myostatin precursor but increased
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concentrations of propeptide indicated that generation of mature active myostatin for
signal transduction is enhanced in diseased hearts. In addition, the increased
concentrations of circulating myostatin latent complex may serve as a reservoir for local
activation in the heart by BMP-1 which was increased in advanced HF patients %°. Gruson
and co-workers measured plasma myostatin concentration in CHF patients and healthy
control subjects using a competitive myostatin immunoassay *%°. The concentration of
plasma myostatin was increased in CHF patients compared with healthy controls, and the
increase was positively correlated with New York Heart Association (NYHA)
classification and other biomarkers of heart failure *°. Interestingly, the group has also
found a higher concentration of plasma myostatin in healthy men than women, although

the level of significance was not mentioned in their report *%°.

While exercise-training reduced the elevated expression of myostatin in CHF rats, a

similar result was also observed in CHF patients **’

. Following 12 weeks of endurance
exercise training, Lenk and co-workers demonstrated that CHF patients with NYHA class
I11 symptoms and an increase in baseline concentration of myostatin mRNA and protein
compared with healthy controls, had a significant reduction in both the myostatin mRNA
(by 36%) and protein (by 23%) compared with sedentary CHF patients **’. An
improvement in the exercise capacity and clinical symptoms have also been shown in

their study confirming that exercise training is an important strategy in the treatment of

heart failure.

1.6.2.4.3 Pressure-overload cardiac hypertrophy
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In pressure-overload CHF such as that induced by transverse aortic constriction (TAC) in
mice, the expression of myostatin mRNA and protein concentration did not change in the
skeletal muscle post-TAC compared with sham-operated controls. The lack of up-
regulation in the expression of myostatin post-TAC suggests a differential reaction of
myostatin towards different models of CHF (ie. volume-overload vs pressure-overload).
The circulating plasma myostatin protein, on the other hand, increased by two to three
fold compared with sham-operated mice *?. This increase in circulating myostatin post-
TAC was abrogated in transgenic mice with cardiac muscle-specific deletion of myostatin
(Mstn fI/fIN9?5®) “indicating that the heart was responsible for the increase abundance of
plasma myostatin observed post-TAC *%. Importantly, a reduction in skeletal muscle
mass which was seen in control mice after TAC was not observed in Mstn fl/flN5cre
after TAC 2. Based on this finding, the author concluded that deletion of myostatin in
the heart mitigates the atrophy of skeletal muscle seen following chronic pressure-

overload.

1.6.2.4.4 Cardiac cachexia

One of the major debilitating consequences in cardiac disease such as CHF is the
development of cardiac cachexia ®’. In clinical practice, cardiac cachexia is defined as a
documented non-oedematous weight loss of over 6% of the previous normal weight
observed over a period of six months and is associated with an increased in mortality 2.

As discussed in Section 1.5.1, myostatin is thought to be a mediator of cardiac cachexia
-44 -



8 Genetic deletion of cardiomyocyte-specific myostatin ameliorates the skeletal muscle
atrophy seen following pressure-overload hypertrophy of the myocardium as described

earlier %8,

1.6.2.4.5 Summary

In summary, while myostatin appears to play a minor role in normal cardiac development
and physiology, its expression is enhanced in cardiac diseases. However, the degree of
expression seems highly dependent on the underlying stimuli (i.e. volume-overload vs.
pressure-overload). In addition, circumstantial evidence suggests that myostatin produced
from the heart contributes to the increased in the pool of plasma myostatin. It is this pool
of myostatin that likely accounts for, or contributes to the atrophy of skeletal muscle seen
in chronic cardiac pathology. Furthermore, reversibility of the increase in the expression
of myostatin seems possible such as that observed following endurance exercise or
medication such as beta blockade in heart failure. However, little evidence is available on
the effect of myostatin post-acute MI, and whether the frequently reported up-regulation
in the expression of myostatin translates into any demonstrable functional changes.
Moreover, it remains unclear whether the increased endogenous expression of myostatin
seen in cardiac pathology is a direct release from the damaged cells and merely serves as
a prognostic indicator, or is a counter-regulatory factor limiting the growth of muscle

mass following injury.
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1.7 Hypothesis and aims

The hypothesis of this thesis is that the absence of myostatin is beneficial to the heart

following an acute MlI. To test the hypothesis, the following aims are examined:

Aim one: to determine if the expression of myostatin changes at various time points post-
MI. This aim will be achieved in the first study using an ovine model of MI induction via
intracoronary injection of microspheres into the LAD coronary artery. The concentration
of myostatin mRNA at different time points will be measured in the peri-infarct and

distant viable regions of the myocardium and compared with the non-infarcted controls.

Aim two: to determine if the absence of myostatin will improve cardiac function post-
acute MI. This is achieved in the second study using Mstn”™ and WT mice. An acute MI
will be induced via ligation of the LAD artery and the haemodynamic changes at baseline
and 28 days post-MI between Mstn” and WT mice will be examined. Echocardiography
will be used to determine the underlying left ventricular function at baseline and post-
surgery in the Mstn” and WT mice. The size of the infarct and the extent of fibrosis will

be determined histologically between Mstn”™ and WT mice after MI.

Aim three: to determine the potential cellular mechanism(s) contributing to any clinical
improvement observed in the absence of myostatin following an acute MI. This will be

achieved by performing immunohistochemistry and indirect immunofluorescence on the
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cardiac sections collected from the second study. The mechanisms of interest include
assessment of the number and size of the cardiomyocytes, determination of the number of
myofibroblasts, and semi-quantification of cellular survival, apoptosis and programmed

Necrosis.
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2

Materials and methods
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2.1 Introduction

This chapter is divided into two parts. The first part describes the animals used and the
development of the surgical procedures required. The second part outlines the laboratory

methods used in the study. Specific methods are detailed in each relevant chapter.

All animals and surgical procedures were handled in accordance with guidelines of the

AgResearch Ruakura Animal Ethics Committee, Hamilton, New Zealand.

2.2 Animals, surgical procedures and clinical

parameters

2.2.1 The murine model

Adult male (12 week old) Mstn” and WT (C57BL/6) mice were used in this study.
Generation of Mstn” mice by Se-Jin Lee and colleagues at John Hopkins University
School of Medicine has previously been described . Briefly, the structure of the
myostatin (GDF-8) gene was deduced from restriction mapping and partial sequencing of
phage clones isolated from a murine 129 SV/J genomic library. Homologously targeted
clones of myostatin were injected into C57BL/6 blastocysts and transferred into

pseudopregnant females **. A pair of heterozygote (Mstn™) mice of C57BL/6
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background were obtained as a gift from Se-Jin Lee. Mice were genotyped and bred to
homozygosity (Mstn™) at the Ruakura Small Animal Colony unit. Mice had ad libitum

access to standard chow and water.

2.2.2 The ovine model

Romney ewes (3 year old) were housed indoors and acclimated to a commercially
available pelleted feed for two weeks prior to the study. The feed provided the complete

nutritional requirements for sheep and was available, along with water, ad libitum.

2.2.3 Induction of myocardial infarction in the ovine model

Romney ewes (as above) were obtained from the Ruakura farm at AgResearch Limited.
The surgical procedure has been described previously **°. Briefly, general anaesthesia
was induced with intravenous 5% sodium thiopentone. Sheep were intubated, and under
fluoroscopic guidance, MI was induced by intracoronary injection of 0.6 ml of 45 pm
microspheres into the left LAD of the coronary artery immediately distal to the first major
branch. Samples of the peri-infarct and distant viable cardiac muscle were obtained from
the left ventricle at three hours, six hours, one day, two days, four days and eight days
post-infarct from sheep in which a MI was induced and from non-infarcted controls (n =

3 per group).
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2.2.4 Procedures for the murine model

The technique of animal intubation and induction of myocardial infarction were modified

from that described by Dr Leigh Ellmers *** as follows:

2.2.4.1 Anaesthesia

General anaesthesia was achieved using a combination of 1 ml of ketamine (100 mg/ml),
0.5 ml of xylazine (20 mg/ml) and 0.5 ml of acepromazine (2 mg/ml) diluted in 8 ml of
distilled water to make up a total volume of 10 ml as this combination was found to have
the highest safety margin and longest time of surgical tolerance **. A full dose (ie. 0.1
ml/10g body weight) was initially administered, but this resulted in high numbers of mice
(~40%) dying immediately following anaesthesia. Therefore, the dose was reduced by
30% (i.e. 0.07 ml/10g body weight) and while deep anaesthesia was maintained at the

appropriate level, no further pre-operative deaths were observed.

2.2.4.2 Intubation

Mice were placed in a supine position on a 37 °C heated pad to maintain normothermia.
The paws were taped to the heated pad to prevent lateral movement and a 5-0 silk black
braided suture was placed behind the front lower incisors and pulled taut so that the neck
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was slightly extended for better visualisation of the trachea. Endotracheal intubation was
carried out under direct laryngoscopy using a rodent ventilator (Harvard Apparatus
Inspira HSV) and a 22g intravenous cannula used as the ventilator tube. Mice were
ventilated with room air at a rate of 107 breaths per minute with a tidal volume of 1.5 ml.
This was in excess of the actual tidal volume (0.15 ml) to allow escape of part of the
delivered volume while allowing optimal lung expansion without overexpansion. During
the trial period, failed intubation had occurred and resulted in the death of mice. In
addition, the time taken to intubate a mouse varied between 2 and 30 min. Therefore, in
order to avoid any bias, the study commenced when successful intubation was achieved

and the procedure consistently took less than 5 min to perform.

2.2.4.3 Induction of myocardial infarction

Numerous approaches have been described to induce MI in small animals, with ligation
of the LAD artery being the procedure of choice with the greatest reproducibility *** 3, It
took three months to learn and refine the surgical procedures, testing various suture

materials and needles and orientation of the animal to achieve optimal results.

Following general anaesthesia and endotracheal intubation, a left thoracotomy of
approximately 10 mm in length was performed at the fourth intercostal space. Forceps
were used to delicately dissect through the chest opening and to expand the initial

incision. The chest cavity was exposed using 5-0 braided silk sutures (SOFSILK,
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Syneture), the distal ends of which were taped to the heat pad to act as retractors. Ligation
of the LAD artery was made midway between the left atrium and the apex of the left
ventricle using a 6-0O black braided silk ligature tapered needle (ETHICON). The
estimation of blood loss was determined by counting the number of cotton sticks used to
swab blood during the surgery. Successful ligation was evident when blanching of the
distal myocardium was observed. The intercostal muscles and chest wall were closed with
5-0 braided silk ligature (SOFSILK, Synerture). Care was taken throughout the procedure
to avoid contact with the lungs. Assisted ventilation was maintained until spontaneous
breathing was restored post-operatively. Mice were kept on the heated pad at all times
during the surgery and during recovery from the anaesthesia. For sham animals, a left
thoracotomy was performed without ligating the coronary artery. Food and water were
not withheld prior to surgery. Analgesia with Ibuprofen (100 mg/5ml) was added at a
dose of 0.25 mg/ml of drinking water post-operatively. Total procedure time was between
20 and 35 min depending on whether sham or ligated surgery. Post-operatively, the mice
were observed daily for posture, wound care, movement and for the pattern of breathing,

in a small animal colony unit with provision of standard chow and water.

2.2.4.4 Mouse clinical data

Total body weight (BWT) was recorded at baseline and weekly, thereafter. Heart rate
(HR) and blood pressure (systolic and diastolic) were measured on conscious mice during
daylight at baseline, and at day 28 post-surgery using a computerized blood pressure tail-

cuff analysis system (Visitech Systems) and a mouse restraining chamber (Visitech
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Systems). Mean arterial pressure (MAP) was calculated from the formula DBP + 1/3
(PP), where DBP denotes diastolic blood pressure and PP denotes pulse pressure, which
is the difference between systolic and diastolic blood pressure (SBP and DBP
respectively) **> ¥ Each measurement was obtained from an average of 25 readings in a

recording session.

2.2.4.5 Echocardiogram

Acquisition of the echocardiogram technique from an expert clinical echocardiographer
(Ms Juliet Jensen, Waikato Hospital, Hamilton, New Zealand) took four months. For the
purpose of this project, the 2D and M-Mode techniques **" were used to calculate left
ventricular end diastolic and systolic diameters (LVEDD and LVESD respectively) and
FS. The study was performed using a Philips HDI 5000 Sono CT ultrasound, with a 10
MHz broadband compact linear array transducer that had a rate of up to 500 frames per
second. Animals were lightly anaesthetized with the afore-mentioned anaesthetic
combination at a dose of 0.05ml/10g body weight. Echocardiography was performed on a
heated pad at 37°C to avoid hypothermia. To obtain an optimal image quality, the chest
was shaved and swabbed with 75% alcohol. The study was performed at baseline, days 1
and 28 post-surgery and three readings were obtained for each measurement and then
averaged. Left ventricular end diastolic and systolic diameters were calculated from 2D
imaging in the parasternal short axis view by M-mode analysis at the level of the
papillary muscle. Both FS and EF were calculated based on the formulae [(LVEDD-

LVESD)/LVEDD] x 100% and [(LVEDD?*LVESD?/LVEDD?] x 100% respectively **"
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138 Echocardiography was performed with the operator blinded to the surgical procedure
(i.e. sham vs. MI), but the genotype was known due to the unmistakably larger body mass

of the Mstn™ mice.

2.2.4.6 Histological analysis

A post-MI period of 28 days was chosen as the time required to observe an effect based
on previous experience °. At the end of this study period, the mice were weighed and
anti-5-Bromo-2’-deoxyuridine (BrdU) was injected intra-peritoneally at a dose of 0.1
ml/10g body weight two hours before euthanasia. Mice were killed with carbon dioxide
asphyxiation. The hearts were then rapidly excised, weighed and fixed in formalin and

embedded in paraffin wax for histological examination.

Sections from the hearts were cut at 7 um in thickness in a longitudinal plane and stained
with haematoxylin and eosin (H&E). Sections were consistently taken at the same site in
the centre of the infarct. Each section was digitally photographed using a computerised
microscope (Leica DMI6000 B inverted microscope, Leica Microsystems, Germany) and

the size of the infarct was calculated using Image J Software (NIH).
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Figure 2-1. A representative mouse that has been anaesthetized, ventilated and positioned

on the heated pad ready for surgery
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2.3 Laboratory experiments

2.3.1 Extraction of RNA from tissue samples

RNA from sheep peri-infarct and distant cardiac muscle was extracted using Trizol
according to the manufacturer’s protocol (Invitrogen, Life Technologies). Tissue samples
were kept on ice at all times to avoid degradation of RNA. One millilitre of the Trizol
solution was added to 100 mg of tissue in a sterile eppendorf for analysis. Samples were
centrifuged at 10,000 x g at 4°C for 5 min and the supernatant was transferred to a fresh
tube to remove the insoluble debris. Chloroform (200 ul) was added to each tube to assist
in the separation between the phenol phase and the aqueous phase which contained the
RNA material. Following 3 min of incubation at room temperature, samples were
centrifuged at 10,000 x g for 15 min. At this stage, three phases were observed in the
tube: the upper aqueous phase, the interphase and the lower organic phase. The upper
aqueous phase was transferred to fresh tubes using a 1 ml pipette. Care was taken to avoid
contact with the interphase or the lower organic phase. Isopropanol (0.5 ml) was added to
each tube in order to precipitate the RNA. Samples were then mixed by shaking and then
incubated at room temperature for 15 min followed by centrifuged at 10,000 x g at 4°C
for 15 min. By this time, the RNA pellet was evident and could be transferred to a fresh
eppendorf using a 1 ml pipette. The RNA pellet was then washed with 1 ml of 75%
ethanol and centrifuged at 10,000 x g for at least 5 min. The ethanol solution was
carefully removed using a 1 ml pipette and the tubes were then left to dry at room

temperature for 5 min. The pellets were then re-suspended in RNase-free water. The
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volume used was dependent upon the size of the pellets obtained, and generally a 10-15
Ml volume was sufficient. The tubes were vortexed gently to dislodge and help solubilise
the pellets. Samples were then put in a 55°C water bath to aid re-suspension of the pellet.
At this stage, the samples were stored on ice in preparation for quantification of RNA

purity using a Nanodrop spectrophotometer.

2.3.2 Nucleic acid measurement using a Nanodrop mini-

spectrophotometer

The spectrophotometer was cleaned with Milli-Q water before and after use. Using a 10
pl pipette, 2 pl of Milli-Q water was used to obtain a basal reading and a blank was
obtained by using 2 pl of RNase-free water followed by measurement of 2 ul of the
sample of interest and the concentration of RNA was determined from a reading at a

wavelength of 260 nm.

2.3.3 cDNA synthesis

Total RNA (2.5 pg) was reversed transcribed into cDNA using first strand cDNA
synthesis according to the manufacture’s protocol. Each component was mixed and
centrifuged briefly before use. Total RNA of 2.5 pug was diluted to a volume of 8 pl using

diethylpyrocarbonate (DEPC) treated water. One microliter each of the Oligo(dT) (50
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pM) and dNTP mix (10 mM) were added to the RNA solution and samples were
incubated at 65°C for 5 min, then placed on ice for at least 1 min. During the incubation
period, a cDNA synthesis master mix was prepared. For each reaction, a 2 pl 10x RT
buffer, 4 pl 25 nM MgCl,, 2 pl 0.1M DTT, 1 pl RNaseOUT (40U/ul) and 1 pl
Superscript 111 RT (200U/ul) were mixed. A total of 10 pl of the master mix was added to
each RNA sample and collected by brief centrifugation. Samples were then incubated for
50 min at 50°C and terminated at 85°C for 5 min before chilling on ice. The reaction was
completed by adding 1 pl RNase H to each sample and incubated for 20 min at 37°C. The
samples were ready for quantitation of gene expression using the quantitative polymerase

chain reaction (qPCR).

2.3.4 Quantitative polymerase chain reaction (qPCR)

Quantitative real-time PCR was used to determine the concentration of myostatin mRNA.
A standard curve was prepared from sheep skeletal muscle and was observed to have an
efficiency of 1.97. The following primers were used for sheep myostatin sequence:
forward  primer —  GATCTTGCTGTAACCTTCCC, reverse  primer  —
GTGGAGTGCTCATCACAATC. The PCR conditions included an initial denaturation
at 95°C for 10 min, followed by 45 cycles of 95°C for 5 min, annealing temperature at
65°C for 10 min and extension at 72°C for 7 sec, melt curve at 95°C, 60°C and 98°C, and
cooling at 40°C for 20 min (LightCycler 2.0, Roche Diagnostic GmbH, Germany). Prior

to PCR, the content of cDNA in each RT sample was determined using Quant-it OliGreen
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ssSDNA kit (Invitrogen) and data were normalised to obtain an arbitrary concentration of

myostatin MRNA %,

2.3.5 Immunohistochemistry (IHC)

Immunohistochemistry was performed on sections of the mouse cardiac tissue, which
were fixed in formalin and embedded in wax. Prior to immunohistochemistry, samples
were deparaffinised and rehydrated in a graded series of ethanol solutions for 5 min at

each step according to standard procedures.

For antigen retrieval, the slides were immersed in a pre-heated water bath to 80°C
containing 10mM sodium citrate buffer solution and incubated for 30 min. The slides
were allowed to cool for 20 min before continuing. Slides were rinsed four times (5 min
each) in tris-buffered saline (TBS). To reduce the endogenous peroxidase activity, the
slides were then incubated in 3% H,0, in distilled water (dH,O) for 15 min and rinsed
four times in TBS before blocking in TBS/Tween 20 (TBST) with 5% Normal Goat
Serum (NGS) (eg. 0.5 ml NGS in 10 ml TBST) for 30 min at room temperature. Slides
were then incubated overnight at 4°C in primary antibody of interest with optimal dilution
determined from a serial dilution. Primary antibodies examined included anti-cleaved
caspase-3 (1:300) (Cell Signalling, #9664), anti-PARP-1 (1:10,000) (Roche, Cat No.
1835238), anti-pAkt™*’® (1:100) (Cell Signalling, #4058), anti-pAkt1/2/3*"® (1:2,000)

(Santa Cruz, SC-7985) and anti-pAkt1/2/3"%® (1:1,000) (Santa Cruz, SC-16646). For a
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negative control, a mouse 1gG1 antibody (Dako, Code No. X0931) was used at the same

dilution as the primary antibody of interest.

Slides were retrieved the following day, and rinsed 3 x 5 min in TBS before incubation in
secondary biotinylated polyclonal goat anti-rabbit antibody (Dako, Code No. E0432)
(2:500, 1.5h, room temperature). Slides were rinsed 3 x 5 min in TBS and incubated for 1
h in avidin-biotin complex using Vectastain Elite ABC-Peroxidase Kits (\Vector
Laboratories, VEPK6100) followed by detection with Vector DAB substrate kit (Vector
Laboratories, VESK4100) as per the manufacturer’s protocol (incubation time ranged
from 2 to 5 min). Slides were then counterstained with haematoxylin for morphologic

orientation before dehydration and mounting with coverslips.

2.3.6 Immunofluorescence

An indirect immunofluorescent method was used to identify myofibroblasts using a
mouse monoclonal a-smooth muscle actin antibody (Santa Cruz, SC-32251). Following
deparaffinisation, antigen retrieval and blocking with NGS (described in the earlier
section), samples were incubated with a-smooth muscle actin antibody at a dilution of
1:100 overnight at 4°C. Samples were retrieved the following day and incubated with
Alexa Fluor 546 goat anti-mouse IgG (Molecular Probes Cat. No. A-11030) at a dilution
factor of 1:300 for 2 hr. All incubation and rinsing processes were performed in the dark

from this point onwards to avoid quenching of the signal. Samples were then incubated
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for 5 min in DAPI at a dilution of 1:1000 before mounting with fluorescence mounting
media and cover-slipped. Samples were sealed around the edges with nail polish. Once
the sections were dried, samples were examined using the appropriate excitation

wavelength.

2.4 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 (Section 3.3). All data were presented as mean =* standard error of the

means (SEM). Data were considered to be statistically significant when a P < 0.05.
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3.1 Introduction

Several studies have reported that the expression of myostatin is increased in cardiac
pathology, with CHF being the most widely studied (see Chapter one for details).
However, the significance of this up-regulation in the expression of myostatin remains to
be elucidated. Specifically, the question remains whether this increased expression of
myostatin is a result of a direct release from the damaged cardiac cells and, therefore,
serves as a prognostic indicator, or is a result of a counter-regulatory negative feedback

mechanism limiting the growth of muscle mass following injury, or both.

Sharma and co-workers reported that the immunointensity of myostatin protein was
increased in the peri-infarct region of the heart 12 h post-MI, which was the earliest time
they studied, and that this increased immunointensity persisted throughout the 30 days
post-MI of that study °. Conversely, the immunostaining of myostatin protein was at a
very low abundance in the viable myocardium and similar to that of sham-operated
controls '®. The expression of myostatin mRNA, however, was not examined in this
earlier work. A later study by Rodgers and co-workers investigated the expression of
myostatin mRNA in WT mice at 28 days post-MI, and found no difference in the
expression of myostatin mMRNA between the infarcted, border-infarcted and non-infarcted
cardiac tissue '??. That study, however, did not include sham-operated controls and a
time-series study post-MI was not conducted to establish whether dynamic changes in the

expression of myostatin occurred.
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Therefore, the aims of the current study are twofold. Firstly, to validate the study by
Sharma et al. by measuring the expression of myostatin mRNA in the peri-infarct and
distant viable myocardium post-MI and compared with non-infarcted controls. The
second and more important aim is to examine the expression of myostatin mRNA at
various time points post-Ml, in particular with more frequent sampling at time points
earlier than 12 h post-MI. This earlier period is critical as it represents the initiation of the

ventricular remodelling process post-injury.

3.2 Methods

Cardiac muscle from three year old Romney ewes that had been collected previously
were used for quantification of myostatin mRNA. Induction of MI was performed by Dr
G. Devlin (interventional cardiologist, Hamilton, New Zealand) and the surgical

procedure has been described previously **°

(for details, see also Chapter 2, section 2.2).
Sheep were sacrificed at 0.125, 0.25, 0.5, 1, 2, 4, and 8 days post-infarct (n = 3 per
group). Three sheep with no surgery were Killed at time 0 and served as baseline controls.

Following death, hearts were rapidly excised and the peri-infarct and distant viable

cardiac muscle were collected and snap frozen in liquid nitrogen for g°PCR analysis.

Total RNA was extracted from 100 mg of cardiac tissue using Trizol reagent (Invitrogen,
Life Technologies). RNA (2.5 pg) was reverse transcribed into cDNA using first strand

cDNA synthesis according to the manufacture’s protocol (Invitrogen, Life Technologies).
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PCR was carried out with 2.5 pl of a 1:50 dilution of the reverse transcriptase reaction
using (see Chapter 2, section 2.3 for details). The primer sequences for sheep myostatin
were: forward primer — GATCTTGCTGTAACCTTCCC, reverse primer -
GTGGAGTGCTCATCACAATC at the following conditions: denaturation at 95°C for 10
min, amplification for 45 cycles at 95°C, annealing at 65°C for 10 min, and extension at

72°C for 7 sec (LightCycler 2.0, Roche Diagnostic GmbH, Germany).

3.3 Statistical analysis

Data for each sample were normalized to the concentration of cDNA in each RT sample
using Quant-it OliGreen ssDNA kit (Invitrogen) *¥. All ‘corrected’ expressions were
logarithmically transformed to stabilise the variance and a geometric mean was calculated
for each time point (n = 3). The data reported and shown on the graphs are the geometric
means which are expressed as a ratio relative to the non-infarcted controls. A P < 0.05

was considered to be statistically significant.

3.4 Results

When compared with non-infarcted controls, the concentrations of myostatin mRNA
were different between the peri-infarct and distant viable cardiac tissue (Figure 3-1). In
the peri-infarct region, a reduction in the concentrations of myostatin mRNA, which

reached nadir at day one was observed, before progressively increasing to a concentration
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similar to that of controls (i.e. day 0), at day eight post-MI (P < 0.01). By contrast, in the
distant viable cardiac muscle, the concentration of myostatin mMRNA was reduced within
three hours (0.125 day) and remained low throughout the study period when compared

with non-infarcted controls (P < 0.01).
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Figure 3-1. Arbitrary expression of the sheep myostatin mRNA at the peri-infarct
(A) and distant viable (B) cardiac muscle at various time points post-MI. Data
were log transformed and presented as mean + SEM (n = 3 per group). (( P <

0.01 at day one from non-infarcted controls at day 0)
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3.5 Discussion

This study extends the observations of Sharma et al. who showed that the expression of
myostatin was increased in the peri-infarct region of the heart post-MI. However,
contrary to this earlier report, the current study demonstrated an initial decline in the
concentration of myostatin mRNA, which reached a nadir at day one post-MI, before a
progressive increase back to that of controls at the end of the study at day eight post-Ml.
It is possible that the concentration of myostatin mMRNA may continue to increase until it
is higher than controls as demonstrated by Sharma et al, but the current study focused on
the early period post-MI and, therefore, did not extend to time points beyond day eight
post-MI. Secondly, the current study demonstrated that the expression of myostatin is
dependent on the location of the cardiac tissue whereby dynamic changes were seen in
the peri-infarct region, but a persistently low concentration was observed in the distant

viable myocardium.

The initial reduction in the concentration of myostatin mMRNA observed in this study was
unexpected, and the reason for this is unclear. The expression of myostatin has frequently
been reported to be increased in cultured cardiomyocytes following stress (eg. using
phenylephrine or Akt stimulation), as well as in humans and animal models of heart
failure 181931124140 " A reduction of myostatin in cardiac tissue has not been previously
reported. Jeanplong and co-workers did report a reduction in myostatin mRNA in the
skeletal muscle of sheep after one week of underfeeding followed by restoration of

myostatin mRNA to pre-treatment values by week four ***. Those authors suggested that
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myostatin may act as chalone in the regulation of skeletal mass ***. The concept of
‘chalones’ was described by Bullough in the 1960s, who explained that organ or tissue-
specific mitotic inhibitors exist in a manner to provide a direct negative feedback
mechanism in order to control mitosis and cell growth **2. Myostatin, has been considered
a ‘cardiac chalone’ following pathological stimulation of the cardiomyocytes '**. One of
the examples was demonstrated by Shyu and co-workers using cyclic stretch of neonatal
rat cardiomyocytes and measured the concentration of myostatin mRNA and the
abundance of myostatin protein *°. A 20% stretch of the cultured neonatal
cardiomyocytes resulted in a significant increase in the expression of myostatin mRNA
and protein concentration as early as 6 h compared with non-stretched cells (three- and
fourfold increased respectively) *°. A decline in the concentration of myostatin mRNA
and abundance of myostatin protein was observed from 18 h through to 48 h, but these
changes were not significant **°. Concomitantly, concentrations of IGF-1 were increased
following cyclic stretch of cultured cardiomyocytes, and administration of recombinant
IGF-1 to non-stretched cardiomyocytes induced the expression of myostatin similar to
that seen in stretched cardiomyocytes **°. Conversely, addition of monoclonal antibodies
to IGF-1 and IGF-1 receptor significantly blocked the expression of myostatin by cyclic
stretch *°. Taken together, Shyu and co-workers concluded that IGF-1 acts as an
autocrine factor and mediates the cyclic stretched-induced up-regulation of myostatin
expression in cultured cardiomyocytes. Given the known effect of myostatin in limiting
the growth of muscle mass, the up-regulation of myostatin post-cyclic stretch was thought
to represent a negative feedback mechanism to counteract secretion of IGF-1. In patients
with chronic osteoarthritis and wasting of the quadriceps muscle who underwent elective
total hip joint replacement, an increase in the concentration of myostatin mRNA in
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skeletal muscle along with an increase in the concentration of IGF-1 mRNA in a counter-
regulatory fashion were observed pre- and post-operatively when compared with healthy
controls *. Similarly, overexpression of activated Akt in transgenic mice significantly
increased the expression of myostatin **. The serine-threonine kinase, Akt (or protein
kinase B) is a critical protein kinase for cellular growth and survival **®. Transgenic mice
with a cardiac-specific overexpression of an active mutant of Akt (myr-Akt) were shown
to have hypertrophy (concentric) of the myocardium compared with control littermates
17 As Akt is essential for promoting the growth of cardiomyocytes, it is postulated that
the up-regulation of myostatin serves as a negative feedback loop to limit the size of the
heart **°. By extrapolating these results to the current study, it can be assumed that the
restoration of the concentration of myostatin mRNA at day 8 post-MlI in the peri-infarct
region is a result of counter-regulatory feedback loop to limit the growth of cardiac
muscle from excessive hypertrophy following an MI. The initial decline in concentration
of myostatin mRNA may be viewed as a means to facilitate recovery post-MI. During
ventricular remodelling, hypertrophy of cardiomyocytes occurs to compensate for the loss
of myocyte following MI. The enlargement of cardiomyocytes and formation of new
sarcomeres initially serve to maintain cardiac function post-injury **. This adaptive

110 Hence, it is

response can be regulated by several factors, one of which is TGF-
reasonable to speculate that the initial decline in the expression of myostatin mRNA
facilitates the hypertrophy of cardiomyocytes to maintain cardiac function. However, as
the remodelling process continues, and the underlying pathology is not corrected, further

loss of cardiac cells occurs, resulting in greater release of myostatin and up-regulation in

the expression.
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The second observation derived from this study is the selective expression and dynamic
changes in the concentration of myostatin mMRNA in the peri-infarct region, and not the
distant viable myocardium, suggesting the preferential role of myostatin in the injured
myocardium. This is not surprising given the inherently low concentration of myostatin in
normal, uninjured myocardium and an enhanced expression in diseased state as discussed

in Chapter one.

In conclusion, this study validated data from previous reports that a temporal relationship
exists between the expression of myostatin and duration post-Ml, and that this expression
is restored in the peri-infarct region of the myocardium back to that of baseline controls.
However, contrary to the previous observation, an initial decline in the expression of
myostatin was seen prior to the restoration of the expression of myostatin. This is likely
an adaptive response to injury to facilitate the initial physiological hypertrophy of the
myocardium. However, as the remodelling of the ventricle progresses, an imbalance
between the contractile demand and the contractile capacity of the heart may occur,
triggering a cascade of signalling mechanism that may have promoted the up-regulation
of myostatin. It remains unclear whether limiting the growth of cardiac muscle post-Ml is
a beneficial or detrimental phenomenon. Moreover, the significance of the frequently
reported increased expression of myostatin following injury remains to be determined. It
is likely that more work is needed to clarify this feedback mechanism. Nevertheless, by
using genetically modified mice with a deletion in myostatin gene, the following chapters
may help to provide a better insight to the functional relevance of myostatin following

acute M.
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Absence of myostatin improves
survival and cardiac function post-

MI
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4.1 Introduction

Since the detection of myostatin in the heart 15 years ago °, an increasing number of
studies have focused on the role of myostatin in the heart. Specifically, the expression of
myostatin (protein or mRNA or both) was found to be up-regulated following a
hypertrophic stress response using phenylephrine (PE), angiotensin Il (Angll) or the
cyclic-stretch of cultured cardiomyocytes °* % 24 140 gimilarly, the expression of
myostatin was increased in the myocardium and/or serum in humans and animal models
of heart failure and MI *® ** 2 However, whether these changes in the expression of
myostatin translate into a change in heart function following an acute MI remains to be
elucidated. Furthermore, the absence of myostatin was reported to induce hypertrophy of
the myocardium in response to stressful stimulus ‘%2, Therefore, it is hypothesized sthat
the absence of myostatin reduces the severity of Ml and improves the prognosis after

such event.

To test the hypothesis, genetically engineered Mstn™ mice will be subjected to an
induction of acute MI and the clinical responses will be compared with WT controls.
Ligation of the LAD artery is a well-established approach to induce Ml in a murine model
133, 134, 149 . - . . ..

. However, the conventional method of ligating proximal to the origin of the
LAD artery is associated with a high post-operative mortality of up to 70% **. A more
distal ligation of LAD artery, at a level midway between the left atrial appendage and the
apex, is associated with a lower mortality of 20-30% **°. Therefore, in the current study,

the latter approach was employed by ligating the LAD artery midway between the left
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atrium and the apex of the left ventricle as previously described ***. A detailed description

of the surgical and echocardiogram techniques can be found in Chapter 2, section 2.2.

4.2 Study design

Adult male WT and Mstn” mice (12 weeks old) were randomly assigned to either
ligation of the LAD artery to induce MI (Lig) or sham-control (Sham) group (n = 12 per
genotype and procedures), resulting in four cohorts in this study. The clinical data were
measured at different time points (Figure 4-1) and mice were euthanized at the conclusion

of the study at day 28.

Sham (N 12)

12 weeks old

WT male

(N = 24) Lig (N=12)
12 weeks old Sham (N = 12)
Mstn"- male <

(N =24) Lig (N 12)

Baseline Day 0 Weekly weight Day 1 post-op Day 28 post-op

HR, BP (Tail cuff BP analysis system) Echo Echo, HR, BP

Echo (Philips HDI 5000, 10mHz linear transducer)

Figure 4-1. Study design indicating the intended numbers of animals used and the

clinical data measured at various time points during the study.
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4.3 Results

4.3.1 Mortality

Six WT mice died following surgery, which required the recruitment of an additional six
mice, and resulted in a disproportionate increased mortality in the WT mice compared
with Mstn”™ mice (20% vs 0%, P < 0.05). The majority of the WT mice (five out of six)
died within the first day post-MI, while one died in the sham-operated group. The mean
time to carry out the procedure of ligating the LAD artery was similar for the WT and
Mstn™ ligation groups (29.8 + 1.4 min vs 27.8 + 1.0 min respectively, P = 0.24). The
number of cotton sticks used as an estimate of the amount of blood loss was similar
between the two groups. No difference in the infarct size was observed between the two
ligation groups (for details, see Chapter 5). The mean time for the procedure in sham
animals was shorter and no difference was observed between the two genotypes (WT

sham 24.0 + 1.5 min vs Mstn” sham 23.8 + 1.0 min, P = 0.89).

4.3.2 Total body weight and heart weight

The changes in BWT throughout the study period are summarised in Figure 4-2. As
expected, Mstn™ mice were consistently larger than WT littermates and remained so

throughout the study period. Induction of a myocardial injury did not alter BWT of the
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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).

At the end of the 28 day study period, the mice were weighed and euthanized.
The hearts were rapidly excised, blotted and weighed. The hearts were then
sectioned longitudinally and photographs taken before fixation in formalin. The
heart weights (HW) of Mstn”" mice were about 20% larger than WT mice (P <
0.001), while the HW/BWT ratio was smaller in Mstn”" than in WT mice (P <
0.001). However, no difference in the HW or HW/BWT ratio was seen between

the sham and ligation groups within genotype (Figure 4-3).

4.3.3 Heart rate and mean arterial blood pressure

Baseline resting HR on conscious mice 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),
indicating the development of post-operative tachycardia in the WT mice, irrespective of
surgical procedures (Figure 4-4). Meanwhile, the MAP was significantly greater in WT
mice both at baseline and at day 28 post-MI compared with Mstn” mice (Figure 4-4).
Induction of M1 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).
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4.3.4  Left ventricular end systolic and diastolic diameters

Both the LVESD and LVEDD obtained on lightly anaesthetised mice were consistently
greater in Mstn™ than WT mice throughout the study period (Figure 4-5). There were no
differences in the LVESD between the groups over time, although a trend towards a
greater LVESD at day 28 was observed in the WT mice (P = 0.07) (Data not shown).
However, induction of MI resulted in a more pronounced reduction in the LVEDD from
baseline in the WT mice compared with Mstn™ mice (P < 0.05). By day 28, the LVEDD
had returned to baseline, but a trend was observed with WT mice having a greater

LVEDD post-surgery (P = 0.09) (Data not shown).

4.3.5 Fractional shortening and ejection fraction

Cardiac function, as determined by FS or EF using echocardiography, was similar
between the groups at baseline (P = 0.162 and P = 0.15, respectively). Induction of Ml
resulted in a 6% and 8 % reduction in FS and EF respectively, in both groups of mice
compared with sham-operated mice (P < 0.05). This reduction in FS and EF was not
different between the groups suggesting a similar degree of cardiac insult (P = 0.7). At
the end of the 28 day study period, cardiac function, both the FS and EF had restored to
baseline in the ligated Mstn”™ mice, a finding which was not observed in WT counterparts

(P <0.05 and P < 0.01 respectively) (Figure 4-6).
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Figure 4-2. Mean body weight (£ SEM) during the study period. The different letters (a
& b) denote significant difference in body weight between the baseline and day 28 post-

surgery irrespective of surgical procedures in the WT mice (P < 0.001).
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4.4 Discussion

The expression of myostatin was shown to be up-regulated in several animal models and
in human subjects with cardiac pathologies such as CHF or acute MI ***2° However,
whether such up-regulation is associated with a change in cardiac function remains
unclear. In this study, a number of key observations were identified: (1) a favourable
survival outcome post-cardiac surgery in Mstn™ mice compared with WT controls, (2) an
improvement in ventricular function to near baseline level post-Ml in the Mstn”" mice
which was not observed in the WT mice, and (3) haemodynamic changes in Mstn™ mice
which is suggestive of a better compensatory mechanism post-injury. To the best of my
knowledge, this is the first time a primary clinical endpoint has been described in the
absence of myostatin and an improvement in cardiac function following an acute Ml

demonstrated.

The lack of mortality in the Mstn” mice post-MI was unanticipated and is an important
observation not reported previously. Mortality rate in C57BL/6 mice following ligation of
LAD artery has been reported to range from <10% to 40% **% 512 The mortality of
20% observed in WT mice in the current study is consistent with that reported in the
literature. While the majority of the deaths in the WT mice occurred post-MI (within the
first 24 hr), one animal died following the sham-operated procedure, suggesting that the
susceptibility to death in WT mice is not confined to MI, but to open thoracic surgery in
general. The cause of death was not apparent at autopsy, with no excessive bleeding, lung

injury or cardiac rupture and, therefore, was presumed to result from a fatal ventricular
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arrhythmia or severe acute heart failure as reported previously **. On the other hand, the
literature on the mortality of Mstn”™ mice post-Ml is limited due to the lack of numbers of
these mice undergoing an induction of MI. Nevertheless, the reason for the discrepancy in
mortality between the genotypes in the current study is unknown. All mice assigned to the
MI procedure were treated equally and in the surviving cohort, the reduction in
ventricular function and infarct size were similar. Therefore, the increased rate of survival
in Mstn” mice cannot be attributed to a bias in the surgical procedure. It is also unlikely
to be explained solely by the larger heart and body weights in Mstn™ mice because Swiss
Iffa Credo mice, which have a comparable body weight to that of Mstn”™ mice, had a 23%
mortality post-MI **3. As such, it is plausible to speculate that the absence of myostatin

alone may be an independent prognostic indicator of survival.

The mean BWT in Mstn”” mice remained constant throughout the study period, indicating
that cardiac cachexia did not occur post-Ml in this cohort. As discussed earlier, cachexia
is an independent risk factor for mortality in patients with chronic heart failure 3. While
loss of weight was also absent in WT mice, a significant increase in mean BWT of almost
7% was evident, irrespective of sham or ligation procedure. A previous study using
C57BL/6 mice (two months old at time of MI) also demonstrated an increase in body
weight eight weeks post-MI both in sham-operated and ligated groups ***. Those authors
concluded that weight loss associated with the heart failure syndrome did not occur in
these young mice. It is not known if an alteration in energy intake or expenditure was
present in these mice. It is also unclear if the weight gain is due to an increase in fat or

lean mass or extracellular fluids such as water and salt retention. However, this study was
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not designed to investigate the weight changes in mice following an acute MI. Therefore,
further investigation was not undertaken and the cause of the changes in BWT may

warrant further study.

The HW in Mstn” mice has been reported to be increased 2% *?, unchanged ** or
decreased ***, depending upon the age and size of animals used. In this study, HW was
significantly greater in Mstn” mice compared with WT mice, which is likely a genotypic
effect. When HW was normalised to BWT, which is also larger in Mstn” mice, the
opposite was seen with Mstn”" mice developing a lower HW/BWT ratio compared with
WT mice. Importantly, no difference was observed between the sham and ligation groups
within the genotype, implying that induction of MI did not result in pathological

hypertrophy of the myocardium, both in the Mstn™ and WT mice.

Heart rate and MAP are two of the most easily accessible cardiovascular parameters that
provide positive correlations with the haemodynamic changes in mice. Although these
measurements are highly variable according to the circadian rhythms, a resting HR of £
500 bpm and a blood pressure of + 100 mmHg are generally accepted as being
physiological in mice *°. The baseline HR in WT mice in this study is consistent with the
physiological range reported. However, a significant resting tachycardia developed post-
operatively in the WT mice, both in the sham and ligated groups. Monitoring of ECG,
which was not available for this study, would have been informative to determine
whether a tachyarrhythmia had occurred. By contrast, the relatively similar HR between

baseline and day 28 post-operatively in the Mstn”" mice suggests that these mice were
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able to maintain HR despite thoracic (sham) or cardiac surgery. It is not known if
myostatin affects the autonomic nervous system, which is a key determinant of HR, but
treatment with carvedilol in rats with an aorto-caval shunt significantly inhibited the up-
regulation of myostatin mRNA induced by the shunt *°. This causal relationship may
imply the potential role of myostatin in the regulation of sympathetic or parasympathetic

stimulation.

Mean arterial pressure is a function of left ventricular contractility, HR and vascular
resistance and represents the steady flow of the arterial system and is often calculated as
the sum of diastolic blood pressure and 1/3 of pulse pressure **. A genotype difference
was observed wherein WT mice had a greater MAP at baseline and post-surgery
compared to Mstn”™ mice. However, after an MI, the opposite was seen with Mstn”™ mice
developing a lower MAP compared with WT ligated group, while no difference was
observed in the sham-operated groups. The reason for this difference is unclear and,
whether this is related to the alteration in HR, is also not known. An increase in MAP is
an adverse predictor of further cardiovascular events in humans *** **®, Therefore, one can
speculate that the increased MAP seen in WT mice post-MI may predispose them to

recurrent cardiovascular events while the lower MAP in Mstn™ mice may be protective.

A comparison of echocardiographic findings between studies is difficult given the
difference in genetic backgrounds and age of animals used and the presence or absence of
anaesthesia 2 °" *®  Nevertheless, several studies reported similar Iseft ventricular

dimensions and functions between Mstn” and WT mice ** % 2* Rodgers and co-
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workers, however, reported that in Mstn” mice, the left ventricular dimensions were
greater, but was associated with a depressed resting FS and EF compared with WT mice
122 When challenged with chemical stress test using isoproterenol, an enhanced cardiac
performance with greater increases in FS and EF were observed in Mstn”™ mice compared
with WT mice '#. In the current study, both the LVESD and LVEDD were greater but
unchanged throughout the study, in the anaesthetised Mstn” mice compared with their
own control littermates. The resting FS and EF were similar at baseline among the
groups, but Mstn™ mice was associated with a significantly better functional recovery 28
days post-MI compared with WT littermates. Together with the greater HW observed in
Mstn™ mice, these findings support that of Rodgers et al. that an eccentric hypertrophy of
the myocardium exists in the Msnt” mice and the greater LVESD and LVEDD and
functional improvement would be consistent with a physiological, and not pathological
hypertrophy of the heart in these mice '%. These data also extend previous observations
that in myostatin deficient mice, cardiac performance is enhanced not only following
chemical stress, but also in diseased hearts such as occurring after MI. Coupled with the
stable HR and lower MAP post-Ml, this study supports the hypothesis that the absence of

myostatin protects the heart following acute Ml.

In conclusion, the absence of myostatin is associated with a favourable survival outcome
following open-chest surgery in mice. While baseline resting FS and EF were similar
between the groups, Mstn™ mice had a functional recovery to near baseline level 28 days
post-MI whilst the cardiac function remained depressed in WT mice. The maintenance of

a physiological HR post-surgery and lower MAP in Mstn” mice may imply a better
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compensatory mechanism to injury seen in these mice. Further analyses are warranted to
confirm and determine whether this apparent protective mechanism in the Mstn™ mice is
a result of a reduction in the formation of fibrosis, a change in cardiomyocyte size and/or
numbers or an alteration in function in the subcellular level following acute MI, which

will be discussed in Chapter Five.
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Absence of myostatin iIs associated

with a reduction in cardiac fibrosis
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5.1 Introduction

In the previous chapter, it was shown that 28 days after an acute MlI, the absence of
myostatin improves survival and ventricular function of Mstn”" mice, compared with WT

mice. The mechanism underlying this beneficial role of myostatin is unclear.

As an inhibitor of muscle development, the absence of myostatin results in an increase in
skeletal muscle mass by a combination of hyperplasia and hypertrophy of muscle cells

and fibres

. In vitro studies support the role of myostatin in inhibiting cellular
proliferation, differentiation and protein synthesis, both in skeletal muscle myoblasts and
cardiomyocytes °* °* % |n cultured cardiomyocytes, an increase in the numbers and/or

size of cells was demonstrated in the absence of myostatin through an inhibition of p38

and Akt phosphorylation *** or Erk-dependent pathways >.

Furthermore, the role of myostatin may influence the formation of fibrosis, in a manner
similar to that of TGF-p **°. Indeed, several animal studies of skeletal muscular
dystrophies have shown a reduction in fibrosis in the absence of myostatin ***. Li and
co-workers have demonstrated that myostatin (both protein and mRNA concentration) is
produced by normal primary muscle fibroblasts #. Addition of recombinant myostatin
directly stimulates the proliferation of normal skeletal muscle fibroblasts through the
canonical Smad signalling pathway, as well as p38 MAPK and PI3K/Akt/mTOR

signalling pathways, all of which mediate the proliferation of fibroblasts . The same
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authors subsequently demonstrated that myostatin resists apoptosis in fibroblasts in vitro
and, by inhibiting myostatin using a soluble activin I1B receptor (ActRIIB.Fc), apoptosis
of fibroblast was enhanced in mdx mice ?2. However, it is unknown whether the effects of
myostatin on cardiac fibroblasts or myofibroblasts are similar to that observed in skeletal

muscle fibroblasts.

It is, therefore, hypothesized that the functional improvement observed in Mstn™ mice
results from one (or more) of the following mechanisms: (1) an alteration in the number
and/or size of the cardiomyocytes, (2) a reduction in the expression of myofibroblasts and
hence, a reduction in fibrosis and (3) an enhanced survival or reduced apoptosis of
cardiomyocytes resulting in more viable myocardium. Using immunohistochemistry and
immunofluorescence, the aim of the current study is to examine each of these
mechanisms in an attempt to understand the molecular mechanism resulting in the

improvement in cardiac function post-MI, observed in Mstn™ mice.

5.2 Materials and methods

All the sections of the myocardium used for the following analyses were randomly coded
and calculations were performed with the operator blinded to the identification and
treatment of the mice. In addition, all sections were performed in the same batch for each

analysis to ensure uniformity of staining between the slides.
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5.2.1 Assessment of infarct size

All histological sections were obtained from the hearts of mice that were euthanized at 28
days after either a sham procedure or ligation of the LAD artery (n= 4 to 6 per group).
Sections were cut consistently in the longitudinal plane in the centre of the infarct (7 um
thick). Sections were stained with haematoxylin and eosin following a standard dewaxing
and rehydration procedure. Sections were then examined at 200x magnification and
images were captured using a computerised microscope (Leica DMI6000 B inverted
microscope, Leica Microsystems, Germany). The size of the infarct was determined using
a method previously described '*°. Briefly, the midline of the length of infarct which
included over 50% of the whole thickness of the myocardial wall was traced manually
and the size of the infarct is expressed as a percentage of the midline infarct length to the
midline circumference of the LV in each section through the heart. The measurements

were performed using Image J software (NIH).

5.2.2 Measurements of DNA synthesis

Estimation of the amount of DNA synthesis was made from the incorporation of 5-
Bromo-2’-deoxyuridine (BrdU) according to the manufacturer’s protocol (GE Healthcare
Amersham cell proliferation kit, Code: RPN20). Briefly, BrdU was injected intra-
peritoneally two hours before euthanasia. Following a standard dewaxing and rehydration

procedure, and blocking with hydrogen peroxide and normal goat serum, samples were
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incubated in primary mouse anti-BrdU antibody (1:100, 1.5 h, room temperature) and
secondary goat anti-mouse 1gG,, (HRP labelled) (30 min, room temperature). Sections
were rinsed with TBST (4 rinses, at 5 min each) between steps. Finally, sections were
incubated in 3,3’-diaminobenzadine (DAB) with nickel chloride as the chromogen.
Samples were counterstained with nuclear fast red before dehydration and mounting in
DPX medium. For negative controls, primary antibodies were omitted on a different

section on the same slide.

The total labelling fraction was calculated as a ratio of the BrdU positive cells to the total
number of cells counted in each field **3. Six fields per section in the border region of the
infarcted ventricle were randomly selected for the calculation. For sham animals, the six
fields were taken randomly throughout the left ventricle. Each section was examined at
400x magnification using a computerised microscope (Leica DMI6000 B inverted
microscope, Leica Microsystems, Germany) and data were analysed using Image J

software (NIH).

5.2.3 Quantification of the size of cardiomyocytes

To quantify the size of the cardiomyocytes, cells were stained with laminin (Dako, Code
No. Z0097) to highlight the cell membrane and sections were counterstained with
haematoxylin to visualise the nuclei. Whole-section images were sampled to a final

resolution of 0.5um/pixel. A point-counting system was used where a grid of equal
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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. Two different parameters
were calculated to determine the cross-sectional size of the cardiomyocytes: (1) the
‘cross-sectional area’ and (2) the minimal ‘Feret’s diameter’ as described previously %

161,162 " A total of at least 300 consecutive cells were measured from each section using

image J (NIH) software.

5.2.4 Measurement of collagen deposition

Van Gieson staining was used to determine the amount of scar tissue by estimating the
deposition of collagen formation. Following dewaxing and rehydration, samples were
stained in a mixed solution of Weigert’s solution A and B for 10 min and rinsed well in
water before staining with van Gieson for 10 min. Slides were then rinsed in water and
then washed firstly in 90% ethanol with saturated picric acid for 30 sec followed by 100%
ethanol with saturated picric acid for 1 min. Samples were then dehydrated and mounted

with coverslips.

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 *%. A grid of
equal spaces (distance - 140um) was created over the region of interest (ie. Infarcted and
peri-infarcted areas) on each sample. Grids that had over 50% of infarcted scar tissue

(stained red) were graded as 1, while grids with over 50% of viable tissue (stained
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yellow/light brown) interspersed with collagen were graded as 2. Grids with only viable
cardiomyocytes were not counted as this represents the distant non-infarcted
myocardium. The amount of collagen deposition was, therefore, given by the following

calculations:

Collagen deposition (%) = Grade 1 (infarcted scar tissue)  x 100%

Grades 1 + 2 (infarcted + viable)

5.2.5 Determination of the number of myofibroblasts

An indirect immunofluorescence method was adopted to localise myofibroblasts using a-
smooth muscle actin antibody (a-SMA) at a dilution of 1:100 and overnight incubation
(Santa Cruz, SC-32251). This antibody is specific for a-smooth muscle actin, which is
expressed in myofibroblasts and vascular smooth muscle cells but is non-reactive with
actin from fibroblasts, myocardium and striated muscle. After incubation in primary
antibody and rinsing, a secondary antibody (Alexa Fluor 546 goat anti-mouse IgG (H+L),
Molecular Probes Cat. No. A-11030) was applied at a dilution of 1:300 for 1.5 h, before
counterstaining with DAPI (1:1000, 5 min) and mounting (Dako Cytomation
Fluorescence Mounting Media). The incubation and rinsing processes were done in the

dark for optimal results.
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The number of myofibroblasts was calculated using the grid-counting system as described
earlier, where grids with immunofluorescence positivity (orange/red) was graded as 1,
and grids with only DAPI (blue) was graded as 2. The number of myofibroblasts was

estimated using the following calculations:

Estimated amount of myofibroblasts =  Grade 1 (positive) x 100%

Grades 1 + 2 (total)

Grids with blood vessels were excluded from the analysis.

5.2.6 Immunohistochemistry for cellular apoptosis,

programmed necrosis and survival

Immunohistochemistry was carried out to examine the immunointensity of various
cellular markers of apoptosis (cleaved caspase-3, 1:300), programmed necrosis (anti-
PARP-1, 1:10,000) and survival (anti-pAkt**"®, 1:100, anti-pAkt1/2/3**"®, 1:2,000, and
anti-pAkt1/2/3%% 1:1000) (see section 2.3.6 for procedures). The immunointensity of the
antibodies was obtained semi-quantitatively using a multiplicative quickscore method ***.
Briefly, the analysis takes into account both the proportion of positive cells (termed
category A and assigned scores from 1 to 6) and the intensity of the staining (termed

category B, and scores from 0 to 3). A quickscore is then derived from the following

calculation:

Quickscore = Category A x Category B
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5.3 Results

5.3.1 The size of the infarction was similar between the two

genotypes

Ligating the LAD artery midway between the left atrial appendage and the apex produced
an infarct size of approximately 11% of the left ventricle (Figure 5-1A). No difference
was observed between the genotypes, suggesting that the cardiac injury was of similar
extent (P = 0.38). Histopathological examinations of the cardiac tissue at 28 days post-M|
revealed an area of ischaemia, and replacement of cardiomyocytes by inflammatory cells
and scar tissue (Figure 5-1B). Although an objective quantification was not made, the
appearance of fat vacuoles was more noticeable in the WT hearts, and was not frequently
seen in the hearts of Mstn” mice. As expected, no histological abnormalities were seen in
sham-operated mice in both the Mstn™ and WT groups, in which the architecture of the

myocardium was preserved.

5.3.2 Lack of myostatin does not affect the number of newly

synthesized cells post-MI
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An increase in the labelling fraction of BrdU was observed in all groups of mice at 28
days post-surgery, with a greater increment in the post-MI mice compared with sham-
operated groups (P < 0.01) (Figure 5-2). In the MI-induced groups, the majority of the
positive nuclei were located in the infarcted myocardium, whilst in the sham-operated
groups, positive nuclei were largely scattered in the interstitium. These observations
indicated that the majority of the newly synthesized DNA replicating cells are non-
cardiomyocytes. Nevertheless, there was no difference in the number of BrdU-positive
nuclei between the WT and Mstn™ ligated mice, indicating that the lack of myostatin does

not affect the number of replicating cells at 28 days post-Ml.

5.3.3 Deletion of myostatin resulted in greater size of

cardiomyocytes which did not change post-Ml

The size of cardiomyocytes was increased in the absence of myostatin as
measured by both the cross-sectional areca and the minimal ‘Feret’s diameter (P <
0.05) (Figure 5-3). However, induction of MI did not result in an alteration in the
size of cardiomyocytes within the groups, suggesting that further hypertrophy of
the myocardium did not occur post-MI (P = 0.2). Microscopically, the integrity
of the cardiomyocytes and cell-cell interaction were preserved in sham-operated
mice while, in contrast, there was an obvious disarray of myocardial fibres and

cellular infiltration seen in the myocardium of the MI-induced mice (Figure 5-4).
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5.3.4 Absence of myostatin is associated with less fibrosis
and with greater amount of viable myocardium in the

peri-infarct region of the ventricle

Although the size of the infarct relative to the LV was similar between the genotypes, the
hearts of Mstn” mice had less scar tissue and a greater amount of viable myocardium in
the border region of the infarcted area compared with WT mice (P < 0.05) (Figure 5-5A).
Microscopically, following M1, the amount of collagen (which stained red) was greater in
the WT mice compared to Mstn” mice (Figure 5-5B). As a result, the number of viable
cardiomyocytes (which stained brown) was proportionally greater in the peri-infarct

region of the myocardium of the Mstn™ mice as compared with that of the WT mice.

5.3.5 The a-SMA immunofluorescence positivity was a

sensitive marker for identification of myofibroblasts

Immunofluorescence of a-SMA has been widely used as a marker of myofibroblasts.
Although the immunofluorescence of a-SMA can be positive in blood vessels, the pattern
of positivity is distinctly different from that of myofibroblasts with a distribution around a
lumen that is surrounded by a layer of DAPI-positive endothelial cells. Interestingly, a
similar amount of a-SMA immunofluorescence was observed in the blood vessels of all
four groups (P = 0.2) and these area were excluded from the analysis. Importantly, an

increase in the immunofluorescence of a-SMA was observed in the MI groups compared
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to sham-operated controls, which corresponded to the infarcted zone (P < 0.001) (Figure
5-6). This is consistent with the understanding that myofibroblasts are only present in
injured myocardium. The immunofluorescence of a-SMA in the ligated Mstn™ mice
tended to be lower compared with WT ligated mice, although statistical significance was

not achieved (P = 0.15).

5.3.6 The reduction in fibrosis is not a result of an
alteration in apoptosis, programmed necrosis or

cellular survival

The immunointensity of anti-PARP-1 and cleaved caspase-3 antibodies were absent in the
sham-operated mice, and was present in the peri-infarct region of the Mstn” and WT
mice at 28 days post-MI (Figure 5-7 and Figure 5-8). The immunointensity was not
different between the two groups, suggesting that absence of myostatin does not affect
apoptosis or programmed necrosis at 28 days post-MIl. On the other hand, the
immunointensities of phospho-Akt“® and phospho-Akt**”® were present in all four groups

of mice, and a greater expression of phospho-Akt®

was observed in the ligated mice
compared to sham-operated controls (P < 0.05). However, no difference in the
immunointensity of phospho-Akt®® (and phosphor-Akt**®) was observed between the

two genotypes (Figure 5-9).
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Infarct size of the left ventricle (%)

Figure 5-1. Size of the infarct of the left ventricle. (A) Percentage of infarct size between WT
and Mstn”" mice at day 28 post-MI. Data are presented as mean + SEM. (B) Representative
sections of sham-operated (upper panels) and MI (lower panels) obtained in the study. The
increased in inflammatory infiltrates were present in the infarcted region of both the WT and
Mstn”" mice (arrows). Fat vacuoles were seen in the peri-infarct region of the representative

WT animal (arrow heads) (H & E stain, 200x magnification)
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Figure 5-2. Percentage of BrdU positive nuclei (BrdU labelling fraction) in the border

region of the infarcted ventricle. Data are presented as mean = SEM ('P < 0.01).
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Figure 5-3. Size of the cardiomyocytes as measured by (A) cross-sectional area,

and (B) minimal ‘Feret’s diameter’. Data are presented as mean + SEM (*P <

0.05)(See also Figure 5-4).
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Figure 5-4. Representative sections of the cardiac tissue in sham-operated (upper panels) and
MI (lower panels) mice which were stained with laminin to delineate the cell membrane of
cardiomyocytes. Sections were counterstained with haematoxylin to visualise the nuclei. The
size of cardiomyocytes were larger in Mstn™" mice compared with WT mice, however,
induction of MI did not change the size of cardiomyocytes within the groups (200x

magnification)(see also Figure 5-3).
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Figure 5-5. Collagen deposition in the infarcted left ventricle between Mstn” and WT mice.
(A) Percentage of collagen deposition in the infarcted region relative to the peri-infarct area.
Data are presented as mean + SEM (P < 0.05). (B) Representative sections of the
myocardium showing the deposition of collagen using Van Gieson staining in sham-operated
(upper panels) and MI-induced (lower panels) mice. The collagen content (red) was absent in
the sham animals, but significantly greater in the peri-infarct region of the WT mice, whilst

more viable myocardium (brown) was present in Mstn™" mice (200x magnification).
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Figure 5-6. Immunofluorescence of alpha-smooth muscle actin (a-SMA) in the
myocardium. (A) Percentage of cells expressing a-SMA immunofluorescence. Data are
presented as mean + SEM (P < 0.001). (B) Representative immunofluorescent sections
of the cardiac tissue in sham-operated (upper panels) and MI-induced mice (lower
panels) showing immune-positivity in the blood vessels (V) and myofibroblasts (MF)
using a-SMA antibody. Note the increased in immunofluorescence in the MIl-induced

WT group (200x magnification)
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IHC quickscore for
anti-PARP-1

infarct region of the WT and Mstn™" mice post-Ml. (B) Representative IHC sections of the

cardiac tissue in sham-operated (upper panels) and MIl-induced (lower panels) mice for
anti-PARP-1 antibody. Note the nuclear localisation of the DAB-positive cells (arrows) in
the MI groups but not the sham-operated animals (haematoxylin counterstaining, 400x
magnification)
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Figure 5-8. (A) Semiquantitative IHC analysis of the anti-cleaved caspase-3 antibody in
the peri-infarct region of the WT and Mstn” mice post-MI. (B) Representative IHC
sections of the cardiac tissue in sham-operated (upper panels) and MI-induced (lower
panels) for anti-cleaved caspase-3 antibody. Immunointensity for cleaved caspase-3 was
absent in sham animals and present in a similar intensity in MI-induced mice (arrows)

(haematoxylin counterstaining, 400x magnification).
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Figure 5-9. (A) Semiquantitative IHC analysis of the pAkt®% antibody (*P < 0.05). (B)
Representative IHC sections of the cardiac tissue in sham-operated (upper panels) and
MI-induced (lower panels) mice post-surgery. DAB-positive cells were present in all
groups of mice post-surgery (arrows). Sections were counterstained with haematoxylin

to visualise the nuclei (arrow heads) (400x magnification).
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5.4 Discussion

This chapter sought to explore the potential mechanism(s) which may have accounted for
the clinical improvement seen in Mstn” mice at 28 days post-MI. By using semi-
guantitative immunohistochemistry and immunofluorescence, it was shown that, while
the size of the infarct was similar between the WT and Mstn™ mice post-Ml, the amount
of collagen deposition was significantly less in the hearts of Mstn™ mice. Furthermore, it
can be speculated that this reduction in collagen is likely the result of a reduction in
myofibroblasts in the Mstn”" mice, although the level of significance was not achieved. In
contrast, induction of MI did not alter the number and size of the cardiomyocytes, and
there was no difference in apoptosis or cellular survival signalling between the two

genotypes at 28 days post-MI.

Whilst cardiomyocytes account for at least 75% of the normal myocardial volume ®,
they contribute to only 30% of the total cell numbers *°®. The remaining cells in the heart
are non-cardiomyocytes, with cardiac fibroblasts being the most abundant cell type ™.
Cardiac fibroblasts are critical for the maintenance of homeostasis of the extracellular
matrix **. In a diseased state such as ischaemia or M, cardiac fibroblasts become a key
player in the myocardial remodelling process by promoting excessive collagen deposition
and/or inhibiting degradation at the site of the infarct through various cytokines and

187 Once

growth factors such as matrix metalloproteinases (MMPs) and TGF-
considered inert, an infarct scar is now regarded as living tissue with a population of

terminally differentiated fibroblast-like cells known as the myofibroblasts, which are
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nourished by a neovasculature, and whose function is to regulate the turnover of collagen
and contraction of scar tissue '°®. The origin of myofibroblasts is debated, but their
presence only in pathological wounds such as the infarcted myocardium together with the
expression of a-SMA, have made them a specific class of cells distinguished from that of
fibroblasts ***". Indeed, the current study has supported these findings by demonstrating
that (1) a-SMA is expressed in myofibroblasts and not cardiac fibroblasts in general, and
(2) positive expression is only found in injured myocardium, and not in sham-operated
mice. Importantly, the current study has demonstrated that genetic deletion of the
myostatin gene behaves in a similar manner to that of the WT controls with positive

expression of myofibroblasts in infarcted cardiac tissue.

Upon injury, fibroblasts evolve firstly into proto-myofibroblasts and then into
myofibroblasts under the influence of various growth factors, the most well-studied being
TGF-B1 " 1t is widely accepted that TGF-B promotes formation of the extracellular
matrix and is a potent stimulator of fibrosis, whilst inhibition of TGF-p leads to a
reduction in collagen content and fibrosis ** *’2. By using genetically knock-out mice,
the current study confirms that inhibition of myostatin also resulted in a reduction in
cardiac fibrosis, an effect consistent with other members of the TGF-B superfamily.
Indeed, emerging evidence has shown that myostatin is pro-fibrotic in skeletal muscle #*
3 The mechanisms of the pro-fibrotic nature of myostatin in skeletal muscle have been
proposed. Specifically, these include a direct stimulation of the proliferation of fibroblasts
and expression of extracellular matrix proteins by myostatin %!, a switch to a fibrotic

synthetic phenotype with intensive production of collagen to aid in the progression of
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fibrosis 1#, and an enhanced differentiation of fibroblasts to myofibroblasts . It is also
thought that a co-stimulatory relationship exists between TGF-B1 and myostatin in

promoting the formation of fibrosis "

. Using immunofluorescence, this study has
demonstrated that the activity of a-SMA is induced in the infarcted cardiac tissue, and the
level of 0-SMA activity is lower in Mstn™ mice, compared with WT mice post-Ml,
suggesting a lower amount of myofibroblasts in the Mstn” mice. Although a level of
significance was not achieved, coupled with the reduction in collagen deposition
observed in Mstn” mice, one could speculate that the absence of myostatin reduces the
formation of fibrosis in the myocardium and most likely does so by preventing/reducing
the differentiation of fibroblasts to myofibroblasts, an effect previously reported in

skeletal muscle fibroblasts 172,

Several studies have previously reported variable results between cardiac fibrosis and
myostatin "> . Morissette and colleagues reported a reduction in cardiac fibrosis in
normal hearts of the senescent Mstn” mice compared with WT mice, although a
mechanism for the reduction was not proposed . Cohn and co-workers had shown that
myostatin does not regulate cardiac hypertrophy or fibrosis in the double mutant

mdx/Mstn™ mice compared with mdx mice %

. However, their study needs to be
interpreted with caution. Firstly, the mean body weights of Mstn” and WT mice were
similar (40.3 £ 2.1g vs 37.4 £ 0.99) which is interesting, and may have explained the lack
of difference between the size of cardiomyocytes and heart weight. Secondly, the

assessment of collagen deposition was performed at rest, and this result may differ from

that when the heart is stimulated under pathological conditions such MI. Thirdly, the
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underlying mechanism for cardiac fibrosis in mdx mice or DMD may be different from
that observed following myocardial ischaemia, and possibly accounts for the lack of
difference in fibrosis between the groups. It is also possible that the severe
cardiomyopathic changes in mdx mice circumvent the effects of the absence of myostatin

in the heart and thereby, negate any possible benefit that the myostatin knockout imparts.

To examine if the absence of myostatin affects the size of the cardiomyocytes following
cardiac surgery, cells were stained with laminin to delineate the cell membrane and the
cross-sectional area and minimal ‘Feret’s diameter’ of the cells were measured. Both
parameters correlated well with each other and showed that the size of cardiomyocytes
were greater in the absence of myostatin compared with WT mice, irrespective of whether
the procedure was a sham operation or ligation of the LAD artery. This is consistent with
the results from the earlier chapter demonstrating an increased in heart weight in the
Mstn”" mice, indicating that the increase in heart weight is likely due to the increase in the
size of the cardiomyocytes. Importantly, a further increased in the size of cardiomyocytes
was not observed post-MI suggesting the absence of a pathological hypertrophy of the

myocardium.

To investigate if DNA synthesis was increased post-Ml, the labelling fraction of BrdU
was determined. Following thoracic cardiac surgery (sham or ligation of the LAD artery),
BrdU-incorporation was increased in all groups of mice. However, the increased in BrdU-
positive nuclei was significantly greater in the MI-induced mice, with the major positive

distribution within the infarcted myocardium. In contrast, in the sham-operated mice,
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BrdU-positive nuclei were mainly found in the interstitium of the myocardium. An earlier
study had similarly reported an increased in BrdU labelling fraction in the non-infarcted
septum and right ventricle of mice 3. In rats following ligation of the LAD artery, a
transient increased in the BrdU labelling fraction was observed mainly in the interstitium
of the ventricles, indicating that the majority of the new DNA synthesising cells were
non-cardiomyocytes, and by deduction, was likely to be fibroblasts and endothelial cells
175 Although a detailed characterisation of the BrdU-positve cells was not performed in
this study, the location of the positive cells also indicates that the majority of these cells
are likely to be non-cardiomyocytes. Collectively, these data suggest that induction of Ml
does not alter the number and/or size of cardiomyocytes and that the clinical
improvement seen in Mstn™ mice is unlikely a change in the number and/or size of

cardiomyocytes.

To determine if the restoration of cardiac function in Mstn™ mice a result of the alteration
in the pathways of cellular growth and apoptosis, immunohistochemistry was performed.
While a previous study reported that Akt may lie down stream of the effects of myostatin
124 this study did not find any significant changes in the Akt pathway. Similarly, while
reduction in post-infarct apoptosis has been shown to reduce the expansion of infarct in

mechano-growth factor (a splice variant of IGF-1) ¥

, the immunointensity for cleaved
caspase-3 was similar between the WT and Mstn™ mice in this study. Taken together, it
appears that the improvement in cardiac function in Mstn”™ mice is independent of an
alteration in cellular growth and apoptosis pathway. However, it is possible that the

effects of myostatin on these pathways occurs earlier on post-MI (i.e. during the early
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hours or days post-Ml) and a difference not observed at day 28 post-Ml. It is likely that

more studies are needed to provide further insight into these pathways.

In conclusion, the absence of myostatin improves cardiac function post-MI. The
improvement is likely due to a reduction in the formation of cardiac fibrosis in the
absence of myostatin. While a level of significance was not achieved, it is speculated that
a reduction in the differentiation of fibroblasts to myofibroblasts in the absence of
myostatin is the mechanism accounting for the reduction in the formation of cardiac

fibrosis.
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Final discussion
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6.1 Discussion

In the introduction to this thesis, a hypothesis was developed, that “the absence of
myostatin protects the heart against an acute MI”. Using a murine model with a genetic
deletion in the myostatin gene, and induction of an acute myocardial infarction by
ligation of the LAD artery, the studies presented in this thesis support the proposed

hypothesis.

In chapter one, an overview of myostatin, its receptors and signalling pathways were
described. What is clear from literature is that myostatin, like other members of the TGF-
B superfamily, is regulated at several levels. Moreover, myostatin shares similar
serine/threonine transmembrane receptors and signalling pathways with other members of
the TGF-B superfamily. These characteristics, which are common among this superfamily
suggest that caution is needed when an inhibitor of myostatin is to be developed, in an
attempt to reduce any undesirable effect of antagonising other growth factors. For
instance, follistatin, while capable of blocking the activity of myostatin, is also able to
inhibit the activities of activin and growth and differentiation factor-11 (GDF-11) ™.
Activin is critical in gonadal function and reproduction *’’, whilst GDF-11 affects the

development of pancreatic islet cells .

Therefore, it is prudent to develop a targeted
antagonist that, in this case, reduces the activity of myostatin, but preserves that of activin

and GDF-11.
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Myostatin was initially discovered as a regulator of the development of skeletal muscle **.
Naturally, the role of myostatin in skeletal muscle is better established. It is understood
that an absence or a reduction in myostatin results in an increase in the mass of skeletal
muscle . Conversely, overexpression of myostatin causes wasting of skeletal muscle
commonly seen in cachexia *’. However, when it comes to the effects of myostatin on the
function of skeletal muscle, the evidence is less clear, with conflicting and
disproportionate effects reported °*®%. Similarly, published data on longevity in the
absence of myostatin is also lacking, although unpublished results from our group
demonstrated no difference in lifespan between Mstn”™ and WT mice (n = 24 per
genotype). Nonetheless, it appears that the absence of myostatin, while not correcting the
underlying pathology of the skeletal muscle disorders, is capable of increasing the mass
and strength of these illnesses ** **. Moreover, mounting research has demonstrated a
potential benefit of the absence of myostatin in organs other than skeletal muscle. The
findings of two different pools of myostatin (i.e. local vs systemic) has further

substantiated that the role of myostatin is broader than previously thought.

It is widely accepted that myostatin is expressed in the heart, but literature review in
chapter one suggests that myostatin appears to have a minor physiological role in normal
cardiac development. In a diseased state, however, the expression of myostatin is
increased. The literature to date supports a role of myostatin in mediating cardiac
128

cachexia, and likely contributes to the weight loss seen in chronic heart failure

However, it was unclear if a decrease in the expression of myostatin would result in a
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detectable improvement in cardiac function. It is with this in mind that led to the design

of the current studies.

Chapter three addressed the presence of a dynamic change in the expression of myostatin
MRNA in the peri-infarct cardiac tissue of the sheep following an acute MI. Importantly,
an initial decline in the concentration of myostatin mMRNA, which reached a nadir at day 1
post-MlI, was observed before a progressive restoration to a concentration similar to non-
infarcted controls at day eight post-MI. This reduction in the concentration of myostatin
MRNA may represent an adaptive response to injury to facilitate the initial physiological
hypertrophy of the myocardium commonly encountered during the early remodelling
process of the left ventricle. This is a potentially important finding and suggests that if an
effective antagonist to myostatin is to be developed and administered, it is possible that a
dose given immediately post- and prior to day 1 post-MI will result in the maximum gain

in efficacy. Further studies are warranted to support this theory.

Another observation derived from chapter three is the selective expression of the
concentration of myostatin mMRNA. A persistently low concentration of myostatin mRNA
was observed in the distant viable part of the myocardium which was different from that
observed in the peri-infarct region. In retrospect, it would have been useful to have
measured the abundance of myostatin protein in order to establish a correlation between
myostatin mMRNA and protein. Nevertheless, this temporal relationship between the
expression of myostatin mMRNA and duration post-MI further increases our understanding

of the role of myostatin.
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Chapter four demonstrated the functional relevance of the absence of myostatin when an
acute Ml was induced in Mstn™ mice and the findings compared with WT littermates. An
increase in survival and an improvement in cardiac function post-MI were observed in the
absence of myostatin, despite a similar size of infarct in the two groups. Mortality in WT
mice occurred early and within the first 24 hr post-surgery (sham or ligation). This
observation further supports earlier speculation that an inhibitor of myostatin, if given, is
best administered within the first 24 hr post-MI. To date, several pharmaceutical
companies have developed a number of inhibitors of myostatin, predominantly tested in
Phase I/11 trials and in patients with muscular dystrophy °%. The concept of using
myostatin inhibitors is also increasingly popular in the bodybuilding and sporting industry
(albeit unlicenced) given the excessive muscle mass observed in the Mstn” mice and
animals with a naturally mutation in the myostatin gene. However, the safety and efficacy
of such inhibitors remain to be tested in large trials for clinical practice. Three distinct
inhibitors of myostatin have been developed, all of which administered either
subcutaneously or intravenously. Stamulumab or MYO-29 is the first neutralizing
antibody to myostatin produced by Wyeth Pharmaceuticals 3. A two-weekly intravenous
injection of MYO-29 for six months was reported to be safe and well tolerated, but an
improvement in strength and function was not observed in the study of patients with
primary muscle diseases 3. AMG-745 is a peptibody produced by Amgen *°. A phase |
clinical trial on AMG-745 was undertaken but results were not made public *¥°. A
subsequent phase I trial to evaluate the safety and efficacy of AMG-745 in humans with
age-associated muscle loss was conducted in 2009, but was withdrawn by the

investigators prior to enrolment *¥:. The third inhibitor of myostatin, ACE-031, is a
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soluble activin receptor type IIB produced by Acceleron Pharma %2

. A single
subcutaneous dose of ACE-031 to healthy post-menopausal women was shown to be safe,
and resulted in an increase in lean mass and muscle volume in the highest dose cohort

(3mg/kg) compared with placebo 2.

However, an earlier trial with ACE-031 in boys
with DMD was terminated due to minor adverse effects (e.g. nose and gum bleeding)
(press release in Muscular Dystrophy Association) *®. Collectively, these data indicate
that while efforts in developing a safe inhibitor of myostatin remain disappointing to date,

it is appreciated that the nature of trials involving experimental drugs are inherently risky.

Therefore research is continuing to identify an effective and safe myostatin antagonist.

Other difference in the clinical outcomes measured in chapter four, including total body
weight, heart rate, mean arterial pressure and left ventricular diameters, could be
attributed to a genotypic effect (i.e. WT vs Mstn™) and not a consequence of the MI. An
additional control cohort (i.e. without open chest surgery) may have helped to clarify
these differences. Moreover, ECG monitoring, which would have been useful, was
unavailable at the time of the study to document the presence of arrhythmias. While using
a 10MHz transducer is sufficient to obtain satisfactory 2D and M-mode
echocardiographic analysis, a higher frequency transducer (eg. 15-25MHz) may have
improved resolution and permitted more precise determination of the ventricular
dimensions and volumes to be obtained. Despite these limitations, a beneficial effect of
the absence of myostatin on cardiac function post-MI was documented in the current
study. Future studies using a larger number of animals and incorporating an additional

control cohort without having a thoracotomy will be important to confirm these findings.
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In these studies, continuous ECG monitoring will be essential to monitor for any

tachyarrhythmias that may occurs peri- and post-operatively.

Chapter five investigated the potential cellular mechanism(s) that might explain an
improvement in cardiac function in the absence of myostatin. Histological examination of
the cardiac sections confirmed a similar size of infarct (~ 11%) between the two groups of
mice. While the size of infarct is not large, it was demonstrated that the amount of
collagen deposition was significantly less in the Mstn”" mice compared to WT mice,
which suggested a reduction in cardiac fibrosis in the absence of myostatin. It is widely
accepted that a specific class of fibroblasts, the myofibroblasts, are responsible for the
formation of fibrosis in injured tissue including that of the myocardium. The current
study highlighted that the effects of myostatin on cardiomyocytes and myofibroblasts
differ from that of skeletal muscle. While the size of cardiomyocytes was greater in the
absence of myostatin, induction of MI does not increase the size of cardiomyocytes
further. The number of newly synthesized cells in the myocardium was similar between
the groups following MI. Although the characteristics of the newly synthesized cells were
not identified in this study, the distribution of the cells indicated the likely candidates
were non-cardiomyocytes. This observation was at least in part supported by the in vitro
studies by Morissette et al. which demonstrated that myostatin regulates the growth of
cultured neonatal cardiomyocytes but does not affect the number of cardiomyocytes ***.
In contrast, while a level of significance was not achieved, the reduction in the

immunointensity of a-SMA suggests that fewer myofibroblasts are activated following
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MI in the absence of myostatin, which is likely contributed to the reduction in cardiac

fibrosis.

Apoptosis and programmed necrosis of cardiomyocytes are thought to be two of the key
phenomenon in cardiac diseases **. Signalling pathways such as cleaved-caspase-3 and
poly(ADP-ribose) polymerase (PARP-1) involving in these processes were examined
using immunohistochemistry. The lack of difference observed in these pathways between
the groups was not unexpected, given that apoptosis and necrosis of cardiomyocytes tend
to occur early following a cardiac injury °. It is also possible that other pathways or
enzymes (eg. cellular Ca®* concentrations, caspase 8 etc.) are involved which were not
examined in this work. Similarly when the growth and survival factor Akt was examined,

the greater immunointensity of pAkt*%

was observed in the 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 development of remodelling process,
the role is less critical at 28 days post-MI when the formation of scar tissue and fibrosis
becomes a more prominent feature. Nevertheless, studies in the future will need to focus
on different time points post-MI (eg. from early hours through to three months post-Ml)
to delineate these differences. It will also be important to incorporate
immunohistochemistry data with western blot analysis of the abundance of myostatin
protein, and gPCR for quatification of myostatin mRNA for a more complete view of the

role of myostatin post-MI. Given the mounting data on the role of myostatin in other

organs, collection of tissues other than cardiac sections (eg. skeletal muscle, liver, serum)
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between Mstn™ and WT mice will likely increase our understanding of the

pathophysiology of this growth factor.

6.2 Area of uncertainty

While the absence of myostatin appears beneficial and improves survival in mice
following an acute MI, the long-term effects of the absence of myostatin are unclear.
Specifically, it is unclear if a reduction in mortality will also be observed in chronic
cardiac disorders. Furthermore, while the phenotype of the absence of myostatin has been

73,74

examined in aging Mstn” mice , it remains unclear if this translates to an enhanced

longevity in these mice.

As discussed earlier, the inhibition of myostatin can be achieved at several levels, and a
targeted post-natal inhibition of myostatin in the myocardium has yet to be developed. A
cardiac-specific genetic deletion of myostatin is thought to play a role in the atrophy of
skeletal muscle seen in heart failure, suggesting that cardiac myostatin contributed to the
systemic pool of myostatin ** 8. However, it is unclear if this systemic effect is

contributing to the cardiac cachexia observed in humans.

6.3 Conclusion
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In conclusion, this work has added valuable insights into our current understanding of the
effects of myostatin, or the absence of it, in the heart following an acute MI. While basic
research takes years to progress to clinical research in humans, and that the effect of pre-
natal deletion of myostatin in genetically knockout mice may be different from post-
developmental inhibition of myostatin, this study has, at least in part, demonstrated that
the absence of myostatin may be potentially beneficial to the heart post-MI. Further
studies in this area are warranted and ongoing efforts to develop an effective antagonist to
myostatin are worthwhile to serve as a potential effective adjunct to the current treatment

of acute MI.
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