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ABSTRACT
Matrix metalloproteinases (MMPs) are zinc and calcium-dependent enzymes, involved in
maintaining integrity and homeostasis of the extracellular matrix (ECM) of cells, including skeletal
muscle. MMP2 is implicated in motility, differentiation, and regeneration of skeletal muscle fibres
through processing extracellular components. MMP9 has been found to be associated with muscle
wasting diseases. MMP2 has been reported to also have an intracellular localization in
cardiomyocytes, where it may degrade contractile proteins following ischemia-reperfusion injury.
Any potential intracellular function of MMP2 and MMP9 in skeletal muscle remains obscure.
This study determined the absolute amounts of MMP2 and MMP9 in quiescent skeletal
muscle. Using mechanically-skinned muscle fibres, proportion of MMP2 and MMP9 between intact
and skinned muscle fibres (where the surface membrane is fully removed) revealed ~70% of total
MMP2 and ~50% of total MMP9 have an intracellular location. After separation of subcellular
compartments of skinned muscle fibres, ~57% of intracellular MMP2 was freely diffusible, ~6%
associated with membrane, and ~37% bound within the fibre; all intracellular MMP9 was freely
diffusible. SDS-based gelatin zymograms detected gelatinolytic activity of MMP2 and MMP9 in
skeletal muscle, demonstrating they were predominantly in their pro (inactive)-forms in resting
skeletal muscle. Gelatin zymograms under native conditions revealed ~10% MMP2 became active
when exposed to the physiologically relevant concentration of Ca2+ of 20 μM, albeit for the
extended duration of 17h.
Potential association of MMP2 and MMP9 with muscular dystrophy was investigated using
the mdx mouse at 28 and 70 days. These findings indicated MMP2 may play a critical role in
necrosis of dystrophic muscle fibres, which was further supported by alteration of MMP2 activity
in mdx mice with taurine supplementation, which improves muscle function in these mice. MMP9
may function during the age-related growth of skeletal muscle but did not appear crucial for the
degeneration/regeneration cycles occurring in the mdx mouse model.
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CHAPTER 1
Review of literature
1.1 Skeletal muscle
Skeletal muscle constitutes ~40% of the human body mass and plays critical roles in human
health and well-being, including producing movement, maintaining posture, stabilizing joints,
generating heat and protecting organs (Sepulveda et al., 2015). Skeletal muscles are predominantly
elongated muscle cells (myofibres), possessing connective tissue, blood vessels, and nerves as
shown in Fig 1.1.

Fig. 1.1 Schematic diagram of skeletal muscle. Skeletal muscle attached to bony skeleton via
tendons, and is composed of muscle fibres, blood vessels, connective tissues. Modified from Marieb,
1998 (Marieb, 1998).

1.2 Structure of skeletal muscle fibres
1.2.1 Myofibrils
Each muscle fibre contains numerous myofibrils that extend the entire length of the cell
and align with each other, producing the striated appearance in the whole muscle fibre (Fig. 1.2).
Polarized visible light shows dark bands, called A bands, and the light bands, called I bands. In
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relaxed muscle fibres, a lighter portion in the centre of A bands is called H zone. The H zone is
evenly divided by M line. A dark line in the middle of I bands is called Z disc. The myofibrillar
region between two Z discs is the basic contractile unit, called a sarcomere, with a length about 2.5
μm, and it consists of both thick filaments and thin filaments.

Fig. 1.2 Schematic diagram of a skeletal muscle fibre. This diagram shows part of a muscle fibre,
displaying multiple nuclei beneath the plasma membrane (called the sarcolemma). The fibre
consists predominantly of the myofilaments, arranged in longitudinal myofibrils. It also contains
the usual organelles, such as mitochondria, as well as highly modified organelles such as the
sarcoplasmic reticulum (SR). The transverse tubule (T tubule) is a highly modified invagination of
the sarcolemmal of the muscle cell. Modified from Powers & Howley, 2018 (Powers & Howley,
2018).

1.2.2 Thick filaments
Thick filaments are composed predominantly of myosin proteins, and traverse the entire
length of A band. Each thick filament consists of two entwined chains, each composed of three
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types of proteins, the ‘myosin heavy chain’ and two types of ‘myosin light chains’, referred to as
the essential light chain and the regulatory light chain (Fig. 1.3). Myosin heavy chains are rodlike
proteins, having a globular “head” region, and supercoiled “neck” and “tail” regions. The heads,
also called cross bridges, possess ATP binding sites and ATPase enzymes that can interact with the
thin filament and hydrolyse ATP to provide energy during muscle contraction. One essential light
chain and one regulatory light chain are on each myosin heavy chain, with the possible functions of
helping stabilize and regulate the myosin heads during muscle contraction (Aguilar & Mitchell,
2010).
The other major thick filament protein is the elastic protein, titin, which spans the entire
length of the sarcomere and is responsible for the production of passive force.

Fig. 1.3 Schematic diagram of a thick filament in skeletal muscle. This graph shows that a thick
filament consists two myosin heavy chains in brown, two essential light chains in yellow, and two
regulatory light chains in green. The myosin heavy chains possess globular heads, and helical tails.
Modified from Cooper,2003 (Cooper, 2003).

1.2.3 Thin filaments
Thin filaments consist of actin and regulatory proteins, and extend the length of the I bands
and partway into the A bands. Actin filaments (filamentous actin) (Fig. 1.4) are composed of
globular actin (G actin) subunits, which polymerize into strands and twist to form an α helical
structure. G actin subunits have active sites with which the cross bridges can interact during
contraction (Fig. 1.4).
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Fig. 1.4 Schematic diagram of portions of thin filaments and actin subunits. This diagram shows
that thin filaments consist of actin filaments, tropomyosin and the troponin complex. The structure
of actin subunits is also shown. Modified from Marieb & Hoehn, 2016 (Marieb & Hoehn, 2016).

1.2.3.1 Regulatory proteins
The regulatory proteins include tropomyosin and troponin, which help to regulate the
myosin-actin interaction in contraction. In a relaxed muscle fibre, at low cytosolic calcium levels
(~100 nM) (Berchtold et al., 2000), the active sites of actin are blocked by tropomyosin to prevent
attachment between the myosin cross bridges and the thin filaments (Fig. 1.5). Troponin is a
complex composed of three subunits, including troponin I (TnI), an inhibitory peptide which binds
to actin, troponin T (TnT), which binds to tropomyosin to position it on actin, and troponin C (TnC),
which binds calcium ions (Ca2+). At the first stage of muscle contraction, Ca2+ released from the
sarcoplasmic reticulum (SR) bind to TnC, which triggers a conformational change, leading to the
removal of tropomyosin from actin’s active sites. Once cross bridge binding sites on actin are
exposed, successive sliding between myosin and actin in contraction can occur.

4

Fig. 1.5 Schematic representation of the role of Ca2+ in the interaction between myosin and actin.
Panel (a) shows a relaxed fibre at low Ca2+ concentration in cytosol (~100 nM), where tropomyosin
inhibits the actin active sites in order to prevent the attachment between myosin cross bridges and
actin. In panel (b), when the cytosolic Ca2+ concentration elevates (~1000 nM), Ca2+ binds to
troponin C to allow the movement of tropomyosin away from actin active sites, leading to the
exposure of myosin binding sites. Modified from Campbell, 2009 (Campbell, 2009).

1.2.4 Sarcoplasmic reticulum (SR)
The sarcoplasmic reticulum (SR) is an elaborate smooth endoplasmic reticulum,
surrounding each myofibril and forming a hollow collar, called the terminal cisternae, over the sites
where the A and I bands meet (Fig. 1.2). The SR stores calcium ions (Ca2+) and the majority of
them are bound to calsequestrin (CSQ) to reduce free calcium concentration [Ca2+] within the SR
(Beard et al., 2002). The ryanodine receptor (RYR) is a calcium channel in the SR membrane which
release Ca2+ into cytoplasm from SR lumen (Laver et al., 1997). An ATPase dependent Ca2+ pump
embedded in the membrane of SR, called the SR Ca2+-ATPase (SERCA), pumps Ca2+ from cytosol
back into the SR to decrease free [Ca2+] in the cytoplasm.
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1.2.5 T tubule
The transverse tubule (T tubule) is highly modified sarcolemma penetrating into the muscle
cell (Flucher et al., 1991). It runs between pairs of terminal cisternae, forming sandwich structures
called triads. In the triad junction, voltage sensors in T tubule membrane, also called
dihydropyridine receptors (DHPRs), interact with the RYR such that the action potential conducted
down the T tubule triggers Ca2+ release from the SR into the cytoplasm (Lamb, 2000).

1.2.6 Excitation-Contraction Coupling
The series of events involved in the transmission of an action potential along the surface
membrane resulting in the contraction of muscle is called Excitation-Contraction Coupling (E-C
coupling) (Fig. 1.6). At the neuromuscular junction, when neurotransmitter is released into the
synaptic gap and then acts on the post synaptic membrane, part of the muscle fibre’s membrane, it
leads to the generation of an action potential on the sarcolemma. Then the action potential
propagates down into the T tubules to the triad junctions, where it causes the activation of the
DHPRs. Owing to their association with the DHPRs, the RYRs are stimulated to open and release
Ca2+ from the SR into the cytoplasm. The elevation of the Ca2+ concentration in the cytosol triggers
the removal of tropomyosin from actin’s active sites to allow the interaction between the myosin
cross bridges and actin, causing a whole fibre contraction (Gordon et al., 2000) (Fig. 1.5). When
the action potential is over, SERCA transports the Ca2+ from the cytoplasm back into the SR (Rossi
& Dirksen, 2006), and the recycled Ca2+ binds to CSQ within the SR store. Once the cytoplasmic
Ca2+ concentration falls to a low level, tropomyosin again blocks the actin active sites, resulting in
fibre relaxation.
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Fig. 1.6 Schematic diagram of Excitation-Contraction Coupling in skeletal muscle. An action
potential propagates along the sarcolemma and down into the T-tubules. When the action potential
activates the DHPRs, they in turn activate the RYRs, leading to release of Ca2+ from SR where Ca2+
is bound to CSQ (Calsequestrin), into cytoplasm ([Ca2+] (rising to ~1-10 µM). The Ca2+ in the
cytosol binds to troponin C causing a series events, resulting in the removal of tropomyosin from
actin’s active sites, allowing the attachment of cross bridges to sites on actin, producing fibre
contraction. SERCA continuously pumps Ca2+ back into the SR to be stored. When the Ca2+release
finishes, the intracellular Ca2+ concentration falls to a low level again (~0.1 µM), and tropomyosin
again blocks the actin active sites and fibre relaxation occurs. Illustration taken from Mollica, J.P.,
2015 (Investigating proteins and mechanisms involved in regulating E-C coupling in skeletal
muscle (Doctoral dissertation)).

1.3 Matrix metalloproteinases (MMPs)
1.3.1 General MMP biology
Matrix metalloproteinases (MMPs) are a family of zinc-containing enzymes widely found
in plants, invertebrates and vertebrates, and are implicated in degradation and remodelling of
components in the extracellular matrix (ECM) (Birkedalhansen, 1995; Massova et al., 1998;
Balcerzak et al., 2001; Alameddine, 2012; Klein et al., 2018). MMPs are synthesized as inactive
zymogens called proenzymes or pro-MMPs. Their activities are regulated through inhibition by
endogenous inhibitors, tissue inhibitors of metalloproteinases (TIMPs) (Nagase & Woessner, 1999;
Alameddine & Morgan, 2016). To date, 24 MMPs have been found in vertebrates, and 23 are
identified in humans (Visse & Nagase, 2003).
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1.3.2 Domain structure of MMPs
MMPs generally possess an N-terminal signal peptide, a propeptide, a catalytic domain
with a catalytic Zn2+ ion, a hinge region, and a hemopexin domain (Visse & Nagase, 2003) (Fig.
1.7). The N-terminal signal domain directs MMPs to secrete to the ECM or anchor to the cell
membrane. The propeptide consists of about 80 amino acids at the N-terminus, sharing a highly
conserved PRCGXPD sequence called a cysteine switch motif. This cysteine switch motif functions
to maintain the MMP in its inactive ‘pro’ form. The MMP catalytic domain consists of about 200
residues, with a conserved sequence HEXGHXXGXXH containing the catalytic zinc binding site
(Amalinei et al., 2007). Also in the catalytic domains of MMP2 and MMP9 are three repeats of type
fibronectin, which facilitate binding to denatured collagens (gelatin) (Allan et al., 1995; Nagase
et al., 2006). The hemopexin domain serves to bind endogenous inhibitors, which alter the activity
of MMPs (Visse & Nagase, 2003).
In accordance with substrate specificity, amino acid similarity, and conformation properties,
MMPs are traditionally classified into six sub-families: gelatinases, collagenases, stromelysins,
matrilysins, membrane-type MMPs, and other MMPs (Nagase & Woessner, 1999). The next section
will introduce basic facts of MMPs in each sub-family.

Fig. 1.7 Schematic diagram of domain arrangement of MMPs. This diagram indicates the domain
structure of MMPs. The numbers on the left are the MMP members. S for signal peptide; Pro for
propeptide; Cat for catalytic domain; Zn for zinc ion; Hpx for hemopexin domain; Fn for
fibronectin domain;

for type transmembrane domain;

for type

transmembrane domain;
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Cp for cytoplasmic domain; G for GPI anchor; Ca for cysteine array region; Ig for IgG-like domain.
Modified from Visse & Nagase, 2003 (Visse & Nagase, 2003).
1.3.3 Gelatinases
MMP2 and MMP9 are in the sub-family of gelatinases, which specifically degrade
denatured collagens called gelatin (Visse & Nagase, 2003). Moreover, MMP2 can also digest
certain collagens, i.e. type

collagens (Aimes & Quigley, 1995; Patterson et al., 2001).

Investigation of extracellular substrates and function indicate that MMP2 and MMP9 are
involved in muscle development (Chin & Werb, 1997; Frisdal et al., 2000), regeneration (Kherif et
al., 1999; Fukushima et al., 2007; Li et al., 2009a), differentiation (Lewis et al., 2000; Lluri &
Jaworski, 2005; Zimowska et al., 2008), inflammatory myopathy (Choi & Dalakas, 2000;
Alameddine, 2012; Alameddine & Morgan, 2016) and muscular dystrophy (Kherif et al., 1999;
Fukushima et al., 2007; Li et al., 2009a; Alameddine, 2012; Alameddine & Morgan, 2016). Frisdal
et al. found that elevations in the abundance of gelatinase as well as the gelatinolytic activity were
observed in skeletal muscle with ischemia injury, resulting in muscle basement membrane
remodelling (Frisdal et al., 2000). Moreover, experimental evidence from two muscle degenerationregeneration models, including necrosis induced by injection of cardiotoxin and muscle from the
mdx mouse model of Duchenne Muscular Dystrophy (DMD), showed that MMP2 was activated
during regeneration of new myofibres, whereas MMP9 was increased in response to inflammation
associated with activation of satellite cells (Kherif et al., 1999). Strong evidence has been provided
to demonstrate that a high abundance of MMP9 is associated with skeletal muscle dystrophy in mdx
mice, and partly hindered MMP9 activity reduces skeletal muscle pathogenesis in mdx mice (Li et
al., 2009a). Furthermore, Fukushima et al. suggested that MMP9 acts on inflammatory processes
during muscle degeneration, and that MMP2 is associated with both ECM remodelling during
muscle regeneration and fibre growth (Fukushima et al., 2007). In addition, it has been
demonstrated that MMP9 activity is present during all stages of myoblast differentiation, whereas,
the highest activity of MMP2 occurs during myoblast fusion (Zimowska et al., 2008).
The intracellular substrates and functions of MMP2 and MMP9 in skeletal muscle have
been far less addressed. Intracellular MMP2 has been revealed and examined by Schulz’s group
using cardiac muscle with ischemia-reperfusion injury (Schulz, 2007). They suggested that MMP2
is localized in different subcellular compartments in cardiac muscle cells; this will be described in
section 1.9. That group also demonstrated that the activated MMP2 in cardiomyocytes is associated
with the degradation of troponin I (Wang et al., 2002), myosin light chain-1 (Sawicki et al., 2005),
and titin (Ali et al., 2010), and that the cleavage of these proteins may lead to contractile dysfunction
of cardiac muscle. In addition, they suggested that MMP2 digests α-actinin and desmin in cardiac
cells (Sung et al., 2007). In regard to MMP9, it was found to cleave myosin heavy chain to yield 80
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and 20 kDa fragments in cardiac muscle from humans with dilated cardiomyopathy (RouetBenzineb et al., 1999). In summary, the properties and function of intracellular MMP2 and MMP9
have not been extensively investigated, and virtually only in cardiac muscle to date; this thesis will
focus on the investigation of intracellular MMP2 and MMP9 in skeletal muscle.
1.3.4 Collagenases
Collagenases, including MMP1, MMP8, MMP13, and MMP18 (Xenopus), degrade
interstitial collagen ,

,

fragments, and each member has its own preference and hydrolysis

efficiency for different types of collagens (Nagase et al., 2006). Moreover, collagenases can also
cleave other extracellular components and non-extracellular proteins (Visse & Nagase, 2003;
Nagase et al., 2006).
It has been suggested that MMP1 may be involved in keratinocyte migration and
reepithelialisation, cell migration and proliferation, anti-inflammation and PAR1 (proteaseactivated receptor 1) activation (Sadowski et al., 2003; Boire et al., 2005; Nagase et al., 2006).
Although MMP1 has been well known as an ECM protein, Limb et al. suggest that MMP1 is also
localized in mitochondria and nuclei during apoptosis, and that inhibition of MMP1 promotes lamin
A/C degradation, inducing apoptosis (Limb et al., 2005). Studies on MMP13 have revealed that it
has proteolytic activity against molecules in the ECM and facilitates connective tissue turnover
(Knauper et al., 1996; Kevorkian et al., 2004). Moreover, investigation of some signalling pathways
in arthritis observed that increased MMP1 and MMP13 mRNA expression mediated an increase in
cytokines and growth factors (Vincenti & Brinckerhoff, 2002). MMP-18 was identified and named
as collagenase-4 in Xenopus, and was found to be highly expressed during the development of
animals and played a role in digestive tract maturation (Stolow et al., 1996). A putative MMP-18
from human mammary gland was identified using 5’ end cDNA amplification, with gene transcripts
present in a number of tissues, such as brain, kidney, liver, and peripheral blood leucocytes, but not
in skeletal muscle (Cossins et al., 1996). However, further investigation later characterised this as
MMP19, and there has been no MMP-18 homologue cloned in humans (Konttinen et al., 1999).

1.3.5 Stromelysins
Stromelysins, include MMP3, MMP10 and MMP11, of which MMP3 and MMP10 cleave
extracellular proteins and are involved in the activation of other MMP proteins, such as MMP1
(Suzuki et al., 1990; Nagase et al., 2006). MMP11 shows less proteolytic activity towards
extracellular molecules (Murphy et al., 1993), but it degrades serine proteinase inhibitors (serpins)
with high efficiency (Pei et al., 1994).
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1.3.6 Matrilysins
Matrilysins contain two matrix metalloproteinases: MMP7 and MMP26 (Visse & Nagase,
2003). Studies on MMP7 indicate that it digests extracellular and transmembrane proteins (Visse &
Nagase, 2003), such as fibronectin (Fukai et al., 1995), Fas-ligand (Powell et al., 1999), pro-TNFα
(Haro et al., 2000), E-cadherin (Noe et al., 2001), and is involved in adipocyte differentiation (Fukai
et al., 1995), Fas-receptor mediated apoptosis (Powell et al., 1999), pro-inflammatory pathways
(Haro et al., 2000), disruption of cell aggregation and cell invasion (Noe et al., 2001). MMP26 has
been found in humans although not rodents, and it is expressed in both normal and malignant cells
from certain tissues (Park et al., 2000; Marchenko et al., 2001; Marchenko et al., 2004). In addition,
although MMP26 cleaves a number of ECM proteins, the majority of MMP26 has been found in
the intracellular milieu (Marchenko et al., 2001; Marchenko et al., 2004).

1.3.7 Membrane-type MMPs (MT-MMPs)
In this sub-group, there are six membrane-type MMPs, of which MT1-MMP (MMP14),
MT2-MMP

(MMP15),

MT3-MMP

(MMP16),

and

MT5-MMP

(MMP24)

are

type transmembrane proteins, and MT4-MMP (MMP17) and MT6-MMP (MMP25) are GPI
(glycosylphosphatidylinositol) anchored proteins (Visse & Nagase, 2003). It has been found that
MT1-MMP degrades extracellular proteins, such as type collagen (Ohuchi et al., 1997) and
laminin (Koshikawa et al., 2000), and mediates the activation of pro-MMP2 on the cell surface
(Strongin et al., 1995). Other MT-MMPs are also able to activate pro-MMP2 on the cell surface
(Takino et al., 1995; Butler et al., 1997; Llano et al., 1999; Pei, 1999; Velasco et al., 2000), except
MT4-MMP (English et al., 2000). The cleavage of tissue transglutaminase on the cell surface by
MT1-MMP, MT2-MMP, and MT3-MMP, results in suppression of cell adhesion and migration
(Belkin et al., 2001).

1.3.8 Other MMPs
Seven MMPs, including MMP12, MMP19, MMP20, MMP21, MMP23, MMP27, MMP28,
are not categorized in the above sub-groups (Visse & Nagase, 2003). MMP12 digests elastin, and
it is suggested that the proteolysis of extracellular proteins by MMP12 is critical for the migration
of macrophages (Shipley et al., 1996). MMP19 has been found to hydrolyse a number of basement
membrane proteins, for example, type IV collagen, fibronectin and laminin. (Stracke et al., 2000).
MMP20 is a tooth-related protease, and it is has been found to digest amelogenin during the
formation of enamel (Ryu et al., 1999). The substrates of MMP21 in the ECM are still unclear
(Nagase et al., 2006). MMP27 was first cloned from chicken embryo fibroblasts, where its mRNA
expression was up-regulated by TNF-α (tumour necrosis factor) (Yang & Kurkinen, 1998).
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MMP21, MMP23, and MMP28 seem to be self-activated (autolysed) to generate their active forms
in the intracellular milieu, then the active enzymes are secreted from the cell (Nagase et al., 2006).

1.4 Three dimensional (3D) structure of MMPs
Since 1995, an increasing numbers of 3D structures of MMPs have been determined using
crystallography and nuclear magnetic resonance (NMR), such as for proMMP-1 (Jozic et al., 2005),
pro-MMP2 (Morgunova et al., 1999) and the pro-MMP2-TIMP2 complex (Morgunova et al., 2002).
The 3D structure of pro-MMP2-TIMP2 complex (Fig. 1.8) and domains of MMP (Fig. 1.9) are
shown and used to describe the tertiary structure of MMPs domains.

Fig. 1.8 3D structure of pro-MMP2-TIMP2 complex. Orange indicates propeptide; green for
catalytic domain; red for hemopexin domain; pink for fibronectin domain; blue for TIMP2 (tissue
inhibitor of MMP); zinc ion in pink and calcium ion in grey shown in catalytic domain. Modified
from Morgunova et al., 2002 and Visse & Nagase, 2003 (Morgunova et al., 2002; Visse & Nagase,
2003).
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1.4.1 Propeptide domain
The propeptide domain comprises three α helices and linking loops (Morgunova et al., 1999)
(Fig. 1.9A). The loop between helix 1 and helix 2 is a protease sensitive “bait” site, which is cleaved
to partly activate MMP (see section 1.5 for activation details). The loop following helix 3 with the
“cysteine switch” extends to the substrate binding pocket in the catalytic domain (Fig. 1.8 and
section 1.4.2 catalytic domain). The SH group of the “cysteine switch” forms the fourth ligand with
catalytic zinc (Cys-Zn2+), keeping the zymogen inactive. Upon activation, the bond between CysZn2+ is disrupted, and a water molecule displaces the cysteine from binding to the zinc ion. The
propeptide of pro-MMP2 interacts with the third fibronectin domain (see Fig. 1.8 & 1.9C)
(Morgunova et al., 1999).

1.4.2 Catalytic domain
The MMP catalytic domain comprises a 5-stranded β-pleated sheet, three α-helices, linking
loops and metal ions including one catalytic Zn2+, one structural Zn2+, and three Ca2+ ions (Li et al.,
1995) (See Fig. 1.9B). The substrate binding site consists of strand IV, helix B and loops to support
the structure around the catalytic zinc (Bode et al., 1993; Visse & Nagase, 2003). The catalytic Zn2+
is coordinated by three histidines and a water molecule, with the glutamate adjacent to the first
histidine being critical for catalytic hydrolysis. A pocket on the right of the catalytic zinc, called
‘S1’ pocket, dictates the docking of substrates in accordance with its conformational transitions.
The size of ‘S1’ varies among MMPs, and it is one of main factors determining substrate specificity
(Bode et al., 1999).

1.4.3 Fibronectin domains
Three fibronectin domains are localized in the loop between the fifth β-strand and the helix
B in the catalytic domains of MMP2 and MMP9 (Fig. 1.8) contain two antiparallel β-sheets, which
are stabilized by two disulfide bonds and connected by an α-helix (Visse & Nagase, 2003) (Fig.
1.9C). NMR studies indicate that the connection between fibronectin 2 and 3 domains (Fig. 1.9C)
is flexible so as to allow simultaneous binding to multiple sites in the ECM (Briknarova et al., 2001).

1.4.4 Hemopexin domain
The hemopexin domain contains a 4-bladed β-propeller structure with a disulphide bond
between the first and the fourth blades (Li et al., 1995) (Fig. 1.9D). β- Propeller domain mediates
the interaction between proteins such as MMPs and TIMPs (Smith et al., 1999; Visse & Nagase,
2003). The crystal structure of pro-MMP2-TIMP2 complex (Fig.1.8) shows that the C-terminal
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domain of TIMP2 interacts with the third and the fourth blades, and the N-terminal peptide is free
to bind to active MMPs, such as MT1-MMP (see section 1.6 for proteolytic activation of MMP2)
(Morgunova et al., 2002).

Fig. 1.9 3D structure of various regions of MMP. A. The propeptide is composed of three helixes
and linking loops. (N) and (C) indicate amino- and carboxyl-terminal regions. Cysteine amino acid
in “cysteine switch” shown. The arrow indicates cleaving site when MMP is partly activated. B.
The catalytic domain is composed of a 5-stranded β-pleated sheet (including strand

), three

α-helices (A-C), linking loops, and zinc and calcium ions. The substrate binding pocket with a
catalytic Zn2+ shown in the middle of the structure. (N) indicates amino-terminal region. C. This is
showing three repeats of fibronectin domains (Fn1-3). Each fibronectin domain is composed of two
β-sheets, one α-helix and two disulphide bonds (in yellow). (N) and (C) indicate amino- and
carboxyl-terminal regions. D. The hemopexin domain is composed of a 4-bladed β-propeller fold,
and a disulphide bond in yellow. (N) and (C) indicate amino- and carboxyl-terminal regions. Ca2+
ion is shown in gray in the middle of the structure. Modified from Li et al., 1995; Morgunova et al.,
1999; Visse & Nagase, 2003 (Li et al., 1995; Morgunova et al., 1999; Visse & Nagase, 2003).
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1.5 Activation of MMPs
MMPs are synthesized as proenzymes, and their activation is critical for regulation of MMP
activity (Nagase et al., 2006). During activation, the coordination between Cys-Zn2+ in the “cysteine
switch” (Fig. 1.9A & B) is disrupted and the thiol group of the cysteine interacting with the catalytic
Zn2+ ion can be replaced by a water molecule and a substrate (Van Wart & Birkedal-Hansen, 1990;
Chen et al., 1993). Three mechanisms have been reported to mediate this activation including: 1)
Proteolysis of the propeptide by another MMP or protease; 2) Autocatalytic cleavage of the
propeptide after modification of the thiol group of cysteine by physiological reagents such as
oxidants (reactive oxygen species and NaOCl) and disulfides (oxidized glutathione), or by nonphysiological reagents such as alkylating agents (N-ethylmaleimide), and heavy metal ions; 3)
allosteric activation through the distortion of the catalytic domain by organomercurials (4aminophenylmercuric acetate, APMA), chaotropic agents (urea) and surfactants (sodium dodecyl
sulfate, SDS) (Springman et al., 1990; Nagase, 1997; Visse & Nagase, 2003; Cauwe & Opdenakker,
2010). Furthermore, the allosteric activation caused by non-physiological reagents such as APMA
may lead to degradation of the propeptide to generate the active form with a smaller molecular
weight (Stetler-Stevenson et al., 1989; Cauwe & Opdenakker, 2010). The following section will
discuss the activation of MMP2 and MMP9 in physiological and non-physiological conditions,
respectively.

1.6 Proteolytic activation of MMPs
With regard to proteolytic activation of proMMPs, tissue and plasma proteinases attack the
proteinase sensitive region (also called the protease sensitive “bait” site, see Fig.1.9A) located in
the loop between helix 1 and helix 2 of the propeptide domain (Nagase, 1997). Once part of the
propeptide is cleaved, the Cys-Zn2+ interaction becomes weak, and the proMMP will be fully
activated to produce the active forms by MMP intermediates or other activated MMPs (Nagase et
al., 1990; Suzuki et al., 1990). Pei and Weiss in 1995 first demonstrated that proMMP11 can be
activated by furin in intracellular milieu (Pei & Weiss, 1995). Moreover, a furin binding motif has
been also found in the propeptide domain of proMMP11. It was found that proMMP3 can be
activated to yield the active form by a serine protease during apoptosis of dopaminergic neurons
(Choi et al., 2008). The following sections describe the proteolytic activation of MMP2 and MMP9.

1.6.1 Proteolytic activation of MMP2
A number of studies have indicated that the activation of pro-MMP2 occurs at the cell
surface, is mediated by MT-MMPs, and requires the presence of TIMP2 (tissue inhibitor of MMP)
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(Fig. 1.10) (Strongin et al., 1995; Butler et al., 1998; Wang et al., 2000). Firstly, MT1-MMP forms
homodimers on the cell surface through interaction between the hemopexin domains. Secondly, one
MT1-MMP molecule of the dimer pair on the membrane binds the inhibitory molecule TIMP2,
forming a MT1-MMP-TIMP2 complex, which acts as a “receptor” for the activation of pro-MMP2.
The C-terminal peptide of hemopexin domain of TIMP2 is free to form a tight complex with proMMP2 (MT1-MMP-TIMP2-pro-MMP2). Then this complex is able to be activated by the adjacent
MT1-MMP molecule, which does not bind TIMP2. After the cleavage of the bait region on proMMP2 it is partly activated and detaches from the membrane bound complex, subsequently
becoming fully activated through intermolecular processing (Visse & Nagase, 2003).
Besides MT1-MMP (Strongin et al., 1995), MT2-MMP (Butler et al., 1997), MT3-MMP
(Takino et al., 1995), MT5-MMP (Llano et al., 1999; Pei, 1999), MT6-MMP (Velasco et al., 2000)
also can activate pro-MMP2 on the surface membrane, whilst MT4-MMP does not activate proMMP2 (English et al., 2000).

Fig. 1.10 Schematic diagram of proteolytic activation of pro-MMP2 by MT1-MMP on the surface
membrane. MT1-MMP (MT-1) becomes dimerised through interaction between the hemopexin
domains on the cell surface membrane. A TIMP2 (T-2) molecule binds to MT1-MMP, leading to
the inhibition of MT1-MMP activity and forming a MT1-MMP-TIMP2 complex. This complex then
acts as a “receptor”, with the C-terminal peptide of TIMP2 free to bind with the hemopexin domain
of pro-MMP2 (pM-2) forming a tight MT1-MMP-TIMP2-pro-MMP2 complex. The bait region of
pro-MMP2 is cleaved, by the action of MT1-MMP that is not inhibited by TIMP2. Then the MMP2
(M-2) detaches from the membrane-bound complex and it can then be subsequently fully activated
by MMPs or other proteases. Modified from Visse & Nagase, 2003 (Visse & Nagase, 2003).
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1.6.2 Proteolytic activation of MMP9
Zhao et al. revealed that MMP26 (matrilysin 2) can activate pro-MMP9 by cleavage at
93

Ala -Met94 to yield active-MMP9, and this activation occurs in a time- and dose-dependent manner
(Zhao et al., 2003). Moreover, this group also demonstrated that MMP7 can activate pro-MMP9 to
generate the active form. However, the activated products of pro-MMP9 generated by MMP26
seems to be more stable compared with those produced by MMP7 under the same testing conditions
(Zhao et al., 2003). In contrast to pro-MMP2 activation on the cell surface (Fig. 1.10), pro-MMP9
activation has not been described as being mediated by MT-MMP and TIMPs (Toth et al., 2003).

1.7 Physiological reagents activation
1.7.1 Oxidative stress
Reactive oxygen species (ROS) are continually produced under normal physiological
circumstances, in particular with muscle contraction (Powers & Jackson, 2008). ROS consist of
many chemical oxidants, e.g. hydrogen peroxide (H2O2), hydroxyl radicals (·OH) and superoxide.
It has been reported that ROS play vital roles as signalling molecules, including in modulating the
activity of MMPs (Nelson & Melendez, 2004). The investigation of ROS-induced activation of
MMPs indicates that ROS modify the thiol group of the cysteine to disrupt the interaction between
cysteine and Zn2+, then trigger the autocatalytic activation of MMPs (Fig. 1.11) (Cauwe &
Opdenakker, 2010).
It was found that pro-MMP2 and pro-MMP9 can be activated by xanthine/xanthine oxidase
to become active in macrophage-derived foam cells (Rajagopalan et al., 1996). Moreover, that study
also demonstrated that hydrogen peroxide (H2O2) triggering activation of pro-MMP2 and proMMP9 appears as a biphasic effect, with an activating reaction at concentrations of 4 µM H2O2 and
an inhibitory reaction at concentrations of 10-50 µM H2O2 (Rajagopalan et al., 1996). In addition,
it was also suggested that pro-MMP9 can be activated through ROS-mediated pathways including
H2O2 and myeloperoxidase in stimulated polymorph nuclear cells (Meli et al., 2003).

1.7.2 Nitrosative stress
Reactive nitrogen species (RNS) have been implicated in modulating MMP activity by
post-translational modification of proMMP conformation and by inactivating activity of TIMPs
such as TIMP1, TIMP2, and TIMP3, to further enhance MMP activity (Frears et al., 1996; Brown
et al., 2004; Chakraborti et al., 2004; Donnini et al., 2008). Two types of RNS-induced posttranslational modification in MMP2 and MMP9 will be introduced, S-nitrosylation and Sglutathiolation.
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Fig. 1.11 Mechanisms of activation of MMPs. As described in Fig. 1.8 and 1.9, proMMPs typically
include a signal peptide (S), a pro-peptide (Pro), a catalytic domain (Catalytic), a Zn2+ ion, and a
hemopexin domain. ProMMPs are able to become active by disrupting the coordination between
the cysteine and the Zn2+ to open the catalytic domain allowing the binding of H2O or a substrate.
This can be driven by proteases or other MMPs. Physiological reactions such as oxidation, Snitrosylation, and S-glutathiolation can modify the thiol group of the cysteine in the propeptide.
Non-physiological reagents can also modify the cysteine in the propepetide, such as alkylating
agents and heavy metal ions, whereas organomercurials (e.g. APMA) and surfactants (e.g. SDS)
can directly distort the catalytic domain. Physiological and non-physiological activation may cause
the autocatalysis of the pro-peptide to generate the active-form with smaller molecular weight.
Modified from Cauwe & Opdenakker, 2010 (Cauwe & Opdenakker, 2010).
1.7.3 S-nitrosylation
The mechanism of S-nitrosylation triggering pro-MMP2 and pro-MMP9 activation has not
been intensively investigated. Viappiani et al. indicated that, in vitro, pro-MMP2 can be activated
by S-nitrosylation (Viappiani et al., 2009), however, there is still a lack of in vivo evidence
confirming this activation (Cauwe & Opdenakker, 2010). With regard to pro-MMP9 activation
mediated by S-nitrosylation, it has been confirmed with both in vivo and in vitro evidence. Gu et al.
found that pro-MMP9 is activated in vivo during cerebral ischemia and this activation is associated
with S-nitrosylation modification of the thiol group in the cysteine of the propeptide (Gu et al.,
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2002). Furthermore, that research group also demonstrated in vitro that NO directly causes the
activation of pro-MMP9 through the S-nitrosylation modification (Gu et al., 2002).

1.7.4 S-glutathiolation
S-glutathiolation activation of pro-MMP2 and pro-MMP9 has been seen in in vitro studies
using both peroxynitrite and glutathione. Viappiani et al. reported that peroxynitrite (ONOO-) can
activate pro-MMP2 particularly in the presence of glutathione (GSH), without cleaving the
propeptide and producing the active form with smaller meolecular weight (Viappiani et al., 2009).
This peroxynitrite (ONOO-)-inducing pro-MMP2 activation occurs in a concentration-dependent
manner, with activation at 0.3-1 µM ONOO- and inhibition at 30-100 µM ONOO- (Viappiani et al.,
2009). In addition, investigation of GSH effects upon treatment with ONOO- using troponin I, an
intracellular target of MMP2 (Wang et al., 2002), suggests that 100 µM GSH attenuates ONOO-induced pro-MMP2 activation (Viappiani et al., 2009).
In contrast to S-glutathiolation activation of pro-MMP2, the mechanism of pro-MMP9
activation mediated by nitrosative stress (ONOO-) has been illustrated. Okamoto et al. found that
pro-MMP9 is activated by peroxynitrite (ONOO-) when a similar concentration of GSH was present,
without the shift to the active form (Okamoto et al., 2001). Furthermore, they also suggested that
this activation was actually caused by S-nitroglutathione (GSNO2), which is one of potential
reaction products between ONOO- and GSH (Okamoto et al., 2001). During the activation, GSNO2
disrupts the coordination between the thiol group and the Zn2+ ion to open the catalytic domain up,
leading to the formation of glutathione disulfide S-oxide (GS(O)SR) in the propeptide (Okamoto et
al., 2001).

1.8 Non-physiological reagents activation
Chemical reagents such as alkylating agents (dithiothreitol, DTT), heavy metal ions,
Organomercurials (APMA), and surfactants (SDS) can activate pro-MMP2 and pro-MMP9 (Fig.
1.11) (Stetler-Stevenson et al., 1989; Springman et al., 1990; Vanwart & Birkedal-hansen, 1990;
Okada et al., 1992). These reagents modify the thiol group of the cysteine in the propeptide or
distort the catalytic domain, then subsequent autocatalysis may occur to yield the active form with
small molecular weight (Springman et al., 1990; Vanwart & Birkedal-hansen, 1990; Chen et al.,
1993). It is notable that SDS reagent is only able to activate pro-MMP2 and pro-MMP9 to become
active to degrade substrates, such as gelatin, rather than triggering autocatalysis to yield their active
forms (Springman et al., 1990). This is also the mechanism of SDS-gelatin zymography, where the
gelatinolytic activity of pro-MMP2 and pro-MMP9 are shown.
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1.9 Intracellular localization and function of MMP2
With regard to the subcellular distribution and the function of intracellular MMP2, no
systematic and detailed evidence has been reported in skeletal muscle. Although in situ zymography
and immunofluorescent staining for MMP2 in skeletal muscle suggested that MMP2 was localized
in intracellular compartments of mouse muscle fibres, precise subcellular localization of MMP2
warrants further investigation (Hadler-Olsen et al., 2015). In contrast to skeletal muscle, MMP2 has
been explored more in the heart model of ischemia-reperfusion injury, which provides a valuable
starting point for studying the localization and function of MMP2 in skeletal muscle.
Schulz’s group proposed that MMP2 plays critical roles in the intracellular milieu of
cardiomyocytes, such as causing reversible contractile dysfunction, challenging conventional
wisdom on the localization and function of MMP2 (Cheung et al., 2000; Kandasamy et al., 2010).
Increasing evidence in cardiomyocytes indicates that MMP2 is localized in subcellular
compartments such as the mitochondria, cytoskeleton, and nuclei, and these will be described in the
next section.

1.9.1 Intracellular MMP2 in cardiac muscle and other tissues
Given intracellular MMP2 is associated with mitochondrial dysfunction, it has been
investigated in cardiac muscle and kidney with ischemia-reperfusion injury. A transgenic MMP2
mouse model with highly expressed MMP2 promotor and synthesized MMP2 (Alfonso-Jaume et
al., 2006) was generated to clarify the function of MMP2 in cardiac muscle with ischemic
reperfusion injury (Zhou et al., 2007). It was demonstrated that the heart of transgenic MMP2
mouse was susceptible to ischemia reperfusion injury and elevations of MMP2 activity result in
cardiac mitochondrial dysfunction. Menon et al. also reported that MMP2 interacts with β-integrin,
inducing mitochondrial pathways of apoptosis in rat cardiac myocytes (Menon et al., 2006). A
truncated N-terminal isoform of MMP2 was found in cardiac mitochondria from a mouse model of
atherosclerosis, and up-regulation of this MMP2 isoform initiates a primary innate immune
response (Lovett et al., 2012). Further, a recent study also reported that this truncated MMP2
isoform is present in kidney from mice with chronic kidney disease, and up-regulation of this
protein resulted in mitochondrial dysfunction so as to enhance the susceptibility of kidney to
ischemia-reperfusion injury (Ceron et al., 2017).
Using heart tissue with ischemia-reperfusion injury, MMP2 was found to be associated with
contractile and cytoskeletal proteins in cardiomyocytes. Wang et al. demonstrated that recombinant
MMP2 proteolyzes isolated cardiac troponin I (TnI) into fragments, and the accompanying
immunofluorescent results showed that MMP2 was co-localized with TnI in the sarcomeres in
cardiomyocytes (Wang et al., 2002). Furthermore, an increased amount of MMP2 protein was found
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in cardiac tissue after ischemia reperfusion injury, which might result in contractile defects in heart
(Wang et al., 2002), although the mechanism of MMP2 causing myocardial contractile dysfunction
remains unclear. Immunostaining of isolated left ventricular myocytes showed that MMP2 colocalized with α-actinin within cardiomyocytes (Coker et al., 1999). In vitro experiments suggested
that MMP2 targets cytoskeletal proteins, including α-actinin and desmin, which are degraded by
MMP2. In addition, TIMP2, the exogenous inhibitor of MMP2, abolished the degradation of
α-actinin and desmin mediated by MMP2 (Sung et al., 2007), although how this plays a role in the
intracellular milieu is unclear.
MMP2 has also been localized in nuclei of cardiac myocytes and potential nuclear
substrates have been investigated. Using sequence alignment data for rat MMP2, there is a typical
nuclear localization sequence (NLS) close to C-terminal peptide (Kwan et al., 2004).
Immunofluorescence and subcellular fractionation indicated that MMP2 was localized in both
nuclei and the cytosol of neonatal rat ventricular myocytes (Baghirova et al., 2016). The authors
suggested that the nuclear localised MMP2 in cardiac muscle was able to cleave lamin A into
fragments of about 50 kDa (Baghirova et al., 2016). This is also supported by in silico cleavage site
analysis, further predicting that lamins could be putative substrates of MMP2 (Baghirova et al.,
2016). In vitro evidence demonstrated that poly (ADP-ribose) polymerase (PARP) is proteolyzed
by recombinant MMP2 (Kwan et al., 2004). However, the precise function of MMP2 on PARP and
the degradation process remains to be elucidated.

1.10 Intracellular localization and function of MMP9
In contrast to MMP2, the localization and function of MMP9 have been less investigated
in striated muscle. In the investigation of intracellular localization of MMP9 in skeletal muscle,
Hadler-Olsen et al. used in situ zymography to co-localize gelatinolytic activity with
immunofluorescent staining for MMP9 within mouse muscle fibres, but no immunofluorescent
signals were observed (Hadler-Olsen et al., 2015). However, using culture myoblasts, Zimowska et
al. localized MMP9 in S-phase nuclei in differentiating myoblasts, indicating that MMP9 may be
involved in cell cycle progression, however, the targets of nuclear MMP9 were not identified
(Zimowska et al., 2013). Rouet-Benzineb et al. found that MMP9 was associated with contractile
proteins, and that myosin heavy chain was cleaved into fragments in human cardiac muscle with
myopathy (Rouet-Benzineb et al., 1999), but the range of intracellular targets of MMP9 in skeletal
muscle is not known. To ascertain if there is an intracellular role for MMP9 in muscle, the
localization, subcellular distribution and substrates of MMP9 in healthy, resting skeletal muscle
warrant investigation.
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1.11 MMP2 and MMP9 in muscle dystrophy
The mdx mouse is a naturally occurring mutant mouse model for Duchenne muscular
dystrophy, which is a fatal human myopathy, leading to death of males in early adulthood (Bulfield
et al., 1984; Emery, 1991). Although the mdx mouse does not display apparent clinical
abnormalities that are seen in DMD patients, the mdx mouse muscle does display massive
degeneration and necrosis at 21 days (d) with peak damage at 28 d, and subsequent complete
regeneration occurring at ~98 d (Carnwath & Shotton, 1987; Coulton et al., 1988; Mcgeachie et al.,
1993).
Taurine, 2-aminoethane sulfonic acid, is widely present in skeletal muscle of mammals
(Huxtable, 1992). It has been suggested that taurine may be critical in stabilizing membranes, in
anti-inflammatory functions, and in improving function in muscular dystrophy (De Luca et al.,
2015). Notably, studies indicate that taurine supplementation to some extent counters muscle
weakness, promoting proper muscle function and decreasing inflammation of the muscle (Terrill et
al., 2016; Barker et al., 2017).
In the mdx mouse, it has been found that both pro- and active-MMP2 were present in mature
mice, using zymography and mRNA detected by Northern hybridization (Kherif et al., 1999). The
mRNA expression of active MMP2 is markedly higher in the regenerated muscle fibres of mdx
mice (Kherif et al., 1999). Using the C2C12 cell line, Lluri and Jaworski found that MMP2 protein
abundance increased in the later stage of differentiated myotubes (Lluri & Jaworski, 2005). With
regard to the investigation of MMP9 in mdx mouse, Li et al. found that an increasing abundance of
MMP9 is associated with skeletal muscle dystrophy (Li et al., 2009a). Furthermore, partly hindering
MMP9 activity reduced the skeletal muscle pathogenesis in mdx mice (Li et al., 2009a), albeit in
that study only raw data from n = 2 mice were included. Fukushima et al. also suggested that MMP9
acts on inflammatory process during muscle degeneration (Fukushima et al., 2007). This is
supported by data showing that the mRNA expression of MMP9 is related to the inflammatory
response (Kherif et al., 1999).
The alteration and function of MMP2 and MMP9 in degeneration and regeneration of
dystrophic muscle are still obscure, and need further investigation. There has been no examination
of MMP2 and MMP9 in mdx mice with taurine supplementation, which is potentially a good model
to further investigate the possible roles of MMP2 and MMP9 in differentiation and regeneration
seen in dystrophic muscle fibres from different aged mdx mice.
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1.12 Substrate zymography
SDS-based gelatin zymography is a classical method to examine and quantify gelatinolytic
activity of MMP2 and MMP9 (Leber & Balkwill, 1997). In gelatin zymography, samples are
separated on a modified SDS-PAGE gel that is polymerized with gelatin (Heussen & Dowdle, 1980).
After washing SDS away with Triton X-100, gelatinases refold and are able to digest gelatin,
thereby showing gelatinolytic activity. Nevertheless, it is evident that gelatin zymography shows
the activity of pro-forms due to the presence of SDS causing the allosteric activation of pro-MMP2
and pro-MMP9 (section 1.8 Non-physiological reagents activation) (Springman et al., 1990).
Therefore, SDS-induced activation of pro-forms on zymography gel is an artefact and does not
reflect the real activity of pro-forms in situ. It is noted that nitrosative stress triggers the activation
of pro-MMP2 to degrade substrates without becoming active forms with small molecular weight in
cardiomyocytes with ischemia reperfusion injury (section 1.7.2) (Viappiani et al., 2009).
In addition, during the developing procedure on zymograms, 5-10 mM [Ca2+] is always
provided for the gelatinases to digest gelatin (Kherif et al., 1999; Cheung et al., 2000; Choi &
Dalakas, 2000; Wang et al., 2002; Rullman et al., 2007; Rullman et al., 2009; Baghirova et al.,
2016), however, this level of Ca2+ is about 1000-fold higher than the intracellular [Ca2+] occurring
during normal muscle activity (~0.1 to 20 µM) (Westerblad & Allen, 1991; Baylor & Hollingworth,
2003). In order to understand the true gelatinolytic activity of MMPs in situ, zymography without
SDS and using physiologically relevant [Ca2+] are needed.

1.13 Outline of the thesis
The extracellular function of MMP2 and MMP9 have been studied extensively, and
numerous targets in ECM have been reported. However, as MMP2 is localized in the intracellular
milieu of cardiomyocytes and potential intracellular targets of MMP2 have also been revealed in
cardiac muscle with ischemia reperfusion injury, there is a need for further studies focussing on the
function of intracellular MMP2 and MMP9. Only one study to date has examined the
immunofluorescence of MMP2 in the intracellular milieu of skeletal muscle fibres (Hadler-Olsen
et al., 2015), and hence detailed investigation of both MMP2 and MMP9 in skeletal muscle is
clearly warranted, including addressing the following points.
Firstly, no information has been reported to date on the absolute amounts of MMP2 and
MMP9 in skeletal muscle, or even in cardiac muscle where the intracellular MMP2 has been studied
in some detail (Schulz, 2007). The quantification of MMP2 and MMP9 will provide an insight into
the relative importance and possible actions of these proteins in skeletal muscle. (see Chapter 3 &
4).
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Secondly, more quantitative experiments are needed to identify the localization and
subcellular distribution of both MMP2 and MMP9 in healthy and resting skeletal muscle. This will
allow a comparison of how much of the total pool of each MMP is found in the relevant
compartments. (see Chapter 3 & 4).
Thirdly, there is a need for information on the gelatinolytic activity of MMP2 and MMP9
in skeletal muscle under physiological conditions pertaining in the muscle, such as physiologically
relevant concentrations of Ca2+. (see Chapter 3 & 4)
Finally, quantitative experiments are needed to examine the relative amounts and
gelatinolytic activity of both MMP2 and MMP9 in mdx mice at an age where maximum
degeneration is occurring, which is at 28 days age. This can provide an insight in the physiological
roles of MMP2 and MMP9 in the degeneration and regeneration in the muscle of mdx mice. (see
Chapter 5).
These aims were achieved through the following chapters:
Chapter 3- Quantitative western blotting was utilised to examine MMP2 in skeletal muscle,
using a carefully validated antibody. By comparing the signals with those of known amounts of
recombinant MMP2 pure protein, it was possible to quantify the absolute amount of MMP2 present
in rat skeletal and cardiac muscle, and human skeletal muscle. In addition, by comparing MMP2
levels in intact muscle fibres with that present in mechanically-skinned fibres, which completely
lack any ECM, it was possible to determine the proportions of MMP2 located intracellularly and
extracellularly. Furthermore, the proportion of the MMP2 that was freely diffusible within the
freshly skinned fibres could be readily determined simply by bathing the skinned fibres in a
physiological solution for a set time and examining the amount of MMP2 diffusing out. Finally, the
gelatinolytic activity of MMP2 in human and rat muscle was detected by gelatin zymography,
comparing the standard SDS methodology with zymography under native conditions, and
examining the effects of different [Ca2+], in order to determine whether the MMP2 degrades the
substrate at normal intracellular Ca2+ levels.
Chapter 4 - PNGase F treatment, which causes the removal N-linked oligosaccharides
from human MMP9, leading to the generation of deglycosylated MMP9 with a slightly smaller
molecular weight, was used to identify MMP9 in human muscle by western blotting and
zymography. By comparing the signals with those of known amounts of human recombinant MMP9
pure protein, it was possible to quantify the absolute amount of MMP9 present in human skeletal
muscle. In addition, by comparing MMP9 levels in human intact muscle fibres with that present in
mechanically-skinned fibres, which completely lack any ECM, it was possible to determine the
proportions of MMP9 located intracellularly and extracellularly. Furthermore, the proportion of the
MMP9 that was freely diffusible within the freshly skinned fibres could be readily determined
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simply by bathing the skinned fibres in a physiological solution for a set time and examining the
amount of MMP9 diffusing out.
Chapter 5- quantitative western blotting and SDS-based gelatin zymography were used to
examine the relative protein abundance and gelatinolytic activity of both MMP2 and MMP9 in
mouse gastrocnemius from wild-type mice at 28 and 70 d, in order to determine whether there was
any alteration of MMP2 and MMP9 levels during the muscle growth associated with age or the
degeneration and regeneration of muscle. Specifically, the relative amounts of MMP2 and MMP9,
in mdx and wild-type mice of a given age were compared so to give insight into the possible roles
of MMP2 and MMP9 in the degeneration/regeneration cycles occurring in the muscle of mdx mice.
Finally, the effect of taurine supplementation on the levels of MMP2 in muscle of D28 mdx mice
was examined, because with that intervention muscle function is improved and it could help
understand the possible roles of MMP2 in dystrophic muscle in mdx mice.
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CHAPTER 2
General materials and methods
This chapter introduces the main chemicals, solutions, antibodies, and experimental
procedures used for experiments shown in this thesis. Here, the experimental techniques utilised in
more than one experimental chapters are described in detail.

2.1 Chemicals and solutions
All chemicals were purchased from Sigma-Aldrich (Sydney, Australia) unless otherwise
stated. The solutions and buffers used in the experimental procedures are described in the tables
below.

Table 2.1 Composition of homogenizing buffer. Homogenizing buffer was used for homogenizing
muscle samples. The final concentration of each ingredient of the solution is listed, using hydrogen
chloride (HCl) to adjust to pH 7.5. Tris was from Amresco (Solon, OH, USA).

Homogenizing buffer (pH 7.5)
Compound

Final concentration (mM)

Tris-HCl

50

NaCl

150

CaCl2

10
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Table 2.2 Composition of 3x SDS loading buffer. 3x SDS loading buffer, a denaturing and
reducing solution, was used to prepare samples for western blotting. Final concentration of each
ingredient of the solution is listed, using hydrogen chloride (HCl) to adjust to pH 6.8.

3x SDS loading buffer (pH 6.8)
Compound

Concentration

Tris-HCl

125 mM

Urea

4000 mM

Glycerol

10%, vol/vol

SDS

4%, vol/vol

β-Mercaptoethanol

10%, vol/vol

Bromophenol Blue

0.001% , vol/vol

Table 2.3 Composition of 4x loading buffer. 4x loading buffer, a denaturing and non-reducing
solution, was used to prepare samples for gelatin zymography. The final concentration of each
ingredient of the solution is listed, using HCl to adjust to pH 6.8.

4x loading buffer (pH 6.8)
Compound

Concentration

Tris-HCl

400 mM

Glycerol

20%, vol/vol

SDS

4%, vol/vol

Bromophenol Blue

0.005% , vol/vol
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Table 2.4 Composition of K+-based HDTA physiological buffer. K+-based HDTA physiological
buffer was used to collect segments of intact and skinned muscle fibres for western blotting. The
final concentration of each ingredient of the solution is listed. The buffer was adjusted to pH 7.1,
and its osmolality was 295 ± 10 mosmol/kg H2O.
K+-based HDTA physiological buffer (pH 7.10)
Compound

Final concentration (mM)

HEPES

90

HDTA

50

Na2ATP

8

Na2CP (creatine phosphate)

10

MgO

8.5 (1mM free Mg2+)

KOH

126

Table 2.5 Composition of K+-based EGTA physiological buffer. K+-based EGTA physiological
buffer was used to in single fibre diffusion experiments to investigate the subcellular distribution of
MMP2 and MMP9 in muscle (see Fig. 4.6). The final concentration of each ingredient of the
solution is listed. The buffer was adjusted to pH 7.1, and its osmolality was 295 ± 10 mosmol/kg
H2O. Note that 50 mM EGTA strongly buffered free Ca2+ at very low level (~1 nM).

K+-based EGTA physiological buffer (pH 7.10)
Compound

Final concentration (mM)

HEPES

90

EGTA

50

Na2ATP

8

Na2CP (creatine phosphate)

10

MgO

10.3 (1mM free Mg2+)

KOH

126
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Table 2.6 Western blotting buffers. Listed buffers were used for western blotting. The final
concentration of each ingredient of solutions and pH values are indicated.

Western blotting buffers
Buffer

Compound (final concentration, mM)

Electrophoresis buffer

Tris (25 mM), Glycine (192 mM), SDS (0.1%, wt/vol), pH 8.3

Transfer buffer

Tris (137 mM), Glycine (140 mM), Methanol (20%, vol/vol),
pH 8.3

Tris buffered saline with Tween Tris (10 mM), NaCl (150 mM), Tween 20 (0.1%, vol/vol), pH
20 (TBST)

7.5

Blocking buffer

Skim milk powder in TBST (5%, wt/vol)

Phosphate buffered saline with Na3PO4 (10 mM), NaCl (150 mM), Tween 20 (0.1%, vol/vol),
Tween 20 (PBST)
Bovine serum albumin (BSA)

pH7.8
BSA in PBST (1%, wt/vol) with sodium azide (NaN3) (0.02%,
vol/vol)

Table 2.7 Composition of gelatin zymography gel. Gelatin zymography gel was used to detect
gelatinolytic activity of MMP2 and MMP9. Amounts of compounds in stacking and separating gels
are shown. Acrylamide and Bis were from Bio-Rad (Gladesville, NSW, Australia).

Gelatin zymography gel
Compound

Stacking gel (4%)

Separating

gel

(8%)
Tris-HCl (1.5 M, pH 8.8)

2.5 ml

Tris-HCl (1.5 M, pH 6.7)

760 µl

28.6% acrylamide : Bis = 50:1

280 µl

2.8 ml

10% SDS

20 µl

100 µl

Gelatin (10 mg/ml)

1 ml

H2O

918 µl

3.495 ml

10% ammonium persulfate

20 µl

100 µl

TEMED

2 µl

5 µl

Total volume

2 ml

10 ml
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Table 2.8 Gelatin zymography buffers. Listed buffers were used for gelatin zymography. The final
concentration of each ingredient of solutions, and pH values are indicated.

Gelatin zymography buffers
Buffer
Electrophoresis buffer
Washing buffer A
Washing buffer B
Incubation buffer
Staining buffer

Compound (final concentration, mM)
Tris-HCl (25 mM), Glycine (250 mM), SDS (0.1%, wt/vol), pH
8.3
Tris-HCl (50 mM), CaCl2 (5 mM), Triton X-100 (2.5%,
vol/vol), pH 7.6
Tris-HCl (50 mM), CaCl2 (5 mM), pH 7.6
Tris-HCl (50 mM), NaCl (150 mM), CaCl2 (10 mM), ZnCl2 (1
μM), NaN3 (0.02%, wt/vol), pH 7.5
Coomassie R 250 (0.05%, wt/vol), methanol (30%, vol/vol), and
acetic acid (10%, vol/vol)

Destaining buffer A

Methanol (30%, vol/vol), acetic acid (10%, vol/vol)

Destaining buffer B

Methanol (20%, vol/vol), acetic acid (10%, vol/vol)

Destaining buffer C

Methanol (10%, vol/vol), acetic acid (5%, vol/vol)
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Table 2.9 Antibodies used for western blotting. Details of all primary and secondary antibodies used in the thesis are listed, including antibody catalogue number,
supplier, host species, immunogen, dilution for western blotting, and publications relating to the antibody.

Primary antibody

Cat # / Supplier

Species/ Isotype

Anti-MMP2

#4022, Cell Signaling, USA Rabbit, Polyclonal IgG

Immunogen

Dilution

Residues surrounding Lys116 of human 1:1000

Previous used by
(Pan et al., 2013)

MMP2
Anti-MMP2

Ab92536, Abcam, UK

Rabbit, monoclonal IgG

Residues near the C-terminus of human 1:2000

(Hughes et al., 2014)

MMP2
Anti-MMP2

Ab37150, Abcam, UK

Anti-MMP2

Ab19015,

Rabbit, polyclonal IgG

Chemicon Rabbit, polyclonal IgG

Residues 475-490 of human MMP2

1:1000

(Hadler-Olsen et al., 2015)

Catalytic domain of rat MMP2

1:1000

(Baghirova et al., 2016)

international, USA
Anti-MMP9

#3852, Cell Signaling, USA Rabbit, polyclonal IgG

Residues surrounding Lys115 of human 1:1000

(Pan et al., 2013)

MMP9
Anti-MMP9

Ab19016, Abcam, UK

Rabbit, polyclonal IgG

Catalytic domain of rat MMP9

1:1000

(Roach et al., 2002)

Anti-MMP9

Ab38898, Abcam, UK

Rabbit, polyclonal IgG

Full length protein of mouse MMP9

1:1000

(Hadler-Olsen et al., 2015)

Anti-calpain-1

#C0355, Sigma Aldrich, Mouse monoclonal, IgG

Full length protein of human calpain 1

1:1000

(Murphy et al., 2006)

1:10,000

(Wette et al., 2017)

USA
Anti-GAPDH

Ab8245, Abcam, UK

Mouse monoclonal, IgG

Rabbit muscle GAPDH

Anti-SERCA2a

A010-20, Badrilla, UK

Rabbit polyclonal, IgG

Sarcoplasmic/endoplasmic
calcium ATPase 2

reticulum 1:2000

(Murphy et al., 2009a;
Wette et al., 2017)
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Anti-laminin

L9393, Sigma, USA

Rabbit polyclonal, IgG

anti-GLUT4

PA1-1065, ThermoFisher, Rabbit polyclonal, IgG

Full length protein of mouse laminin

1:1000

(Murphy et al., 2009b)

Residues 493-509 of rat GLUT4

1:1000

(Barker et al., 2018)

Conjugate

Dilution

Previous used by

HRP

1:60,000

(Xu et al., 2015; Wette et

USA
Secondary antibody

Cat # / Supplier

Goat anti-Rabbit IgG

PIE31460,

Species/Isotype

ThermoFisher Goat, IgG

Scientific, Australia
Goat anti-Mouse IgG

al., 2017)

PIE31430, ThermoFisher Goat, IgG
Scientific, Australia

HRP

1:60,000

(Wette et al., 2017)

Table 2.10 Purified recombinant pure proteins used. Details of all pure proteins used in this thesis are listed, including the pure protein catalogue number, supplier,
concentration and molecular weight.

Pure protein

Cat # / Supplier

Concentration

Molecular weight

Human recombinant pro-MMP2

PF037, Millipore, Germany

0.48 mg/ml

72 kDa

Mouse/rat recombinant proMM2

924-MP-010,

systems, 0.44 mg/ml

72 kDa

R&D

USA
Human recombinant active-MMP2

PF037, Millipore, Germany

0.1 mg/ml

64 kDa

Human recombinant pro-MMP9

PF038, Millipore, Germany

1.8 mg/ml

92 kDa

Human recombinant active-MMP9

PF024, Millipore, Germany

0.1 mg/ml

84 kDa

Native calpain-1 from Human Erythrocytes

208713, Calbiochem, Germany

2.1 mg/ml

80 kDa
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2.2 Animal and human biopsies and ethics.
2.2.1 Rat experiments and ethics
All animal procedures were approved by the La Trobe University Animal Ethics Committee.
Male Sprague Dawley rats (4-6 months old) were sacrificed by overdose of isoflurane (4% vol :
vol), and then the rat heart, extensor digitorum longus (EDL), soleus (SOL), brain, kidney, thymus,
diaphragm, spleen, and liver were excised, snap frozen in liquid nitrogen, and stored at -80°C until
sample preparation. Animal numbers and details are described in the relevant chapters.
Rat tissue was used to examine both MMP2 and MMP9. Following extensive
experimentation, it was determined that there was no detectable MMP9 in skeletal muscle from
mature rat. These data are shown in Appendix

“Examination of MMP9 in rat skeletal muscle”.

2.2.2 Mouse experiments and ethics
Experimental animals were bred at the La Trobe Animal Research and Teaching Facility
(LARTF) using breeding pairs obtained from the Animal Resource Centre (ARC) (Western
Australia, Australia). The offspring of WT and mdx mice had access to standard rodent chow,
water ad libitum and were utilized for experimentation at either 28 ±1 or 70 ±1 days of age. Male
wild-type (C57B1/10scsn) and mdx mice were anesthetized with an intraperitoneal injection of 10
µL/g Nembutal (Sodium Pentobarbitone) prior to euthanasia by excision of the heart, and then
gastrocnemius, EDL and SOL were collected in accordance with the La Trobe University Ethics
Committee. Tissues were snap frozen in liquid nitrogen, and stored at -80

until sample

preparation. Animal numbers and details are described in the relevant chapters.

2.2.3 Human experiments and ethics
Biopsies samples were obtained from the vastus lateralis muscle of young adult males (22
± 3 years). All human protocols and procedures were approved by the Human Research Ethics
Committees at Victoria University and at La Trobe University. Informed consent was obtained in
writing from all subjects and the studies conformed to the standards set by the Declaration of
Helsinki. The subjects were healthy and most participated in regular physical activity but were not
specifically trained in any sport. After injection of a local anaesthetic (1% lidocaine (lignocaine))
into the skin and fascia, a small incision was made in the middle third of the vastus lateralis muscle
of each subject and a muscle sample taken using a Bergstrom biopsy needle. Biopsy procedures
were performed by an experienced medical practitioner. The excised muscle sample was rapidly
blotted on filter paper to remove excess blood, snap frozen in liquid nitrogen, and stored at -80
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until sample preparation. The numbers of human subjects and details are described in the relevant
chapters.

2.3 Whole muscle homogenates preparation
Portions of muscles and tissues were homogenized in an ice-cold homogenizing solution
(Table 2.1), using a polytron homogenizer (Polytron PT 1200 E; Kinematica, Lucerne, Switzerland),
three times at maximum speed for ~8 s, and were kept cold at all times. Then, one half of the
homogenate was transferred to another centrifuge tube and mixed (2:1 vol/vol) with 3x SDS loading
buffer (see Table 2.2) for subsequent western blotting. The remainder of the homogenate was mixed
(3:1 vol/vol) with 4x non-reducing loading buffer (Table 2.3) for the detection of gelatinolytic
activity on zymography. All the prepared samples were incubated at room temperature (RT) for 1
h, then store at -80

until analysis.

2.4 Mixed muscle homogenates for calibration curves.
Muscle samples from all animals and human subjects were homogenized as described in
section 2.3 above.

2.4.1 Mixed muscle homogenates
200 µl of SOL homogenate from each rat (n = 10 rats) was placed into a 5 ml cryovial tube,
and vortexed at maximum speed for ~10 s. Half of the sample was mixed (2:1, vol/vol) with 3x
SDS loading buffer (Table 2.2) for subsequent western blotting. The remaining half sample was
mixed (1:3, vol/vol) with 4x loading buffer (Table 2.3) for gelatin zymography. After 1 h incubation
at RT, samples were stored in ~ 100 µl aliquots at -80 . Mixed SOL samples were used to generate
a calibration curve for detection of protein of interest in rat species.
100 µl of human vastus lateralis homogenate from each subject (n = 6 individuals) was
placed into a 1.5 ml centrifugal tube, and vortexed at maximum speed for ~10 s. Samples were
prepared as above. Mixed human muscle samples were used to generate a calibration curve for
detection of protein of interest in human.
50 µl of gastrocnemius homogenate from each mouse (n = 12 wild-type mice, n = 12 mdx
mice) was placed into a 5 ml cryovial tube, and votexed at maximum speed for ~10 s. Samples were
prepared as above. Mixed gastrocnemius samples were used to generate a calibration curve for
detection of protein of interest in mouse species.

2.4.2 Calibration curves
A calibration curve was generated by loading a range of amounts of homogenate mixture
of muscles from independent samples (see section 2.4.1). A calibration curve was run on every
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western blot, so as to 1) examine detection limits of western blotting for each of the antibodies, and
2) compare relative protein amounts across different gels.

2.5 Dissection and skinning of single muscle fibres
In order to investigate the proportion of MMP2 and MMP9 localized inside skeletal muscle
fibres, segments of skinned and intact fibres were isolated from human vastus lateralis and rat SOL
muscles, as described previously (Murphy et al., 2009b; Lamb & Stephenson, 2018). Briefly, the
muscles or muscle biopsies were pinned down in a Sylgard-coated dish and immersed in oxygenated
paraffin oil for dissection of single myofibres under a microscope. A segment of a myofibre ~2 mm
long was skinned using jeweler’s forceps by pulling away some myofibrils on one side, causing the
sarcolemma to roll back along the length of the fibre segment (see Fig. 2.1 A). For comparing
between intact and skinned fibres, groups of 15 intact or skinned fibre segments were tied together
and collected in 30 µl of a K+-based HDTA physiological buffer with free Ca2+ weakly buffered
(Table 2.4) and 15 µl of 3x SDS loading buffer was added. Samples were then incubated for ~1 h
at RT and stored in -80

until western blotting analysis.

2.6 Subcellular distribution of proteins in skinned muscle fibres
To examine the distribution and diffusibility of MMP2 and MMP9 inside muscle fibres,
groups of freshly skinned fibres (10-15 fibre segments tied together with silk suture) were placed
in 30 µl of K+-based EGTA physiological buffer (Table 2.5) for 10 min. The tied fibre segments
were then transferred to another centrifuge tube containing the same amount of the buffer and 1%
(vol/vol) Triton X-100 and washed for a further 10 min (Fig. 2.1B). The triton-treated fibre
segments were collected in another tube in the same amount of buffer. The skinned fibres were
vortexed periodically during each exposure period. Finally, 15 μl of 3x SDS was added to each tube
and the samples were run and analysed side by side by western blotting. All washing procedures
were conducted in accordance with the methods published previously (Larkins et al., 2012; Wette
et al., 2017), and the experimental procedures shown in Fig. 2.1.
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Fig. 2.1 Dissection of skinned single muscle fibre and fibre wash experiment. A. Microdissection
of a single muscle fibre from a muscle bundle using forceps under a microscope. Taking some
myofibrils to roll back sarcolemma and remove extracellular matrix, segments of skinned fibre were
isolated, tied with silk suture (red), and cut below the rolled back membrane for subsequent fibre
wash experiments. B. Schematic diagram of fibre wash experiments. The isolated skinned muscle
fibre was washed in K+-EGTA physiological buffer (Table 2.5) for 10 min (W), and then transferred
to another aliquot of the same solution with 1% Triton X-100 added for 10 min (Wtr), and
afterwards the washed fibre segment was collected in another centrifugal tube (F-rem). All tubes
were prepared for subsequent western blotting. C. Western blots for GAPDH (cytosol) and
SERCA2a (SR membrane). Stain Free gel indicates absence of myosin in W and Wtr, confirming no
contractile proteins in those fractions. Vertical dashed lines added for ease of distinguishing each
fraction of skinned fibre (W, Wtr, F-rem). Molecular weight markers as indicated.
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2.7 Western blotting
Quantitative western blotting was performed as described previously (Mollica et al., 2009;
Wette et al., 2017).

2.7.1 Stain Free gel electrophoresis
Prepared muscle samples (see section 2.3), pure proteins, muscle fibres, and protein
markers were separated on 4-15% Criterion Stain-Free Gels (Bio-Rad, Hercules, CA) immersed in
electrophoresis buffer (Table 2.6) at 200 V for 45 min. The Stain Free gel was imaged using a BioRad Stain-Free imager to show the total protein of each sample loaded for the analysis.

2.7.2 Protein transfer and blocking
After separation of the Stain Free gel, proteins were transferred from gel to nitrocellulose
membrane (0.45 µm) using cold transfer buffer at 100 V for 30 min at 4

(Table 2.6). The post-

transfer gel and membrane were imaged to confirm the efficiency of protein transfer and also could
be used for trouble shooting if required. After quick wash with milliQ water, the membrane was
treated with Miser antibody extender solution NC (Pierce, Thermo Scientific) for 10 min. Following
five quick rinses with milliQ water, the membrane was blocked with blocking buffer (Table 2.6)
for ~2 h on a rocker at room temperature.

2.7.3 Antibody probe
After two brief washes in TBST (Table 2.6), the membrane was cut into different sections
according to the molecular weight of the proteins of interest (Table 2.9). The membrane sections
were incubated with primary antibodies at room temperature for at least for 2 h with continuous
rocking and overnight at 4 . After removing primary antibodies, the membranes were washed in
blocking buffer (1x 2min, 2x 10 min) and probed for secondary antibodies (Table 2.9) for 1 h at
room temperature. Membranes were then washed in TBST buffer (1x 2min, 2x 10 min) prior to
imaging.

2.7.4 Chemilumiscence
After the final wash in TBST buffer, membranes were exposed to chemiluminescence
substrate (Thermo Scientific, SuperSignal West Femto), and imaged using a CCD camera attached
to ChemiDoc MP (Bio-Rad). The densitometry was performed using Image Lab software (version
6.0, Bio-Rad).
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2.7.5 Analysis of relative amount of proteins
For analysis of western blotting values, a calibration curve was generated by loading a range
of amounts of mixed muscle homogenates (see section 2.4.2). The densities of the total protein in
each lane (from Stain Free gel) and the MMP protein band were adjusted to the calibration curve.
The amount of MMP per sample was determined from these nomalised densities.

2.7.6 Analysis of absolute amount of proteins
Protein quantification in skeletal muscle was performed using previously published
methods (Mollica et al., 2009; Larkins et al., 2012; Wette et al., 2017). Using the density of pure
protein obtained from western blotting against the amount of pure protein loaded, a standard curve
of pure protein was plotted. The pure proteins used in the thesis are listed in Table 2.10. The density
of MMP2 and MMP9 signals in muscle samples were converted to an amount of MMP protein
using the pure protein standard curve, and then normalized to the total protein in the given lane, as
indicated from the Stain Free gel. The absolute amount of MMP protein was expressed as a
concentration of µmol per kg of wet weight muscle, calculated by using the molecular weight of
each MMP.

2.8 SDS-gelatin zymography
2.8.1 SDS-gelatin zymography electrophoresis
Prepared muscle samples (see section 2.3), pure proteins, and protein markers were
separated on 8% SDS-polyacrylamide gels copolymerized with 1.0 mg/ml gelatin (Table 2.7),
immersed in electrophoresis buffer (Table 2.8) at 100 V for 150 min.

2.8.2 SDS-gelatin zymography washing and renaturing
After electrophoresis, gels were washed twice for 40 min each in a washing buffer A (Table
2.8) to remove SDS. Then the gels were transferred to a washing buffer B (Table 2.8) and washed
twice for 15 min. Following washing, the gels were incubated for overnight (~17 h) at 37°C in the
incubation buffer (Table 2.8) for renaturing of MMPs proteins.

2.8.3 SDS-gelatin zymography staining and destaining
Zymography gels were stained with coomassie R250 solution (Table 2.8) for 3 h and
destained with a series of destaining buffers (destaining buffer A, 0.5 h; destainging buffer B, 1 h;
destaining buffer C, 2h).

38

2.8.4 SDS-gelatin zymography imagining and analysis
Gelatinase activity was visualized against a dark blue background. Zymography gels were
imaged using a CCD camera attached to ChemiDoc MP (Bio-Rad). The white areas seen against a
dark background (e.g. Chapter 3, Fig. 3.6) were generated by the degradation of gelatin by MMP2
and MMP9. Densitometry was performed using Image Lab software (version 6.0, Bio-Rad), after
inverting the signal from white to black.

2.9 Statistical analyses
The statistical analyses for each study are specifically stated in each chapter. Data are
present as mean ± standard deviation (SD), unless otherwise stated. Significance was set at P < 0.05.
All statistics were performed using GraphPad Prism 6.
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This chapter has been submitted as a paper to Am J Physiol
and is under 2nd review following minor comments.

CHAPTER 3
Distribution and activation of matrix metalloproteinase-2 in
skeletal muscle fibres
3.1 Introduction
Matrix metalloproteinases (MMPs) are a family of zinc-containing enzymes, widely found
in plants and animals, that are implicated in degradation and remodelling of components of the
extracellular matrix (ECM) (Birkedalhansen, 1995; Massova et al., 1998; Balcerzak et al., 2001).
On the basis of their domain organisation and substrate preference, MMPs are categorized into six
groups: collagenases, gelatinases, stromelysins, matrilysins, membrane-type MMPs, and other
MMPs (Nagase & Woessner, 1999). Each MMP is synthesized as an inactive zymogen called a
proenzyme or pro-MMP. The activity of the MMPs is precisely regulated through activation of the
proenzymes and by inhibition by endogenous inhibitors known as tissue inhibitors of
metalloproteinases (TIMPs) (Nagase & Woessner, 1999). Most studies of the function of MMPs
have focused on the extracellular matrix, viewing MMPs solely as secreted or membrane-associated
proteases acting extracellularly (Cauwe & Opdenakker, 2010). However, since the identification of
subcellular localization signals in specific MMPs, accumulating evidence has pointed to possible
intracellular actions and substrates of MMPs (Si-Tayeb et al., 2006; Eguchi et al., 2008; Cauwe &
Opdenakker, 2010; DeCoux et al., 2014; Jobin et al., 2017).
MMP2, or gelatinase A, is produced by skeletal muscle fibres and has been shown to play
critical roles in differentiation, regeneration and repair of skeletal muscle (Nagase et al., 2006;
Zimowska et al., 2008; Chen & Li, 2009). An intracellular role of MMP2 has been investigated in
cardiac muscle subjected to ischemia-reperfusion. A substantial proportion of the total MMP2 in
cardiomyocytes is found in the cytosol (Ali et al., 2012; Baghirova et al., 2016) and MMP2 was
seen to associate with the contractile apparatus following ischemia-reperfusion (Wang et al., 2002).
It has been proposed that intracellular MMP2 in cardiomyocytes is responsible for the proteolysis
of troponin I (Wang et al., 2002), myosin light chain-1 (MLC-1) (Sawicki et al., 2005) and titin
(Ali et al., 2010) occurring with ischemia-reperfusion injury. The same group also showed that
peroxynitrite treatment of cardiac cells activated MMP2 and resulted in degradation of α-actinin
and desmin (Sung et al., 2007). Although troponin I was suggested as an intracellular substrate of
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MMP2 in cardiomyocytes with ischemia-reperfusion injury (Wang et al., 2002), it is more generally
thought to be degraded by calpains (Ke et al., 2008), which are Ca2+-dependent cysteine proteases
involving in the proteolysis of sarcomeric proteins in both cardiac and skeletal muscle (Portbury et
al., 2011). The Ca2+ sensitivity of MMP2 activation has not been reported. In contrast, little is
known about the cellular localization and possible intracellular actions of MMP2 in skeletal muscle.
One study on fixed skeletal muscle fibres reported co-localization of intracellular MMP2 staining
and Ca2+-stimulated gelatinolytic activity, with accompanying immunogold electron microscopy
indicating that the bound MMP2 was concentrated at the Z-lines of the sarcomeres, in the nuclear
membrane, and in mitochondria (Hadler-Olsen et al., 2015). However, it is unclear how much of
the MMP2 is located intracellularly in unfixed muscle cells, whether this MMP2 is predominantly
diffusible or bound, and most importantly whether it is proteolytically active at normal intracellular
Ca2+ concentrations.
Gelatin in-gel zymography is commonly used to detect the activity of gelatinases such as
MMP2 and MMP9 (Snoek-van Beurden & Von den Hoff, 2005). However, standard gelatin
zymography does not actually indicate the true in situ activity of MMP2 and MMP9; during SDSPAGE, MMP2 and MMP9 undergo non-physiological activation because the presence of SDS
allows release of the propeptide out of the catalytic domain (Springman et al., 1990; Ra & Parks,
2007; Cauwe & Opdenakker, 2010; Vandooren et al., 2013). After renaturing, by washing away the
SDS, pro-MMP2 and pro-MMP9 still remain active and degrade gelatin, and so display
gelatinolytic activity on zymography. Thus, in order to gauge the actual in situ activity of the MMPs,
the substrate zymography needs to be performed under native conditions and, importantly, utilising
normal physiological intracellular levels of Ca2+.
Here, we used quantitative western blotting to detect MMP2 in skeletal muscle, using a
carefully validated antibody. By comparing the signals with those of known amounts of
recombinant MMP2 pure protein, it was possible to quantify the absolute amount of MMP2 present
in skeletal and cardiac muscle. In addition, by comparing MMP2 levels in intact muscle fibres with
that present in mechanically-skinned fibres, which completely lack any extracellular matrix, it was
possible to determine the proportions of MMP2 located intracellularly and extracellularly.
Furthermore, the proportion of the MMP2 that was freely diffusible within the freshly skinned fibres
could be readily determined simply by bathing the skinned fibres in a physiological solution for a
set time and examining the amount of MMP2 diffusing out. Finally, the gelatinolytic activity of
MMP2 in human and rat muscle was detected by gelatin zymography, comparing the standard SDS
methodology with zymography under native conditions, and examining the effects of different
[Ca2+], in order to determine whether the MMP2 degrades the substrate at normal intracellular Ca2+
levels.
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3.2 Materials and methods
3.2.1 Materials and antibodies.
All chemicals were purchased from Sigma (Sydney, Australia) unless otherwise stated.
Antibodies were probed on western blotting included Anti-MMP2 (#4022, Cell Signaling, USA,
1:1000), anti-MMP2 (Ab92536, Abcam, UK, 1:2000), anti-MMP2 (Ab37150, Abcam, UK, 1:1000),
anti-MMP2 (Ab19015, Chemicon international, USA, 1:1000), anti-calpain-1 (#C0355, Sigma
Aldrich, USA, 1:1000), anti-GAPDH (Ab8245, Abcam, UK, 1:1000), anti-SERCA2a
(sarcoplasmic reticulum Ca2+ pumps) (A010-20, Badrilla, UK, 1:2000), and anti-Laminin (L9393,
Sigma, USA, 1:1000). Human recombinant pro-MMP2 (PF037, Millipore, Germany, 72 kDa),
human recombinant active-MMP2 (PF023, Millipore, Germany, 64 kDa), recombinant mouse/rat
MMP2 (924-MP-010, R&D systems, USA, 72 kDa) and calpain-1 from Human Erythrocytes
(208713, Calbiochem, Germany, 80 kDa) were used.
3.2.2 Animal experiments and ethics.
All animal procedures were approved by the La Trobe University Animal Ethics Committee.
Male Sprague Dawley rats (4-6 months old, n = 10) were sacrificed by overdose of isoflurane (4%
vol : vol), and then the rat heart, extensor digitorum longus (EDL), soleus (SOL), brain, kidney,
thymus, diaphragm, spleen, and liver were excised, snap frozen in liquid nitrogen, and stored at 80°C for sample preparation. Rat SOL muscle and human vastus lateralis muscle were used for
antibody validation. Rat SOL and EDL muscles, rat heart and human muscle were used to quantify
MMP2 and calpain-1 in rat and human skeletal muscles, and rat heart. Isolated rat SOL and human
vastus lateralis muscle fibres were used for investigation of localization, subcellular distribution of
MMP2 in skeletal muscle. Both EDL and SOL muscles were used to examine the gelatinolytic
activity of MMP2 was examined in rat EDL and SOL muscles, brain, kidney, thymus, diaphragm,
spleen and liver, as well as human vastus lateralis muscle.

3.2.3 Human experiments and ethics.
Biopsies samples from the vastus lateralis muscle were obtained from 3 young adult male
volunteers. All human protocols and procedures were approved by the Human Research Ethics
Committees at Victoria University and at La Trobe University. Informed consent was obtained in
writing from all subjects and the studies conformed to the standards set by the Declaration of
Helsinki. The subjects were healthy and most participated in regular physical activity but were not
specifically trained in any sport. After injection of a local anaesthetic (1% lidocaine (lignocaine))
into the skin and fascia, a small incision was made in the middle third of the vastus lateralis muscle
of each subject and a muscle sample taken using a Bergstrom biopsy needle. An experienced
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medical practitioner took all biopsies at approximately constant depth. The excised muscle sample
was rapidly blotted on filter paper to remove excess blood and placed in paraffin oil.

3.2.4 Sample preparation.
Portions of human muscle and rat tissues (1:40 wt/vol) were homogenized in an ice-cold
solution containing 50 mM Tris-HCl, 150 mM NaCl2, 10 mM CaCl2, pH 7.5, using a polytron
homogenizer (Polytron PT 1200 E; Kinematica, Lucerne, Switzerland) 3 times at maximum speed
for ~8 s, placed on ice between each burst. Then, a half portion of the homogenate was transferred
to another centrifuge tube, to which was added (1:2 vol/vol) of 3x SDS loading buffer (consisting
of 125 mM Tris-HCl, pH 6.8, 4% SDS, 10% glycerol, 400 mM urea, 10% β-mercaptoethanol, and
0.001% bromophenol blue) for subsequent western blotting. The remaining half homogenate was
mixed with (1:3 vol/vol) 4x non-reducing loading buffer (consisting of 400 mM Tris-HCl, pH 6.8,
4% SDS, 20% glycerol, and 0.005% bromophenol blue) for the detection of gelatinolytic activity
on zymography.

3.2.5 APMA (p-Aminophenylmercuric acetate) activation.
Muscle samples were homogenized as described above (see sample preparation), and
treated with 1 mM APMA (p-Aminophenylmercuric acetate) for 1 h at 37

(Stetler-Stevenson et

al., 1989). Half amounts of the treated samples were transferred to another centrifuge tube and 3x
SDS loading buffer added, for detection of MMP2 on western blotting. The remaining sample had
4x non-reducing loading buffer (as above) added (at 1:3 vol/vol) and was used for detection of
gelatinolytic activity on zymography.

3.2.6 Dissection and skinning of single muscle fibres.
In order to investigate how much of the MMP2 is localized on the inside of skeletal muscle
fibres, segments of skinned and ‘intact’ (i.e. non-skinned) fibres were isolated from human vastus
lateralis and rat SOL muscles, as described previously (Murphy et al., 2009b; Lamb & Stephenson,
2018). Briefly, the muscles or muscle biopsies were pinned down in a Sylgard-coated dish and
immersed in paraffin oil for dissection of single fibres under a microscope. A segment of a fibre
~2mm long was skinned using jeweler’s forceps by pulling away some myofibrils on one side,
causing the sarcolemma to roll back along the length of the fibre segment. Groups of 15 intact or
skinned fibre segments were collected for western blotting in 30 µl of a K+-based physiological
buffer (mM: 126 K+, 36 Na+, 8.5 total Mg2+, 90 HEPES, 8 ATP, and 10 creatine phosphate, with
free Ca2+ weakly buffered with 50 mM HDTA (Fluka, Buchs, Switzerland)), to which was added
15 µl of 3x SDS loading buffer.
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3.2.7 Subcellular distribution of MMP2 in skinned muscle fibres.
To examine the distribution and diffusibility of MMP2 inside muscle fibres, groups of freshly
skinned fibres (10-15 fibre segments tied together with silk suture, total fibre volume ~0.15 µl) were
placed in 30 µl of K+-based physiological buffer (as above) for 10 min. The tied fibre segments
were then transferred to another centrifuge tube containing the same amount of the buffer and 1%
(vol/vol) Triton X-100 and washed for a further 10 min. Afterwards the treated fibre segments were
collected in another tube in the same amount of buffer (overall procedure illustrated in (Wette et
al., 2017)). The skinned fibres were vortexed periodically during each exposure period. Finally, 15
μl of 3x SDS was added to each of the three tubes (i.e. to the initial wash solution, to the wash
solution with Triton, and to the skinned fibres in the final solution), and these samples were run
side by side in subsequent western blotting. In a subset of cases, the procedure was carried out using
a buffer solution with 50 mM EGTA2- instead of 50 mM HDTA2-, so as to strongly buffer the free
Ca2+ at a very low level (~1 nM); this appeared to aid in the dispersal of the membrane-associated
SERCA proteins during the treatment with 1% Triton-X100 (see Results).

3.2.8 Crude fractionation of muscle homogenate.
To further confirm the distribution of MMP2 within skeletal muscle, whole muscle
homogenates were fractionated to separate the subcellular compartments. Rat and human muscles
were homogenized as described above (see sample preparation). A portion (100 µl) of
unfractionated rat muscle homogenate (with 50 μl of 3x SDS loading buffer added) was used as a
control in the western blotting. A similar amount (100 μl) of the unfractionated homogenate was
centrifuged at 14,000 g for 10 min at 4°C. The supernatant (~100 µl), containing cytosolic proteins,
was transferred to a centrifuge tube and 50 μl of 3x SDS loading buffer added. The pellet was
resuspended in a further 100 µl of the buffer solution used for homogenizing and 50 μl of 3x SDS
loading buffer added. All samples were incubated at room temperature (RT) for 1 h, and
subsequently stored in -80°C for analysis. When equal volumes of such supernatant, pellet and
whole muscle preparations are run on a gel and examined by western blotting, the sum of the
densities of a given band in the supernatant and pellet fractions should approximately equal density
of that band in whole muscle sample (see Fig. 3.5C and also (Wette et al., 2017)).
Crude fractionation of the human muscle homogenates into three subfractions was
performed similarly to Wette et al. (Wette et al., 2017). Briefly, 100 μl of unfractionated sample of
the human muscle homogenate, with 50 µl of 3x SDS loading buffer added, was used as the whole
muscle sample. A similar amount (100 μl) of the same human muscle homogenate was centrifuged
at 14,000 g for 10 min at 4°C. The supernatant (~100 μl), containing cytosolic proteins, with 50 μl
of 3x SDS loading buffer added, was denoted as the ‘cytosolic fraction’. The pellet was resuspended
in 100 μl of the solution used for homogenizing with 1% added Triton X-100, incubated for 10 min
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on ice, and then centrifuged at 14,000 g for 10 min at 4°C. The supernatant (~100 μl), containing
membrane bound proteins was removed, and 50 μl of 3x SDS loading buffer added, and this was
denoted as the ‘membranous fraction’. Lastly, the pellet, including nuclei and cytoskeletal proteins,
was resuspended in 100 μl of the solution used for homogenizing, and 50 μl of 3x SDS loading
buffer added, and denoted as the ‘cytoskeletal and nuclear fraction’ (e.g. see Fig. 3.6C).

3.2.9 Western blotting.
The abundance of MMP2 in muscle samples was detected by quantitative western blotting
that was performed as described previously (Mollica et al., 2009; Wette et al., 2017). Briefly,
prepared samples were separated on 4-15% Criterion Stain-Free Gels (Bio-Rad, Hercules, CA) at
200 V for 45 min. Total proteins on Stain-Free Gels were imaged (Bio-Rad Stain-Free Imager) and
transferred onto a nitrocellulose membrane at 100 V for 30 min. After blocking for ~2 hr at RT,
membranes were probed for MMP2, GAPDH, SERCA2a, and Laminin (see Materials and
antibodies) overnight at 4°C. Membranes were exposed to goat anti-mouse (PIE31430, Thermo
Fisher Scientific, 1:20,000) or anti-rabbit (PIE31460, Thermo Fisher Scientific, 1:60,000)
horseradish peroxidase (HRP) for 1 hr at RT. Following exposure to chemiluminescence substrate
(Thermo Scientific, SuperSignal West Femto), membranes were imaged using a CCD camera
attached to ChemiDoc MP (Bio-Rad), and the densitometry was performed using Image Lab
software (version 6.0, Bio-Rad). For analysis of values from western blotting, the density of a given
band was adjusted to a calibration curve (generated by loading a range of amounts of an
unfractionated homogenate mixture of muscles from independent individuals, not shown), and then
normalised by the total protein in that lane obtained from the Stain-Free gel (see (Mollica et al.,
2009)).

3.2.10 Gelatin zymography.
Gelatin zymography was used to investigate the gelatinolytic activity of MMP2 in muscle
and other tissues. Samples prepared in non-reducing loading buffer (see sample preparation) were
run on 8% SDS-polyacrylamide gels copolymerized with 1.0 mg/ml gelatin (Bio-rad, Australia)
(Vandooren et al., 2013). After electrophoresis, gels were washed twice for 40 min each in a buffer
containing 2.5% Triton X-100, 50 mM Tris-HCl, 5 mM CaCl2, and pH 7.6, to remove SDS. Then
the gels were transferred in a solution (50 mM Tris-HCl, 5 mM CaCl2, pH 7.6) and washed twice
for 15 min each. Following washing, the gels were incubated for overnight (~17 h) at 37°C in a
buffer containing 50 mM Tris-HCl, 150 mM NaCl, 10 mM CaCl2, 1 μM ZnCl2, 0.02% NaN3, and
pH 7.5. After staining in a solution including 0.05% Coomassie R 250, 30% methanol and 10%
acetic acid for 3 h, and destaining with 30% methanol and 10% acetic acid in water for 3 h,
gelatinase activity was visualized against a dark blue background. Zymography gels were imaged
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using a CCD camera attached to ChemiDoc MP (Bio-Rad). The white areas seen against a dark
background (e.g. Fig. 3.7) were generated by the degradation of gelatin by MMP2. Densitometry
was performed using Image Lab software (version 6.0, Bio-Rad), after inverting the signal from
white to black.

3.2.11 Zymography under native conditions.
Gelatinolytic activities of human recombinant pro- and active-MMP2 under native
conditions were determined on blue native gel copolymerized with 1 mg/ml gelatin. The preparation
of blue native gel and electrophoresis were based on the method of Schagger and von Jagow
(Schagger & Vonjagow, 1991). Pro- and active-MMP2 pure proteins were prepared in a loading
dye containing (5% Coomassie Blue G, 500 mM ε-amino n-caproic acid, 100 mM Bis-Tris pH 7.0),
and loaded onto 8% blue native gels copolymerized with gelatin and run for 45 min at 150 V, and
25 min at 250 V. Following electrophoresis, the gels were incubated overnight (~17 h) at 37°C in a
buffer containing 50 mM Tris-HCl, 150 mM NaCl, 0 to 10 mM CaCl2, 1 μM ZnCl2, 0.02 NaN3, and
pH 7.5, and destained in double distilled water. Then the blue native gels copolymerized with
gelatin were imaged and analysed as described above (see gelatin zymography).

3.2.12 Statistics.
Unpaired Student’s t tests were used to compare the relative amounts of MMP2 in EDL and
soleus muscles, and in intact and skinned muscle fibres. A paired Student’s t test was used to analyse
the relative amounts of MMP2 in the supernatant and pellet following whole muscle fractionation.
Data are presented as mean ± SD, unless otherwise stated. Significance was set at P < 0.05. All
statistics were performed using GraphPad Prism 6.
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3.3 Results
3.3.1 Antibody validation.
Similarity analysis of the protein sequences of MMP2 from human, mouse and rat
conducted by BLAST, indicates that MMP2 in rat and mouse is 99% homologous, and both share
97% homologous sequence with human MMP2 (Fig. 3.1A). The regions of the protein sequence
used for the production of various anti-MMP2 antibodies are also shown (Fig. 3.1A).
Four different antibodies for MMP2 were tested by western blotting (Fig. 3.1). APMA (4aminophenylmercuric acetate) treatment, which activates pro-MMP2 (72 kDa) leading to its
autocatalysis and generation of active-MMP2 (64 kDa) (Kherif et al., 1999; Ra & Parks, 2007;
Cauwe & Opdenakker, 2010), was used to help identify true MMP2 bands. The Ab92536 antibody
was found to detect M/R MMP2 pure protein, migrating at ~72 kDa, as well as human recombinant
pro- and active-MMP2 pure proteins, migrating at ~72 kDa and ~64 kDa respectively (Fig. 3.1B).
Importantly, it also detected pro- and active-MMP2 in rat SOL muscle, with the APMA treatment
seen to result in >90% conversion of the pro-MMP2 to its active form, allowing the MMP2 bands
to be clearly distinguished from other non-specific bands (Fig. 3.1B). APMA treatment also caused
similar conversion of pro-MMP2 to active MMP2 in human skeletal muscle (Fig. 3.1B).
In contrast, two other antibodies examined (#4022, Fig. 3.1C; and Ab19015, Fig. 3.1D)
were found not to be useful. Although each antibody was able to detect isolated MMP2 pure proteins,
they did not detect the MMP2 present in skeletal muscle preparations; the antibodies labelled many
bands but none of these were evidently MMP2 because they were completely unaltered by the
APMA treatment, which was shown with the Ab92536 antibody to cause autocatalysis of proMMP2 to active form in exactly the same treated muscle homogenate preparation (Fig. 3.1B). The
findings with all the antibodies were confirmed in at least three independent preparations. A fourth
antibody (Ab37150) was also examined because it had been used in an earlier immunofluorescence
study of mouse and human skeletal muscle (Hadler-Olsen et al., 2015). Albeit that this examination
was under denaturing conditions, whilst this antibody was found to detect pure pro- and activeMMP2 proteins, there were many bands detected in both rat and human muscle (Fig. 3.1E),
suggesting that antibody validation should be included when used for immunofluorescence
examination.
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Fig. 3.1. Testing the appropriateness of MMP2 antibodies in western blotting. A. Sequence alignment for immunogens of the MMP2 antibodies used. Similarity
analysis of MMP2 in human, mouse and rat species using BLAST. Antigen of #4022 is around amino acid 116 (green rectangle), catalytic domain of rat MMP2 is in
red rectangle and Ab19015 uses an antigen of this full region, Ab37150 peptide used in purple rectangle and Ab92536 in blue rectangle. Numbers of amino acids
indicated (right). Non-conserved amino acids of MMP2 from three species highlighted in grey. Rat SOL and human vastus lateralis muscle homogenates (100 μg wet
weight muscle) treated or not treated APMA (4-aminophenylmercuric acetate, 37°C, 1 hour), along with Mouse/Rat pure pro-MMP2 protein (M/R MMP2), and human
pro- and active-MMP2 pure proteins (0.2 ng), probed for MMP2 with Ab92536 (B), #4022 (C), Ab19015 (D), and Ab37150 (E) antibodies. B, Detection with Ab92536
antibody of pro-MMP2 and active-MMP2 (indicated with red arrows) in rat SOL and human vastus lateralis muscle samples treated or not treated with APMA; many
non-specific bands were labelled. C & D, Failure of antibodies #4022 and Ab19015 to detect pro-MMP2 and active-MMP2 in rat SOL and human vastus lateralis
muscle samples. E, Detection with Ab37150 antibody of pro- and active-MMP2 in rat SOL muscle homogenate treated or not treated with APMA and many non-specific
bands detected, suggesting that the antibody is may not suitable for immunofluorescence (IF) studies but that this antibody should be validated before use in IF studies;
failure detection with the antibody of pro- and active-MMP2 in human vastus lateralis muscle samples. For all panels, molecular weight markers are indicated. Stain
Free gels (below panels) indicative of total protein loaded.
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3.3.2 Quantification of MMP2 in muscle.
The absolute amounts of MMP2 in samples of rat skeletal and cardiac muscle, and human
skeletal muscle, were quantified by comparison against known amounts of the respective MMP2
pure protein run on the same gels (e.g. Fig. 3.2A & B). For each gel, a ‘standard curve’ for the
relevant pure MMP2 protein was generated by plotting the observed western blot band density of
each protein aliquot versus the amount loaded (Fig. 3.2C). The amount of MMP2 present in each
of the muscle samples run on that same gel could then be determined by comparison against the
relevant standard curve, as illustrated in Fig. 3.2C; in that example the 125 µg sample of skeletal
muscle from subject S1 on that gel contained ~0.22 ng MMP2. This procedure was repeated for
each muscle sample on at least two independent gels. The mean of amount of MMP2 present in rat
SOL muscle was determined to be 12.6 ± 6.6 nmol/kg wet weight in rat SOL muscle (n = 6 rats)
(Fig. 3.2D). Moreover, it was found that similar absolute amount of MMP2 in rat SOL muscle was
obtained using Ab92536 and Ab37150 antibodies (Fig. 3.1B & 3.1E). A broadly similar absolute
amount of MMP2 was also found in both rat heart (total heart) (10.7 ± 5.6 nmol/kg wet weight, n =
5 rats) and human vastus lateralis muscle (20.3 ± 3.8 nmol/kg wet weight, n = 3 subjects, repeated
over two gels in duplicate or triplicate) (Fig. 3.2D). Comparison between rat SOL and EDL muscles
showed no significant difference (p > 0.05, unpaired Student’s t test) (Fig. 3.2 E & F).
The amount of calpain-1, an important intracellular calcium-dependent protease, was
similarly measured in rat skeletal and cardiac muscle, by comparison against human calpain-1 pure
protein, assessing each tissue sample at least three times. The absolute amount of calpain-1 was
found to be 1.0 ± 0.2 µmol/kg (mean ± SD, n=7 rats) in rat skeletal muscle, 0.6 ± 0.1 µmol/kg in
rat cardiac muscle (n=4 rats) and 1.3 ± 0.2 μmol/kg (n = 2 subjects) in human vastus lateralis (Fig.
3.2G).
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Fig. 3.2. Quantification of MMP2 protein amount in rat skeletal and cardiac muscle and human
skeletal muscle. A, M/R MMP2 pure protein (0.4, 0.2, 0.1 ng), and rat SOL (30, 70, 100 µg) and
heart homogenates (100 µg), with or without APMA treatment, detected using Ab92536 antibody.
B, Human vastus lateralis muscle homogenates loaded in duplicate or triplicate (40, 80, 125 µg)
and human pro-MMP2 pure protein (0.1, 0.2, 0.4 ng) as indicated. Vertical dashed lines used to
demarcate lanes of three subjects (S1 - S3). In A and B, Stain Free gels for myosin shown
underneath, non-specific bands indicated, and molecular weight markers shown. C, Standard curve
of MMP2 pure protein in B, derived by plotting pure pro-MMP2 amount (0.1, 0.2, 0.4 ng; x-axis)
versus the respective relative band density of western blot (y-axis). (Where protein amount was
examined in duplicate (0.4 ng), average of western band densities plotted). Dashed line illustrates
how the band density of the 125 µg S1 human muscle sample on the same gel shows it contained
~0.22 ng MMP2, corresponding to ~24 nmol/kg wet weight muscle. D, Individual values, and mean
± SD, of absolute amount of MMP2 in rat SOL (n = 6), rat heart (n = 5) and human vastus lateralis
muscle (n = 3); n indicates number of independent animals/subjects, with human samples each
analysed on at least two separate western blots. E, Representative western blot of MMP2 in
homogenates of rat slow-twitch muscle (SOL, 60, 30, 15 µg) and fast-twitch muscle from five
different rats (EDL, ~70 µg), along with pro- and active-MMP2 pure proteins (0.1, 0.2, 0.4, 0.8 ng)
probed using Ab92536 antibody. Non-specific bands and molecular weight marker as indicated.
Stain Free gel shown below. F, Pooled data (and mean ± SD) of relative amount of MMP2 in SOL
(n = 7 rats) and EDL (n = 5 rats); values not significantly different (p > 0.05, unpaired Student’s t
test). G. Calpain-1 pure protein (10, 5, 2.5, 1 ng), and rat SOL (n = 3), EDL (n = 2), and heart (n
= 3), and human muscle homogenates (n = 2 subjects), detected for calpain-1.

3.3.3 Localization of MMP2 in rat muscle fibres.
The localization of MMP2 in skeletal muscle fibres was investigated by removing the
extracellular matrix (ECM) and sarcolemma by microdissection under paraffin oil, so as to separate
the ECM from the intracellular contents. Segments of ‘skinned’ (Sk-F) and ‘intact’ (i.e. non-skinned)
fibres of rat SOL muscle were run side by side on gels and examined by western blotting (Fig. 3.3A).
Laminin, a protein marker for the ECM, was completely removed by the fibre skinning in all cases
(Fig. 3.3A). It was found that the amount of MMP2 in the skinned fibre segments was ~70% of that
present in the intact fibres, indicating that ~30% of the total MMP2 was associated with the ECM
and the remaining ~70% was associated with the intracellular milieu (Fig. 3.3B). To ascertain if
active-MMP2 was present in either the intact or skinned fibers, SOL muscle samples either APMA
treated or not, were run on the same gels, to positively identify activated MMP2. No active-MMP2
was seen in either intact or skinned fiber segments (Fig. 3.3A).
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Fig. 3.3. Comparison of MMP2 amounts in intact and skinned rat muscle fibres. A, Western blot
of MMP2, probed with Ab92536 antibody (top western blot), the extracellular matrix protein,
laminin (middle western blot) and SERCA2a (bottom western blot) in segments of ‘intact’ (In) and
‘skinned’ (Sk-F) SOL fibers (15 fiber segments in each). SERCA2a, along myosin on the Stain Free
gel (top panel) reflect loading amounts of total protein. SOL homogenate with or without APMA
treatment and M/R pro-MMP2 pure protein loaded on same gel. Pro- and active-MMP2, nonspecific bands, and molecular weight markers (M) indicated. B, Pooled data (and mean ± SD)
showing relative amount of MMP2 in intact and skinned fibers (n = 8 sets of fiber segments in each).
* Significantly different (p < 0.05, unpaired Student’s t test). Labels on right denote MMP2 that
can be apportioned to the extracellular matrix and sarcolemma, and the intracellular milieu, using
the mean values.
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3.3.4 Subcellular distribution of MMP2 within rat skeletal muscle fibres.
Additional skinned fibre segments from rat SOL muscle were washed in a K+-based
physiological intracellular solution (W) for 10 min, in order to allow any freely diffusible contents
in the cytosol to diffuse out into the bathing solution. The fibres were then removed and washed for
a further 10 min in a similar solution with 1% added Triton-X100 (Wtr), to dissociate sarcoplasmic
reticulum (SR) and similar internal membranes, before finally removing the fibres for separate
analysis (F-rem). Subsequent western blot analysis of these fractions (e.g. Fig. 3.4A) demonstrated
that on average ~57% of the MMP2 in the skinned fibres was freely diffusible in the cytosol, along
with most GAPDH, ~6% of the MMP2 dissociated with the subsequent 10 min Triton treatment,
and ~37% of the MMP2 remained in the skinned fibre (Fig.s 3.4A & B). In the experiments shown,
the Triton treatment only caused washout of some of the SERCA2Aa proteins in the SR membrane.
This differed from findings in our previous study using Triton treatment of skinned fibres (Murphy
et al., 2009b), where ~90% of the SERCA washed out, and this was most likely because the free
Ca2+ was not strongly buffered at a low level in the present experiments, allowing the fibres to
contract when the Triton lysed the SR. Additional experiments with the calcium buffered with
50 mM EGTA resulted in near complete washout of the SERCA2a with Triton treatment (not
shown), but the proportion of MMP2 washed out was still similar to that presented in Fig. 3.4B. In
line with the subcellular distribution of MMP2 found above in the skinned muscle fibres, crude
fractionation of rat SOL muscle homogenate into supernatant and pellet also indicated that ~65%
of the MMP2 was present in the cytosol (supernatant), where all the GAPDH was found, and ~35%
of the MMP2 was found in the pellet (Fig.s 3.4C & D).
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Fig. 3.4. Subcellular distribution of MMP2 in rat SOL muscle fibres. A, Western blot of MMP2
in intact and skinned SOL fibres (segments of 10-15 fibres in each); the skinned fibre segments were
further divided into three fractions: that diffusing out with a 10 min wash (W), that removed by a
further 10 min wash with added Triton X-100 (Wtr), and that remaining in the fibre segments (Frem). Active MMP2 pure protein and SOL homogenate (Homo) also run on same gel. Western blots
for laminin (marker of extracellular matrix), GAPDH (cytosol) and SERCA2a (sarcoplasmic
reticulum (SR) membrane) also shown. Stain Free gel for myosin (top) used as a loading control;
absence of myosin in W and Wtr confirms no contractile proteins in those fractions. Vertical dashed
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lines added for ease of distinguishing sets of skinned fibre fractions (W, Wtr, F-rem) from intact
fibres (In). Non-specific bands and molecular weight markers (M) indicated. B, Proportion of
MMP2 in skinned fibres found in wash (W), in triton wash (Wtr), and remaining in fibre (F-rem);
individual values in n = 9 sets of fibres and mean ± SD; * indicates significantly different (p < 0.05,
one way ANOVA, Tukey multiple post-hoc test). C, Western blot of SOL muscle, showing both whole
homogenate (Wh) and portion separated into supernatant (Super) and pellet, and M/R pro-MMP2,
probed for MMP2, SERCA2a (SR membrane), and GAPDH (cytosol). Stain free gel shown beneath
indicates the presence of myosin (indicated) in the whole muscle and pellet fractions. D, Proportion
of MMP2 in SOL muscle homogenate found in cytosol (supernatant) and membrane-cytoskeletal
compartments (pellet) (* p < 0.05, paired Student’s t test, n = 3); different colours indicate different
rats.

3.3.5 Subcellular distribution of MMP2 in human muscle fibres.
MMP2 localization was also examined using segments of intact (In) and skinned (Sk-F)
fibres from human vastus lateralis muscle. As with the rat fibres, the fibre skinning procedure
removed all the ECM, as indicated by the absence of virtually all laminin in the skinned fibres (Fig.
3.5A), and ~70% of the total MMP2 was found to be present inside the muscle fibres (Fig. 3.5B).
Fractionation of whole homogenates of human muscle into cytosolic (Cyt), membrane (Mem), and
cytoskeletal (Csk) fractions, also indicated that the majority of the MMP2 in human fibres is
diffusible in the cytosol, with little associated with intracellular membranes or present in the
cytoskeletal and nuclear fraction (n = 2 subjects) (Fig. 3.5C).
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Fig. 3.5. Subcellular distribution of MMP2 in human muscle fibres. A, Human intact (In) and
skinned (Sk-F) fibres (segments of 15 fibres in each collected from one subject) probed for MMP2
(top, using Ab92536 antibody) and laminin (middle). B, Relative amount of MMP2 in intact and
skinned fibres, for 7 sets of fibres from 3 subjects (subjects in different colours); individual values
and mean ± SD shown. Although the two sets of values were not significantly different (p > 0.05,
unpaired Student’s t test), the mean levels are a guide to the proportions of the total MMP2
associated with the ECM and the intracellular milieu, as Fig. 3.3B. C, Representative western blot
of human vastus lateralis muscle (collected from a different subject, repeated in a third, not shown)
whole homogenate (Wh, with and without APMA treatment), and its fractionation into cytosolic
(Cyt), membrane (Mem), cytoskeletal (Csk) compartments, probed for MMP2, SERCA2a, and
GAPDH. Most of the MMP2 was found to be cytosolic in the muscle of both human subjects
examined (each muscle sample examined twice). Stain Free gel of total protein shown at bottom.
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3.3.6 Gelatinolytic activity of MMP2 seen with gelatin zymography.
The enzymatic activity of MMP2 in human muscle and rat tissues was first examined using
standard SDS-based gelatin zymography (e.g. Fig. 3.6A). The single white band against the dark
background apparent in the zymogram of human vastus lateralis muscle indicated gelatinolytic
activity of the pro-MMP2 isoform, with very little activity of the active-MMP2 isoform (Fig. 3.6A).
In rat SOL muscle and other tissues, both the pro- and active-MMP2 isoforms showed gelatinase
activity, as well as a higher band that has been reported previously to represent a rodent-specific
glycosylated MMP2 (Gao et al., 2003; Hessel et al., 2008), although we did not verify this. APMA
treatment, which promotes activation of pro-MMP2 and its autocatalysis to the active isoform,
resulted in a substantial increase in total gelatinase activity in both rat EDL and SOL muscle (Fig.
3.6B) and human vastus lateralis muscle (Fig. 3.6C), with a very noticeable increase in activity by
the active-MMP2 isoform, as well as by an intermediate isoform particularly in the rat muscle.
However, it is been previously noted that the SDS reagent utilised in the standard gelatin
zymography process can cause pro-MMP2 to artificially show gelatinase activity (Springman et al.,
1990; Ra & Parks, 2007; Cauwe & Opdenakker, 2010; Vandooren et al., 2013). This indeed was
evidently the case here, because recombinant pro-MMP2 pure protein displayed gelatinase activity
when examined with the standard zymographic procedure (Fig. 3.6A & C). It has previously been
suggested that pro-MMP2 may indeed be active (Cauwe & Opdenakker, 2010), but it did not show
any such activity when the zymography was performed under native (non-denaturing) conditions
without SDS, where only the active MMP2 isoform was seen to degrade gelatin (Fig. 3.6D).
Attempts were also made to examine MMP2 activity in muscle homogenates under native
conditions, but gelatinase activity was poorly resolved on such gels.
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Fig. 3.6. Comparison of gelatinolytic activity of MMP2 detected with standard procedure or
native conditions. A, Standard SDS-based zymogram, indicating gelatinolytic activity of proMMP2 in human vastus lateralis muscle (n = 3 subjects), and in rat SOL, brain, kidney, thymus,
heart, diaphragm, spleen, and liver (see Materials and Methods) with 20 pg pro-MMP2 as positive
control. Similar standard zymogram detection of gelatinolytic activity of MMP2 in rat EDL and
SOL muscle (B) and human vastus lateralis muscle (C), with or without APMA treatment as
indicated. D, Zymography of pro-MMP2 (50 ng) and active MMP2 (35 and 20 ng) pure proteins
examined under native conditions (see Materials and Methods). The white bands (A-C) or regions
(D) indicate gelatinolytic activity of MMP2. Gelatinolytic activity under denatured conditions (AC) and native conditions (D) both examined in presence of 50 mM Tris-HCl, 150 mM NaCl, 10 mM
CaCl2, 1 µM ZnSO4, 0.002% NaN3, pH7.5.
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3.3.7 Influence of Ca2+ concentration on gelatinolytic activity of MMP2.
The gelatinase activity described above, for both the standard and native zymography
conditions, was detected with incubation in 10 mM Ca2+, which is three to four orders of magnitude
higher than the intracellular [Ca2+] occurring during normal muscle activity (~0.1 to 20 µM). To
examine the effect of the incubating [Ca2+] on the level of gelatinase activity, standard zymography
was carried out on SOL muscle homogenates with the [Ca2+] set at various different levels between
0 and 10 mM, with all other conditions maintained the same (Fig. 3.7A). In the control homogenate
that had not been treated with APMA, no gelatinase activity was apparent at any [Ca2+] up to 1 mM.
In the APMA-treated homogenate, gelatinase activity was still not apparent at [Ca2+] below 100 µM,
and only became appreciable at and above 500 µM Ca2+ (Fig. 3.7A). The zymograms of the APMAtreated homogenates also showed marked dark bands (e.g. at ~20 kDa), which were most likely
proteolytic products of myosin and other muscle proteins produced during the APMA treatment
period in 10 mM Ca2+, possibly by either activated MMP2 (Rouet-Benzineb et al., 1999) or by
calpains (Goll et al., 2003) or other proteases.
To examine whether MMP2 can proteolyze gelatin at normal intracellular Ca2+ levels in the
absence of any effect of SDS, zymography was also performed under native conditions using
recombinant active MMP2 pure protein (Fig. 3.7B). Although the MMP2 did not run well in the
gel, it was evident from the degradation of gelatin (white regions) that the MMP2 was
proteolytically active to only a relatively small extent at 20 μM Ca2+, and it showed progressively
greater activity at higher Ca2+ concentration, reaching ~90% of maximal activity at 1 mM Ca2+ (Fig.
3.7C).
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Fig. 3.7. Influence of Ca2+ on gelatinolytic activity of MMP2. A, Representative zymography for
detection of gelatinolytic activity of MMP2 in rat SOL, with or without APMA treatment, incubated
in with different free [Ca2+] from 0 µM to 1 mM, and 50 mM Tris-HCl, 150 mM NaCl, 1 µM ZnSO4,
0.002% NaN3, pH7.5. White bands indicate gelatinolytic activity of pro-MMP2 and active MMP2
in muscle. Similar pattern of MMP2 activity observed in four independent experiments. B,
Gelatinolytic activity of active MMP2 pure protein (25 ng) under native conditions, with incubation
in 0 µM to 10 mM free Ca2+ as indicated; other constituents same as in panel A. White regions
indicate gelatinolytic activity of active MMP2. For A & B, zymography gels incubated in different
calcium concentrations, were imaged together. C, Plot of relative gelatinolytic activity of
active MMP2 detected by zymography under native conditions with different [Ca2+]; values from
six independent experiments shown in different shapes. Y axis shows activity relative to that
observed with 10 mM Ca2+ (values all expressed relative to that in 10 mM Ca2+) , and x axis shows
free [Ca2+] on log10 scale. Hill curve fitted to data.
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3.4 Discussion
In order to correctly identify the amount and location of MMP2 in skeletal muscle, it was
first necessary to validate the MMP2 antibodies that could be most reliably used (see Fig. 3.1). Of
the four antibodies examined, it was found that Ab92536 accurately identified MMP2 by western
blot of rat and human skeletal muscle, with pro-MMP2 and active-MMP2 discerned from the nonspecific bands by the use of APMA treatment to trigger the autolysis of the 72kDa pro-MMP2
isoform to its 64 kDa active isoform (Kherif et al., 1999; Ra & Parks, 2007; Cauwe & Opdenakker,
2010). We provide evidence that the other three MMP2 antibodies examined (#4022, Ab19015 and
Ab37150) either did not correctly identify MMP2 in human skeletal muscle, or it labelled seemingly
specific as well as non-specific proteins in rat skeletal muscle. In addition, it is evidently that all
four MMP2 antibodies labelled various non-MMP2 proteins in rat and human skeletal muscle (Fig.
3.1).
There is growing research about the changes in MMP2 protein levels and gene expression
during differentiation and regeneration of skeletal muscle (Lluri & Jaworski, 2005; Zimowska et
al., 2008; Nowak et al., 2018). Further, whilst MMP2 knock-out mice do not show gross
abnormalities, they have a significantly slower growth rate, ~15%, compared with wild-type litter
mates, supporting a role for MMP2 in development (Itoh et al., 1997). Nevertheless, the absolute
amount of MMP2 present has not been ascertained in either skeletal or cardiac muscle, even though
this is clearly important for fully understanding the significance of MMP2 in cellular function. This
study established that there is only ~13 nmol of MMP2 present per kg of muscle in soleus (slowtwitch) muscle of the rat (Fig. 3.2D), with a similar absolute amount of MMP2 found also in both
rat cardiac muscle (~11 nmol/kg) and human vastus lateralis muscle (~20 nmol/kg, with that muscle
consisting of ~50% slow-twitch and ~50% fast-twitch fibres). In contrast, the absolute amount of
calpain-1 present in rat skeletal and cardiac muscle, and human vastus lateralis was found to be ~50
to 100 fold higher (~600 to 1300 nmol per kg, see Results). We used only the MMP2 bands that
were shown to shift in molecular weight with APMA treatment, but cannot exclude the possibility
that the antibodies used may detect a stable inhibitory complex of MMP2 and the values obtained
may be underestimated. With this in mind, the role the functional role of MMP2 in the development
of skeletal muscle will only be realised if a MMP2 specific target is identified, that would explain
the slower growth rate (Itoh et al., 1997), and that could not be performed by other, more abundant
proteases.
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3.4.1 Localisation of MMP2.
By physically removing the sarcolemma and all the ECM around a muscle fibres by
microdissection (see (Murphy et al., 2009b)) (Fig. 3.3A), it was further shown in both rat and human
skeletal muscle that only ~30% of the total MMP2 is associated with the ECM, with the majority
of the MMP2 instead being located inside the muscle fibres (Fig.s 3.3 & 3.5). Moreover, it was
found that the majority of the MMP2 inside the muscle fibres is freely diffusible, as shown by its
rapid washout when briefly bathing freshly skinned fibres in a comparatively large volume of a
solution mimicking the normal intracellular conditions (Fig. 3.4 A&B). The latter finding was
further verified by fractionating homogenates of skeletal muscle into diffusible (cytosolic) and nondiffusible components (Fig.s 3.4 C&D and Fig. 3.5C), although it cannot be excluded that some of
the diffusible MMP2 observed in the fractionation experiments came from the ECM or other
extracellular site. The findings are comparable with those seen with fractionation of cardiac muscle,
where approximately half of the total MMP2 in cardiac muscle partitioned into the diffusible
fraction (Baghirova et al., 2016). The relatively low proportion of the total MMP2 associating with
the ECM at first seems at odds with immunolocalization studies of MMP2 in skeletal muscle, which
show the most intense labelling around the periphery of fibres (e.g. (Zimowska et al., 2008; HadlerOlsen et al., 2015)). However, this is simply because i) most of the intracellular MMP2 inside the
muscle fibres is freely diffusible (see above) and would have been lost during the washing
procedures involved in preparing the sections for immunolocalization examination, and ii) the
signal emanating from the MMP2 inside the fibre is spread out over a comparatively large area
compared to the MMP2 in the ECM which is relatively confined near the periphery of the fibre.
Approximately 40% of the intracellular MMP2 in skeletal muscle fibres (i.e. ~28% of the
total MMP2), is non-diffusible, and is presumably bound to structural and/or contractile proteins or
associated with the nuclei, because it was not liberated by disruption of the sarcoplasmic reticulum
(SR) and similar intracellular membranes by a 10 min treatment with 1% Triton-X100 (Fig. 3.4).
Such detergent treatment typically causes almost complete dispersal of the SERCA pumps in the
SR (see (Murphy et al., 2009b) and Results) but is not sufficient to disrupt nuclear membranes
(Wette et al., 2017). Previous immunolocalization and electron microscopic examination of cardiac
(Wang et al., 2002; Kwan et al., 2004; Sawicki et al., 2005; Cho et al., 2007; Ali et al., 2010;
Hughes et al., 2014; Baghirova et al., 2016) and skeletal muscle (Hadler-Olsen et al., 2015) has
reported MMP2 binding at the Z-line and also more broadly across the thick and thin contractile
filaments, as well as within mitochondria and the nuclei, although as mentioned above there must
be some concern about the specificity of the MMP2 antibodies used in all immunolocalization and
electron microscopy studies. MMP2 has been found to proteolyze titin (Ali et al., 2010) and desmin
(Sung et al., 2007) in vitro, and also to proteolyze troponin I (Wang et al., 2002), α-actinin (Sung
et al., 2007) and MLC-1 (Sawicki et al., 2005) in cardiac muscle cells subjected to ischemiareperfusion or treated with peroxynitrite, which indicates that MMP2 can interact with each of these
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proteins, although it does not identify which, if any, of these proteins represent the main MMP2
binding sites in muscle.
Importantly, MMP2 has also been observed to co-localize with caveolin-3 (Cav-3) at the
Z-line in cardiac cells and with both Cav-3 and caveolin-1 (Cav-1) at the sarcolemma (Cho et al.,
2007), with other evidence further indicating that MMP2 directly interacts with at least Cav-1
(Chow et al., 2007). It seems likely that at least some of the MMP2 observed at the Z-lines in cardiac
muscle (Cho et al., 2007) is actually associated with the transverse (T-) tubular system rather than
Z-line structural proteins, because the T-tubules in cardiac muscle are positioned at the Z-line and
the Cav-3 inside both cardiac and skeletal muscle cells is associated with the T-tubules (Parton et
al., 1997; Ralston & Ploug, 1999; Murphy et al., 2009b; Wong et al., 2013; Bryant et al., 2018).
This is also strongly indicated by the fact that close examination of the pattern of in situ gelatinase
activity observed in transverse sections of skeletal muscle fibres (see Fig. 3E in (Hadler-Olsen et
al., 2015)) reveals that the activity, which is thought to indicate MMP2 localisation, appears as
small ring-like shapes encircling the individual myofibrils, exactly as observed previously for Cav3 (Murphy et al., 2009b) and the T-tubules themselves in such transverse sections of muscle fibres
(Jayasinghe & Launikonis, 2013). Thus, it appears that MMP2 is located not only around the surface
of each muscle fibre, but also deep throughout the inside of each fibre in association with the
network of T-tubules, which are, in effect, deep contiguous invaginations of the surface membrane
filled with high [Ca2+] extracellular fluid. This last point may be crucial for the function of this pool
of MMP2, as discussed below.

3.4.2 Gelatinolytic activity of MMP2 in rat and human muscle.
Gelatin zymography is a simple and sensitive technique widely used to analyse the
gelatinolytic activity of MMP2 in biological samples (Snoek-van Beurden & Von den Hoff, 2005).
In the present study, standard gelatinase zymography indicated that the gelatinase activity of MMP2
in quiescent skeletal muscle was attributable primarily or almost exclusively to the full-length pro
form of MMP2 in both rat and human muscle (Fig. 3.6A-C), in accord with previous findings in
mouse (Kherif et al., 1999) and human muscle (Rullman et al., 2007; Rullman et al., 2009).
However, it is emphasized that this does not indicate that MMP2 is proteolytically active in
quiescent muscle, because the observed activity resulted purely from the presence of SDS causing
artefactual activation of the pro-MMP2 (Springman et al., 1990; Ra & Parks, 2007; Cauwe &
Opdenakker, 2010), as demonstrated by our finding that pro-MMP2 displays no gelatinase activity
when assayed under native conditions in the absence of SDS (Fig. 3.6D) but does so when examined
by the standard SDS-based zymography (Fig. 3.6C). The results of the standard gelatinase
zymography nevertheless do clearly show that most of the MMP2 in quiescent skeletal muscle is
present in its the full-length, non-active, pro-form (Fig. 3.6), in good agreement with our western
blotting findings using Ab92536 (Fig. 3.1C & Fig. 3.2), with the ability of APMA to trigger
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proteolytic cleavage of the pro-MMP2 to its smaller active form being similarly apparent in both
the western blotting and the gelatinase zymography data.
Importantly, it was further found that MMP2 displays little or no gelatinase activity at
normal intracellular Ca2+ levels (Fig. 3.7). The intracellular [Ca2+] in a resting skeletal muscle fibre
is only ~0.1 µM and the peak level reached on average in the cytoplasm during muscle contractions
is only ~2 to 20 µM (Westerblad & Allen, 1991; Baylor & Hollingworth, 2003). All previous
examinations of gelatinase activity in skeletal or cardiac muscle, using either standard zymography
or in situ methodology (Kherif et al., 1999; Cheung et al., 2000; Choi & Dalakas, 2000; Frisdal et
al., 2000; Wang et al., 2002; Sawicki et al., 2005; Rullman et al., 2007; Rullman et al., 2009;
Hadler-Olsen et al., 2015; Baghirova et al., 2016), have examined the activity in the presence of 5
to 10 mM applied Ca2+, which is 3 to 5 orders of magnitude higher than the normal intracellular
levels. The gelatinase activity of active MMP2 assayed under native conditions was found to be
progressively reduced when the activating Ca2+ concentration was decreased below 1 mM, with the
activity being only ~10% of the peak level in the presence of 20 µM Ca2+ (Fig. 3.7C); this is
comparable to findings in cultured neurons, where MMP2 was found to show very little gelatinase
activity at [Ca2+] below 100 µM (Pittman, 1985). This Ca2+-dependence immediately raises the
question of whether the MMP2 found inside skeletal muscle cells is actually proteolytically active
to any appreciable extent under normal circumstances. Certainly, the majority of MMP2 in muscle
is found in its full-length pro form (Kherif et al., 1999; Rullman et al., 2007; Rullman et al., 2009;
Hadler-Olsen et al., 2015) (Fig. 3.6), even though MMP2 is thought to readily proteolyze itself if
activated (Ra & Parks, 2007). MMP2 did show some proteolytic activity at 20 µM Ca2+, the upper
limit that Ca2+ normally reached in the cytoplasm, but the assay involved Ca2+ exposure for a very
prolonged period (17 h), casting doubt about whether anything comparable would happen with
normal muscle activity. However, as noted in the previous section, it seems likely that a portion of
the MMP2 identified as ‘intracellular’ in muscle is closely associated with the T-tubular system. If
that pool of MMP2 is actually located within the T-tubular itself, it would be exposed to the normal
millimolar extracellular Ca2+ levels and consequently could be expected to show proteolytic activity
if activated by a suitable stimulus (e.g. oxidation, other MMP or protease etc. (Ra & Parks, 2007;
Cauwe & Opdenakker, 2010). Even if the MMP was instead located intracellularly just beneath the
T-tubular membrane within the triad junction, it could still be exposed to Ca2+ concentrations
reaching 100 µM or more upon opening of the adjacent SR Ca2+ release channels (Cannell et al.,
2013).
Finally, the identity of any proteolytic targets of the intracellular MMP2 in skeletal muscle
remains unclear. It has been reported that MMP2 can proteolyze cardiac titin (Ali et al., 2010) and
desmin (Sung et al., 2007), but those measurements were made with the proteins in vitro in the
presence of 5 mM Ca2+. MMP2 has also been reported to proteolyze troponin I (Wang et al., 2002)
and MLC1 (Sawicki et al., 2005) in cardiac cells subjected to ischaemia-reperfusion damage.
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However, troponin I and MLC1, as well as desmin and titin, are all also proteolyzed by calpain-1
(Goll et al., 2003; Lametsch et al., 2004). It was found in the present study that there is >50 times
more calpain-1 than MMP2 present in cardiac cells. Consequently, it seems quite likely that some
of the proteolysis of troponin I and MLC1 and other proteins seen in cardiac cells with ischaemiareperfusion was due to the action of calpain-1 rather than MMP2, particularly given that the rate of
proteolysis by active MMP2 was found to be comparatively low at the intracellular Ca2+ levels
reached in cardiac cells during and after ischaemia-reperfusion (~2 µM (Carrozza et al., 1992; Bolli
& Marban, 1999)) (Fig. 3.7C), whereas calpain-1, once activated, displays close to its maximal rate
of proteolysis at 2 µM Ca2+ (Murphy et al., 2006). In any experiments exploring MMP2 activity it
is clearly necessary to isolate the activity of calpain-1 from proteolytic activity of MMP2, and so
optimal, physiologically relevant conditions for MMP2 are required. MMP2 knock-out mice would
be useful in these circumstances to ascertain if the proteolysis of potential MMP2 targets occurred
with ischemia-reperfusion injury. Any MMP2 located within T-tubule lumen would be restricted to
interacting with proteins located there. Any MMP2 bound on the intracellular side of the T-tubules
would have limited access to most structural and regulatory proteins, whereas the large pool of
diffusible MMP2 present inside muscle cells (Fig.s 3.4 & 3.5) should be able to access most
intracellular proteins, though its primary targets remain undefined.

3.5 Conclusions
The present study has shown the absolute amount of MMP2 is similar in rat cardiac and
skeletal muscle, and human muscle. We have identified that of the total MMP2, only 30% is
localised to the ECM, with the majority of MMP2 localized inside skeletal muscle fibres. We further
identified that most of the intracellular MMP2 (~40% of the total MMP2) is freely diffusible in the
cytosol, very little is associated with membrane (~4%), and the rest is bound with cytoskeletal and
nuclear compartments (~28% of the total MMP2). In quiescent skeletal muscle, MMP2 is mainly
in the full-length, non-active pro-MMP2 state. MMP2 cannot substantially proteolyze gelatin until
the [Ca2+] reaches ~20 μM, the maximum [Ca2+] reached in the cytoplasm during muscle contraction,
although this was over a prolonged period and so does not represent a physiologically relevant
environment. Understanding the role for intracellular MMP2 is warranted and identification of an
intracellular target is needed, along with physiological circumstances that result in the activation of
pro-MMP2 to active-MMP2.
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CHAPTER 4 Quantification and distribution of MMP9 in
human skeletal muscle
4.1 Introduction
Matrix metalloproteinase 9 (MMP9), also known as gelatinase B, belongs to the gelatinases
sub-family of MMPs (Nagase et al., 2006). It is synthesized as an inactive proenzyme called proMMP9, which contains: a signalling peptide; a pro-peptide; a catalytic domain which binds zinc
(Zn2+) and has three fibronectin type

repeats; and a hemopexin domain (Woessner, 1998; Nagase

et al., 2006). X-ray crystallography of MMP9 revealed that the pro-peptide shields the catalytic
domain through the cysteine and Zn2+ interaction (Maskos, 2005). Through the dissociation of this
interaction, the catalytic domain opens up allowing the binding of either a water molecule or a
substrate (Vanwart & Birkedal-hansen, 1990). This binding results in inactive pro-MMP9 becoming
active. This activation can also be mediated by chemical reagents, such as SDS (Springman et al.,
1990; Ra & Parks, 2007; Cauwe & Opdenakker, 2010) and 4-aminophenyl mercuric acetate (APMA)
(Stetler-Stevenson et al., 1989). Further, other MMPs such as MMP3 (Okada et al., 1992), are also
able to proteolyse pro-MMP9 leading to the production of the active form. In addition, posttranslational glycosylation can affect MMP9 structure, activity, and interaction with substrates
(Bertozzi & Kiessling, 2001; Kotra et al., 2002; Vandooren et al., 2013; Duellman et al., 2015).
Studies indicate that MMP9 has 14 putative O-linked glycosylation sites (Mattu et al., 2000; Van
den Steen et al., 2006), and three putative N-linked glycosylation sites, although only two have
been confirmed to date (Kotra et al., 2002).
The role of MMP9 in the extracellular matrix of skeletal muscle has been investigated
extensively. Findings suggested that MMP9 abundance is increased in skeletal muscle with
inflammatory myopathy (Schoser et al., 2002; Li et al., 2009a), muscle dystrophy (Li et al., 2009a),
following ischemia-reperfusion injury (Roach et al., 2002), and is involved in the degradation of
extracellular proteins, such as type

collagen (Roach et al., 2002) and β-dystroglycan (Matsumura

et al., 2005). Furthermore, studies have revealed potential intracellular substrates of MMP9 in
skeletal muscle, including as poly-ADP-ribose polymerase-1 (PARP-1) (Yang et al., 2010), α-actin
(Cauwe et al., 2009) and myosin heavy chain (Rouet-Benzineb et al., 1999), supporting intracellular
roles of MMP9 in skeletal muscle (Cauwe et al., 2009). However, the intracellular function of
MMP9 in muscle is poorly understood, including what the MMP9 subcellular distribution is in
skeletal muscle and whether these are actual in vivo targets.
In the present study, PNGase F treatment of human skeletal muscle homogenates, which
causes the removal N-linked oligosaccharides, was used to identify MMP9 in human muscle by
western blotting and zymography as the deglycosylation treatment generates MMP9 with a slightly
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smaller molecular weight. Further validation of the intracellular presence of MMP included
immunoprecipitation of MMP9 from human skeletal muscle followed by gelatin zymography. By
comparing the signals with those of known amounts of human recombinant MMP9 pure protein, it
was possible to quantify the absolute amount of MMP9 present in human skeletal muscle. In
addition, by comparing MMP9 levels in human intact muscle fibres present in mechanicallyskinned fibers, which completely lack any extracellular matrix, it was possible to determine the
proportions of MMP9 located intracellularly and extracellularly. Furthermore, the crude subcellular
distribution of MMP9 was determined using mechanically-skinned muscle fibres.

4.2 Materials and methods
4.2.1 Materials and antibodies.
All chemicals were purchased from Sigma (Sydney, Australia) unless otherwise stated.
Antibodies details are described in Chapter 2 (Table 2.9). Antibodies probed on western blotting
included Anti-MMP9 (#3852, Cell Signaling, USA, 1:1000), anti-MMP9 (Ab19016, Abcam, UK,
1:1000), anti-MMP9 (Ab38898, Abcam, UK, 1:1000), anti-Glucose transporter 4 (GLUT4) (PA11065, ThermoFisher (Waltham, MA, U.S.A., 1:1000)), anti-MMP2 (Ab92536, Abcam, UK,
1:2000), anti-GAPDH (Ab8245, Abcam, UK, 1:1000), anti-SERCA2a (sarcoplasmic reticulum
Ca2+ pumps) (A010-20, Badrilla, UK, 1:2000), and anti-Laminin (L9393, Sigma, USA, 1:1000).
Human recombinant pro-MMP9 (PF038, Millipore, Germany, 92 kDa), human recombinant activeMMP9 (PF024, Millipore, Germany, 83 kDa), human recombinant pro-MMP2 (PF037, Millipore,
Germany, 72 kDa), human recombinant active-MMP2 (PF023, Millipore, Germany, 64 kDa) were
also used (Table 2.10).

4.2.2 Human experiments and ethics.
Biopsies samples from the vastus lateralis muscle were obtained from 6 young adult male
volunteers. All human protocols and procedures were approved by the Human Research Ethics
Committees at Victoria University and La Trobe University. Informed consent was obtained in
writing from all subjects and the studies conformed to the standards set by the Declaration of
Helsinki. The subjects were healthy and most participated in regular physical activity but were not
specifically trained in any sport. After injection of a local anaesthetic (1% lidocaine (lignocaine))
into the skin and fascia, a small incision was made in the middle third of the vastus lateralis muscle
of each subject and a muscle sample taken using a Bergstrom biopsy needle. An experienced
medical practitioner took all biopsies at approximately constant depth. The excised muscle sample
was rapidly blotted on filter paper to remove excess blood and placed in paraffin oil.
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4.2.3 Sample preparation.
Portions of frozen human muscle and rat tissues (1:40 wt/vol) were homogenized in an icecold solution containing 50 mM Tris-HCl, 150 mM NaCl, 10 mM CaCl2, pH 7.5, using a polytron
homogenizer (Polytron PT 1200 E; Kinematica, Lucerne, Switzerland) 3 times at maximum speed
for ~8 s, placed on ice between each burst. Then, a half portion of the homogenate was transferred
to another centrifuge tube, to which was added (1:2 vol/vol) of 3x SDS loading buffer (consisting
of 125 mM Tris-HCl, pH 6.8, 4% SDS, 10% glycerol, 400 mM urea, 10% β-mercaptoethanol, and
0.001% bromophenol blue) for subsequent western blotting. The remaining half homogenate was
mixed with (1:3 vol/vol) 4x non-reducing loading buffer (consisting of 400 mM Tris-HCl, pH 6.8,
4% SDS, 20% glycerol, and 0.005% bromophenol blue) for the detection of gelatinolytic activity
on zymography.

4.2.4 Enzymatic deglycosylation.
Frozen human muscle samples were homogenized as described above (see sample
preparation). A portion (20 μl) of human muscle homogenate was mixed with 2 μl of 10x a protease
inhibitor cocktail solution (PIC, Complete; Roche Diagnostics, Sydney, Australia) (1 tablet/1 ml
solution containing 50 mM Tris-HCl, 150 mM NaCl, 10 mM CaCl2, pH 7.5, with 1% (vol/vol)
Triton X-100 added), and treated with 20 μl of PNGase F (final concentration, 0.5 U/μl) for 1 hr at
37 . Then, half amounts of samples treated by PNGase F (21 µl) were transferred to another
centrifuge tube and 3x SDS loading buffer added (as above), for detection of MMP9 on western
blotting. The remaining sample (21 µl) had 4x non-reducing loading buffer (as above) added (at 1:3
vol/vol) and was used for detection of gelatinolytic activity on zymography.
Similarly to the above, an untreated control group was obtained using a portion (20 μl) of
human muscle homogenate with 2 μl of 10x PIC had 20 μl of H2O added instead of PNGase F and
underwent heating at 37

for 1 hr. Then, in accordance with the description above, samples were

prepared in 3x loading buffer and 4x non-reducing loading buffer for western blotting and gelatin
zymography separately.

4.2.5 Co-immunoprecipitation.
Dynabeads Protein A (catalog no. 100.02D, Invitrogen, Sydney, NSW, Australia) were
utilised to perform immunoprecipitation experiments. 20 μl of beads were washed in Tris-buffered
saline with Tween (TBST), retrieved using a magnetic holder (Dynabeads), and resuspended in
TBST to the original volume (20 μl). The beads solution (20 μl) was incubated with 0.5 μl Ab38898
anti-MMP9 antibody (40:1 vol/vol) and 60 μl TBST with rocking at 25

for 1 hr. After washing

with TBST three times to remove unbound antibody, the beads labelled by the antibody were
resuspended in TBST to the original volume (20 μl). Human muscle and rat tissues (25 μg/μl, see
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sample preparation) (100 μl) were added to separate tubes of the labelled beads (20 μl) (5:1 vol/vol),
then incubated on a rocker at 4°C overnight. Using a magnetic holder, the supernatant (~100 μl)
was removed to another centrifuge tube, and the beads were washed three times and resuspended
in 100 μl of solution (containing 50 mM Tris-HCl, 150 mM NaCl, 10 mM CaCl2, pH 7.5). Half
portions of each the supernatant (containing unbound protein) and the resuspended beads
(containing bound protein) samples had 3x SDS loading buffer added (1:2 vol/vol; see sample
preparation) for subsequent western blotting. The remaining half portions of samples had 4x nonreducing loading buffer added (1:3 vol/vol; see sample preparation) for the detection of gelatinolytic
activity on zymography.
Similarly, a control group was obtained using TBST resuspended beads solution (20 µl)
with 0.5 µl H2O added instead of the MMP9 antibody with same amounts of samples added and
underwent same treatment and washing as described above. Then, in accordance with the
description above, samples were prepared for western blotting and gelatin zymography separately.

4.2.6 APMA (p-Aminophenylmercuric acetate) activation.
Muscle samples were homogenized as described above (see 4.2.3 sample preparation), and
treated with 1 mM APMA (p-Aminophenylmercuric acetate) for 1 h at 37

(Stetler-Stevenson et

al., 1989). Half portions of the treated samples had 3x SDS loading buffer added (as above, 1:2
vol/vol), for detection of MMP9 on western blotting. The remaining sample had 4x non-reducing
loading buffer added (as above, 1:3 vol/vol) and was used for detection of gelatinolytic activity on
zymography.
Similarly, a control group was obtained using muscle samples with H2O added instead of
APMA and heated for 1 h at 37

Then, in accordance with the description above, samples were

prepared for western blotting and gelatin zymography separately.

4.2.7 Dissection and skinning of single muscle fibres.
In order to investigate how much of the total MMP9 pool was localized on the inside of
skeletal muscle fibres, segments of skinned and ‘intact’ (i.e. non-skinned) fibres were isolated from
human vastus lateralis muscle, as described previously (Murphy et al., 2009b; Lamb & Stephenson,
2018). Briefly, muscle biopsies were pinned down in a Sylgard-coated dish and immersed in
paraffin oil for dissection of single fibres under a microscope. A segment of a fibre ~2mm long was
skinned using jeweler’s forceps by pulling away some myofibrils on one side, causing the
sarcolemma to roll back along the length of the fibre segment (see Chapter 2, Fig.2.1). Groups of
15 intact or skinned fibre segments were collected in 30 µl of a K+-based physiological buffer (mM:
126 K+, 36 Na+, 8.5 total Mg2+, 90 HEPES, 8 ATP, 50 HDTA and 10 creatine phosphate, with free
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Ca2+ weakly buffered with 50 µM EGTA (Fluka, Buchs, Switzerland)), to which was added 15 µl
of 3x SDS loading buffer and samples stored at -80oC until analyses by western blotting.

4.2.8 Subcellular distribution of MMP9 in skinned human muscle fibres.
To examine the distribution and diffusibility of MMP9 inside muscle fibres, groups of
freshly human skinned fibres (10-15 fibre segments tied together with silk suture, total fibre volume
~0.15 µl) were placed in 30 µl of K+-based physiological buffer (as above) for 10 min. The tied
fibre segments were then transferred to another centrifuge tube containing the same amount of the
buffer and 1% (vol/vol) Triton X-100 and washed for a further 10 min. Afterwards the treated fibre
segments were collected in another tube in the same amount of buffer (see Chapter 2, Fig. 2.1)
(Wette et al., 2017). The skinned fibres were vortexed periodically during each exposure period.
Finally, 15 μl of 3x SDS was added to each of the three tubes (i.e. to the initial wash solution, to
the wash solution with Triton, and to the skinned fibres in the final solution), and these samples
were run side by side in subsequent western blotting. In a subset of cases, the procedure was carried
out using a buffer solution with 50 mM EGTA2- instead of 50 mM HDTA2-, so as to strongly buffer
the free Ca2+ at a very low level (~1 nM); this appeared to aid in the dispersal of the membraneassociated SERCA proteins during the treatment with 1% Triton-X100 (see Results).

4.2.9 Western blotting.
The abundance of MMP9 in human muscle samples was detected by quantitative western
blotting that was performed as described previously (Mollica et al., 2009; Larkins et al., 2012;
Wette et al., 2017). Briefly, prepared samples were separated on 4-15% Criterion Stain-Free Gels
(Bio-Rad, Hercules, CA) at 200 V for 45 min. Total protein on Stain-Free Gels was imaged (BioRad Stain-Free Imager) and transferred onto a nitrocellulose membrane at 100 V for 30 min. After
blocking for ~2 hr at room temperature, membranes were cut horizontally into different sections
according to molecular weight and probed for MMP9, GLUT4, GAPDH, SERCA2a, and Laminin
(see 4.2.1 & Table 2.9) overnight at 4°C. Membranes were exposed to goat anti-mouse (PIE31430,
Thermo Fisher Scientific, 1:20,000) or anti-rabbit (PIE31460, Thermo Fisher Scientific, 1:60,000)
horseradish peroxidase (HRP) for 1 hr at RT. Following exposure to chemiluminescence substrate
(Thermo Scientific, SuperSignal West Femto), membranes were imaged using a CCD camera
attached to ChemiDoc MP (Bio-Rad), and the densitometry was performed using Image Lab
software (version 6.0, Bio-Rad). For analysis of values from western blotting, the density of a given
band was adjusted to a calibration curve (generated by loading a range of amounts of an
unfractionated homogenate mixture of muscles from individuals, not shown), and then normalised
by the total protein in that lane obtained from the Stain-Free gel (see (Mollica et al., 2009)). The
absolute amount of MMP9 in human muscle was quantified by comparison against known amounts
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of human recombinant pro-MMP9 pure protein run on the same gels and probed with MMP9
antibodies. Examination of the pro-MMP9 and active-MMP9 pure proteins by ruby staining
confirmed that the lower band migrating at ~84 kDa seen with pro-MMP9 pure protein is activeMMP9, and some degradation was detected. So the quantification of MMP9 protein amount in
human muscle obtained by comparison against the pro-MMP9 pure protein could be underestimated.
These data are shown in Appendix

“Examination of pro- and active-MMP9 pure proteins by

SYPRO Ruby protein gel stain”.

4.2.10 Gelatin zymography.
Gelatin zymography was used to investigate the gelatinolytic activity of MMP9 in human
muscle. Samples prepared in non-reducing loading buffer (see 4.2.3 sample preparation) were run
on 8% SDS-polyacrylamide gels copolymerized with 1.0 mg/ml gelatin (Bio-Rad, Australia)
(Vandooren et al., 2013). After electrophoresis, gels were washed twice for 40 min each at room
temperature in a buffer containing 2.5% Triton X-100, 50 mM Tris-HCl, 5 mM CaCl2, and pH 7.6,
with continuous rocking to remove SDS. Then the gels were transferred into a solution (50 mM
Tris-HCl, 5 mM CaCl2, pH 7.6) and washed twice for 15 min each at room temperature with
constant rocking. Following washing, the gels were incubated overnight (~17 h) at 37°C in a buffer
containing 50 mM Tris-HCl, 150 mM NaCl, 10 mM CaCl2, 1 μM ZnCl2, 0.02 NaN3, and pH 7.5
with constant rocking. After staining in a solution including 0.05% Coomassie R 250, 30%
methanol and 10% acetic acid for 3 h, and destaining with 30% methanol and 10% acetic acid in
water for 3 h, gelatinase activity was visualized against a dark blue background. Zymography gels
were imaged using a CCD camera attached to ChemiDoc MP (Bio-Rad). The white areas seen
against a dark background (e.g. Fig. 4.2) were generated by the degradation of gelatin by MMP2
and MMP9. Densitometry was performed using Image Lab software (version 6.0, Bio-Rad), after
inverting the signal from white to black.

4.2.11 Statistics.
Paired Student’s t tests were used to compare the relative amounts of MMP9 in human
intact and skinned muscle fibres. A one way ANOVA was used to analyse the relative amounts of
MMP9 in the subcellular fractions of skinned human muscle fibres. Data are presented as mean ±
SD. Significance was set at P < 0.05. All statistics were performed using GraphPad Prism 6.
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4.3 Results
4.3.1 Identification of MMP9 in human muscle.
Similarity analysis of the protein sequences of MMP9 from mouse, human and rat
conducted by BLAST, indicates that MMP9 in rat and mouse is 83% homologous, and both share
about 75% homologous sequence with human MMP9 (Fig. 4.1A). The regions of the protein
sequence used for the production of various anti-MMP9 antibodies are also shown (Fig. 4.1A).
Three different antibodies for MMP9 were validated for use in western blotting (Fig. 4.1B,
C, & D). Peptide N-glycosidase F (PNGase F) treatment, which triggers the cleavage of the Nlinked glycosylation sites in human MMP9 leading to generation of deglycosylated MMP9 with
lower apparent molecular weight (Duellman et al., 2015), was used to help identify true MMP9
band in human skeletal muscle. Ab38898 antibody was found to detect pro-MMP9 in human muscle,
migrating at a similar molecular weight to the human recombinant pro-MMP9 pure protein (~92
kDa), and it also detected deglycosylated pro-MMP9 in human muscle treated by PNGase F,
migrating slightly lower than 92 kDa (Fig. 4.1B). PNGase F treatment resulted in the conversion of
most pro-MMP9 to its deglycosylated form, allowing the MMP9 bands to be apparently
distinguished from a non-specific band migrating above the pro-MMP9 band (~100 kDa). In
addition, GLUT4 (Glucose transporter 4), a highly glycosylated membrane protein (Augustin,
2010), was also probed to confirm successful PNGase F treatment in the human muscle sample and
deglycosylated GLUT4 was observed (Fig. 4.1B, middle panel). The same human muscle
homogenates, with or without PNGase F treatment, were probed with Ab19016 (Fig. 4.1C) and
#3852 (Fig. 4.1D) antibodies. It is evident that both of those antibodies detected pro-MMP9 and
deglycosylated pro-MMP9 in human skeletal muscle (Fig. 4.1C & D). However, with both these
antibodies, an abundant band at ~100 kDa, which was deemed a non-specific protein migrating
above the pro-MMP9, was observed (Fig. 4.1C & D). This non-specific band was more intense
using #3852 antibody. Ab38898 antibody (Fig. 4.1B) gave a stronger signal for MMP9 compared
to non-MMP9 proteins, and it was used for the investigation of localization and subcellular
distribution of MMP9 in human skeletal muscle fibres (Fig. 4.3, 4.4 & 4.5). These findings for each
of the antibodies were confirmed in at least two independent preparations from n=4 human samples.
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Fig. 4.1 Identification of MMP9 in human muscle by western blotting. A. Sequence alignment for immunogens of the MMP9 antibodies used. Similarity analysis of
MMP9 in mouse, human and rat species using BLAST. Antigen of Ab38898 antibody was the full length of mouse MMP9 (red rectangle), the peptide used for #3852
antibody was around amino acid 115 (green rectangle) though the exact sequence is unknown, and the immunogen of Ab19016 antibody was the catalytic domain of
rat MMP9 (blue rectangle). Numbers of amino acids indicated (right). Non-conserved amino acids of MMP9 from three species highlighted in grey. B. Human vastus
lateralis homogenates (90 µg) with or without PNGase F treatment, along with human recombinant pro-MMP9 pure protein (15 ng), probed for MMP9 using Ab38898
antibody. Pro-MMP9 and deglycosylated MMP9 pointed with red and blue arrows (B-D). The lower portion of the membrane was probed for GLUT4 (Glucose
transporter 4) as a positive control for deglycosylation (Augustin, 2010). Glycosylated GLUT4 indicated with red star and deglycosylated GLUT4 indicated with blue
star. The same human vastus lateralis homogenates with or without PNGase F treatment used in panel A, were probed for MMP9 using Ab19015 (C) and #3852 (D)
antibodies. Stain Free gels indicative of total protein loaded, non-specific bands and molecular weight markers as indicated.
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Human muscle homogenates with or without PNGase F treatment were also examined on
SDS-based gelatin zymography (Fig. 4.2A), which showed gelatinolytic activity of both pro-MMP9
and the deglycosylated form, as well as a higher band migrating at ~135 kDa that has been reported
previously to represent a complex composed of a MMP9 monomer and a neutrophil gelatinaseassociated lipocalin (NGAL) monomer (Kjeldsen et al., 1993; Rullman et al., 2007). The findings
were confirmed in human muscle samples from each of the three subjects examined, with each
muscle preparation examined on two gels. Furthermore, the gelatinolytic activity of pro-MMP2 in
human muscle seen on the zymogram showed that pro-MMP2 was unaltered by the PNGase F
treatment, indicating that human pro-MMP2 does not have N-linked glycosylation sites (Fig. 4.2A).
Fig. 4.2B shows the immunoprecipitation of MMP9 in human muscle using the Ab38898
antibody, detected by zymography. In human muscle homogenates precipitated by the Ab38898
antibody and separated into supernatant (unbound) and pellet (bound), most of pro-MMP9 activity
was seen in the pellet rather than the supernatant, indicating that the Ab38898 antibody pulled down
MMP9 in human muscle. In contrast, in control groups where the human muscle was precipitated
without the antibody added, most of the gelatinolytic activity of pro-MMP9 was observed in the
supernatant rather than the pellet (Fig. 4.2B). Similar results were found on the two gels examined.
These findings further confirm the specific binding between the Ab38898 antibody and MMP9 in
human muscle (Fig. 4.2B).
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Fig. 4.2 Identification of MMP9 in human muscle by gelatin zymography. A. Gelatin zymography
for detection of gelatinolytic activity of pro-MMP9 and deglycosylated pro-MMP9 (indicated with
red arrows) in human vastus lateralis muscle homogenates (30 µg) with or without PNGase F
treatment. The white band migrating at ~135 kDa probably reflects a complex composed of a
MMP9 monomer and a neutrophil gelatinase-associated lipocalin (NGAL) monomer (Kjeldsen and
others, 1993; Rullman and others, 2007). The gelatinolytic activity of pro-MMP2 in human muscle
is also seen. B. After immunoprecipitation of MMP9 in human muscle homogenate with (+) or
without (-) Ab38898 antibody added, supernatant (Super, containing unbound protein) and pellet
(containing bound protein) samples were detected, along with pro- and active-MMP9 pure proteins
on a zymogram, further showing the gelatinolytic activity of MMP9 precipitated with the antibody
in human muscle.
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4.3.2 APMA (p-Aminophenylmercuric acetate) treatment does not result in the activation of
pro-MMP9 in human muscle.
Fig. 4.3A shows the detection of pro- and active-MMP2 in human muscle homogenates on
western blotting, with the APMA (p-Aminophenylmercuric acetate) treatment seen to cause the
conversion of the majority of pro-MMP2 to the active form, confirming successful activation of
MMP2 by APMA in human muscle. When exactly the same human muscle samples were examined
for MMP9, it was found that the APMA did not activate the pro-MMP9 to yield a lower molecular
weight active form in human muscle (Fig. 4.3B). These findings were confirmed in human muscle
samples from each of three subjects, with each muscle preparation examined on each of three gels.
In addition, examination of the gelatinolytic activity of MMP9 in APMA-treated human
muscle, indicated that after APMA treatment, pro-MMP9 was unable to be observed due to the
presence of the two dark bands (~92 kDa and slightly lower), which were most likely proteolytic
products of myosin and other muscle proteins generated during APMA activation, possibly by
proteases (Fig. 4.3C). However, in mouse gastrocnemius muscle sample treated by APMA, proMMP9 was able to be activated to produce the active form that was evident as migrating beneath
the lower dark band (see Chapter 5, Fig. 5.2A). In contrast, in human muscle treated by APMA,
there was no apparent white bands shown beneath the lower dark band where the active-MMP9
(~84 kDa) should be migrating, indicating that APMA treatment did not result in the generation of
active MMP9 in human muscle. In addition, it was shown that APMA treatment caused the
proteolytic autolysis of pro-MMP2 to generate the active form, with the absence of the majority of
pro-MMP2 activity and the presence of a noticeable increase of active-MMP2 activity in human
muscle with APMA treatment (Fig. 4.3C). These findings were confirmed in human muscle samples
from each of three subjects, with each muscle preparation examined on two zymography gels.
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Fig. 4.3 APMA treatment does not result in the activation of pro-MMP9 in human muscle. A.
Human vastus lateralis muscle homogenates with (+) or without (-) APMA (4aminophenylmercuric acetate, 37 , 1 h) treatment probed for MMP2 with Ab92536 antibody,
indicating that the APMA treatment activated MMP2 in the muscle samples. B. No activation of
MMP9 by APMA was detected with Ab38898 antibody in the same human homogenates used in
panel A. Stain Free gels showing of total protein loaded (bottom), non-specific bands and molecular
weight markers (M) as indicated; Vertical dashed line used for clarity between lanes. C.
Zymography indicating gelatinolytic activity of MMP9 in human muscle homogenate with or
without APMA treatment. Gelatinolytic activity of both pro- and active-MMP2 in human muscle as
indicated. Two dark bands migrating at ~92 kDa and slightly lower seen with APMA-treated human
muscle, may be proteolytic fragments of myosin induced by APMA (see text). Non-contiguous lanes
from same zymography gel separated by solid lines.
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4.3.3 Quantification of MMP9 in human muscle.
The absolute amount of MMP9 in human muscle was quantified by comparison against
known amounts of human recombinant pro-MMP9 pure protein run on the same gels and probed
with Ab38898 (Fig. 4.4A). A standard curve for MMP9 pure protein was generated by plotting the
observed western blot band density of each protein aliquot versus the amount loaded (Fig. 4.4B).
The amount of MMP9 present in each of the muscle samples run on that same gel could then be
determined by comparison against the relevant standard curve, as illustrated in Fig. 4.4B; in that
example the 65 µg human muscle sample on that gel contained ~12.3 ng MMP9. This procedure
was examined for each muscle sample on at least two gels. The mean of MMP9 amount in human
muscle, assessed with Ab38898 antibody, was determined to be 1.25 ± 0.34 μmol/kg wet weight
using the equation 1 below (n = 5 subjects) (Fig. 4C). A similar absolute amount of MMP9 in human
muscle was obtained with #3852 antibody (~1.74 μmol/kg wet weight, n=3).

Equation 1: 1 ng.µg-1 obtained from standard curve, and is same as 1 g.kg-1
X = value from standard curve, Y = unknown [MMP9]
M is molar mass (M (MMP9)) = 92,000 g.mol-1
Y=

" ($∙&$'( )
*103 (µmol ∙ mol89 )
*+,--- ($∙./0'( )

Y=

"∙9-:
(µmol ∙ kg−1 wet weight muscle)
*+,---
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Fig. 4.4 Quantification of MMP9 protein amount in human skeletal muscle. A. Pro-MMP9 pure
protein (16, 12, 8 ng) and human muscle homogenates from one subject (130, 65, 30 µg), along
with human muscle homogenates from the same subject with or without PNGase F treatment (100
µg in each), probed for MMP9 with Ab38898 antibody. Pro-MMP9 and deglycosylated pro-MMP9
as indicated. Non-contiguous lanes from same western blot separated by solid lines. Stain Free gels
indicative of total protein, non-specific bands, and molecular weight markers as indicated. B.
Standard curve of MMP9 pure protein derived by plotting pure pro-MMP9 amount (8, 12, 16 ng;
x-axis, density of both bands used as the lower band was likely active-MMP9, seen by Ruby Stain
(Appendix II) versus the respective relative band density of western blot (y-axis). Dashed line
illustrates how the band density of the 65 µg human muscle sample on the same gel shows it
contained ~12.3 ng MMP9, corresponding to ~2.0 μmol/kg wet weight muscle. C. Pooled data (and
mean ± SD) showing the absolute amount of MMP9 in human skeletal muscle (n = 5 subjects), each
average of at least two gels.
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4.3.4 Localization of MMP9 in human muscle fibres.
The localization of MMP9 in human muscle fibres was investigated by removing the
extracellular matrix (ECM) and sarcolemma by microdissection under paraffin oil, in order to
separate the ECM from the intracellular milieu. Segments of ‘skinned’ (SK-F) and ‘intact’ (i.e. nonskinned) fibres of human muscle were run side by side and examined by western blotting (Fig.
4.5A). Laminin, a protein marker for the ECM, was completely removed by the fibre skinning in
all cases (Fig. 4.5A). It was found that the amount of MMP9 in the skinned muscle fibre segments
was ~52% of that present in intact fibres, indicating that approximately 50% of total MMP9 was
associated with the ECM and the remaining 50% was associated with intracellular milieu (Fig.
4.5B).

Fig. 4.5 Comparison of MMP9 amounts in intact and skinned human muscle fibres. A. Western
blot of MMP9, probed with Ab38898 antibody (middle panel), and laminin (bottom panel) in
segments of ‘intact (In)’ and ‘skinned’ (Sk-F) human muscle fibres (segments of 15 fibres in each).
Laminin is a protein marker for extracellular matrix. Non-specific bands, and molecular weight
markers indicated, and myosin on Stain Free gel shown in top panel. B. Pooled data (and mean ±
SD) showing relative amount of MMP9 in intact and skinned fibres (n = 5 sets of fibres from 3
subjects (subjects in different colours). *, p < 0.05, paired Student’s t test. Labels on right denote
MMP9 that can be apportioned to the extracellular matrix and sarcolemma, and intracellular
milieu, using the mean values.
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4.3.5 Subcellular distribution of MMP9 in human skeletal muscle fibres.
After removal of the extracellular matrix, skinned human muscle fibre segments were
washed for 10 min in a K+-based physiological solution with free Ca2+ highly buffered to nM levels
(W), in order to release any freely diffusible content in the cytosol, allowing it to diffuse out into
the bathing solution. Then the fibres were removed and further washed in a similar solution with 1%
Triton X-100 added (Wtr), so as to solubilise the SR and similar internal membranes, and then the
remaining compartments of the skinned fibres were removed for analysis (F-rem). All samples were
examined by western blotting (e.g. Fig. 4.6A) to investigate the subcellular distribution of MMP9
in skinned human muscle fibres, which indicated that on average ~90% of MMP9 was freely
diffusible in the cytosol along with all GAPDH, ~4% of MMP9 dissociated with the 10 min Triton
X-100 treatment along with most SERCA2a, and ~5% of MMP9 remained in the skinned fibres
(Fig. 4.6).
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Fig. 4.6 Subcellular distribution of MMP9 in human muscle fibres. A. Western blots of MMP9,
probed with Ab38898 antibody, in human skinned fibre segments (15 fibre segments) following
separation into three fractions: diffusing out with a 10 min wash (W), removed by a further 10 min
wash with added Triton X-100 (Wtr), and remaining in the fibre segments (F-rem). Human muscle
homogenates with or without PNGase F treatment were run on the same gel for the identification
of the true MMP9 band in human muscle. Western blots for GAPDH (cytosol) and SERCA2a (SR
membrane) also shown. Stain Free gel for myosin (top) used as a loading control; absence of
myosin in W and Wtr confirms no contractile proteins in those fractions. Vertical dashed lines
added for ease of distinguishing sets of skinned fibre fractions (W, Wtr, F-rem) from human muscle
homogenate. Non-specific bands and molecular weight markers indicated. B. Proportion of MMP9
found in wash (W), in triton wash (Wtr), and remaining in fibre (F-rem); individual values in n =
10 sets of fibres from 6 subjects (subjects in different colours) and mean ± SD; * indicates
significantly different, p < 0.05, one way ANOVA, Tukey multiple post-hoc test.
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4.4 Discussion
4.4.1 Identification of MMP9 in human muscle.
In order to investigate the amount and localization of MMP9 in human muscle by western
blotting, it is absolutely essential to identify the true MMP9 band in human muscle. This was done
using a variety of approaches. Firstly, by western blotting, all three different MMP9 antibodies with
different immunogens (Fig. 4.1A), i.e. regions, identified a similar band migrating at ~92 kDa which
was likely pro-MMP9 in human muscle (Fig. 4.1B-D). Secondly, even though non-specific bands
(~100 kDa) were also labelled by all three antibodies (Fig. 4.1B-D), MMP9 in human muscle could
be distinguished from the non-specific band by the use of PNGase F treatment, which degrades Nlinked glycosylation sites in human pro-MMP9 to generate the deglycosylated form migrating
slightly lower than pro-MMP9 on western blot (Fig. 4.1B-D). This is in good agreement with a
previous study suggesting that human MMP9 harbours two N-linked glycosylation sites localized
in the propeptide and catalytic domains (Kotra et al., 2002). In addition, it is evident that Ab38898
antibody (Fig. 4.1B) predominantly labels pro-MMP9, with lower efficacy for the non-specific
protein (~100 kDa), when compared to the other two MMP9 antibodies (Fig. 4.1C & D). Thirdly,
examination of human muscle samples precipitated by Ab38898 antibody on zymograms (Fig.
4.2B), also confirmed that the Ab38898 antibody specifically binds to MMP9 in human muscle.
Therefore, with this careful validation of Ab38898 antibody in human muscle, it was used for the
investigation of MMP9 properties in human skeletal muscle and is used throughout this whole
chapter.
Gelatin zymography of human muscle samples, with or without PNGase F treatment (Fig.
4.2A), showed gelatinolytic activity of pro-MMP9 as well as its deglycosylated form in human
muscle, indicating that N-linked glycosylation does not affect the recognition and binding of
substrates to the catalytic domain of MMP9 (Fig. 4.2A). This is in accordance with the previous
findings on post-translational modification of human MMP9 (Kotra et al., 2002). Moreover, it
seems likely that the migration change of the MMP9/NGAL complex (a MMP9 and a neutrophil
gelatinase-associated lipocalin (NGAL)) (Triebel et al., 1992; Kjeldsen et al., 1993) caused by
PNGase F treatment on zymograms, was also due to the degradation of N-linked glycosylation sites
in human MMP9.
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4.4.2 Detection of MMP9 with APMA activation (organomercurial activation).
By western blotting, it was found that APMA treatment (1 mM, 37

, 1 h) failed to activate

pro-MMP9 (~92 kDa), which would be seen as the generation of its active form (~84 kDa) in
human muscle samples (Fig. 4.3B), even though APMA-induced pro-MMP2 activation was
consistently observed (Fig. 4.3A). In good agreement with our western blotting findings (Fig. 4.3B),
it was apparent that there was no gelatinolytic activity of active-MMP9 in human muscle with
APMA treatment seen on zymograms (Fig. 4.3C), although the pro-MMP9 activity was obscured
owing to the presence of unknown proteins (e.g. at ~100 kDa) that were most likely proteolytic
products of myosin and other muscle proteins generated during the APMA treatment, possibly by
MMPs (Rouet-Benzineb et al., 1999) or other proteases. Notably, APMA clearly converted mouse
pro-MMP9 to its active form (~84 kDa) in gastrocnemius detected on both western blotting and
zymography (shown later in Chapter 5, Fig 5.2 & 5.6). In contrast to our failed APMA activation
of MMP9 in human muscle homogenate, when pro-MMP9 protein is purified from the medium of
HT 1080 human fibrosarcoma cells, ~25% of it was activated by APMA (1 mM, 37

, ~1 h) to

generate active MMP9 (~84 kDa) (Okada et al., 1992), perhaps suggesting that human derived
MMP9 is less susceptible to APMA activation compared with mouse tissue. Using similar APMA
treatment conditions, pro-MMP9 pure protein isolated from the medium of pig leucocytes was
activated to generate the active form (~88 kDa) with almost 100% efficiency (Murphy et al., 1989).
Those findings together suggest that the mechanism of APMA-mediated MMP9 activation may be
different between MMP9 in different tissues and species (Stetler-Stevenson et al., 1989; Okada et
al., 1992).

4.4.3 Localization and subcellular distribution of MMP9 in human skeletal muscle.
Using microdissection, the sarcolemma and all the ECM surrounding a muscle fibre can be
removed mechanically (Murphy et al., 2009b), and it was revealed that whilst approximately half
of the total MMP9 is associated with the ECM, the other 50% of total MMP9 is located within the
muscle fibres (Fig. 4.5). Moreover, it was found that almost all the intracellular MMP9 is freely
diffusible in cytosol, with very little associated with membranous, cytoskeletal and nuclei
compartments (Fig. 4.6). This finding may explain why previous immunolocalization studies on
MMP9 failed to observe any MMP9 inside human muscle fibres (Rullman et al., 2009; HadlerOlsen et al., 2015), because the cytosolic MMP9 would have been lost during the washing
procedures involved in preparing the sections for immunolocalization examination. The ECM
localisation of MMP9 is expected, as most studies discuss the role of MMP9 in this location. It has
been reported that MMP9 can cleave extracellular components, such as laminin, fibronectin, and
elastin (Lewis et al., 2001; Chakraborti et al., 2003). Moreover, application of exogenous TWEAK
(Tumor Necrosis Factor-related Weak Inducer of Apoptosis) was able to induce overexpression of
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MMP9 in C2C12 myotubes (Li et al., 2009b) and TWEAK-induced degradation of laminin was
ameliorated in TWEAK-treated MMP9 knock-out mice compared with control animals, suggesting
that elevating MMP9 contributes to degradation of ECM leading to muscle atrophy (Li et al., 2009b).
Whilst the extracellular function of MMP9 has been somewhat defined in muscle, the intracellular
function of MMP9 (~50% of the total) found in human muscle fibres in the present study remains
to be elucidated. Speculatively, there could be a number of functions. One could be that cytosolic
MMP9 is entirely recruited to the plasma membrane and then into the ECM when the muscle has
undergone injury, such as through damaging exercise, disuse atrophy or muscle wasting diseases.
MMP9, like other MMP proteins, has a signalling peptide targeting it to the membrane. Whilst this
would support the speculation that cytosolic MMP9 is recruited to the membrane, it would be
expected that at least some of the pool would be present in the membrane fraction of the muscle,
which includes the t-tubular system, the Golgi apparatus where the signalling peptide is processed
and so unlikely the 50% of the total MMP9 would be present purely cytosolically. Investigation of
N-glycosylation function for MMP9 protein secretion by removal or modification of both two Nglycosylation sites of human MMP9 using cell lines, demonstrates that secretion of human MMP9
is reduced and is regulated by N-glycosylation (Skropeta, 2009; Duellman et al., 2015). A second
speculation could be that utilization of an alternative translation start site generates a shortened
MMP9 protein that lacks the N-signal peptide and localizes intracellularly. This mechanism has
been seen with other proteins, such as osteopontin (Shinohara et al., 2008). A third speculation
could be that the MMP9 has intracellular targets. Indeed, using in vitro experiments, potential
intracellular targets have been identified, including α-actin (Cauwe et al., 2009), myosin heavy
chain, albeit only in isolation (Rouet-Benzineb et al., 1999) and nuclear protein poly-ADP-ribose
polymerase-1 (PARP-1) (Yang et al., 2010). Once again, the purely cytosolic localisation of MMP9
suggests that cytoskeletal proteins (i.e. actin and myosin) are not in vivo targets as it would be
reasonable to suspect that at least some MMP9 would be found with the cytoskeletal fraction, which
wasn’t observed. Whether such intracellular targets of MMP9 are in fact physiologically relevant
targets in skeletal muscle warrants further investigation by in vivo experimentation, where damage
has been induced. Such experiments include immunoprecipitation of MMP9 in resting human
muscle or muscle with eccentric contraction-induced injury with Ab38898 MMP9 antibody, which
was shown to pull down MMP9 in human muscle (Fig. 4.2B), and followed by mass spectrometry
to identify MMP9 binding partners in muscle. This may provide insight into understanding the role
that MMP9 can play in the intracellular milieu, and in particular under disease states.
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4.4.4 Comparison of gelatinolytic activity between pro-MMP2 and pro-MMP9 in human
skeletal muscle detected by gelatin zymography.
The gelatinase activity of both pro-MMP2 and pro-MMP9 were able to be examined on the
same the zymograms, where SDS induces the artificial activation of pro-forms to degrade gelatin
(Springman et al., 1990; Ra & Parks, 2007; Cauwe & Opdenakker, 2010; Vandooren et al., 2013),
and it was possible to distinguish the two MMPs due to their different molecular weights (e.g. Fig.
4.2A). It is important to note, that this gelatinolytic activity analysis may not be indicative of the
comparable protein amounts of MMP9 and MMP2 in human muscle, as the relative SDS-induced
artificial activities of the two proteins may differ. The western blotting analysis indicated that the
absolute amount of MMP9 in human muscle (~1250 nmol/kg, Fig. 4.4C) is about 60 times greater
than MMP2 (~20 nmol/kg, see Chapter 3, Fig. 3.2D). Such differences were not apparent on
zymography and may be due to different hydrolytic efficiency on gelatin in zymography (Xia et al.,
1996) although evidence for this was not explored in this thesis. Assuming valid comparisons, the
findings could indicate that although MMP2 and MMP9 both belong to the gelatinase family, their
markedly different amounts might reflect their different roles and actual substrates in skeletal
muscle (Kherif et al., 1999; Zimowska et al., 2008; Chen & Li, 2009).
It is noted that such studies would need to be in human or mouse tissues, because MMP9
does not seem to be present in mature rat skeletal muscle. This was explored extensively, and those
data are presented in Appendix I.

4.5 Conclusions
The present study shows the identification of MMP9 in human muscle. Both western blotting and
gelatin zymography demonstrate that human MMP9 has glycosylation sites. This study has shown
that the absolute amount of MMP9 is ~1.25 μmol/kg wet weight in human skeletal muscle using a
carefully validated antibody. Of the total MMP9, ~50% was found to be localised to the ECM, with
the other half amount of MMP9 localized inside skeletal muscle fibres. It was further shown that
virtually all the intracellular MMP9 (~50% of the total MMP2) is freely diffusible in the cytosol. In
quiescent human skeletal muscle, MMP9 exists predominantly in its full-length (Pro) form. Future
investigation of the intracellular substrates of MMP9 is essential, as this is critical for understanding
the intracellular function of MMP9 in human muscle.
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Chapter 5
Protein abundance and gelatinolytic activity of MMP2 and
MMP9 in mdx and mdx taurine mice
5.1 Introduction
Duchenne muscular dystrophy (DMD) is an X-linked recessive myopathy caused by
mutations in the dystrophin gene in human muscle, which manifests progressive muscle cell death
and weakness, leading to death typically associated with respiratory failure in early adulthood
(Hoffman et al., 1987; Bonilla et al., 1988). In contrast, the mdx mouse is an established naturally
occurring mutant animal model for lethal DMD, however dissimilar to DMD it is without evident
clinical abnormality (Bulfield et al., 1984), likely due to the up-regulation of utrophin, which acts
in a similar manner to dystrophin (Perkins & Davies, 2002). Structural studies revealed that
dystrophin is localized at the sarcolemma of the muscle fibres, and the lack of dystrophin protein
led to muscle cell necrosis (Bonilla et al., 1988; Cullen & Jaros, 1988; Spencer et al., 1995). In mdx
mice, muscle degeneration injury starts at around 21 days with infiltration of neutrophils and/or
macrophages, and the following degeneration and necrosis become greatest at 28 days, with almost
complete regeneration at about 98 days (Carnwath & Shotton, 1987; Coulton et al., 1988;
Mcgeachie et al., 1993).
Taurine is a ubiquitous amino acid in mammals, with a high concentration in electrically
excitable tissues, such as skeletal muscle (Huxtable, 1992). The function of taurine has been
demonstrated to include involvement in membrane stabilization, anti-inflammatory actions, and
modulation of intracellular calcium concentrations (De Luca et al., 2015). A decreased taurine
content has been reported in skeletal muscle from mdx mice aged 28 days compared with agematched WT animals (McIntosh et al., 1998a; Terrill et al., 2015). In addition, an elevation of
taurine intake improves the muscle function and reduces inflammation in mdx mice (Terrill et al.,
2016). Notably, Barker and co-workers reported that taurine supplementation to some extent
ameliorated muscle weakness and markedly increased muscle strength of mdx mice aged 28 days
compared with age-matched WT animals (Barker et al., 2017). Furthermore, it was revealed that
taurine improved the architecture of dystrophic muscle fibres of mdx mice, with a reduction of noncontractile tissues and centrally nucleated fibres, and more uniform muscle fibre diameter (Barker
et al., 2017).
Gelatinases, including matrix metalloproteinase 2 (MMP2) and MMP9, have been reported
to play a critical role in motility, differentiation, and regeneration of skeletal muscle fibres, through
the processing of extracellular substrates (Nagase et al., 2006; Zimowska et al., 2008; Chen & Li,
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2009). It has been reported that MMP2 participates in the formation of myotubes and mediates the
development and maturation of mouse muscle fibres, and may be a vital regulator in degenerating
and regenerating muscle fibres in dystrophic muscle (Kherif et al., 1999; Oh et al., 2004; Chen &
Li, 2009). Furthermore, mdx mice with genetic ablation of MMP9 have been used to reveal that
loss of MMP9 was associated with the formation of new muscle fibres during regeneration of
dystrophic muscle (Li et al., 2009a).
Here, quantitative western blotting and SDS-based gelatin zymography were used to
examine the protein abundance and gelatinolytic activity of both MMP2 and MMP9 in mouse
gastrocnemius muscle from D28 WT and D70 WT, in order to determine whether there was any
alteration of MMP2 and MMP9 levels during the muscle growth associated with age. Moreover,
the levels of both MMP2 and MMP9 were compared between D28 and D70 WT mice, and between
D28 and D70 mdx mice, to examine the possible roles of MMP2 and MMP9 in the
degeneration/regeneration cycles occurring in mdx mice. Finally, comparison of the activity levels
of MMP2 and MMP9 in muscle from D28 mdx mice with or without taurine supplementation,
provides insight into understanding the protective role that taurine can play and the interaction this
may have with MMP2 and MMP9.

5.2 Materials and methods
5.2.1 Materials and antibodies.
All chemicals were purchased from Sigma (Sydney, Australia) unless otherwise stated.
Antibodies used for western blotting were anti-MMP2 (Ab92536, Abcam, UK) and anti-MMP9
(Ab38898, Abcam, UK).

5.2.2 Animal experiments and ethics.
All animal procedures were approved by the La Trobe University Animal Ethics Committee.
Only male mice were used in this study. The experiments on the production and breeding of the
mice of different ages, and mdx mice supplemented with taurine were undertaken by Dr Robert
Barker, and the breeding protocols are published (Barker et al., 2017). Mdx mice breeders were
supplemented with taurine (2.5% wt/vol, dissolved in water) at least two weeks before mating, and
subsequent offspring were provided continuous access to taurine supplementation (Barker et al.,
2017). Male wild-type (C57B1/10scsn) (28 days, n = 5; 70 days, n = 7), mdx mice (28 days, n = 5;
70 days, n = 7), and mdx mice with taurine supplementation (28 days, n = 5) were anesthetized with
an intraperitoneal injection of 10 µL/g Nembutal (Sodium Pentobarbitone) prior to euthanasia by
excision of the heart, and then the mixed gastrocnemius muscle was collected.
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5.2.3 Sample preparation.
Portions of mouse gastrocnemius were homogenized (1:40 wt/vol) in a solution containing
50 mM Tris-HCl, 150 mM NaCl2, 10 mM CaCl2, pH 7.5, using a polytron homogenizer (Polytron
PT 1200 E; Kinematica, Lucerne, Switzerland) 3 times at maximum speed for ~8 s in ice-cold. Then,
a half portion of the homogenate was transferred to another centrifuge tube, and mixed (2:1 vol/vol)
with 3x SDS loading buffer (consisting of 125 mM Tris-HCl, pH 6.8, 4% SDS, 10% glycerol, 400
mM urea, 10% β-mercaptoethanol, and 0.001% bromophenol blue) for subsequent western blotting.
The remaining half homogenate was mixed (3:1 vol/vol) with 4x non-reducing loading buffer
(consisting of 400 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, and 0.005% bromophenol blue)
for the detection of gelatinolytic activity on zymography.

5.2.4 Western blotting.
The abundances of MMP2 and MMP9 proteins in mouse gastrocnemius muscle were
detected by quantitative western blotting that was performed as described previously (Wette et al.,
2017). Briefly, prepared samples were separated on 4-15% Criterion Stain-Free Gels (Bio-Rad,
Hercules, CA) at 200 V for 45 min. Total proteins on Stain-Free Gels were imaged (Bio-Rad StainFree Imager) and transferred onto a nitrocellulose membrane at 100 V for 30 min. After blocking
for ~2 hr at room temperature, membranes were probed for MMP2 and MMP9 (see Materials and
antibodies) overnight at 4°C. Membranes were exposed to goat anti-mouse (PIE31430, Thermo
Fisher Scientific, 1:20,000) or anti-rabbit (PIE31460, Thermo Fisher Scientific, 1:60,000)
horseradish peroxidase (HRP) for 1 hr at room temperature. Following exposure to
chemiluminescence substrate (Thermo Scientific, SuperSignal West Femto), membranes were
imaged using a CCD camera attached to ChemiDoc MP (Bio-Rad), and the densitometry was
performed using Image Lab software (version 6.0, Bio-Rad). For analysis of values from western
blotting, the density of a given band was adjusted to a calibration curve (generated by loading a
range of amounts of an unfractionated homogenate mixture of muscles from independent
individuals (see section 2.4.2)), and then normalised by the total protein in that lane obtained from
the Stain-Free gel (see section 2.7.5).

5.2.5 Gelatin zymography.
Gelatin zymography was used to investigate the gelatinolytic activity of MMP2 and MMP9
in mouse gastrocnemius muscle. Samples prepared in non-reducing loading buffer (see 5.2.3 sample
preparation) were run on 8% SDS-polyacrylamide gels copolymerized with 1 mg/ml gelatin (Biorad, Australia) (Vandooren et al., 2013). After electrophoresis, gels were washed twice for 40 min
each in a buffer containing 2.5% Triton X-100, 50 mM Tris-HCl, 5 mM CaCl2, and pH 7.6, to
remove SDS. Then the gels were transferred to a solution (50 mM Tris-HCl, 5 mM CaCl2, pH 7.6)
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and washed twice for 15 min each. Following washing, the gels were incubated overnight (~17 h)
at 37°C in a buffer containing 50 mM Tris-HCl, 150 mM NaCl, 10 mM CaCl2, 1 μM ZnCl2, 0.02
NaN3, and pH 7.5. After staining in a solution including 0.05% Coomassie R 250, 30% methanol
and 10% acetic acid for 3 h, and destaining with 30% methanol and 10% acetic acid in water for 3
h, gelatinase activity was visualized against a dark blue background. Zymography gels were imaged
using a CCD camera attached to ChemiDoc MP (Bio-Rad). The white areas seen against a dark
background (e.g. Fig. 5.7) were generated by the degradation of gelatin by MMP2 or MMP9.
Densitometry was performed using Image Lab software (version 6.0, Bio-Rad), after inverting the
signal from white to black.

5.2.6 Collection and preparation of intact muscle fibres
Portions (118 ± 21 mg, mean ± SD) of mouse gastrocnemius muscle from D70 WT and
mdx mice (each n = 3) were freeze-dried for 48 h, as described previously (Murphy, 2011). After
weighing the freeze-dried muscle pieces (about 75% - 80% muscle weight loss), they were stored
on silica gel desiccant at -80

until dissection of single muscle fibres. Freeze-dried muscle pieces

(22 ± 3 mg, mean ± SD) were brought to room temperature for 30 min, then segments of single
muscle fibres were isolated using jeweller’s forceps under a dissecting microscope. Five segments
of single muscle fibres were placed in 15 μl of 3 x SDS loading buffer (see 5.2.3 sample preparation)
diluted 2:1 (vol/vol) with 1x Tris-HCl (pH 6.8), incubated at room temperature for 1 h, and then
stored at -20

for subsequent western blotting. Compared to whole muscle tissue, individual

muscle fibres would be devoid of infiltrating macrophages, and thus a way to identify whether any
alterations of target proteins are from muscle fibres or inflammatory cells.

5.2.7 Statistics.
A two-way ANOVA was used to analyse the relative amounts and gelatinolytic activities
of MMP2 and MMP9 in WT and mdx mice of different ages, and Holm-Sidak’s multiple post-hoc
tests were used to compare selected pairs: D28 WT vs D28 mdx, D28 WT vs D70 WT, D28 mdx
vs D70 mdx, D70 WT vs D70 mdx. Unpaired Student’s t tests were used to compare the
gelatinolytic activity of MMP2 and MMP9 in mdx and mdx taurine mice as well as the relative
amounts of MMP2 and CD68 in muscle fibres from D70 WT and D70 mdx mice. Data are presented
as mean ± SD. Significance was set at P < 0.05. All statistics were performed using GraphPad Prism
6.
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5.3 Results
5.3.1 Relative amount of MMP2 in skeletal muscle from wild-type and mdx mice of different
ages.
APMA treatment of muscle homogenates, which would cause the proteolysis of pro-MMP2
to yield the active form, was used to positively identify MMP2 in mouse gastrocnemius muscle by
western blotting (Fig. 5.1 A). Pro-MMP2 was detected in the gastrocnemius muscle samples, with
the APMA treatment observed to shift the full-length ~72 kDa band to the active MMP2 form, seen
at ~64 kDa (Fig. 5.1A). Comparison of the abundance of MMP2 protein in wild-type mice (Fig.
5.1B), indicated that the amount of pro-MMP2 was decreased ~4-fold in D70 WT compared with
D28 WT mice (Fig. 5.1C). In a similar age relationship, ~1.6-fold decrease of pro-MMP2
abundance was found in D70 mdx compared with D28 mdx mice (Fig. 5.1C). In addition, increases
of pro-MMP2 abundance were seen both in D28 (~1.7-fold) and D70 (~4.2-fold) mdx mice
compared with age-matched WT mice (Fig. 5.1C).
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Fig. 5.1 Relative amount of MMP2 in skeletal muscle from WT and mdx mice of different ages.
A. Detection of pro- and active-MMP2 in gastrocnemius muscle samples with or without APMA
treatment (60, 130 μg). A mixed muscle sample was loaded in four different amounts (30, 60, 130,
260 μg) for a calibration curve (Cal curve, see Western blotting in Methods) on the same gel. B.
Western blot of MMP2 in gastrocnemius muscle homogenates from 28 day (D28) and 70 day (D70)
wild-type (WT) and mdx mice (Bottom), and pro-MMP2 migrating at ~72 kDa. Each sample loaded
in duplicate and a calibration curve loaded in three different amounts (30, 60 and 130 µg). For A
and B, molecular weight marker indicated. Stain Free gels for myosin indicate relative amounts of
muscle loaded. In a given panel, all samples run on the same gel and non-contiguous lanes
separated by solid lines and vertical dotted lines for ease of distinguishing different mice samples.
C. Pooled data (and mean ± SD) showing relative amount of pro-MMP2 in D28 and D70 WT and
mdx mice. Different colours and shapes stand for different mice, and are consistent throughout the
chapter. Number of animals indicated (n). For all statistical analysis, significant difference was set
at p < 0.05. Two way ANOVA was adopted to assess effects of age (D28 and D70) and genotypes
(WT and mdx mice), there being significant effects of both age (p < 0.05) and genotype (p <0.05),
but no interaction between age and genotype (p = 0.76). * indicates a significant difference
compared to D28 WT, # denotes a significant difference compared to D28 mdx mice, ^ presents a
significant difference compared to D70 WT, Holm-Sidak’s multiple post-hoc test.

5.3.2 Gelatinolytic activity of MMP2 in skeletal muscle from wild-type and mdx mice of
different ages.
APMA treatment resulted in increased gelatinase activity in gastrocnemius muscle from
D28 WT mice, with apparent elevations in both active-MMP2 and active-MMP9 activities (Fig.
5.2A, compare lane 2 and 9). Gelatinolytic activity of pro-MMP2 in WT mice was affected by age
(Fig. 5.2A), and pro-MMP2 activity in D70 WT mice was ~2.7-fold lower than in D28 WT (Fig.
5.2B). No significant differences in pro-MMP2 activity were found when other selected pairs were
compared (D28 mdx vs D70 mdx, D28 WT vs D28 mdx, and D70 WT vs D70 mdx).
Active-MMP2 activity examined on zymograms was not influenced by age in mice with no
significant difference between either D28 WT compared with D70 WT or D28 mdx compared with
D70 mdx (Fig. 5.2C). In contrast, noted elevations of active-MMP2 activity were seen in both D28
and D70 mdx mice, compared with age-matched WT mice (Fig. 5.2C).
The active-/pro-MMP2 ratio reflects the proportion of active-MMP2 to pro-MMP2. It was
found that the proportion of active-MMP2 to pro-form was similar in D28 WT compared with D70
WT (Fig. 5.2D). Similarly, comparing D28 mdx and D70 mdx, no significant changes in the active-
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/pro-MMP2 ratio were observed (Fig. 5.2D). In contrast, a greater active-/pro-MMP2 ratio was seen
in D28 and D70 mdx compared with age-matched WT mice (Fig. 5.2D).

Fig. 5.2 Gelatinolytic activity of MMP2 in skeletal muscle from WT and mdx mice of different
ages. A, Gastrocnemius muscle homogenates prepared from D28 and D70, WT and mdx mice,
along with gastrocnemius from D28 WT treated with APMA were analysed by gelatin zymography.
Pro-MMP2 and active-MMP2 migrate at ~72 kDa and ~64 kDa, respectively (left). Loading amount
of each sample as indicated (70 and 150 µg). The order of loading, with the same sample amounts
loaded side-by-side where possible, was to minimise potential lane distortion when different
amounts are loaded. Molecular weight markers shown (right). Pooled data (and mean ± SD)
showing relative gelatinolytic activity of pro-MMP2 (B) and active-MMP2 (C), and the ratio of
active- and pro-MMP2 (D). Different colours and shapes stand for different mice (see Figure 1).
Numbers of animals indicated (n). For all statistical analysis in B-D, significant difference was set
at p < 0.05. * indicates a significant difference compared to D28 WT, ^ presents a significant
difference compared to D70 WT, Holm-Sidak’s multiple post-hoc test. Two way ANOVA analysis
results: (B) a significant effect of age (p < 0.05), but no effect of genotype (p = 0.16) and interaction
between age and genotype (p = 0.21); (C) significant effects of both age (p < 0.05) and genotype
(p < 0.05), but no interaction between age and genotype (p = 0.67); (D) significant effects of both
age (p < 0.05) and genotype (p < 0.05), but no interaction between age and genotype (p = 0.25).
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5.3.3 Correlation between gelatinolytic activity and protein amount of MMP2 in skeletal
muscle from WT and mdx mice of different ages.
When assessing all animals, a linear positive relationship between SDS-induced pro-MMP2
activity and its protein amount determined by western blot was seen (Fig. 5.3).

Fig. 5.3 Correlation between gelatinolytic activity and protein amount of MMP2 in skeletal
muscle from WT and mdx mice of different ages.

Plot of SDS-induced pro-MMP2 activity

relative to its protein amount. Mean and individual values for each mouse from D28 WT (n = 5),
D28 mdx (n = 5), D70 WT (n = 7) and D70 mdx (n = 7) mice shown in different shapes. Individual
values from same type of mouse shown in same colour. Linear regression line fitted to data and
shown Y = 0.5*X + 0.3, R2 = 0.6, p < 0.0001. Y-axis shows the activity of pro-MMP2, measured by
zymogram and x-axis shows the relative amount of pro-MMP2 protein, detected by western blotting.
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5.3.4 Gelatinolytic activity of MMP2 in skeletal muscle from D28 mdx and mdx taurine
mice.
In D28 mdx mice with or without pre-natal taurine supplementation, no significant
difference in pro-MMP2 activity was observed (Fig. 5.4A & B). However, taurine supplementation
resulted in a 2-fold decrease of active-MMP2 activity in D28 mdx mice (Fig. 5.4C). Of note, there
was no active-MMP9 observed in either D28 mdx or D28 mdx taurine mice (Fig. 5.4A)

Fig. 5.4 Gelatinolytic activity of MMP2 in skeletal muscle from D28 mdx and mdx taurine
mice.

A. Gastrocnemius muscle homogenates from D28 mdx mice with or without taurine

supplementation were analysed by gelatin zymography. Pro-MMP2 and active-MMP2 migrate at
~72 kDa and ~64 kDa, respectively. Molecular weight markers shown (right). Each sample from
independent mouse loaded (150 µg) as well as gastrocnemius from D28 WT mouse treated by
APMA (150 µg) as the positive control, as indicated. All samples run on the same gel and noncontiguous lanes separated by solid white line. Pooled data (mean ± SD) showing relative
gelatinolytic activity of pro-MMP2 (B) and active-MMP2 (C) in D28 mdx and mdx taurine mice.
Number of animals indicated (n). #, indicates significant difference from D28 mdx, p < 0.05,
unpaired Student’s t test.
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5.3.5 Relative amount of MMP2 and CD68 in intact muscle fibres from D70 WT and mdx
mice.
In order to examine whether up-regulation of the MMP proteins in mdx mice could be
explained by infiltration of macrophages, CD68 was examined in the same tissue, both in whole
muscle where inflammatory cells would be present, and in isolated fibre segments that would be
devoid of most of such infiltrating cells. Whilst pro-MMP2 abundance was on average three-fold
higher in both isolated muscle fibres and whole muscle homogenates from D70 mdx compared with
D70 WT mice (Fig.s 5.1C and 5.5B), the abundance of the macrophage protein CD68 was similar
between D70 mdx and D70 WT mice (Fig. 5.5C).

Fig. 5.5 Intact muscle fibres from D70 WT and mdx mice show no change in the abundance
of inflammatory cells. A. Western blot of MMP2 in groups of intact muscle fibers (segments of 5
fibers in each) isolated from freeze-dried gastrocnemius of D70 WT and mdx mice. Gastrocnemius
muscle homogenates (Homo) with or without APMA treatment from mdx mice also run on same gel.
Western blot of CD68, a macrophage protein, also shown. Non-specific bands, molecular weight
markers indicated. All samples run on the same gel and non-contiguous lanes separated by spaces.
Stain free gel shown beneath. Pooled data (mean ± SD) showing relative amount of pro-MMP2 (B)
and CD68 (C) in D70 WT and mdx mice (n = 3 mice in each). Different colours and shapes stand
for different mice as in Figure 5.1. ^, indicates a significant difference from D70 WT, p < 0.05,
unpaired Student’s t test.
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5.3.6 Relative amount of MMP9 in skeletal muscle from WT and mdx mice of different ages.
APMA promoted the proteolytic cleavage of pro-MMP9 to generate active-MMP9 with a
smaller molecular weight (Fig. 5.6A), indicating that MMP9 was being detected. MMP9 abundance
examined on quantitative western blotting indicated that the pro-MMP9 abundance was affected by
age in WT animals, with a reduction of pro-MMP9 amount in D70 WT compared with D28 WT
mice (Fig. 5.6B). It was apparent that the gastrocnemius muscle from D28 WT treated with APMA,
was less activated than D28 mdx with very little active-MMP9 present (Fig. 5.6A).

Fig. 5.6 Relative amount of MMP9 in skeletal muscle from WT and mdx mice of different
ages. A. Western blot of MMP9 in gastrocnemius muscle homogenates from D28 and D70 WT and
mdx mice (bottom), and pro-MMP9 migrating at ~92 kDa. Non-specific band and molecular weight
marker as indicated (right). Each sample with or without APMA treatment loaded in singlet (130
μg) or duplicate (60 and 130 µg) and a calibration curve (cal curve) loaded in triplicate (30, 60,
130 μg). Stain Free gel of myosin (top) used as a loading control. Vertical dotted line for ease of
distinguishing different mice samples. B, Pooled data (mean ± SD) showing relative amount of proMMP9 in D28 and D70 WT and mdx mice. Different colours and shapes stand for different mice
(see Fig. 5.1). Number of animals indicated (n). For statistical analysis, significant difference was
set at p < 0.05. * indicates a significant difference compared to D28 WT, Holm-Sidak’s multiple
post-hoc test. Two way ANOVA analysis results showing a significant effect of age (p < 0.05), but
no effects of genotype (p = 0.25) and interaction between age and genotype (p = 0.4).
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5.3.7 Gelatinolytic activity of MMP9 in skeletal muscle from WT and mdx mice of different
ages.
Gelatin zymography was performed to examine gelatinolytic activity of MMP9 in
gastrocnemius muscles from WT and mdx mice at D28 and D70 (Fig. 5.7A). The results revealed
that the gelatinolytic activity of pro-MMP9 was affected by age in WT animals, with a marked
decrease of pro-MMP9 activity found in D70 WT compared with D28 WT, but not in mdx mice
(Fig. 5.7B).

Fig. 5.7. Gelatinolytic activity of MMP9 in skeletal muscle from WT and mdx mice of different
ages. A, Gelatin zymography indicates the gelatinolytic activity of pro-MMP9 in gastrocnemius
from D28 and D70, WT and mdx mice, and pro-MMP9 migrates at ~92 kDa (right). Each sample
loaded in triplicate (40, 70 and 150 µg) as indicated. Molecular weight markers shown (left). B,
Pooled data (mean ± SD) showing relative gelatinolytic activity of pro-MMP9 in WT and mdx, D28
and D70 of age. Different colours and shapes stand for different mice as in Fig. 5.1. Numbers of
animals indicated (n). For statistical analysis, significant difference was set at p < 0.05. * indicates
a significant difference compared to D28 WT, Holm-Sidak’s multiple post-hoc test. Two way
ANOVA analysis results suggesting significant effects of age (p < 0.05) and interaction between
age and genotype (p < 0.05), but no effect of genotype (p = 0.51).
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5.3.8 Correlation between gelatinolytic activity and protein amount of MMP9 in skeletal
muscle from WT and mdx mice of different ages.
When assessing all animals, a linear positive relationship between pro-MMP9 activity and
its protein amount was seen (Fig. 5.8).

Fig. 5.8 Correlation between gelatinolytic activity and protein amount of MMP9 in skeletal
muscle from WT and mdx mice of different ages. Plot of SDS-induced pro-MMP9 activity
relative to its protein amount detected by western blot. Mean and individual values for each mouse
from D28 WT (n = 5), D28 mdx (n = 5), D70 WT (n = 7) and D70 mdx (n = 7) mice shown in
different shapes. Individual values from same type of mouse shown in same colour. Linear
regression line fitted to data and shown Y = 1.1*X - 0.3, R2 = 0.6, p < 0.0001. Y axis shows the
activity of pro-MMP9 and x axis shows the relative amount of pro-MMP9.
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5.4 Discussion
5.4.1 Identification of MMP2 and MMP9 in mouse muscle.
MMP2 and MMP9 are synthesized as proenzymes that are non-active in quiescent skeletal
muscle (Cauwe & Opdenakker, 2010) (see Chapter 3, Fig. 3.7 & 3.8). They are activated by the
degradation of a propeptide in the proenzyme to yield the active-MMP2 and active-MMP9 forms,
with smaller molecular weights, a process that is mediated by either itself or another MMP, or
artificially by chemical reagents, such as APMA (4-aminophenylmercuric acetate) (StetlerStevenson et al., 1989; Butler et al., 1997; Zhao et al., 2003). It was evident that APMA caused the
activation of pro-MMP2 (Fig. 5.1 A) and pro-MMP9 (Fig. 5.6A) in mouse skeletal muscle, leading
to the generation of their active-forms detected by both western blotting and zymography. Gelatin
zymography, as a sensitive and efficient method, showed the enzymatic activity of MMPs (Snoekvan Beurden & Von den Hoff, 2005), of both pro- and active-forms of MMP2 and MMP9 in mouse
muscle (Fig. 5.2A). It is noted that whilst the presence of pro-MMP2 and pro-MMP9 on zymograms
are due to SDS-induced artefactual activation of the pro-forms (Springman et al., 1990; Ra & Parks,
2007; Cauwe & Opdenakker, 2010), there was a positive correlation between pro-MMP2 and proMMP9 proteins assessed by western blotting and gelatin zymography (Fig.s 5.3 and 5.8).

5.4.2 Age-related alteration of protein abundance and gelatinolytic activity of MMP2 and
MMP9 in WT mice.
A study published by our group showed an increased in muscle weight and fibre diameter
in WT mice aged from 28 to 70 days (Barker et al., 2017). Similarly, Rowe and Goldspink reported
increased muscle weight and muscle fibre size in five types of muscle in WT mice from 21 to 63
days, (Rowe & Goldspink, 1969). In the current study, reductions in protein abundance and
gelatinolytic activity of both MMP2 (Fig. 5.1 & 5.2) and MMP9 (Fig. 5.6 & 5.7) were found in WT
mice from 28 to 70 days. If it is assumed that the D70 WT mouse is adult, then the increase in
MMP2 and MMP9 suggests that they may play a role in postnatal growth.
It has been suggested that MMP2 is involved in the degradation of the extracellular
components of muscle as an adaptation to the demands caused by muscle growth (Sires et al., 1993;
Bani et al., 2008). In support of that, overexpression of MMP2 in myogenic C2C12 cells showed that
MMP2 in cooperation with MT1-MMP, mediated the formation of myotubes and hence played a
role in the development of skeletal muscle (Oh et al., 2004). In that study, muscle from MMP2
knockout neonatal mice were also analysed and centrally nucleated fibres were evident, however
no control animals were used for comparison and so it is difficult from that study to make
conclusions about the involvement of MMP2 in the maturation of mouse fibres (Oh et al., 2004).
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Similar to pro-MMP2, there was an age-related decrease in pro-MMP9 abundance
measured by western blotting and activity measured by zymography found in WT mice from 28 to
70 days (Fig. 5.6 & 5.7). This is the first quantitative representation of MMP9 in these aged mice.
One study showed a single western blot for one sample from each of 1, 2, 3 and 5 week old WT
mice, where an apparent reduction over time in MMP9 protein was evident (Li et al., 2009a),
although that qualititative data must be looked at with caution.

5.4.3 Alteration of protein abundance and gelatinolytic activity of MMP2 in mdx mice.
A feature of mdx mice is that they display a peak of necrosis in skeletal muscle fibres at
about 28 days, and histological observation shows degenerative muscle fibres, variation of fibre
sizes, increasing non-contractile tissue and centrally nucleated fibres (Tanabe et al., 1986; Cullen
& Jaros, 1988; Spencer et al., 1995; Miyazaki et al., 2011; Barker et al., 2017) as well as an increase
in macrophages (Wehling et al., 2001). In contrast, muscle regeneration is seen following this
necrotic phase, with D70 mdx mice exhibiting larger muscle fibres with more uniform fibre sizes,
less non-contractile tissues and less central nuclei, all features indicative of the regeneration of
muscle fibres (Tanabe et al., 1986; Bani et al., 2008; Miyazaki et al., 2011; Barker et al., 2017).
Additionally, at 3 months of age, the increase in macrophages at 28 days of age had reduced more
than three-fold to return to levels seen in 2 week old mdx mice (Wehling et al., 2001).
We found that pro-MMP2 abundance was significantly affected by genotype, with marked
increases in mdx mice compared with WT mice at both 28 and 70 days (Fig. 5.1 C). Moreover, age
caused a significant reduction in mdx mice from 28 to 70 days (Fig. 5.1 C). Those results may
suggest that pro-MMP2 abundance is up-regulated in degenerative myofibres and down-regulated
once the muscle fibres have regenerated. Because MMP2 has recently been reported to play a role
in macrophage presence in vascular disease (Barhoumi et al., 2017), any increase in MMP2 could
be a consequence of the increased inflammation seen in D28 mdx mice compared with WT mice
(Wehling et al., 2001; Miyazaki et al., 2011). Further, the decline in MMP2 protein with age could
be due to the consequent decrease in inflammation that has been reported in D80 compared with
D28 mdx mice (Wehling et al., 2001). To address this possibility, isolated single muscle fibres,
which would be devoid of infiltrating macrophages, from both WT and mdx mice at 70 days were
used to further investigate whether the increased proportion of pro-MMP2 could be attributed to the
infiltrating inflammatory cells or whether the increase was present within the muscle fibres
themselves. Whilst pro-MMP2 abundance was on average increased three-fold in isolated muscle
fibres from D70 mdx compared with D70 WT mice (Fig. 5.5B), which is similar to what was
observed in whole muscle homogenates (Fig. 5.1 C), the protein abundance of the macrophage
protein CD68 was similar between D70 mdx and D70 WT mice (Fig. 5.5C). This is in concordance
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with Whitehead and co-workers who observed similar amounts of CD68 protein in muscle from
18-19 day old mdx mice compared with WT mice (Whitehead et al., 2010). Therefore, we assume
that the increase of MMP2 in D70 mdx mice is most likely because of an upregulation of pro-MMP2
protein within muscle fibres and not due to infiltration of other extracellular cells, such as
macrophages.
Although similar activity of pro-MMP2 was found in D28 mdx and WT mice (Fig. 5.2B),
there was a robust elevation of active-MMP2 activity in both D28 and D70 mdx compared with
age-matched WT mice (Fig. 5.2C). This provides further evidence that active-MMP2 may be
critical during and after the degenerative and necrotic (D28) as well as regenerative (D70) phases
of muscle in mdx mice. It is also supported by studies that reported, relative to WT mice, an
elevation in the gelatinolytic activity of active-MMP2 in gastrocnemius muscle from 13 week old
mdx mice (Kherif et al., 1999). In addition, an increase in active-MMP2 activity was also reported
in canine X-linked muscular dystrophy in Japan (CXMDJ) dog model (Fukushima et al., 2007).
Interestingly, similar morphology of the necrotic muscle fibres in mdx mice shown by our group
(Barker et al., 2017), was also observed in MMP2 and MT1-MMP double mutation mouse
displaying abnormal and shorter muscle fibres (Oh et al., 2004; Klyen et al., 2011). Further, during
proliferation and migration of myoblasts, MMP2 was found to be associated with the formation of
new myofibres (Serrano & Munoz-Canoves, 2010). Together these findings support a role of
MMP2 in transition from degeneration to regeneration in dystrophic muscle fibres in mdx mice.
Also in support, the ablation of MMP2 in 13-week old mdx mice seemingly supressed the growth
of regenerating fibres in diaphragm, quadricep and gastrocnemius muscles, however there was no
statistical analyses or error bars on the data provided and so those data should be treated with caution
(Miyazaki et al., 2011).

5.4.4 Taurine supplementation induced the reduction of active-MMP2 activity in mdx mice.
Pre-natal taurine supplementation resulted in D28 mdx mice having a marked increase in
the force producing ability of muscle, most likely due to the improved muscle architecture, that was
accompanied with significant reductions of non-contractile tissue and centrally nucleated fibres
(Barker et al., 2017). Similarly, Terrill et al. also suggested that taurine greatly reduced the necrotic
myofibres in juvenile mdx mice (Terrill et al., 2016). Additionally, taurine has been suggested to
play a role in the regeneration of necrotic muscle in mdx mice (McIntosh et al., 1998b). Given that
a marked reduction in the gelatinolytic activity of active-MMP2 was observed in the current study
(Fig. 5.4C) in those same animals as presented in Barker et al. (Barker et al., 2017), we suggest that
the decrease in active-MMP2 activity is concomitant with an attenuation in the loss of function in
dystrophic muscle fibres, and that active-MMP2 to some extent reflects the response to pathological
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injury of dystrophic muscle in mdx mice. Surprisingly, given the role that MMP9 has been described
to have in dystrophic phenotype (Li et al., 2009a), no active-MMP9 was observed in D28 mdx mice,
questioning the functional role MMP9 plays in the muscle degeneration, seen at D28 in mdx mice.

5.4.5 Alteration of protein abundance and gelatinolytic activity of MMP9 in mdx mice.
In contrast to the alteration of MMP2 abundance in mdx mice, genotype had no effect on
either pro-MMP9 abundance or MMP9 gelatinolytic activity (Fig. 5.6 & 5.7), indicating pro-MMP9
may not be crucial for the degeneration/regeneration cycles of mdx mice. In line with this, no
change of MMP9 protein was found in gastrocnemius in mdx mice from 1 to 2 months (Roma et
al., 2004). Moreover, MMP9 mRNA expression was not different in mdx mice at 1 and 3 months
of age (Miyazaki et al., 2011).
When MMP9 protein abundance was compared between mdx and WT mice, no differences
were seen at either D28 or D70 (Fig 5.6). Perhaps contrary to this finding, Miyazaki et al. reported
a significant increase in pro-MMP9 abundance in mdx mice at both 1 and 3 months of age compared
with WT animals (Miyazaki et al., 2011). The difference between that and the present study is that
the muscle samples were fractionated by centrifugation which likely resulted in the loss of MMP
protein (Mollica et al., 2009). Further, that study (Miyazaki et al., 2011) normalised the data to
GAPDH protein which has been shown to be an unreliable total protein marker (Wyckelsma et al.,
2016). In contrast to our study, Li et al. found increases of both protein abundance and activity of
MMP9 in D50-56 mdx compared with WT mice (Li et al., 2009a). MMP9 abundance was increased
in mdx mouse diaphragm from 8 week old animals compared with age-matched controls, although
that study only showed a representative blot with n=2 samples sample and no pooled data were
provided (Li et al., 2009a). In that same work, zymography evidence was presented showing
MMP2 activity was markedly elevated in soleus and gastrocnemius from 8 week old mdx compared
with WT mice, however, once again, data was shown for only n=2 and most importantly, there was
no evidence that the broad band labelled as both pro-MMP9 and active MMP9 were one or both of
these forms. Hence, the data could not be assessed quantitatively (Li et al., 2009a). The role of
MMP9 in dystrophic muscle was also investigated by Li et al. (2009) in mdx mice with genetic
deletion of MMP9. A reduction in macrophage infiltration was seen in gastrocnemius muscle from
8 week old mdx mice where MMP9 had been ablated, and compared with mdx mice with MMP9,
the number of necrotic fibres was also reduced, sarcolemmal integrity measured as Evans Blue dye
positive fibres was improved and functionally, force production was attenuated (Li et al., 2009a).
The protective effects of MMP9 ablation in mdx mice is possible via a reduced cleavage of βdystroglycan, which is observed as an increased amount of 30-kDa fragments, shown to accumulate
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in DMD where the proteolysis of β-dystroglycan may contribute to the degradation in dystrophic
muscle via disruption the association between extracellular components and cytoskeleton
(Matsumura et al., 2005; Michaluk et al., 2007; Alameddine, 2012). Of importance to the
interpretation of the findings of Li et al. (2009), MMP9 was inhibited using an inhibitor of both
MMP2 and MMP9, to imply MMP9 function in supressing of degeneration and improvement of
regeneration of dystrophic muscle fibres (Li et al., 2009a). The effects seen with the inhibitor of
both MMP2 and MMP9 were possibly due to the inhibition of MMP2 in dystrophic muscle, and
here we show that it is likely that MMP2 is more important in the dystrophic mouse than MMP9.
Hence, those findings that suggested MMP9 is involved in the maintenance of sarcolemma integrity
and improved regeneration of dystrophic muscle, could be explained by MMP2 and this needs to
be further investigated.

5.4.6 Correlation between gelatinolytic activity and protein amount of MMP2 and MMP9 in
skeletal muscle from WT and mdx mice of different ages.
Correlations were conducted to see whether the measure of proMMPs by western blot gave
the same result as the measure of SDS-induced proMMP activity in mouse gastrocnemius muscle.
Linear positive correlations were seen between gelatinolytic activity and protein amounts for both
pro-MMP2 (Fig. 5.3) and pro-MMP9 (Fig. 5.8). These correlations demonstrate that the amounts
of MMP2 and MMP9 can be similarly obtained using either western blotting or zymography. It is
important to note, however, that neither of these measures are a proxy for MMP activity, at least in
muscle. Indeed, active-MMP9 was not observed in any samples, analysed by both western blotting
and zymography, where in both cases active-MMP9 would migrate faster than pro-MMP9. Given
that neither method detected active MMP9, suggests that MMP9 is not present in an active state in
skeletal muscle from D28 or D70, mdx or WT mice. This was surprising given that animals were
used at an age when peak muscle degeneration was occurring (D28). To understand what
physiological intervention results in MMP9 activation warrants further investigation, but must be
done cautiously where the relevant active band of MMP9 is properly identified, and that artefactual
SDS activation of pro-MMP9 does not mean it has been activated in vivo. Contrary to MMP9,
active-MMP2 was detected in muscle from the mice examined, and this was increased with
dystrophy, in an age-dependent manner. Further, a reduction of active-MMP2 activity was seen
with the recovery of muscle from D28 mdx taurine mice. As an activated form of MMP2, activeMMP2 activity was examined in gelatin zymography with the presence of SDS and high
concentration of calcium (5-10 mM). Therefore, investigation of activity of active-MMP2 in muscle
under physiological conditions is critical and this would possibly support identification of
intracellular substrates of MMP2 in muscle. Because of the limitation of current methods, there is
a need for development of new methods that would be able to detect MMP activity under native
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conditions, similar to that shown in Chapter 3 where native zymography was used. This, however,
was not possible to use quantitatively in muscle preparations.

5.5 Conclusions
The present study demonstrated that MMP2 is more active than MMP9 in muscle from mdx
mice, and as such, is likely to play a more important role in the degenerative phases of muscle fibres
in mdx mice at 28 days. Furthermore, a decrease of active-MMP2 activity was observed in D28
mdx taurine mice, where the loss of function in dystrophic muscle fibres was attenuated by taurine
supplementation (Barker et al., 2017). MMP9 does not appear to be crucial for the degeneration
(D28) /regeneration (D70) cycles occurring in the mdx mouse model.
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CHAPTER 6
Main conclusions and future research directions
6.1 Main conclusion
The present thesis has shown the absolute amounts of MMP2 and MMP9 in skeletal muscle,
which have never been ascertained before. Using mechanically-skinned muscle fibres, the
proportion of MMP2 and MMP9 between intact and skinned muscle fibres (where the extracellular
matrix is excluded) revealed that both MMP2 and MMP9 had an intracellular location, challenging
what people generally assumed. Following further separation of subcellular components of skinned
muscle fibres, the majority of intracellular MMP2 and all intracellular MMP9 were freely diffusible
in the cytosol. Investigation of MMP2 and MMP9 activity in quiescent skeletal muscle
demonstrated that MMP2 and MMP9 are predominantly in their full-length, non-active pro-forms.
In addition, only a small proportion of MMP2 (10% of the total) became active when exposed to
the physiologically relevant concentration of Ca2+ of 20 μM, albeit for the extended duration of 17 h.
This suggests that intracellular Ca2+ cannot be a major determinant of intracellular MMP2 activity.
Using the mdx mouse model, MMP2, but not MMP9, was shown to likely play a role in the
necrosis of dystrophic muscle fibres. Moreover, a decrease of gelatinolytic activity of active-MMP2
was found in mdx mice with taurine supplementation, which to some extent ameliorated function
of dystrophic muscle of mdx mice (Barker et al., 2017). Using whole muscle preparations, the
present study indicates that MMP9 may function during the age-related growth of skeletal muscle
but did not appear to be crucial for the degeneration / regeneration cycles occurring in the mdx
mouse model.

6.2 Future research direction
In order to understand the intracellular MMP2 and MMP9 functions, identification of their
intracellular substrates is needed. Although potential substrates of MMP2 and MMP9 have been
revealed in cardiomyocytes, such as troponin I (Wang et al., 2002), myosin light chain (Sawicki et
al., 2005), titin (Ali et al., 2010), myosin heavy chain (Rouet-Benzineb et al., 1999), it is still
unclear if these are substrates in skeletal muscle. In vivo experiments are critical to confirm what
the functions of intracellular MMP2 and MMP9 are under physiological conditions in skeletal
muscle, such as using physiologically relevant intracellular Ca2+ concentration. Given investigation
of intracellular substrates of MMP2 and MMP9, human muscle samples precipitated with MMP2
and MMP9 antibodies could be examined on mass spectrometry for potential binding partners and
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substrates (Klein et al., 2018). Identification of MMP9 potential intracellular targets in human
muscle have been discussed in Chapter 4. To assess functional relevance of any identified substrates,
their cleavage could be ascertained in vivo, such as by using D28 mdx where the increased activeMMP2 was observed in the present work. Further, to isolate any effects to the action of a specific
MMP, purified active-MMP2 and active-MMP9 proteins could be added to isolated mechanicallyskinned muscle fibres. This provides the unique opportunity to remove and ECM located MMP
target from the preparation.
Gelatinolytic activity of pro-forms of MMP2 and MMP9 shown on SDS-based gelatin
zymography was purely due to the artificial activation by SDS. Although gelatin zymography under
native conditions was investigated in this thesis and also used to detect gelatinolytic activity of proand active-MMP2 pure proteins, this was not successfully applied to muscle homogenate
preparations. Further development of this novel method to be able to identify MMP2 and MMP9
activity under native conditions is crucial in terms of being able to identify physiologically relevant
substrates of MMP2 and MMP9.
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APPENDIX I
Examination of MMP9 in adult rat skeletal muscle
AI.1 Introduction
MMP9 is present in adult skeletal muscle from human and mouse, although it is possible
that it is not present in rat. Indeed, there was no MMP9 protein seen in skeletal muscle from adult
rats (Roach et al., 2002; Reznick et al., 2003).
In the present study, rat skeletal muscle samples treated or not treated by APMA were
examined by western blotting using three different antibodies, and by gelatin zymography to
identify the presence of MMP9 in rat skeletal muscle. Immunoprecipitation of MMP9 in rat tissues
including skeletal muscle and spleen, was also used to validate those findings. The findings of this
part of the thesis found that there is no MMP9 protein and gelatinolytic activity detected in skeletal
muscle from mature rats.

AI.2 Methods
See Chapter 2 general materials and methods for details.

AI.3 Results
AI.3.1 No detection of MMP9 in rat muscle by western blotting.
Three different MMP9 antibodies #3852, Ab19016 and Ab38898 used for detection in
human (Chapter 4) and mouse (Chapter 5) tissues, were used to probe for identification of MMP9
in rat SOL muscle homogenate with or without APMA treatment on western blotting (Fig. AI1BD). As a positive control, detection of MMP2 in APMA-treated muscle samples showed that APMA
treatment triggered >90% conversion of pro-MMP2 to its active form in rat SOL muscle
homogenates (Fig. AI1A), confirming that the APMA activation was working in the rat muscle
preparations. Using #3852 (Fig. AI1B), Ab19016 (Fig. AI1C) and Ab38898 (Fig. AI1D) antibodies,
purified recombinant MMP9 pure proteins were detected. Moreover, all three antibodies labelled
many bands migrating at ~92kDa, ~100 kDa, and ~150 kDa. However, those bands were not altered
by APMA treatment (Fig. AI1B-D). The findings were confirmed on three gels. More importantly,
it was shown that APMA treatment was able to activate pro-MMP9 in mouse skeletal muscle to
generate active forms with smaller molecular weight (see Chapter 5, Fig. 5.6A), further confirming
that rodent MMP9 is able to be activated by APMA. Therefore, this result indicates that there is no
detectable MMP9 in rat skeletal muscle at least using those antibodies. Whether those antibodies
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are able to specifically detect MMP9 in rat muscle or that there is no MMP9 in adult rat muscle,
required further experimentation.

Fig. AI1 No detection of MMP9 in rat muscle by western blotting. A, Rat SOL muscle homogenates
(100 µg) with or without APMA treatment along with pro- (1 ng) and active-MMP2 (1 ng) pure
proteins, probed for MMP2 with Ab92536 antibody, indicating that the APMA treatment activated
MMP2 in muscle samples. Same rat SOL muscle homogenates (130 µg) with or without APMA
treatment, which were examined in panel A, were probed for MMP9 using #3852 (B), Ab19016 (C),
and Ab38898 (D) antibodies; many non-specific bands were detected. Human recombinant proand active-MMP9 pure proteins also run on gels (B & C).

AI.3.2 No detection of gelatinolytic activity of MMP9 in rat muscle by zymography.
In order to investigate whether the bands migrating at ~92 kDa on western blots (Fig. AI1BD) were MMP9 or not, rat skeletal muscle samples along with pro-MMP9 pure protein were
examined on standard zymography (Fig. AI2). The zymograms indicated that no gelatinase activity
of MMP9 was seen in rat skeletal muscle, although MMP2 was seen (Fig. AI2A). Furthermore,
after APMA treatment, it was found that no active-MMP9 activity was present in either EDL or
SOL rat muscle (Fig. AI2B). With regard to the APMA-induced MMP2 activation in rat skeletal
muscle, Fig. AI2A shows the gelatinolytic activity of both pro- and active- forms of MMP2 in rat
SOL (Fig. AI2A). In addition, after APMA treatment, it is apparent that pro-MMP2 was activated
to generate its active form with a smaller molecular weight in rat skeletal muscle, with a marked
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increase in active-MMP2 activity (Fig. AI2B). Those results are consistent with the earlier findings
on MMP2 (Chapter 3, Fig. 3.6A & B), and served as a positive control for the zymograms. The
findings were confirmed in muscle samples from five rats and each muscle preparation was
examined on three gels.

Fig. AI2 Failure to detect of gelatinolytic activity of MMP9 in rat muscle by zymography. A, Rat
SOL muscle homogenate (15, 30, 60 μg) along with pro-MMP9 (20 pg) and pro-MMP2 (20 pg)
were examined by zymography, indicating gelatinolytic activity of pro-MMP9 pure protein but no
MMP9 activity in the rat muscle samples. B, Failure to detect of MMP9 activity on zymography in
rat EDL and SOL muscle homogenates with or without APMA treatment. Non-contiguous lanes
from same zymography gel separated by solid lines.
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AI.3.3 Immunoprecipitation of MMP9 in rat tissues detected by western blotting.
Previous results have demonstrated that Ab38898 antibody concentrates MMP9 in human
muscle (Chapter 4, Fig. 4.2B). Hence, application of Ab38898 antibody to precipitate MMP9 in rat
tissues could help identify MMP9 in rat species. After precipitation with Ab38898 antibody, SOL
muscle homogenates were separated into supernatant (unbound) and pellet (bound) and detected by
western blotting (Fig. AI3). No bands were seen in the pellet (+), where MMP9 would be if it bound
to the antibody and a band was seen in the supernatant (+), but this was non-specific. Similarly, this
band was also observed in the SOL whole muscle homogenate (Homo). In order to investigate
whether Ab38898 antibody is able to pull down MMP9 in rat species, rat spleen tissue was used as
a positive control for immunoprecipitation experiments with the same antibody (Ab38898 antibody)
(Fig. AI3). Spleen has been shown to have relatively high MMP9 activity (Li et al, 2009a). It was
found that most pro-MMP9 was observed in the pellet (+) where it would be if the antibody detected
MMP9, and not in the supernatant (+), indicating Ab38898 antibody pulls down MMP9 in rat spleen.
In contrast, in negative control samples of rat spleen homogenate precipitated without the antibody
added, the pro-MMP9 was found in the supernatant (-) rather than the pellet (-), indicating Ab38898
antibody detects MMP9 in rat spleen. These experiments were examined on at least two gels each.
The results indicate that whilst AB398898 antibody could detect rat MMP9, none was present in
skeletal muscle samples from adult rats.
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Fig. AI3 Immunoprecipitation of MMP9 in rat tissues detected by western blotting. Ab38898
antibody was used to pull down MMP9 in rat SOL and spleen. After immunoprecipitation, rat SOL
and spleen samples with or without the Ab38898 antibody added, were separated into supernatant
(Super) and pellet samples. All the supernatant and the pellet samples, whole SOL and spleen
homogenates (Homo), and human recombinant pro- and active-MMP9 pure proteins were run on
western blotting. Pro- and active-MMP9, non-specific bands and stain Free gel indicated.

AI.3.4 Immunoprecipitation of MMP9 in rat tissues detected by zymography.
The immunoprecipitation of MMP9 in rat SOL and spleen tissues with Ab38898 antibody
was performed as in Fig. AI3, and then the samples were divided into supernatant and pellet and
prepared in non-reducing loading buffer and examined by zymography (Fig. AI4). Consistent with
western blotting results of immunoprecipitated MMP9 (Fig. AI3), there was no evident white bands
showing at ~92 kDa that would be indicative of gelatinolytic activity of pro-MMP9 in rat SOL
muscle (Fig. AI4A). It is also apparent that there was no gelatinase activity of pro-MMP9 in the
supernatant or the pellet of SOL muscle samples obtained after immunoprecipitation. However, in
rat whole spleen homogenate (Homo), it was evident that there was a white band showing at ~92
kDa, indicative of the gelatinase activity of pro-MMP9. Furthermore, in rat spleen samples
precipitated by the antibody (Fig. AI4B), the great majority of pro-MMP9 activity was seen in the
pellet rather than the supernatant, indicating that the Ab38898 antibody pulled down MMP9 in rat
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spleen. In contrast, in control samples of rat spleen precipitated without antibody added, most of
the gelatinolytic activity of pro-MMP9 was observed in the supernatant rather than the pellet as
expected. In addition, although the pro-MMP2 activity was weak in rat spleen, the majority of
gelatinolytic activity of pro-MMP2 was always seen in the supernatant, indicating specific binding
between the Ab38898 antibody and MMP9 in rat spleen tissue (Fig. AI4B). This experiment was
examined on at least two gels.

Fig. AI4 Immunoprecipitation of MMP9 in rat tissues detected by zymography. Rat SOL and
spleen samples, collected by same immunoprecipitation and subsequent centrifugation used in Fig.
AI4, were prepared in non-reducing loading buffer for detection of gelatinolytic activity of MMP9
on zymogram (see methods). This failed to show no detection of MMP9 activity precipitated with
the antibody in rat SOL muscle samples (A), gelatinolytic activity of both pro- and active-MMP9
pure proteins, and pro-MMP9 activity in rat spleen tissue precipitated with the antibody (B). In
non-reducing conditions, it was found that active-MMP9 pure protein migrated a bit lower than the
given molecular weight (~83 kDa, see Methods) on zymography gels (A).
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AI.4 Discussion
AI.4.1 No detection of MMP9 in skeletal muscle from mature rat.
It was found that all three different antibodies labelled many bands in rat skeletal muscle,
but none of them could be identified as MMP9 protein, because 1) those bands were not affected
by APMA treatment, still being present in similar amounts in rat muscle treated by APMA (Fig.
AI1); and 2) there was no gelatinolytic activity of pro- and active-MMP9 seen in rat skeletal muscle
with or without APMA treatment (Fig. AI2). In addition, after carefully investigating that Ab38898
antibody is able to pull down MMP9 in muscle tissue (Chapter 4, Fig. 4.2B) and rat species (Fig.
AI3), the immunoprecipitation of MMP9 in rat skeletal muscle with Ab38898 antibody further
illustrates that there was no protein abundance and gelatinolytic activity of MMP9 in skeletal
muscle from adult rats. In good agreement with our findings, previous studies suggest that no
MMP9 protein expression and gelatinolytic activity were detected in rat skeletal muscle (Roach et
al., 2002; Reznick et al., 2003); furthermore, a marked expression of MMP9 protein in skeletal
muscle has been induced by 4 h ischemia-reperfusion injury in rat (Roach et al., 2002). Therefore,
oxidative stress under ischemia-reperfusion injury induces expression of MMP9 protein in mature
rat and also imply MMP9 function in skeletal muscle with ischemia-reperfusion injury. In mouse,
which is one of the important rodent models, an age-related reduction of MMP9 protein abundance
has been found in skeletal muscle (see Chapter 5, Fig. 5.5) (Li et al., 2009a), with no either mRNA
expression or protein abundance in adult stage (Kherif et al., 1999). This may be possible to provide
hints to explain why very little MMP9 detected in skeletal muscle of the mature rats and so using
very young rats might be necessary if MMP9 is to be examined in rat muscle.
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APPENDIX
Examination of pro- and active-MMP9 pure proteins by
SYPRO Ruby protein gel stain
Pro-MMP9 and active-MMP9 pure proteins, along with BSA protein were separated on 415% Criterion Stain-Free Gels at 200V for 45 min. After fixing in a solution containing methanol
(50%, vol/vol) and acetic acid (7%, vol/vol) at RT for 1 h on a rocker, the gels were stained by
SYPRO Ruby dye (Invitrogen) at RT for overnight with continuous rocking. Following washing
the gels in a solution containing methanol (10%, vol/vol) and acetic acid (7%, vol/vol) at RT for 30
min. Then the gels were imaged using a CCD camera attached to ChemiDoc MP (Bio-Rad). The
densitometry was performed using Image Lab software (version 6.0, Bio-Rad). The lower band
(~84 kDa) seen in the pro-MMP9 pure protein samples migarating at the similar molecular weight
with active-MMP9 pure protein. Moreover, same degradation was detected in pro-MMP9 pure
proteins. This means quantification of MMP9 protein amount in human muscle obtained by
comparison against the pro-MMP9 pure protein could be slightly underestimated.
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Fig. AII1 Examination of pro- and active-MMP9 pure proteins by SYPRO Ruby protein gel stain.
A. Different amounts of BSA (6, 4, 2, 1, 0.8, 0.5 ng), and pro- and active-MMP9 pure proteins (2,
4, 8 ng) were separated on SDS-PAGE gel and stained by SYPRO Ruby protein gel stain. Loading
amount as indicated. B. Standard curves of BSA and pro-MMP9 pure protein derived by plotting
pure proteins amount (x-axis) versus densities of all bands from the given lanes (y-axis).
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