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ABSTRACT

Matrix metalloproteinase-2 (MMP-2) is a ubiquitous multifunctional protease that cleaves
both extracellular and intracellular proteins. MMP-2 is synthesized as an inactive zymogen. It is
rapidly activated inside the cell in response to oxidative stress during different cardiac pathologies
such as myocardial ischemia-reperfusion (IR) injury as well as doxorubicin (DXR)-induced
cardiotoxicity. This occurs by the action of peroxynitrite-induced S-glutathiolation which exposes
its catalytic site. Upon activation in the heart, MMP-2 induces the cleavage of several cardiac
sarcomeric proteins resulting in cardiac contractile dysfunction. An important isoform of MMP-2,
known as N-terminal truncated MMP-2 (MMP-2nt176), 1S constitutively active and gets expressed
in cardiomyocytes in response to oxidative stress. MMP-2 is localized to several intracellular
compartments including the cytosol, sarcomere, cytoskeleton, nuclei, mitochondria and
mitochondrial-endoplasmic reticulum (ER)-associated membrane (MAM), while MMP-2n1176 18
localized to the intermembranous space of mitochondria. However, how MMP-2 affects
mitochondrial and ER functions is not well investigated.

Mitochondria and ER play significant roles in the regulation of several biological
processes. A specialized form of the ER, known as the sarcoplasmic reticulum (SR), found only
in striated muscle, interacts with the T-tubules to regulate intracellular calcium level. As MMP-2
is localized at the MAM, I hypothesize that MMP-2, activated in response to oxidative stress,
disrupts mitochondrial function, ER homeostasis and the T-tubule-SR interaction, by proteolyzing
specific mitochondrial and/or ER/SR proteins localized at or near the MAM, leading to the
development of cardiac pathologies.

A fundamental role of mitochondria during cellular injury is the proteolytic processing of

apoptosis-inducing factor (AIF), a mitochondrial flavoprotein that mediates staurosporine (STS)-
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induced cell death. I investigated whether MMP-2 activity is affected in response to STS and if it
mediates AIF cleavage in human fibrosarcoma HT1080 cells. I found a significant increase in
MMP-2 activity in response to STS treatment, prior to the induction of cell necrosis. However,
mitochondrial AIF cleavage is independent of the proteolytic activity of MMP-2.

Interestingly, enhanced oxidative stress which occurs during myocardial IR injury also
impairs mitochondrial function which is regulated by different proteins including mitofusin-2
(Mfn-2). Oxidative stress and mitochondrial dysfunction also trigger the NLRP3 inflammasome
response. In isolated hearts from mice subjected to IR injury, I found that increased MMP-2
activity and MMP-2nt1176 mRNA expression are associated with a reduction in post-ischemic
recovery of cardiac contractile function, the loss in mitochondrial Mfn-2 level, enhanced
inflammasome response and increased infarct size, compared to aerobically perfused hearts. All
these changes were attenuated by MMP-2 inhibition. An association between MMP-2 and Mfn-2
was observed in aerobic and IR hearts. IR also impaired the rate of mitochondrial oxygen
consumption in muscle fibers freshly isolated from mouse hearts, whereas MMP-2 inhibitors
attenuated this reduction.

Upon investigating how MMP-2 activation affects ER homeostasis using the same model
of IR injury, I found that MMP-2 is not involved in the induction of the ER stress response itself.
However, it affects the unfolded protein response (UPR) by targeting and cleaving the UPR sensor,
inositol-requiring enzyme la (IREla). MMP-2 inhibitors are able to preserve IREla levels and
protect against the progression of ER stress-mediated myocardial cell death. An association
between MMP-2 and IRE1a was also observed in aerobic and IR hearts. Finally, the Schulz lab
previously showed that junctophilin-2 (JPH-2), a membrane protein that tethers T-tubules to the

SR, is proteolyzed by MMP-2 during IR injury. I investigated the involvement of MMP-2-
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mediated JPH-2 proteolysis in DXR-induced cardiotoxicity. I found that myocytes in hearts from
DXR-treated mice had abnormally swollen T-tubules and mitochondria, accompanied by JPH-2
cleavage. These changes were also attenuated by MMP inhibitors. Loss in JPH-2 and impaired
calcium transients were also observed in response to DXR in neonatal rat ventricular
cardiomyocytes, while MMP-2 inhibition attenuated these changes.

In conclusion, MMP-2, activated in response to oxidative stress, plays a fundamental role
in MAM dysregulation by affecting different downstream pathways that are essential for cardiac
function including mitochondrial and ER homeostasis and T-tubule-SR interaction. Potential
MMP-2 proteolytic targets whose loss could mediate these pathophysiological changes include
Mitn-2, IREla and JPH-2. Therefore, MMP-2 inhibition could be a promising adjunct therapy that
can be used to protect against cardiac dysfunction in patients with ischemic heart disease or

receiving anthracycline treatment for cancer.
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Chapter I

General Introduction

A part of this chapter has been published as a review article:

Wesam Bassiouni, Mohammad A.M Alj, Richard Schulz (2021). Multifunctional intracellular
matrix metalloproteinases: implications in disease. FEBS J. 288:7162-82.



1.1. Matrix metalloproteinase-2

1.1.1. The history of matrix metalloproteinases

Matrix metalloproteinases (MMPs) are a family of multifunctional zinc-dependent
endopeptidases that were first discovered in 1962 by Gross and Lapiere who identified the
presence of collagen-degrading activity in amphibian tissue that was found later to be the
collagenase activity of MMP-1 [1]. For decades, MMPs were known as secreted proteases that
target and cleave a variety of extracellular matrix proteins during different physiological
conditions such as angiogenesis, cell differentiation and would healing as well as pathological
conditions such as inflammation, cancer metastasis, tumor growth, atherosclerosis and myocardial

infarction [2-7].

Almost 20 years ago, the Schulz group identified the first intracellular substrate of a
ubiquitous MMP isoform “MMP-2", also known as gelatinase-A or 72-kDa Type IV collagenase,
in the heart. They found that, during myocardial ischemia-reperfusion (IR) injury, MMP-2 induces
the cleavage of the cardiac sarcomeric protein, troponin I (Tnl), resulting in cardiac contractile
dysfunction. [8, 9]. At this time, it was unknown how MMP-2 remains intracellular given its signal
sequence that targets it to be secreted outside the cell. Currently there are 28 MMP isoforms
identified in vertebrates of which 24 are found in humans [10, 11]. Beside MMP-2, several other
MMPs were found to also function intracellularly in diverse cell types including MMP-1, -3, -7, -

8,-9,-10,-11,-12, -14, -23 and -26 [12-17].

MMP biology is now greatly expanding as new functions of MMPs are discovered inside
cells. Understanding the biological functions of MMPs inside the cell is crucial not only towards
understanding their physiological roles but also for discovering new therapeutic targets for the

treatment of different pathologies.



1.1.2. Classification of MMPs

MMPs can be classified under different schemes. One method of their classification is
based on the difference in their structural domains according to which they are classified into:
classical structured MMPs, MMP-1, -3, -8, -10, -12, -13, and -19; furin-activated MMPs, MMP-
11, -21 and -28 [18]; Cys/IgG-like MMP, MMP-23; transmembrane MMPs, MMP-14, -16 and -
24; glycosylphosphatidylinositol-anchored MMPs, MMP-17 and -25 and the gelatin-binding

MMPs, MMP-2 and -9 [19].

Another classification scheme is based on their substrates and subcellular localization.
Collagenases are MMPs which degrade collagen. These include MMP-1, -8, -13, -18 as well as
MMP-14 which cleaves fibrillar collagen [20]. Specific forms of MMP-2 and -9 are also thought
to have some collagenolytic activity [19, 21]. Gelatinases are MMPs which degrade gelatin
(denatured collagen) and type IV collagen including MMP-2 and -9 [22]. Stromelysins include
MMP-3, -10 and -11 and are capable of degrading extracellular matrix proteins other than fibrillar
collagen [23]. Membrane type MMPs, as stated earlier, are membrane-anchored and have a furin

recognition site. They include MMP-14, -15, -16, -17, -23, -24 and -25 [20].

Some other MMPs have different substrates and, in this regard, are classified into different
types, particularly, the matrilysins (MMP-7 and -26) [24], enamelysin (MMP-20) [25] and
metalloelastase (MMP-12) [26]. However, some MMPs cannot be included into any of these

classes and include MMP-19, -21, -27 and -28.

In the next sections, I will focus on MMP-2, the most important and ubiquitous intracellular
MMP isoform, and discuss its structure, localization, mechanisms of intracellular activation and

pathophysiological role in diseases.



1.1.3. MMP-2 structural domains

Like most of the other MMPs, the structure of MMP-2 contains three domains; a pro-
peptide, catalytic and hemopexin-like C-terminal domain which is linked to the catalytic domain
by a flexible hinge region [18] (Figure 1.1). The catalytic domain contains a zinc ion that confers
its proteolytic activity as it binds through coordinate bonds to three histidine residues forming the
active site that binds to MMP-2 substrates. The pro-peptide domain contains a cysteine residue
(part of the cysteine switch, see below) that interacts with the catalytic zinc, preventing the enzyme
from binding to the substrate, and subsequently keeping the MMP inactive [19]. The hemopexin-
like C-terminal domain contains the site of interaction with the tissue inhibitors of
metalloproteinases (TIMPs) and is also essential for MMP subcellular localization and protein
specificity [27]. MMP-2 has three fibronectin type II repeats incorporated before the zinc-binding

sequence, which allow its binding to gelatin and type IV collagen [19].
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Figure 1.1. Structural domains of MMP-2 isoforms. Full length MMP-2 is composed of three
domains; a pro-peptide, catalytic and hemopexin-like C-terminal domain which is linked to the
catalytic domain by a flexible hinge region. The catalytic domain contains a zinc ion that confers
its proteolytic activity. The pro-peptide domain contains a cysteine residue that interacts through
its sulfhydryl (-SH) residue with the catalytic zinc, preventing the enzyme from binding to the
substrate and keeping it inactive. It also has fibronectin type II repeats incorporated before the
zinc-binding sequence and an N-terminal signal sequence that targets it to the secretory pathway.
S-glutathiolated MMP-2 has the cysteine residue in the pro-peptide domain bound to glutathione
which prevents it from binding to the catalytic zinc resulting in its activation. MMP-2ntT50 and
MMP-2nt1176 lack the first 50 or 76 amino acids respectively, including the signal sequence and are
constitutively active. Fn, fibronectin; G, glutathione; MMP-2, matrix metalloproteinase-2; NTT,
N-terminal truncated; SH, sulthydryl; SS, signal sequence; Zn, zinc.



1.1.4. Mechanisms of intracellular localization of MMP-2

Despite not being fully understood, different mechanisms by which MMP-2 is localized

intracellularly, and to specific sub-organelles, are summarized below and depicted in Figure 1.2.

1.1.4.1. Inefficient secretion

For newly synthesized MMP to be secreted, its N-terminal signal sequence targets it to the
endoplasmic reticulum (ER) for subsequent secretion outside the cell. The signal sequence is ~20-
29 amino acids found on most MMPs which are secreted extracellularly [17, 28, 29]. The Schulz
group described at least two mechanisms by which MMP-2 can reside inside the cell. MMP-2 has
an inefficient secretory signal sequence which results in about 50% of nascent protein escaping
the secretory pathway and remaining in the cytosol (Figure 1.2 A) [29]. In addition, there is a
splice variant which lacks the first 50 amino acid residues including the signal sequence (N-
terminal truncated MMP-2 “MMP-2nr150”"), which is expressed in neonatal and adult human
cardiomyocytes. MMP-2ntT50 is elevated in response to oxidative stress and enhances the
degradation of intracellular MMP-2 substrates [29]. In addition, another intracellular variant
lacking the first 76 amino acids (MMP-2nrt776) is transcriptionally induced by oxidative stress as

part of the innate immune response (Figures 1.1 and 1.2 A) [30].

1.1.4.2.  Post-secretion re-entry

MMP-2, after being secreted, can undergo endocytosis by binding to the low-density
lipoprotein related protein-1 receptor allowing it to re-enter the cell [31]. Caveolin-1 and -3
scaffolding domains are suggested to bind MMP-2 so that endocytic caveolae can bring MMP-2

to the endosomes (Figure 1.2 B) [32, 33].



1.1.4.3.  Organelle localization signals

MMP-2 can be localized to specific compartments inside the cell. MMP-2 possesses a
nuclear localization sequence at its C-terminus that allows it to be localized and targeted to the
nucleus (Figure 1.2 C) [34, 35]. MMP-2 may also undergo post-translational modifications that
could explain its nuclear localization via the Golgi-ER-nucleus route [36]. However, in a study
that used an agent disrupting Golgi endosomal structure, nuclear localization of MMP-2 was not
affected, suggesting that its localization to the nucleus is stable and independent from this pathway
[37]. The mechanism of MMP-2 and MMP-2nt176 localization to the mitochondria and the

mitochondrial-ER associated membrane (MAM) is still unclear.
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Figure 1.2. Mechanisms of intracellular localization of MMP-2. (A) Inefficient secretion:
MMP-2 has an inefficient signal sequence that allows approximately half of it to remain inside the
cell. MMP-2ntT50 and nt176 lack the signal sequence and therefore remain inside the cell. (B) Post-
secretion re-entry: MMP-2 re-enters the cell after being secreted through endocytosis by binding
to LDL-related protein-1 or caveolin-1 and -3. (C) Organelle localization signals: MMP-2
possesses a nuclear localization sequence that taregts it to the nucleus. MMP-2 and MMP-2n1t176
are localized to mitochondria and the mitochondrial associated membrane by an unknown
mechanism. ER, endoplasmic reticulum; LDL, low density lipoprotein; MAM, mitochondrial-ER-
associated membrane; MMP, matrix metalloproteinase; NLS, nuclear localization sequence; NTT,
N-terminal truncated (Figure was created using BioRender).



1.1.5. Mechanisms of MMP-2 activation and its regulation

Generally, under basal conditions, the sulfhydryl group of the cysteine residue at the C-
terminus of the MMP pro-peptide domain binds to the catalytic zinc in the active site, acting as an
inactivating ligand to keep the enzyme inactive. In order for MMPs to be active proteases, this
interaction between the cysteine residue and the catalytic zinc must be disrupted where the
sulthydryl group is replaced by water to allow substrate access to the catalytic site. This is known
as “the cysteine switch” [19, 38, 39]. Extracellular activation of MMP-2 occurs via proteolytic
removal of the pro-peptide domain by the action of MMP-14 and its interaction with TIMP-2 at
the cell surface [40]. However, intracellular activation of MMP-2 occurs by a different mechanism
that does not involve proteolytic cleavage. This occurs by post-translational modifications of the
cysteine switch, including peroxynitrite-induced S-glutathiolation in response to oxidative or
nitrosative stress, that results in exposing the active site without the removal of the pro-peptide
domain. Generation of reactive oxygen-nitrogen species (RONS) induces oxidation of the
sulfhydryl moiety within the cysteine switch preventing its interaction with the catalytic zinc

(Figure 1.3) [41-43].

Peroxynitrite 1s the reaction product of nitric oxide and superoxide and itself is reported to
induce MMP-2 activation in perfused rat hearts [44]. It peaks in cardiac cells during IR injury in
the first 30 seconds of reperfusion [45], which in turn induces MMP-2 activation within 2-5
minutes of reperfusion [8]. Pro-inflammatory cytokines also activate MMP-2 intracellularly in
myocardium by enhancing peroxynitrite biosynthesis in the myocardium [46, 47]. Inhibition of
MMP activity reduces oxidative stress-induced contractile dysfunction of the heart and prevents
cleavage of several sarcomeric proteins [48]. In vascular smooth muscle, S-glutathiolation of

MMP-2 occurs in response to endotoxemia [42].

9



Post-translational modification by phosphorylation also affects MMP-2 activity, as its
dephosphorylation by alkaline phosphatase increases its activity, while phosphorylation of MMP-
2 by protein kinase C attenuates its activity. Phosphorylation of MMP-2 occurs at threonine 250,

tyrosine 271 and serines 32, 160 and 365 [49].

10
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Figure 1.3. Diverse mechanisms of intracellular and extracellular MMP-2 activation.
Extracellular: MMP-2 is activated extracellularly via proteolytic removal of the pro-peptide
domain by the action of MMP-14 and its interaction with TIMP-2 at the cell surface. Intracellular:
in response to oxidative stress, reactive oxygen-nitrogen species activate MMP-2 by S-
glutathiolation of the cysteine switch resulting in the exposure of its catalytic site without
proteolytic removal of the pro-peptide domain. Oxidative stress also transcriptionally induces
MMP-2xtt which is constitutively active. Upon activation, MMP-2 targets and cleaves different
cardiac sarcomeric proteins resulting in cardiac contractile dysfunction. GSH, glutathione; MMP-
2, matrix metalloproteinase-2; MLC-1, myosin light chain-1; NTT, N-terminal truncated; TIMP,
tissue inhibitor of metalloproteinase; Zn, zinc (Figure was created using BioRender).

11



1.1.6. Intracellular locales and substrates of MMP-2

1.1.6.1. Cytosol

MMP-2 is one of the most abundant proteases in cardiomyocytes that can be directly
activated in the cytosol as a result of oxidative stress. Its cytosolic activity can be regulated by S-
glutathiolation, phosphorylation as well as by the action of intracellular TIMPs, as TIMP-4 is also
found to be located in the sarcomere of cardiomyocytes [43, 49-51]. One of the identified cytosolic
substrates of MMP-2 is glycogen synthase kinase-33 which regulates several metabolic pathways
in the cell. MMP-2 cleaves its N-terminal auto-inhibitory domain resulting in enhanced glycogen
synthase kinase-3f activity which may also contribute to cardiac injury in response to oxidative
damage [52]. Likewise, MMP-2 is found in the cytoplasm of human platelets and contributes to
the process of platelet activation and regulation of hemostasis [53-56]. Intracellular MMP-2, for
example, targets and proteolyzes the cytoskeletal protein, talin, which in turn activates the

fibrinogen receptor, glycoprotein IIb/I1la, the final step required for platelet activation [57].

1.1.6.2. Muscle sarcomere and cytoskeleton

The sarcomere is the functional contractile unit of cardiac and skeletal muscles which
effects muscle contraction. When the Schulz lab first discovered that MMP-2 has intracellular
proteolytic effects, they were focused on cardiac muscle and found that many initially
characterized targets of MMP-2 are associated with the sarcomere and cytoskeleton of
cardiomyocytes (see [10, 58] for reviews). Analysis by confocal immunohistochemistry [59] and
immunogold electron microscopy [60] showed that MMP-2 colocalizes with titin primarily at the
Z-disk region of the sarcomere of cardiomyocytes. Upon IR injury, MMP-2 induced titin cleavage

in rat and human hearts [59]. Furthermore, MMP-2 is reported to target several other sarcomeric

12



and cytoskeletal proteins such as Tnl, a-actinin and myosin light chain-1 in similar conditions
characterized by oxidative stress damage to the heart [9, 50, 59, 61]. Upon activation, MMP-2-
mediated degradation of these sarcomeric/cytoskeletal proteins resulted in cardiac contractile

dysfunction and, importantly, inhibition of MMP-2 preserved the contractile function of the heart

[9].

1.1.6.3. Caveolae

Caveolae are plasma membrane invaginations that regulate several cellular functions such
as endocytosis and various cell signalling pathways [62]. Caveolin-1 and -3 scaffolding domains
bind MMP-2 and may bring it to the endosomes. MMP-2 is associated with caveolins in
cardiomyocytes, fibroblasts and endothelial cells. In cardiac cells, caveolin-1 negatively regulates

MMP-2 activity, however, the significance of this regulation is not yet defined [32, 33].

1.1.6.4. Mitochondria, mitochondrial associated membranes and endoplasmic

reticulum

MMP-2 is suggested to be one of the negative regulators of myocardial mitochondrial
function. In transgenic mice with cardiac-specific expression of full length MMP-2, impaired
mitochondrial structure and function, along with decreased mitochondrial respiration and lipid
peroxidation, are observed [63]. MMP-2 and MMP-2xt176 are reported to be localized to the
intermembranous space of the mitochondria and the MAM and may induce cleavage of different

mitochondria-associated proteins [64-66].

Possible mitochondrial targets of MMP-2, that were identified using proteomic analysis in

rat cardiomyocytes, may include adenosine triphosphate (ATP) synthase 1-subunit, cytochrome
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¢ oxidase subunit 5A, electron transfer flavoprotein subunit B, reduced nicotinamide adenine
dinucleotide (NADH) dehydrogenase-1a. subcomplex subunit 5 among others [67]. Another
substrate for MMP-2x1T176 1n mitochondria is the inhibitor of kappa B-alpha. When cleaved by
MMP-2 in response to oxidative stress, inhibitor of kappa B-alpha releases the pro-inflammatory
nuclear factor kappa B (NFkB) which is translocated to the nucleus, resulting in mitochondrial-
nuclear stress observed in innate immune responses [66]. In retinal endothelial cells, both
mitochondrial MMP-2 levels and activity are increased in response to hyperglycemia, and this is
associated with subsequent decrease in the mitochondrial level of heat shock protein 60 as well as

the mitochondrial membrane gap junction protein connexin 43 [68].

Regarding the ER, MMP-2 was recently found in sarcoplasmic reticulum (SR)-enriched
microsomes from cardiomyocytes where it induces degradation of sarcoplasmic/endoplasmic
reticulum calcium-ATPase 2a (SERCA2a), an essential factor for the coordination of cardiac
excitation-contraction coupling [69]. Moreover, calreticulin, an ER-calcium binding chaperone
protein, can be proteolyzed by MMP-2, which is predicted to affect mitochondrial-ER

communication and cardiac function [65].

Another protein targeted by MMP-2 in cardiomyocytes is junctophilin-2 (JPH-2), a
membrane-binding protein that tethers the transverse (T)-tubule to the SR which is required for
myocardial excitation-contraction coupling. Cleavage of JPH-2 by MMP-2 during myocardial IR

injury results in cardiac contractile dysfunction [70].

1.1.6.5. Nucleus/Nucleolus

The Schulz group was the first to report MMP-2 activity in nuclear extracts from both

human heart and rat liver. Immunogold electron microscopy confirmed the nuclear localization of

14



MMP-2 in rat cardiomyocytes [35]. Nuclear localization of MMP-2 was also reported in
pulmonary artery endothelial cells [71]. During cerebral ischemia, MMP-2 targets
deoxyribonucleic acid (DNA) repair proteins poly adenosine diphosphate (ADP) ribose
polymerase-1 (PARP-1), X-ray repair cross complementing protein-1 and 8-oxoguanine DNA
glycosylase-1 and decreases their activity in rat cortical neurons during IR injury [72]. The Schulz
group recently detected MMP-2 inside the nucleolus of osteosarcoma cell lines where it promotes
ribosomal ribonucleic acid (rRNA) transcription and cell proliferation via, at least in part, cleavage

of the N-terminal tail of histone H3 [73].

A summary of the intracellular localizations of MMP-2 and some of its known or putative

targets is shown in Table 1.1 and Figure 1.4.
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Table 1.1. Summary of known MMP-2 intracellular locales and identified substrates in

different cell types
Subcellular Intracellular Cell Reference
location/organelle substrate
Cytosol GSK-3p Cardiomyoblast [52]
Calponin-1 Smooth muscle [42]
Talin Platelet [57, 74]
? Megakaryocyte [75]
? Fibroblast [76]
? Fibrosarcoma [49]
? HEK 293, [29]
Cardiomyocyte
T-tubule -sarcoplasmic JPH-2 Cardiomyocyte [70]
reticulum interface
Sarcomere Tnl Cardiomyocyte [9]
Titin [59]
MLC-1 [61]
a-actinin [50]
Mitochondria Hsp60 Retinal endothelial [68]
CX43
IxB Cardiomyocyte [66]
Mitochondrial-associated Calreticulin Cardiomyocyte [65]
membrane
Sarcoplasmic reticulum SERCA2a Cardiomyocyte [69]
Caveolae Caveolin-1 Cardiomyocyte, [32, 33]
Fibroblast, Endothelial
Nucleus Histone H3 Osteosarcoma [73]
8-0xodG Cerebral neuron [72]
PARP-1
XRCC-1
? Megakaryocyte [75]
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Figure 1.4. Intracellular locales and a partial overview of identified substrates of MMP-2.
Schematic representation of the intracellular localization of MMP-2 as well as some of its
identified intracellular targets. MMP-2 intracellular targets are depicted in black and the cell or
tissue type is in blue. 8-oxodG, 8-oxoguanine DNA glycosylase-1; CX, connexin; ER,
endoplasmic reticulum; GSK, glycogen synthase kinase; Hsp, heat shock protein; [kB, inhibitor of
kappa B-alpha; JPH, junctophilin, MLC-1, myosin light chain-1; MMP-2, matrix
metalloproteinase-2; NF«B, nuclear factor kappa B; PARP, Poly ADP ribose polymerase; SERCA,
sarcoplasmic/endoplasmic reticulum calcium ATPase; XRCC, X-ray repair cross complementing
protein (Figure was created using BioRender).
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1.1.7. MMP-2 inhibitors

1.1.7.1. Endogenous MMP-2 inhibitors

Several endogenous inhibitors of MMPs are known to regulate the function of MMPs both
inside and outside the cell. TIMPs are endogenous regulatory proteins that inhibit MMPs activity
with four identified members (TIMP-1, -2, -3 and -4). They possess an N-terminal inhibitory
domain which interacts with zinc in the catalytic site of MMPs preventing their binding to the
target substrates, while the C-terminal domain binds to the MMP hemopexin-like domain to
increase the stability of the formed complex [77]. The four TIMPs have little selectivity for a
specific MMP, except for TIMP-1 which lacks the ability to inhibit membrane-type MMPs [78].
However, TIMP-2 can play an additional role as it interacts with MMP-14 at the cell surface to
activate MMP-2 outside the cell [79, 80]. a2-Macroglobulin is another MMP inhibitor [81]. When
proteolytically cleaved at a specific sequence called the bait region, it undergoes conformational
changes that expose its thiol ester group which in turn covalently binds to the MMP and inhibits
its activity [82]. a2-Macroglobulin usually functions when TIMPs are deficient [83]. It eliminates
the MMP by targeting the formed complex to endocytosis via a specific cell surface receptor, low
density lipoprotein receptor-related protein [84]. B-Amyloid precursor protein is an integral
membrane protein that acts as a precursor of f-amyloid peptide [85]. It is also reported to act as an
MMP-2 inhibitor, as its secreted portion has a proteinase inhibitory domain in its C-terminus that
selectively interacts with the catalytic domain of MMP-2 to inhibit extracellular matrix

degradation [86, 87].
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1.1.7.2.  Synthetic MMP-2 inhibitors

Several synthetic inhibitors of MMPs are also available and were first developed as
anticancer drugs [88]. o-Phenanthroline, batimastat, marimastat, ilomastat (GM-6001), and PD-
166793 were shown to inhibit a wide range of MMPs [89]. Some antimicrobials, particularly
tetracyclines, were also shown to exert an MMP inhibitory action. Among the tetracyclines,
doxycycline and minocycline are the two most potent MMP inhibitors and their MMP inhibitory
effect is independent of their antibacterial effect. Doxycycline inhibits MMP activity at sub-
antimicrobial plasma concentration [90, 91]. It was shown to exhibits beneficial effects on the
heart in patients with acute myocardial infarction and left ventricular dysfunction [92]. A series of
chemically-modified tetracyclines were synthesized and some were found to be devoid of
antimicrobial properties but still able to inhibit MMP activity [93]. These inhibitors act as zinc
chelators. They bind to zinc in the catalytic site which in turn prevents MMP binding to its substrate
[4]. Other more MMP-2 selective synthetic inhibitors include hydroxamates (ONO-4817),
carboxylates (BAY12-9566) and sulfonamide-based compounds (ARP-100, ARP-101). The
selectivity profile for ONO-4817 in guinea pig joint cartilage is as follows; MMP-12 > -2 > -8 = -
13 >-9>-3>-7[94], while for ARP-100, its selectivity profile in human fibrosarcoma cells is as
follows; MMP-2 > -9 > -3 > -1 and -7 [95]. Therefore, ARP-100 and ONO-4817 are considered to
be MMP-2 preferring inhibitors. To date, doxycycline is the only MMP inhibitor approved for
clinical use by the US Food and Drug Administration and by Health Canada. It is used as a sub-
antimicrobial dose formulation (20 mg, two times per day) which was shown to have a beneficial
effect in patients with chronic periodontal inflammation [96]. It is also used in a sub-antimicrobial

dose for treatment of rosacea, a chronic inflammatory skin condition [97].
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1.1.8. Role of MMP-2 in pathologies

1.1.8.1. Kidney injury

In acute kidney injury caused by subjecting mice to unilateral renal IR, MMP-2ntT176 1S
found to be highly expressed along with MMP-2 in lesser amount in epithelial cells of proximal
renal tubules. This intracellular MMP-2 activity induces mitochondrial permeability transition,
loss of defined cristae structure and swelling and rupture of the mitochondria. MMP-2n17176 also
triggers an innate immune response and upregulation of pro-inflammatory cytokines which induce

inflammatory and necrotic responses in tubular epithelial cells [98].

1.1.8.2. Inflammatory diseases

MMP-2 also plays a significant role in inflammation. Through cleavage of different
metabolic regulators such as lipoproteins and lipoprotein receptors, MMP-2 is suggested to
modulate intracellular inflammatory pathways and lipid metabolism. MMP-2 deficiency in
humans and transgenic mice is reported to induce inflammation and affect cardiac metabolism
[99]. This effect is suggested to be mediated by the action of a pro-inflammatory cytokine known
as monocyte chemoattractant protein-3 which is normally proteolytically cleaved and inactivated
by MMP-2 [100]. A similar effect is shown in the liver where MMP-2 deficiency is reported to
induce hepatic dysfunction as a result of the enhanced inflammatory response [101]. On the other
hand, cardiac-specific overexpression of MMP-2nt7176 induces an innate immune response and
enhanced level of pro-inflammatory cytokines, associated with apoptosis and inflammatory cell

infiltration of the heart [66].

20



1.1.8.3. Malignancy

In osteosarcoma cells, nucleolar MMP-2 promotes rRNA transcription and cancer cell
proliferation via cleaving the N-terminal tail of histone H3 [73]. Moreover, in ovarian cancer cells,
zoledronic acid is reported to supress tumor growth and angiogenesis via inactivation of an

intracellular MMP-2/p38 pathway [102, 103].

1.1.8.4. Cardiovascular diseases

The first decades of investigating the role of MMPs in cardiovascular pathology uncovered
several important actions on extracellular matrix remodeling in myocardial infarction,
atherosclerosis, hypertension, hypertrophy and heart failure [5, 104]. However, in the past 20 years
since discovering intracellular MMPs activity, research has shown that intracellular MMPs are
also importantly involved in the pathogenesis of many cardiovascular diseases. For example,
myocardial-specific overexpression of constitutively active full length MMP-2 in mice, even in
the absence of external injury, results in several cardiac pathological changes that lead to Tnl
proteolysis, cardiac mitochondrial dysfunction, left ventricular remodeling and systolic heart
failure [105, 106]. Upon activation in response to IR injury, MMP-2 induces degradation of several
cardiac sarcomeric proteins including Tnl, myosin light chain-1 and titin resulting in cardiac
contractile dysfunction [9, 29, 59]. Moreover, in vascular smooth muscle, MMP-2 mediates
angiotensin-II induced vascular injury by triggering inflammation and the immune response [107].
Intracellular MMP-2 activity is also associated with vascular hyporeactivity to vasoconstrictors
during endotoxemia [108] via degradation of caloponin-1 [42]. Recently, MMP-2 activity is also

detected as an early event during cardiotoxicity caused by anthracyclines used in cancer
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chemotherapy and induces proteolysis of cardiac titin resulting in myofilament lysis, adverse

ventricular remodeling and impaired cardiac contraction [60].

In diabetic cardiomyopathy, both MMP-2 and MMP-2nt176 are expressed in cardiac tissue
where MMP-2 is mainly localized to the sarcomere, whereas MMP-2xt1T76 isoform is localized to
the mitochondria, sarcomeric Z-line, intercalated discs and nuclei. Induction of mitochondrial
permeability transition is correlated with MMP-2n1t176 €xpression in the diabetic heart [ 109]. These
findings suggest that intracellular MMP-2 may contribute to the development of diabetic
cardiomyopathy [109] and open new avenues in the management of diabetes complications.
Indeed, the MMP inhibitor doxycycline reduced the negative alterations in cardiac contractile
function, action potential duration and calcium handling in streptozotocin-induced diabetic rats

[110].

A summary of the role of intracellular MMP-2 in pathologies is shown in Figure 1.5. Here
I will be focusing on two particular cardiac pathological conditions: myocardial IR injury and
anthracycline-induced cardiotoxicity, and the pathophysiological role played by MMP-2 in these

conditions.
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Figure 1.5. Role of intracellular MMP-2 in selected pathological conditions. (A) MMP-2 is
activated in the heart in response to anthracycline-cardiotoxicity, ischemia/reperfusion injury, pro-
inflammatory cytokines or diabetes resulting in degradation of cardiac sarcomeric proteins and
cardiac contractile dysfunction. (B) In response to angiotensin II-induced vascular injury, MMP-
2 is activated in vascular smooth muscle and triggers inflammation and endothelial dysfunction.
(C) In acute kidney injury, MMP-2nt176 is expressed in the proximal tubules and induces structural
changes, innate immune response and inflammation. (D) In osteosarcoma, MMP-2 promotes
rRNA transcription and cancer cell proliferation via cleavage of N-terminal tail of histone H3. IR,
ischemia/reperfusion; MLC-1, myosin light chain-1; MMP-2, matrix metalloproteinase-2;
MMPnrt, N-terminal truncated MMP (Figure was created using BioRender).
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1.2. Myocardial ischemia-reperfusion injury

1.2.1. Pathophysiology of myocardial IR injury

Ischemic heart disease or myocardial ischemia occurs when there is a reduction in blood
flow to the heart, preventing the heart muscle from receiving enough oxygen. It is caused by a
partial or complete occlusion of the coronary arteries as a result of coronary artery diseases such
as atherosclerosis, coronary spasm or blood clot, and eventually leads to heart attack, heart failure
or sudden death [111]. Irreversible injury resulting from severe, prolonged myocardial ischemia
induces myocardial infarction as a result of rupture or erosion of coronary artery plaque and
initiation of thrombosis. It can also occur in presence of coronary atherosclerosis when blood flow
redistributes away from the myocardial region supplied by a coronary artery with stenosis [112].
Globally, ischemic heart disease is considered the leading cause of death worldwide and according
to the American Heart Association and Heart and Stroke Foundation of Canada reports, it is
considered the second leading cause of death in Canada. According to the Canadian Chronic
Disease Surveillance System in 2018, about 1 in 12 or 2.6 million Canadian adults aged above 20

live with diagnosed heart disease [113-115].

When the heart undergoes ischemia, it is important to restore the blood flow to affected
heart muscle, known as reperfusion, to rescue the heart from developing infarction, either by
mechanical approaches such as percutaneous coronary intervention, coronary artery bypass
grafting, cardiac transplantation or pharmacological approaches using thrombolytic/fibrinolytic
agents [116-118]. However, reperfusion paradoxically leads to further cardiac injury due to
cellular changes in response to the enhanced oxidative stress it causes, leading ultimately to
myocardial cell death. This is known as IR injury [119]. As shown in Figure 1.6, during ischemia,

there is a reduction in blood flow/fuel delivery to the heart, buildup of cellular metabolites which
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are not washed-out, and lack of oxygen supply to the heart. Upon reperfusion, re-introduction of
blood flow through coronary circulation induces endothelial dysfunction and a burst of RONS
including peroxynitrite [45, 120]. This necessitates the use of adjunct cardioprotection during
reperfusion. The pathophysiology of IR injury is not fully understood, and this resulted in the
failure of translating preclinical studies into clinical practice [121]. We therefore need to
understand the precise molecular mechanisms of IR injury to discover new therapeutic options for

its treatment.

Myocardial infarction is synonymous with death of cardiac muscle by several cell death
pathways. It involves mitochondrial and sarcolemma rupture as a result of the loss of cellular
homeostasis and swelling due to water and electrolyte accumulation, as well as failure of ion
pumps due to the reduction in ATP production by ATP hydrolysis, and acidosis due to the
accumulation of lactic acid [122, 123]. Acidosis induces intracellular sodium overload due to
increased Na'/H" exchange which in turn results in an induction of reverse Na*/Ca** exchange that
leads to calcium overload [124]. This increase in cytosolic calcium induces mitochondrial
dysfunction and mitochondrial permeability transition pore (mPTP) opening which in turn increase
the formation of mitochondrial RONS and induce DNA, protein and lipid damage [125].
Reperfusion, on the other hand, induces excessive formation of RONS, leukocyte infiltration and
uncoordinated contraction in response to calcium overload. It also intensifies the morphological
changes associated with necrosis such as mitochondrial rupture and mPTP opening (Figure 1.6)

[126].
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Figure 1.6. Pathophysiological changes during myocardial ischemia-reperfusion injury.
Ischemia occurs when there is a reduction in blood flow to the heart as a result of partial or
complete occlusion of the coronary arteries. This results in reduction in oxygen supply to the heart,
reduced ATP production, acidosis due to the accumulation of lactic acid, calcium overload,
activation of intracellular proteases and build up of cellular metabolites which are not washed out.
Reperfusion, on the other hand, occurs upon the reintroduction of blood flow through the coronary
circulation. Although it is essential to restore the normal blood flow to the heart, this paradoxically
leads to further cardiac injury due to the cellular changes in response to enhanced oxidative stress.
This includes endothelial dysfunction, increased RONS formation, calcium overload, leukocyte
infiltration, mPTP opening, oxidative phosphorylation uncoupling and intracellular proteases
activation, which collectively lead to myocardial stunning and/or cell death. ATP, adenosine
triphosphate; mPTP, mitochondrial permeability transition pore; OXPHOS, oxidative
phosphorylation; RONS, reactive oxygen-nitrogen species.
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1.2.2. Cardioprotective interventions to protect against reperfusion injury

Some cardioprotective interventions to reduce reperfusion injury include therapeutic
hypothermia, vagal stimulation and beta-blockers such as metoprolol [127-129]. Ischemic
preconditioning is another approach to reduce infarct size by introducing several cycles of short,
brief ischemia and reperfusion that protect the heart from more prolonged episodes of ischemia
and prevent endothelial cell dysfunction [130]. For example, in isolated perfused mouse hearts,
subjecting the heart to repeated cycles of 5 min ischemia followed by 5 min reperfusion or shorter
prior to the global no-flow ischemia, induces ischemic preconditioning [131]. This works by
stimulating adenosine A; receptors to activate protein kinase C signalling and open the
mitochondrial ATP-sensitive potassium channels which in turn results in shortening of action
potential duration and reducing calcium entry to cytosol. This eventually inhibits cardiac

contractility, reduces energy consumption and increases the tolerance to ischemia [132].

1.2.3. Myocardial stunning vs necrosis

The duration of ischemia affects the degree of cardiac injury and how the heart recovers
upon reperfusion. It ranges from mild, reversible injury caused by shorter ischemic duration,
known as stunning, to more severe, irreversible injury caused by longer ischemia that leads to
necrosis (infarction) [133]. Myocardial stunning is a post-ischemic ventricular dysfunction that
occurs following a brief period of ischemia. It resolves within days to weeks depending on the
restoration of normal blood flow and the absence of irreversible damage, and although it induces
contractile abnormalities, it does not lead to myocardial cell death [134]. Cardiac mechanical
dysfunction during stunning injury appears to be a result of the cellular changes that occur during
reperfusion, as mentioned earlier, rather than the short deprivation of cardiac muscle from blood

supply. However, there is no stunning without ischemia [135].
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Necrosis, on the other hand, is death of myocardial tissue that results from prolonged
ischemia leading to myocardial infarction [136]. Myocardial necrosis is associated with
inflammation and tissue invasion by monocyte-macrophages and neutrophils. It is also
accompanied by the release of biomarkers including Tnl, lactate dehydrogenase (LDH),
myoglobin and creatine kinase in circulating blood [137]. The resulting cardiac dysfunction and
cell death during necrosis are net results of the damage accompanying both ischemic injury and
reperfusion [138]. For example, in isolated perfused mouse hearts, subjecting the heart to 30-35
min of global no-flow ischemia is reported to be optimal as it results in ~50% infarction and allows
testing the recovery of contractile function. A shorter duration of ~20-25 min ischemia can induce

stunning injury, while a longer duration of >35 min ischemia results in necrosis [139].

MMP-2 activation is reported to be directly involved in the development of myocardial
stunning during IR injury, as evidenced by the marked release of MMP-2 during early reperfusion
and its negative correlation to the post-ischemic recovery of cardiac function in hearts subjected
to 20 min ischemia [8]. However, there is evidence that MMP-2 activity is also increased during
myocardial infarction when the heart is subjected to 90 min ischemia [140], indicating the critical

role played by MMP-2 in the pathophysiology of both conditions.

1.2.4. Role of MMP-2 in IR injury and its proteolytic targets

MMP-2 is rapidly activated during oxidative stress by peroxynitrite-induced S-
glutathiolation [43]. It contributes to IR-mediated contractile dysfunction by inducing the
proteolysis of different proteins of the sarcomere including titin, Tnl and myosin light chain-1 [8,
9,50, 59, 61]. It was also reported to be activated in human hearts in response to IR injury. Plasma

samples and left atrial biopsies, obtained from patients undergoing coronary artery bypass graft
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surgery following stable angina, showed an increase in MMP-2 activity and reduction in TIMP-1

level [141].

MMP-2 is localized at the Z-line of cardiac sarcomere and co-localizes with Tnl, the thin
myofilament protein that regulates actin-myosin interaction. MMP-2 mediates Tnl proteolysis
during IR resulting in impairment of cardiac mechanical function. MMP inhibitors prevented the
loss of Tnl and caused the improvement of cardiac contractile function post-IR [9]. Another
sarcomeric protein associated with MMP-2 is myosin light chain-1 (MYL3), particularly at the
thick myofilament, and its degradation by MMP-2 also contributes to the impaired recovery of
mechanical function in rat hearts subjected to IR injury [61]. Titin, the largest mammalian and
myofilament protein, is co-localized with MMP-2 at the Z-disc region of cardiac sarcomere and is
proteolyzed by MMP-2 in rat hearts subjected to IR injury. The loss of titin was prevented by
either pharmacological or genetic inhibition of MMP-2 [59]. JPH-2, which tethers the T-tubules
to SR and mediates excitation-contraction coupling, was identified as another MMP-2 proteolytic
target during IR injury. It is localized close to the Z-disc of the sarcomere where MMP-2 is
localized [70]. Using the same model of IR injury in rat hearts, MMP-2 was found to target and
cleave SERCA2a, which controls calcium re-entry to SR during diastole, resulting in calcium

overload and myocardial cell death [69].

Mice with cardiac-specific transgenic expression of active, full length MMP-2 showed a
greater impairment in contractile function and larger infarct size when subjected to IR injury
compared to wild-type mice. In addition, abnormalities in mitochondrial structure, respiration and
lipid peroxidation were more pronounced in hearts from transgenic mice [63]. Similarly, cardiac-
specific expression of MMP-2nt1776 in mice delayed the recovery of ventricular function and caused

more severe myocardial infarction in response to IR injury [30]. Inhibition of MMP-2 activity was
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also suggested to mediate the cardioprotective effect of carvedilol during myocardial IR injury

[142]. The mechanism by which carvedilol inhibits MMP-2 activity is unknown.

1.2.5. Role of MMP-2 in myocardial cell death

Enhanced oxidative stress in cardiomyocytes triggers myocardial cell death pathways
[143]. Models of myocardial IR injury leading to infarction show evidence of apoptotic cell death
in heart tissue [144, 145]. MMP-2 is reported to play a fundamental role in this process. In adult
rat cardiomyocytes, MMP-2 was shown to mediate -adrenergic receptor-stimulated apoptosis by
disruption of B1-integrin survival signalling and activation of the c-Jun N-terminal kinase (JNK)-
mediated mitochondrial cell death pathway. Inhibition of MMP-2 activity by SB-3CT, a selective
gelatinase inhibitor, attenuated the increased cytochrome C release and the reduced mitochondrial
membrane potential, resulting in inhibition of apoptosis [146]. MMP-2 has been also shown to
target and cleave glycogen synthase kinase-38 in H9¢2 cardiomyoblasts subjected to hydrogen
peroxide to induce oxidative stress, resulting in an increase in its kinase activity and promoting
apoptosis, considering its important role in cellular functions regulating apoptotic pathways [52,
147]. Inhibiting MMP-2 activity in cultured neonatal rat ventricular cardiomyocytes also reduced
tumor necrosis factor a-mediated apoptosis, pro-apoptotic B-cell lymphoma-2 (Bcl-2)-associated
X protein (Bax) expression and caspase-3 activity and increased the anti-apoptotic Bcl-2

expression [148].

In hearts from rats subjected to in vivo IR injury leading to infarction, MMP-2 activity was
shown to be higher in the infarct zone and area at risk [140]. Ilomastat, a nonselective MMP
inhibitor, reduced infarct size in rat hearts subjected to in vivo IR injury [149]. Cardiac-specific
expression of MMP-2nt176 in mouse hearts activated nuclear factor of activated T-cell and NF-«xB

signalling and innate immune response, by elevating interleukin (IL)-6, monocyte chemoattractant
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protein-1, interferon regulatory factor-7 and pro-apoptotic transcripts, resulting in induction of

cardiac cell death [30].

1.3. Doxorubicin-induced cardiotoxicity

1.3.1. Pathophysiology of DXR-induced cardiotoxicity

Anthracyclines are a class of chemotherapeutic agents that have been used since the 1960s
for treatment of a wide range of solid tumors such as sarcoma, breast and lung cancers as well as
blood malignancies including leukemia, lymphoma and multiple myeloma [150, 151].
Doxorubicin (DXR), a member of the anthracyclines, is considered one of the most effective
chemotherapeutic agents. However, its use is limited by the dose-dependent development of
severe, irreversible cardiotoxicity including heart failure and left ventricular dysfunction [152]. In
a study by Von Hoff and colleagues, among over 4000 patients receiving DXR as a treatment,
2.2% developed signs of congestive heart failure [153]. Subsequent studies showed a dose-
dependent reduction in left ventricular ejection fraction in patients under anthracycline
chemotherapy with a cumulative DXR dose > 350 mg/m? of body surface area [154, 155]. The
dose-related risk of developing DXR-induced congestive heart failure rises from 0.2 to 8.7% at
cumulative doses of 150 and 600 mg/m? respectively [156, 157]. In addition to left ventricular
dysfunction, some studies reported development of arrhythmia and pericarditis with acute
anthracycline cardiotoxicity [158, 159]. Anthracycline-cardiotoxicity is considered irreversible as
it 1s characterized by not only cardiac dysfunction but also induction of myocardial cell death

[156].

The mechanisms underlying DXR-induced cardiotoxicity include RONS formation
subsequent to DXR metabolism, in addition to altered iron metabolism, degradation of sarcomeric

proteins, dysregulation of calcium signalling and induction of apoptosis [160]. DXR is reduced by
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mitochondrial respiratory chain complex I NADH dehydrogenase to form a semiquinone radical
which in turn reacts with molecular oxygen and forms superoxide radical with subsequent
formation of hydrogen peroxide [161, 162]. DXR also forms a complex with non-heme iron that
catalyzes the conversion of hydrogen peroxide to hydroxyl radical which in turn increases the
generation of RONS [163]. The formation of RONS induces apoptotic cell death via opening of
mPTP, cytochrome C release and activation of caspase cascade [164, 165]. DXR also directly
interacts with the mitochondrial phospholipid, cardiolipin, resulting in disrupting its association
with the inner mitochondrial membrane proteins and induction of mitochondrial dysfunction and
apoptosis [166]. Another mechanism contributing to DXR-cardiotoxicity is calcium dysregulation
which results from the changes in calcium regulatory proteins such as SERCA?2a, the Na'/Ca**
exchanger and phospholamban, reducing mitochondrial calcium retention capacity and increasing
calcium release from SR resulting in depleting SR intracellular stores. Eventually this leads to the

development of mitochondrial and cardiac contractile dysfunction [167-169].
1.3.2. Therapeutic approaches to protect against DXR-cardiotoxicity

Several approaches have been proposed to protect against DXR-induced cardiotoxicity,
particularly by reducing the generation of RONS and attenuating myocardial oxidative stress. This
includes the use of antioxidants, angiotensin converting enzyme inhibitors, angiotensin Il receptor
antagonists, beta blockers and alpha-1 receptor agonists [170]. Carvedilol, a beta blocker that
possesses antioxidant properties, was shown to be effective in relieving DXR-cardiotoxicity [171].
The alpha-1A adrenergic receptor agonist, dabuzalgron, has been also shown to exert a
cardioprotective effect by activation of extracellular signal regulated kinase (ERK)-1 and -2
pathways and inhibition of apoptosis [172]. The use of PEGylated liposomes for DXR delivery is

another approach for its selective uptake by tumor cells to limit its cardiotoxic effect [173].
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1.3.3. Role of MMP-2 in DXR cardiotoxicity and its proteolytic targets

MMP-2 is the main MMP whose level and activity are reported to be affected during
anthracycline-induced cardiotoxicity [174]. DXR was reported to induce a time-dependent
activation of MMPs, specifically MMP-2, in mouse heart and aorta [175]. Being one of the main
mechanisms underlying DXR-induced heart failure, oxidative stress developing during this type
of cardiotoxicity enhances intracellular MMP-2 activity. Chan et al. showed that, in neonatal rat
ventricular cardiomyocytes, DXR induces activation of intracellular MMP-2 in response to
enhanced oxidative stress. This response occurs either by direct activation of full-length MMP-2
and/or de novo expression of MMP-2ntr [174]. The level of the sarcomeric protein, Tnl, was
reduced by DXR. However, this effect was independent on the proteolytic activity of MMP-2
[174]. Another study of a mouse model of DXR-induced cardiotoxicity showed that titin could be
a proteolytic target of MMP-2, resulting in myofilament lysis, as it showed that the use of the
MMP inhibitors, doxycycline or ONO-4817, prevented titin proteolysis, attenuated extracellular
matrix remodeling and protected against DXR-induced cardiac systolic and diastolic dysfunction
[60]. Similarly, myocardial MMP-2 activation was reported to mediate DXR-induced left

ventricular dysfunction in rats [176].

MMP-2 activation in cardiomyocytes in response to DXR is regulated via ERK/JNK/p38
mitogen-activated protein kinase (MAPK) pathway. Attenuation of MMP-2 activation appears as
a result of inhibition of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase whose
transcription is modulated by ERK/JNK pathway [177]. In rats treated with DXR, MMP-2 activity
was increased in plasma after the end of treatment and MMP-2 activity was increased in the left
ventricle in association with enhanced expression of RONS, activation of caspase-3 and

stimulation of the protein kinase B (Akt) pathway [178]. On day 2 of DXR treatment in mice,
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MMP-2 and MMP-9 gene transcription was increased in heart ventricles, whereby MMP-2 gene
expression occurred earlier on day 1 and was doubled on day 2, suggesting that both isoenzymes
contribute to the development of DXR-cardiotoxicity [179]. However, in hearts from DXR-treated

mice, only MMP-2 activation was observed with no evidence of MMP-9 activity [60].

A study investigating the cardioprotective effect of erythropoietin against DXR-
cardiotoxicity in rats reported increased MMP-2 protein level in the heart together with induction
of cardiac fibrosis and TIMP-2 downregulation in response to DXR treatment, while erythropoietin

was able to reverse all these changes, including the increased MMP-2 protein expression [180].

1.4. Mitochondrial-ER-associated membrane

The MAM or mitochondria-ER contact site is the interface between the ER and
mitochondria. It was first identified in 1969 by Ruby et al. as a possible interplay between both
organelles and was later introduced in 1990 as a biochemical entity that plays a fundamental role

in intracellular homeostasis by Jean Vance at the University of Alberta [181, 182].

1.4.1. Regulatory functions of the MAM in cardiac cells

The MAM serves as the connection between ER and mitochondria that regulates several
intracellular processes required for determining cell fate such as calcium homeostasis, apoptosis,
lipid metabolism and exchange of molecules between the ER and mitochondria [183]. It is also
involved in the inflammasome response, ER stress, autophagy and mitochondrial morphology and

function regulation [184].

MAM is required for the tethering of the ER to mitochondria which in turn is essential for
calcium transit between the two organelles. Calcium transport from ER to mitochondria occurs
through the inositol 1,4,5-triphosphate receptor (IP3R)- 75kDa glucose-related protein (GRP75)-
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voltage-dependent anion channel-1 (VDACI) complex which is a part of the MAM tethering
proteins [185]. IP3R allows the release of calcium from the ER, while VDACI serves as the
calcium uptake channel as a part of the outer mitochondrial membrane, and both channels are
connected through their cytosolic domains via GRP75 [184]. Disruption of this interaction was
associated with the development of cardiac and mitochondrial dysfunction [186]. Mitochondrial
calcium homeostasis is also critical for the regulation of ATP production and mitochondrial quality
control in the heart [187]. Reduced calcium transfer to mitochondria impairs the function of
electron transport chain and ATP production and activates autophagy [188], while excessive
calcium transfer to mitochondria results in mitochondrial calcium overload, mPTP opening and

induction of apoptosis [189].

MAM tethering proteins are also involved in phospholipid biosynthesis and transport
which in turn is essential for the formation of cellular membranes and signal transduction [190].
MAM-associated caveolin-1 can bind to cholesterol and mediates its transport from the ER to the
plasma membrane which in turn regulates atherogenesis [191, 192]. The MAM also modulates ER
stress signalling, and many of the proteins involved in ER regulation and the unfolded protein
response (UPR) are localized to the MAM. Disruption of ER-mitochondria communication could
trigger an ER stress response [193]. Oxidative stress is another cellular stress response that is
regulated in part by the MAM, as excessive calcium transfer to mitochondria can enhance
mitochondrial RONS production by disrupting oxidative phosphorylation which in turn triggers

myocardial cell death during different cardiac conditions including IR injury [194].

In addition to the role of MAM in mitochondrial calcium transit, it also regulates
mitochondrial function, morphology and quality control mechanisms including fusion, fission and

mitophagy [193]. Mitofusin-2 (Mfn-2), which regulates mitochondrial fusion, is localized to the
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MAM [195]. Dynamin-related protein-1 (Drp-1), which regulates mitochondrial fission, upon
activation is recruited in close proximity to the MAM where the fission process takes place [196].
MAM also plays a role in mitochondrial motility via the mitochondrial Rho GTPase proteins
(Miro)-1 and -2 which mediate mitochondria trafficking, positioning and transportation along the
microtubules [197]. Loss of Miro-2 and impaired inter-mitochondrial communication are reported
in hearts from mice subjected to transverse aortic constriction [198]. The mitophagy regulatory
protein, PTEN-induced kinase-1 (PINK1), is shown to be localized to the MAM and recruits parkin
to the MAM upon induction of mitophagy [199]. The PINK1/parkin interaction induces Mfn-2

ubiquitination and dissociates mitochondria from the ER which in turn triggers mitophagy [200].

Mitochondrial damage is one of the cellular stimuli that trigger the activation of the
inflammasome. The MAM serves as the site where the nucleotide-binding oligomerization domain
(NOD)-like receptors (NLRs) family pyrin domain-containing protein 3 (NLRP3) inflammasome
complex assembles [201]. Several mitochondrial factors at the MAM are involved in the
interaction between NLRP3 and mitochondria such as Mfn-2, cardiolipin and mitochondrial
antiviral-signalling protein [202]. NLRP3 localization to the MAM is suggested to contribute to
the recognition and sensing of mitochondrial damage and the associated release of mitochondrial

DNA (mtDNA) [203].

1.4.2. MMP-2 localization to the MAM

MMP-2 was found to be localized to several intracellular organelles, among them is the
MAM [65]. Using immunogold electron microscopy and immunofluorescence, it was found that
the majority of mitochondrial MMP-2 is actually associated with the MAM, which was confirmed
by detection of MMP-2 in the purified MAM fraction subcellularly isolated from mouse heart [65].

The same finding was reported in hearts from DXR-treated mice using immunogold electron
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microscopy [60], suggesting that MMP-2 may be involved in the pathophysiological changes
accompanying this peculiar structure during cellular injury. However, the exact role of MMP-2

and its potential proteolytic targets at the MAM are not well known.

1.4.3. Mitochondria and their regulation

Mitochondria are the powerhouse of the cell. They comprise one third of the cellular
volume and provide approximately 90% of the ATP required for cellular functions, making them
vital for the high energy-demanding organs such as the heart [204, 205]. Therefore mitochondrial
dysfunction and failure to produce the ATP required for cardiac muscle contraction is considered

a primary mechanism of cardiac dysfunction [206].

1.4.3.1. Structure of mitochondria

The mitochondrion is composed of a matrix surrounded by two phospholipid membranes,
termed the inner and outer mitochondrial membranes. The space between them is called the
intermembrane space [207]. The two mitochondrial membranes have different characteristics
regarding their lipid composition and the functions of the transmembrane proteins embedded
within them. The outer membrane has a lipid composition more similar to that of the plasma
membrane, while the inner membrane has a higher protein to lipid ratio and forms invaginations
into the matrix, called cristae, that provide more space for chemical reactions [208]. The outer
membrane has also different permeability than the inner as it allows the transport of ions and small
molecules through VDACs, while the inner membrane only permits the free passage of water,
oxygen and carbon dioxide. This selective permeability of the inner membrane forms an

electrochemical gradient which is required for the function of electron transport chain and ATP
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production [209, 210], see section 1.4.3.6. The cristac membrane contains the respiratory chain

complexes that regulate the electron transport required for ATP synthesis [208].
1.4.3.2. Functions of mitochondria in cardiac cells

Mitochondria play significant roles in the regulation of cardiac function through ATP
production and regulation of cellular metabolism and apoptosis [211]. Mitochondria are the source
of NADH and ATP via the tricarboxylic acid cycle and oxidative phosphorylation, particularly the
electron transport chain which generates the proton gradient that drives the phosphorylation of
ADP to ATP [212]. They provide the intermediates for lipid and pyrimidine nucleotide through
fatty acid B-oxidation [213], as well as iron and sulfur homeostasis which are important for electron
transport chain and DNA repair proteins [214]. In addition, mitochondria contribute to apoptotic
pathways through the release of apoptosis-inducing factor (AIF) as well as the Bax-mediated
release of cytochrome C and induction of the caspase cascade [215]. Calcium uptake by
mitochondria via the mitochondrial calcium uniporter is also essential for regulation of the level
of intracellular calcium which in turn affects cardiac metabolism, contractility and cellular stress
responses [216]. Therefore, impaired mitochondrial homeostasis contributes to the

pathophysiology of cardiac diseases.
1.4.3.3. Mitochondria and IR injury

The lack of oxygen during ischemia inhibits electron flow within the electron transport
chain which in turn results in reduced ATP production that does not meet myocardial demand
[217]. Subsequently, the reduction in ATP and the increased production of lactate, that induces a
drop in intracellular pH, inhibit the activity of Na'/K" ATPase and activates the Na'/H" exchanger

to restore normal intracellular pH. This increases the intracellular Na* concentration which in turn
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activates the Na'/Ca’*' exchanger resulting in calcium overload. This eventually leads to
myocardial damage by activating proteolytic enzymes and mediating myocardial cell death [218].
However, the acidic environment during ischemia caused by lactic acid accumulation inhibits

mPTP opening [219].

Upon reperfusion, RONS biosynthesis and calcium overload induce more cellular injury.
With the washout of lactic acid and restoration of physiological pH, oxidative stress and calcium
overload trigger mPTP opening and reduce the calcium retention capacity of mitochondria which
makes the cardiomyocyte more sensitive to calcium overload [220, 221]. The mPTP is a high
conductance channel located at the interface between the inner and outer mitochondrial
membranes and allows for nonselective mitochondrial permeabilization and the communication
between mitochondrial matrix and cytoplasm [222]. It is normally closed, and opens when
stimulated by adenine nucleotides, mitochondrial calcium accumulation or oxidative stress [218].
mPTP opening leads to the uncoupling between electron transport and phosphorylation reactions
in oxidative phosphorylation, disruption of ATP synthesis, loss of mitochondrial membrane
potential, osmotic swelling, enhanced production of mitochondrial RONS and the release of
cytochrome C which collectively lead to myocardial cell death [223]. Mitochondrial respiratory
chain complex-mediated oxygen consumption is also reported to be impaired following IR injury

[224].
1.4.3.4. Mitochondrial quality control mechanisms

Given the fundamental role played by mitochondria in cellular homeostasis, mitochondrial
quality must be regulated to protect against cellular dysfunction. Mitochondrial quality control
mechanisms help protect the mitochondria in response to cellular stress [225]. They include:

mitobiogenesis, mitochondrial dynamics (fusion and fission) and mitophagy [226]. Impairment of
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mitochondrial quality control and homeostasis is reported to be associated with cardiac
dysfunction [227]. This drove the attention of researchers to target these mechanisms in the attempt
to preserve cardiac function. A summary of the mitochondrial quality control mechanisms and

their regulatory proteins is shown in Figure 1.7.
1.4.3.4.1. Mitochondrial biogenesis

Mitobiogenesis means the synthesis of new mitochondria from pre-existing ones, and it is
regulated by different proteins, among them is AMP-activated protein kinase-o (AMPKa) and
peroxisome proliferator-activated receptor y (PPARY) coactivator 1o (PGCla) [228]. AMPKa
regulates cellular energy homeostasis by activating glucose and fatty acid uptake and regulates
mitobiogenesis by phosphorylation of metabolic enzymes, nutrient transporters and epigenetic
factors such as DNA methyltransferase 1, retinoblastoma binding protein 7 and histone
acetyltransferase 1, promoting transactivation of nuclear genes involved in mitochondrial
biogenesis and function. It also induces phosphorylation and activation of PGCla [229]. PGCla
regulates mitochondrial biogenesis through activation of PPAR and mitochondrial transcription
factor A, enhancing the expression of mitochondrial respiratory chain enzymes and increasing
mtDNA content [230]. PGCla regulates the replication of mtDNA and the transcription of

mitobiogenesis genes [231].
1.4.3.4.2. Mitochondrial dynamics

Mitochondria are dynamic organelles as they continuously undergo fusion and fission.
These two processes are essential for cell survival, growth and division [232]. Mitochondrial
fusion includes the merging of the salvageable portions of two distinct, partially damaged
mitochondria to maintain mitochondrial quality and morphology and prevent permanent loss of

essential components including the mitochondrial proteins required for oxidative phosphorylation
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and ATP synthesis. This process is regulated by several proteins including Mfn-1 and -2 and optic
atrophy-1 (OPA-1). These three proteins are dynamin-like GTPases, meaning that they possess
GTPase activity [233, 234]. Mfn-2 mediates outer mitochondrial membrane fusion by interacting
with Mfn-1 and contributes to the maintenance and operation of the mitochondrial network. This
is driven by GTP hydrolysis that induces conformational changes of the outer mitochondrial
membrane and dimerization of Mfn from adjacent mitochondria, allowing their merger [235, 236].
OPA-1, on the other hand, regulates inner mitochondrial membrane fusion and senses the changes
in mitochondrial membrane potential which is critical for maintaining the electrochemical gradient
required for ATP production [237]. OPA-1 is also involved in the process of oxidative

phosphorylation and ATP production [238].

Mitochondrial fission, on the other hand, divides mitochondria into two separate
organelles. When mitochondria are damaged, the fission process separates the injured
mitochondrial segments which in turn are delivered to and degraded by lysosomes, and is regulated
by Drp-1 [234]. Drp-1 is a cytosolic protein which is recruited to the outer mitochondrial
membrane to induce fission by interaction with mitochondrial-bound proteins including fission 1,
mitochondria fission factor and 49 kDa and 51 kDa mitochondrial dynamics proteins [238, 239].
This involves ER recruitment around mitochondria to mark the sites for mitochondrial fission as
well as the induction of outer mitochondrial membrane constriction at the MAM with subsequent
GTP hydrolysis and Drp-1 oligomerization [196]. This process also involves Drp-1
phosphorylation to increase its GTPase activity [240]. Although mitochondrial fission is required
to get rid of the damaged mitochondria, excessive or unbalanced fission can affect healthy
mitochondria and induce mitochondrial fragmentation which leads to enhanced RONS production

and progression of cell death [241].
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1.4.3.4.3. Mitochondrial autophagy/mitophagy

Mitochondrial autophagy or mitophagy is the removal of damaged mitochondria by
autophagosome-lysosomal degradation and is regulated by PINK1 and parkin [242]. PINK1
regulates mitophagy by identifying damaged mitochondria and targeting them for degradation.
Damaged mitochondria have low membrane potential which results in PINK1 accumulation on
the outer membrane which in turn recruits parkin to target the damaged mitochondria for
autophagy [243]. Parkin is a cytosolic E3 ubiquitin ligase that allows ubiquitination of damaged
proteins which directs them to degradation by proteasomes or lysosomes [244]. It translocates to
the depolarized mitochondria upon PINKI1-mediated phosphorylation which also activates its
ubiquitin ligase activity [245]. Once recruited to mitochondria, parkin induces the ubiquitination
of several mitochondrial proteins followed by induction of proteasomal degradation. Following
that, the autophagic protein, p62, is recruited to damaged mitochondria to mediate autophagosome
formation around them which ultimately fuse with lysosomes to lyse the damaged mitochondria

[225].

Failure of mitochondrial quality control will result in mitochondrial dysfunction and
accumulation of damaged mitochondria which in turn predispose cellular dysfunction [246]. The
release of mitochondrial RONS such as superoxide anion radical can be a result of mitochondrial
dysfunction and is generated from complexes I and III leading to nuclear DNA and lipid damage
[125]. mPTP opening, resulting from calcium overload and high RONS production, causes
mitochondrial swelling, bursting and the release of mitochondrial components [218]. Collectively,
this will result in the impairment of ATP production and cardiac contractility, dysregulation of
metabolic and calcium signalling, disruption of iron and sulfur homeostasis and the induction of

apoptotic cell death.
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Figure 1.7. Mechanisms of mitochondrial quality control. Mitobiogenesis is regulated by
different proteins including AMPKa and PGCla. AMPKa induces the phosphorylation and
activation of different downstream regulators including PGCla, which in turn activates TFAM
that induces mtDNA and mitobiogenesis gene transcription and increases the expression of
respiratory chain enzymes. Mitochondrial dynamics involves fusion and fission: Mfn-1 and -2
regulate outer mitochondrial membrane fusion, while OPA-1 regulates inner mitochondrial
membrane fusion, where two distinctive mitochondria merge together. Drp-1, on the other hand,
mediates mitochondrial fission to separate injured mitochondrial segments which are delivered to
degradation by lysosomes through mitophagy. During mitophagy, PINK1 identifies damaged
mitochondria and accumulates on the outer membrane to recruit parkin, an E3 ubiquitin ligase that
induces ubiquitination of damaged mitochondria and directs them to proteasomes or lysosomes for
autophagosomal degradation. AMPK, AMP-activated protein kinase; Drp, dynamin-related
protein; Mfn, mitofusin; mtDNA, mitochondrial DNA; OPA, optic atrophy; PGCI1, peroxisome
proliferator-activated receptor y coactivator 1; PINK, PTEN-induced kinase; TFAM,
mitochondrial transcription factor A (Figure was created using BioRender).
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1.4.3.5. Functions of mitofusin-2 in cardiomyocytes

Mifn-2 is a mitochondrial fusion protein that was first discovered in Drosophila
melanogaster and was found to have a conserved structure among different species [247, 248]. It
consists of a cytosolic N-terminal GTPase domain, followed by a first coiled-coil heptad repeat
domain, two transmembrane domains which cross the outer mitochondrial membrane and, finally,
a second C-terminal heptad-repeat domain [236]. It is reported to be localized at the MAM, which
in turn supports its role in mediating mitochondrial fusion [195]. Mfn-1 and -2 also have functions
distinct from their role in mitochondrial fusion, but the loss of both would induce deleterious
effects on mitochondrial morphology and regulation [249], as cardiac-specific double knockout of
Mfn-1/Mfn-2 in mice resulted in disrupted mitochondrial structure and cardiac contractile function
[250]. However, deletion of Mfn-2, but not Mfn-1, in the mouse heart resulted in impaired
mitochondrial calcium uptake and respiration. Mfn-1 knockout, on the other hand, did not affect
mitochondrial structure or function [251]. Cardiac-specific knockout of Mfn-2 in mice also showed

impaired cardiac contractile function, while mice lacking Mfn-1 had normal heart function [252].

Min-2 plays several other crucial roles in the cell as it is essential for the tethering between
mitochondria and ER and subsequently calcium transit between both organelles [195]. Previous
studies reported that deletion of Mfn-2 disrupts mitochondria-ER tethering and ER morphology,
induces mitochondrial fragmentation and impairs mitochondrial respiration and ATP production
[195, 253, 254]. It also reduces mitochondrial calcium uptake in cardiomyocytes [255]. As
discussed earlier, mitochondria-ER tethering and calcium uptake by mitochondria are essential for
the function of the electron transport chain. This explains why a loss in Mfn-2 would also result in

impaired mitochondrial respiratory function.
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Mfn-2 also plays a role in mitophagy. Mfn-2 is phosphorylated by PINK 1 to induce parkin
translocation from cytosol to mitochondria which in turn induces Mfn-2 ubiquitination. This
interaction induces mitophagy which rids the cell of damaged mitochondria by recruiting p62 to
the ubiquitinated mitochondrial proteins as discussed earlier [256]. This was supported by Chen
and Dorn who showed that cardiac-specific knockout of Mfn-2 in the mouse heart resulted in
defective ubiquitination and mitophagy by preventing parkin migration to mitochondria, which in
turn resulted in mitochondrial respiratory dysfunction due to accumulation of damaged
mitochondria [252]. Additionally, Mfn-2 is suggested to play a role in mitochondria transport and
their attachment to microtubules by interaction with Miro and milton motor proteins. This role was

first discovered in neuronal cells and is yet to be investigated in cardiomyocytes [257].

1.4.3.6. Mitochondrial respiratory chain and oxidative phosphorylation

The most important function of mitochondria is the generation of ATP, the energy source
of the cell. Mitochondria consume oxygen in order to generate ATP, which can be referred to as
mitochondrial respiration [205, 258]. ATP generation by mitochondria is regulated via two main
processes, the electron transport chain defined as the flow of electrons from the electron carriers,
NADH and reduced flavin adenine dinucleotide (FADH->), across a series of respiratory chain
complexes to create a proton gradient across the inner mitochondrial membrane [259], and
chemiosmosis which involves the generation of ATP by ATP synthase driven by the force of
proton gradient. The two processes collectively are known as oxidative phosphorylation as they

involve oxygen consumption and phosphorylation of ADP into ATP (see Figure 1.8) [260, 261].

There are a series of four complexes (I-IV) across the inner mitochondrial membrane that
mediate electron transport chain reactions [262]. Complexes I, III and IV, but not II, have

transmembrane proton channels that allow the passage of the positively charged protons from the
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mitochondrial matrix to the intermembrane space upon acquiring enough energy which is mainly
obtained by electron transport [263, 264]. The tricarboxylic acid cycle, which takes place in the
mitochondrial matrix, is the main source of NADH and FADH> which undergo a series of redox
reactions in the matrix to generate protons and electrons. The protons remain in the mitochondrial
matrix, while electrons are transferred to the respiratory complexes [265]. NADH is converted into
NAD" and H' and passes two electrons to complex I, resulting in its activation that triggers proton
pumping across the inner membrane [266]. Then complex I transfers electrons to another molecule
called co-enzyme Q10 (ubiquinone) which subsequently transfers them to complex III. FADH>,
on the other hand, is converted into FAD and two H" and generates two electrons that are passed
to complex II which on its own does not allow proton pumping across the membrane but transfers
its electrons to co-enzyme Q10 and subsequently to complex III [267, 268]. Upon being charged,
complex III pumps protons across the inner membrane and passes its electrons to cytochrome C
which transfers them to complex IV to repeat the same process [260]. Finally, complex IV transfers

electrons to their final acceptor, oxygen, which undergoes a redox reaction to form water [269].

The passage of protons from the mitochondrial matrix to the intermembrane space
generates a proton gradient across the membrane which is considered the driving force for ATP
synthesis [270]. Protons accumulating in the intermembrane space start to flow back to the matrix
through the ATP synthase complex which serves as a proton channel within the inner membrane
[271,272]. The flow of protons across this channel induces activation of the ATP synthase subunit
that triggers the phosphorylation of ADP into ATP to produce a massive amount of ATP. This also
restores protons to the matrix to allow their passage again across the respiratory complexes and

continue the same cycle [273, 274]. These series of oxidative phosphorylation reactions are,
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therefore, crucial for ATP production and disruption of any of these steps will impair

mitochondrial respiratory function.

Another important regulator of mitochondrial oxidative phosphorylation is the level of
calcium. In quiescent cardiac cells, mitochondrial calcium concentration is maintained at ~100
nM, which is close to the cytosolic calcium level. The mitochondria calcium buffering capacity is
also critical for maintaining intracellular calcium at its optimal level [275, 276]. Whether the
changes in mitochondrial calcium concentration follows the beat-to-beat changes in its cytosolic
concentration is questionable [277]. Regulation of mitochondrial calcium is also essential for the
function of mitochondria themselves, as mitochondrial calcium induces the activation of NADPH-
generating dehydrogenases resulting in increased NADH production which in turn provides the
electrons to complex I during the electron transport chain and stimulates ATP production [194].
However, increased mitochondrial calcium can also activate mitochondrial proteases like calpain,
impair the function of complexes I and III and increase mitochondrial RONS production [189,
278, 279]. Therefore, maintaining an adequate mitochondrial calcium level is critical for

mitochondrial respiration.
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Figure 1.8. The mechanism of oxidative phosphorylation. ATP generation by mitochondria is
regulated by two processes: the electron transport chain and chemiosmosis, collectively known as
oxidative phosphorylation. The electron transport chain is the process of electron flow from the
electron carriers, NADH and FADH>, across a series of respiratory chain complexes (I-1V), which
creates a proton gradient across the inner mitochondrial membrane, till electrons reach their final
acceptor, oxygen, which undergoes a redox reaction to form water. This proton gradient across the
membrane is the driving force for ATP synthesis through the chemiosmosis (phosphorylation)
process. The flow of protons across the ATP synthase complex induces the activation of ATP
synthase subunit to trigger the phosphorylation of ADP into ATP, and thus producing energy.
ADP, adenosine diphosphate; ATP, adenosine triphosphate; CoQ, co-enzyme Q10; Cyt C,
cytochrome C; FADH», reduced flavin adenine dinucleotide; NADH, reduced nicotinamide
adenine dinucleotide (Figure was created using BioRender).
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1.4.3.7. Role of mitochondria in apoptotic cell death

1.4.3.7.1. Apoptosis-inducing factor

Mitochondria play a pivotal role in cell death signalling in mammalian cells, particularly
in apoptosis [280]. One of the major pathways involved in mitochondria-mediated apoptotic cell
death is the release of AIF from mitochondria. AIF is a flavoprotein anchored to the mitochondrial
inner membrane [281], and binds to FAD which allows it to exhibit a NADH oxidase activity that
is suggested to be important for the function of mitochondrial respiratory chain complexes and
energy homeostasis [282-284]. Independent from its redox activity, AIF induces apoptosis in a
caspase-independent manner as inhibition of caspase activity does not affect the pro-apoptotic

action of AIF [282, 285].

AIF is synthesized as a 67 kDa protein that contains a mitochondrial-localization sequence
within its N-terminal domain that targets it to mitochondria. Subsequently, it gets cleaved by the
mitochondria processing peptidase into a mature 62 kDa protein [281, 284, 286]. In addition to the
mitochondrial-localization sequence, AIF has two nuclear localization sequences and NAD and
FAD-binding motifs [282]. In mitochondria, 62 kDa AIF is further cleaved into a 57 kDa form
which is translocated to the cytosol in response to cellular stressors which induce intracellular
calcium overload, such as calcium influx, or ER stress that results in induction of calcium release
from the ER. These stressors eventually induce mPTP opening and AIF release [287, 288]. Cleaved
AITF is then translocated to the nucleus via its nuclear localization sequence identified by nuclear
transport receptors to induce apoptosis via mediating DNA fragmentation and chromatin
condensation [289]. This occurs by displacing chromatin-associated proteins and stimulating the
formation of degradosomes, DNA-degrading complexes, via the recruitment of proteases and

nucleases to the nucleus [290].
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Some studies reported that the cleavage and release of AIF into the cytosol is calpain-1-
dependent, being a calcium-dependent protease. This is encountered during staurosporine (STS)-
induced cell death in tumor cell lines [287]. However, the role of calpain in AIF cleavage is
questionable as, in neuroblastoma cells, it was reported that calpain is not involved in AIF
processing [291]. AIF cleavage is also reported to occur via calcium-independent proteases such
as cathepsin, specifically cathepsins-B, -L and -S [292]. However, this has been also contradicted
by the results of another study showing that cathepsin knockdown does not affect AIF processing
[293]. The exact protease responsible for mitochondrial AIF cleavage and release requires further

investigation.

1.4.3.7.2. Bcl-2/Bax/Bak signalling pathway

Another mechanism by which mitochondria regulate apoptosis is the Bcl-2/Bax/Bak
pathway. The Bcl-2 family of proteins are important regulators of this process. They are composed
of pro-apoptotic proteins such as Bax and Bcl-2 homologous antagonist/killer (Bak), which initiate
apoptotic signalling pathways as well as anti-apoptotic members such as Bcl-2 and B-cell
lymphoma-extra large (Bcl-XL), which inhibit the pro-apoptotic proteins [294]. Bax is normally
localized in the cytosol and translocates to the mitochondria in response to apoptotic stimuli [295].
Subsequently, it induces permeabilization of the outer mitochondrial membrane and cytochrome
C release from mitochondria, which in turn activates apoptotic peptidase activating factor 1 that
contains a caspase recruitment domain and can induce caspase activation and apoptosis [296].
Interestingly, Bax levels were shown to be upregulated in rat hearts subjected to IR injury [297]
and Bax-deficient mice showed protection against myocardial IR injury [298]. The Bcl-2/Bax/Bak

pathway is also involved in ER stress-mediated apoptosis as discussed in section 1.4.5.4.
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1.4.4. Inflammasomes and IR injury

1.4.4.1. Inflammasome structure and activation

Inflammasomes are multiprotein complexes that regulate the innate immune response, the
first line of defense against infections in our body [299, 300]. The innate immune response is
activated as an immediate, non-specific response against harmful stimuli including foreign
antigens, pathogens, irritants or nucleic acids, resulting in induction of cytokine and chemokine
pathways that induce the inflammatory response [301]. While insufficient inflammation leads to
persistent infections, excessive inflammatory response can result in the progression of chronic
inflammatory disease and cell damage [302]. The innate immune response is initiated by the
recognition of pathogen-associated molecular patterns (PAMPs) which are derived from pathogens
such as pore forming toxins, bacteria, virus, viral RNA, lipopolysaccharide, B-glucans and hyphae
or danger-associated molecular pattern (DAMPs) which originate from endogenous stress such as
ATP, amyloid-, alum, asbestos, glucose, hyaluronan and RONS [303, 304]. PAMPs and DAMPs
are recognized by what is known as pattern-recognition receptors (PRRs) which, upon stimulation,
activate downstream signalling inflammatory cascades by the production of pro-inflammatory

cytokines and type I interferon [305, 306].

PRRs are components of the inflammasome complex and consist of several families
including the NLRs, toll-like receptors, C-type lectin receptors and AIM2-like receptors among
others. The NLR family contains a central nucleotide-binding and oligomerization domain
surrounded by leucine-rich repeats, caspase activation and recruitment domain and pyrin domain
[307]. An NLR subfamily member, known as NLRP3, has been reported to be associated with
several chronic inflammatory diseases including metabolic disorders such as atherosclerosis, type-

2 diabetes and obesity, neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases

51



and multiple sclerosis as well as hypertension, inflammatory bowel disease, respiratory disease

and cancer [308].

The NLRP3 is normally localized at the ER and the cytosol and, upon stimulation,
relocalizes to the MAM and assembles with the apoptosis-associated speck-like protein containing
caspase-recruitment domain (ASC) that binds to pro-caspase-1 to form a complex called the
NLRP3 inflammasome which induces the release of pro-inflammatory cytokines by cleaving
caspase-1 and the activation of IL1B and IL18 followed by induction of pyroptosis, an
inflammatory form of cell death [201]. Two signals are involved in this process: signal I is the
priming signal whereby NLRP3 expression is upregulated along with inducing NFxB-dependent
expression of pro- IL1p and IL18. Signal II is the assembly phase where the inflammasome
complex is formed with subsequent activation of casapase-1 and pro-inflammatory cytokines [309,
310]. Active caspase-1 not only converts pro-IL1f and pro-IL18 into their mature forms, but also

induces maturation of gasdermin D which mediates pyroptosis [311].

1.4.4.2. Crosstalk between inflammasomes and mitochondria

The NLRP3 is activated in response to variable stimuli including the generation of
mitochondrial RONS, potassium efflux out of the cell, the release of mtDNA into the cytoplasm
or outside the cell, lysosomal rupture or upon interaction of NLRP3 with cardiolipin, uric acid,
cathepsins or ATP. There is a crosstalk between mitochondrial damage and NLRP3 activation
[299]. The mitochondrial respiratory chain damage induces elevation of mitochondrial RONS
production which in turn results in the activation of NLRP3 [312]. Meanwhile, the active caspase-
1 resulting from NLRP3 inflammasome assembly is reported to be attracted to the mitochondrial
outer membrane and inhibits mitophagy via cleavage of parkin, resulting in accumulation of

damaged mitochondria [313].
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1.4.4.3. Role of inflammasome response in myocardial IR injury

Several studies have reported the association between the inflammasome response and
pyroptosis with myocardial IR injury [314-316]. Activation of the inflammasome response can
lead to cardiomyocyte damage, inflammation and cell death [317]. Myocardial IR injury induces
a sterile inflammatory response that eventually contributes to the infarct size [318]. NLRP3
activation is reported during IR injury [318, 319]. Pharmacological inhibition of the NLRP3
inflammasome using INF4E, a synthetic NLRP3 inhibitor, has been shown to attenuate myocardial
IR injury [320]. NLRP3 was shown to be upregulated in cardiac fibroblasts following myocardial
infarction and its genetic knockout can also improve cardiac function in mice subjected to IR injury
[318]. In diabetic rats, NLRP3-mediated pyroptosis in response to hyperglycemia aggravates
myocardial IR injury [316]. Taken together, this shows the strong association between NLRP3
activation and the pathophysiological consequences of IR injury which can be linked to the

development of mitochondrial dysfunction.

1.4.5. Endoplasmic reticulum and its regulation

The second compartment of the MAM is the ER, a large dynamic network of membrane
that was discovered in the 1950s by George Palade and was later introduced as the main site for
membrane-associated and secreted protein synthesis [321, 322]. ER stress, the disruption of ER
homeostasis, is involved in the pathophysiology of several cardiac disorders including heart

failure, cardiac hypertrophy and ischemic heart disease [323].

1.4.5.1. Role of ER in protein synthesis/folding and calcium regulation

The ER is the major site for protein synthesis, transport and release as well as lipid and

steroid biosynthesis, carbohydrate metabolism and calcium storage and homeostasis [324]. It
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serves as the site for synthesis of both membrane integrated proteins as well as secreted proteins
which are transported outside the cell [325]. Protein translation is initiated in the cytosol and then
ribosomes containing messenger ribonucleic acids (mRNAs) are transferred to the ER where the
translation process is continued [326]. Following protein synthesis, secreted proteins must undergo
folding process by ER chaperones and folding enzymes to acquire their three-dimensional
conformation and post-translational modifications including oligomerization, N-glycosylation or
disulfide bond formation. Following that, proteins either reside in the ER or translocate to Golgi
to be transferred to their final destination in the cell [324]. Proper folding of proteins is essential
for them to acquire their native structure which is required for their proper function and activity

[327].

The ER is also a major site of intracellular calcium storage. Several calcium channels are
located in the ER such as ryanodine receptors and the IP3R which mediate calcium release from
the ER to the cytosol when its cytosolic level is diminished in order to maintain calcium balance
within the cell [328]. This occurs via G protein-coupled receptor-dependent stimulation of
phospholipase C which cleaves phosphatidylinositol 4,5-bisphosphate into diacyl glycerol and
inositol 1,4,5-triphosphate, which in turn stimulates IP3R to release calcium [329]. Ryanodine
receptors, on the other hand, are activated when there is an increase in cytosolic calcium level as
calcium binds to them and induces more calcium release from the ER, a process known as calcium-
induced calcium release [330]. If the calcium level in cytosol is elevated, calcium can be

transported back to the ER via the action of SERCA2a [331].

A specialized network of membranes with similar structure to ER, known as the SR, was
identified in straited muscle cells such as cardiomyocytes. Its main function is calcium storage

[332]. The SR lacks ribosomes, so it is not involved in protein synthesis. However, it can serve as
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a site for lipid synthesis [333]. The SR surrounds the myofilament and interacts with the T-tubules,
deep sarcolemmal invaginations, to regulate calcium release from the SR to the cytosol which in
turn is required for cardiac muscle contraction. As I will discuss later, this process is known as

excitation-contraction coupling [334].

1.4.5.2.  ER stress and misfolded proteins

Maintenance of the ER homeostasis and function is critical for proper protein folding, and
any physiological or pathological stimuli that disrupt this homoeostasis will result in accumulation
of misfolded proteins, a process known as ER stress [323]. Accumulation of misfolded proteins is
the primary cause of different pathological conditions such as Parkinson's disease, Alzheimer's
disease, Huntington's disease, cystic fibrosis, and other degenerative disorders [327]. The harmful
effect of misfolded protein accumulation, also known as proteotoxicity, is either due to the loss of
function like what happens in cystic fibrosis or al-antitrypsin deficiency, or unfavorable gain of
function as seen in numerous neurodegenerative diseases where misfolded proteins induce the
formation of amyloid plaques [335]. Although the direct relationship between intracellular
misfolded protein aggregation and cardiac diseases is unclear, association between both has been
reported in some cardiomyopathies such as desmin-related cardiomyopathy which results from a
mutation in the desmin gene or its chaperone, resulting in accumulation of insoluble proteins and
the progression into muscle weakness [336, 337]. Several driving factors can disrupt the ER
homeostatic function and induce ER stress such as ischemia, hypoxia, genetic mutation, oxidative

stress, and increased protein synthesis [338].

55



1.4.5.3. The unfolded protein response

ER stress triggers the activation of complex adaptive mechanisms known as the UPR to
correct for protein misfolding and restore the normal function of the ER [339]. The UPR is a
signalling pathway that maintains the balance of protein folding and is activated in response to
accumulation of unfolded or misfolded proteins in the ER which increases the load on the
molecules responsible for protein folding [340]. It works through pro-survival mechanisms
including lowering the number of proteins that need to be folded by transcriptional downregulation
of secretory proteins, increasing the folding ability of the ER or increasing the removal of
misfolded or slowly folding proteins via stimulating another process known as ER-associated

degradation [339, 341].

As shown in Figure 1.9, the UPR in mammalian cells is mediated via three ER
transmembrane proteins: inositol-requiring enzyme la (IREla), protein kinase R-like ER kinase
(PERK) and activating transcription factor 6 (ATF6) [342, 343]. IRE1a is the most conserved UPR
protein among different species. It is a kinase and endonuclease that, in response to the release and
dissociation of the ER chaperone, 78kDa glucose-related protein (GRP78) also known as binding
immunoglobulin protein (BiP), dimerizes and undergoes autophosphorylation and becomes
activated to stimulate the UPR [344]. Active IRE1a induces the splicing of transcription factor X
box-binding protein 1 (XBP1) encoding mRNA by excising a 26-nucleotide-long intron, resulting
in the expression of the active transcription factor, spliced XBP1 (XBP1s), which translocates to
the nucleus to induce the transcriptional upregulation of UPR target genes, folding enzymes and
ER chaperones that correct for protein misfolding [345]. Subsequently PERK is activated to inhibit
protein synthesis and reduce the number of proteins that need to be folded through the

phosphorylation of eukaryotic translation initiator factor 2a (elF2a), which in turn induces the

56



translation of another transcription factor, ATF4, which controls the transcription of genes
involved in redox balance, autophagy and apoptosis [346, 347]. ATF6 is also activated during the
UPR by being transported to the Golgi where it undergoes proteolytic cleavage by S1 and S2
proteases and subsequent translocation to the nucleus to activate transcription of target genes that

promote the UPR [348].

The UPR components are not only involved in the ER stress response, but also regulate
several cellular functions such as energy homeostasis, lipid metabolism, inflammation and cell
differentiation [349]. IREla also plays an indirect role in calcium homeostasis through regulating
its release from ER via the IP3R [350]. Calcium release through the IP3R is inhibited by calcium
and integrin binding protein 1 (CIB1) [351]. However, CIB1-IP3R interaction is inhibited by
another adaptor molecule, apoptosis signal-regulating kinase 1 (ASK1), that dissociates CIB1 from
the IP3R, resulting in induction of calcium release from the ER [352]. IRE1a, on the other hand,
acts as a negative regulator for ASK1 as it reduces its interaction with CIB1, resulting in enhancing

CIB1-mediated inhibition of calcium release and preventing calcium overload [353].

Overactivation or failure of the UPR to reduce ER stress and restore homeostasis will result
in induction of cellular dysfunction and apoptosis. Therefore, ER stress plays a critical role in the
development of different disease conditions, particularly cardiovascular diseases [354]. It is
considered one of the pathophysiological characteristics involved in the development of cardiac
hypertrophy and heart failure [355]. Maladaptive, prolonged ER stress triggers apoptosis through
activation of C/EBP homologous protein (CHOP) as well as JNK and the caspase cascade to
eliminate unhealthy cells and their accumulated misfolded proteins, which signifies the transition

from an adaptive to a maladaptive response or from cell survival to cell death [356-359].
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1.4.54. ER stress-mediated cell death

A persistent ER stress response means that the UPR signal is not enough to correct for
protein misfolding [360]. This in turn induces a maladaptive response, which involves induction
of different apoptotic pathways that are triggered by the UPR components following either loss of
the UPR proteins or overactivation of them in an attempt to resolve the persistent ER stress
response (see Figure 1.9) [356, 357]. Therefore, both overexpression and reduction in the UPR
proteins can lead to induction of ER stress-mediated cell death. Maintaining their balance is critical
for pro-survival mechanisms. One of these cell death pathways is the IRE1o/XBP1s-mediated
activation of the JNK/p38 MAPK pathway [361]. IREla, upon prolonged ER stress, can recruit
an adaptor molecule called TNF-receptor-associated factor 2 and ASK1 to form a complex that
induces the activation of JNK/p38 MAPK [362]. Subsequently, INK and p38 MAPK suppress the
anti-apoptotic activity of Bcl-2 and activate other pro-apoptotic proteins such as Bax and Bak

[363].

Another important pathway involves enhanced CHOP expression. CHOP signalling is
dependent on PERK activation and the induction of ATF4 translation [364]. CHOP transcriptional
upregulation can be triggered by IREla-mediated XBP1s splicing [365], while p38 MAPK
increases its activity by post-translational phosphorylation to mediate apoptosis [366]. CHOP can
induce apoptosis via several pathways. For instance, as a transcription factor, CHOP can act as
either a transcriptional activator or repressor. It inhibits the transcription of the anti-apoptotic Bcl-
2 and Bcl-XL and upregulates pro-apoptotic Bax and Bak, allowing their translocation from the
cytosol to mitochondria to induce cytochrome C release that eventually activates the caspase

cascade, particularly caspases-3, -9 and -12, to induce apoptosis [367, 368]. CHOP can also trigger
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apoptosis by upregulating tribbles homolog 3 that inhibits the anti-apoptotic activity of Akt,

resulting in greater activation of caspase-3 [369, 370].

Studies demonstrated that impaired UPR signalling can also trigger ER stress-mediated
cell death. In mice with alcohol-induced pancreatic damage, XBP1 deficiency resulted in CHOP
upregulation and induction of apoptosis. Counter-adaptive activation of PERK, in response to
XBP1 deficiency, was suggested to be the cause of CHOP upregulation [371]. Another study
showed that inactivation of IRE1a induces CHOP upregulation and disrupts calcium homeostasis
leading to cell death [353]. In a mouse model of type-1 diabetes, loss of ATF6 was shown to induce

beta cell death [372].

ER stress-mediated apoptosis also plays a role in cardiac diseases. Myocardial CHOP
mRNA expression was found to be higher in patients with heart failure and in mice undergoing
transaortic constriction. CHOP knockout improved cardiac function and attenuated the extent of
cardiac hypertrophy and fibrosis [373]. Similarly, mice with dilated cardiomyopathy exhibited
increased CHOP expression and aggregation of misfolded proteins that resulted in apoptosis [374].
ASK1 knockout mice also showed protection against cardiac dysfunction and apoptosis following
transaortic constriction [375]. Therefore, preserving balance in the UPR and preventing the
progression into maladaptive cell death during the ER stress response is critical for maintaining
proper cardiac function and protecting against cardiac disease. That is why pharmacological agents
modulating the UPR showed promising effects in the treatment of cardiovascular disease. An
elF2a phosphatase inhibitor showed protection against ER stress-mediated cardiac apoptosis in a
rat model of myocardial infarction [376]. Administration of 4-phenylbutyric acid, a chemical
chaperone that inhibits ER stress, showed efficacy in protecting against apoptosis and pressure

overload-induced cardiac hypertrophy in mice [377]. Ginkgolide K, a biologically active lactone,
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protected against cardiomyocyte death in response to ER stress stimuli both in vivo and in vitro by

selectively activating the IRE1a/XBP1 pathway and inhibiting JNK activation [378].

1.4.5.5. ER stress and the UPR in IR injury

ER stress and the UPR have been implicated in ischemic heart disease. Ischemia,
particularly the lack of oxygen, impairs protein folding in the ER which in turn activates the UPR
[379, 380]. Moreover, as protein folding depends on redox homeostasis, oxidative stress and
RONS production can alter the redox status in the ER and trigger protein misfolding that induces

ER stress [381, 382].

Cultured cardiomyocytes subjected to oxygen and glucose deprivation exhibited an early
induction in GRP78, XBP1 splicing and elF2a activation indicating the induction of the UPR.
However, prolonged stress resulted in upregulation of CHOP and propagation of apoptotic
signalling [383]. GRP78 expression was also increased in cardiomyocytes from the hearts of mice
subjected to permanent myocardial infarction induced by left anterior descending coronary artery
ligation [380]. In mouse hearts subjected to in vivo IR, XBP1 splicing, elF2a activation and
increased expression of CHOP were observed early during reperfusion [384]. These studies
suggest that although activation of the UPR is essential to protect against ER stress-mediated
cellular damage during ischemia/hypoxia, prolonged ischemia with a persistent ER stress response
can trigger myocardial apoptotic cell death (see [385] for review). Therefore, keeping the balance
of the UPR components is critical for cell survival during ischemia and IR injury. ER stress can
also activate other cellular components such as inflammasomes, which in turn aggravate cardiac

damage in response to myocardial IR injury [386].
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The protective role of IRE1o/XBP1 was reported in studies with myocardial IR injury.
Cardiac-specific knockout of XBP1 in mouse hearts subjected to in vitro IR injury showed
profound impairment of cardiac contractile function and an increase in infarct size, while its
induced expression caused the opposite [387]. Similarly, cardiac-specific expression of active
ATF6 also showed better functional recovery and reduced apoptosis following in vitro IR injury
[388]. Meanwhile, CHOP-deficient mice showed protection against myocardial damage following
in vivo IR injury [384]. Chemical inhibition of the ER stress response during in vitro IR with 4-
phenylbutyric acid improved cardiac post-ischemic contractile recovery, attenuated myocardial
apoptosis and reduced the expression of ER stress and pro-apoptotic proteins [389]. This suggests
that modulating UPR proteins and their downstream signalling pathways could be a potential

therapeutic target to protect against myocardial IR injury.
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Figure 1.9. Adaptive and maladaptive signalling pathways in the unfolded protein response
(UPR). ER stress triggers the UPR to correct for protein misfolding. The UPR is mediated via
three ER transmembrane proteins: IREla, PERK and ATF6. IREla dimerizes, undergoes
autophosphorylation and induces the splicing of XBP1 encoding mRNA, resulting in the
expression of XBP1s that induces transcriptional upregulation of UPR target genes. PERK induces
phosphorylation of elF2a which inhibits protein synthesis and stimulates expression of ATF4, that
controls the transcription of genes involved in redox balance. Finally, ATF6 translocates to the
Golgi, undergoes proteolytic cleavage by S1 and S2 proteases and translocates to the nucleus to
promote transcription of UPR genes. Prolonged, unresolved ER stress results in the transition from
an adaptive to a maladaptive response via CHOP-mediated TRB3 upregulation that inhibits Akt
activity and induces more activation of caspase-3. CHOP also transcriptionally inhibits Bcl-2 and
upregulates Bax and Bak to be translocated to mitochondria and in turn induce cytochrome C
release, and activate caspases-3 and -9 to induce apoptosis. Akt, protein kinase B; ATF, activating
transcription factor; Bak, Bcl-2 homologous antagonist/killer; Bax, Bcl-2-associated X protein;
Bcl, B-cell lymphoma; CHOP, C/EBP homologous protein; elF2a, eukaryotic translation initiator
factor 2a; ER, endoplasmic reticulum; IREla, inositol-requiring enzyme 1 a; PERK, protein
kinase R-like ER kinase; TRB3, tribbles homolog 3; UPR, unfolded protein response; XBP, X
box-binding protein (Figure was created using BioRender).
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1.5. Sarcoplasmic reticulum/T-tubule junction

In cardiac muscle, transverse or T-tubules are invaginations in the cell membrane occurring
at the Z-line of sarcomere and make contact with the SR at junctions called “dyads” [390]. The
cardiac dyad is a specialized signalling nexus whose main function is the initiation of cardiac
contraction [391]. This structural organization allows the connection between the voltage-gated L-
type calcium channels in the T-tubule membrane and type 2 ryanodine receptors in the SR, which

is required for excitation-contraction coupling [392].

1.5.1. Role of the SR-T-tubule junction in cardiac excitation-contraction coupling

Cardiac excitation-contraction coupling refers to the process of transforming the electrical
stimulation of myocytes into muscle contraction [334]. T-tubules and SR play a significant role in
this process through the dyads [393]. Type 2 ryanodine receptors are the predominant ryanodine
receptor isoform in cardiac muscle. They are homo-tetrameric ion channels, possessing a
cytoplasmic domain that contains binding sites for different cytoplasmic regulators including
calcium and ATP. Cytoplasmic calcium is considered the most important activator of type 2

ryanodine receptors in cardiac cells [393, 394].

As shown in Figure 1.10, upon depolarization, the action potential passes across the T-
tubules and stimulates the opening of voltage-gated L-type calcium channels to induce calcium
influx into the cell. This increased intracellular calcium triggers type 2 ryanodine receptors to
release a larger amount of calcium from the SR into the cytosol, known as the calcium spark. This
process is referred to as calcium-induced calcium release [391, 395]. Calcium in turn binds to
cardiac troponin resulting in sliding of the thin and thick myofilaments and cell shortening to

induce cardiac contraction [396]. For relaxation, after calcium is released, it is recycled to the SR
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by the action of SERCAZ2a to replenish its stores or is transported outside the cell by the action of
Na“/Ca?" exchanger and plasma membrane Ca’>*ATPase, resulting in a reduction in cytosolic

calcium which in turn triggers cardiac relaxation [397, 398].
1.5.2. SR-T-tubule junctional alterations in heart disease

Impairment of T-tubule and junctional SR organization is reported in cardiac diseases and
the distortion of their interaction, referred to as dyadic degradation, is widely described and
contributes to impaired cardiac contractility [399, 400]. It is well-established that, in cardiac
hypertrophy and heart failure, the defective calcium transient is directly linked to the reduction in
excitation-contraction coupling and disorganized dyad architecture [401]. In patients with dilated
or ischemic cardiomyopathy, the T-tubule-SR junctional interaction was reduced as evidenced by
the loss in volume density and surface area of both T-tubules and junctional SR [402]. T-tubule
remodeling is one of the manifestations accompanying the progression from cardiac hypertrophy
into heart failure [403]. Tachycardia pacing-induced heart failure in vivo also showed a reduction
in T-tubule and L-type calcium channel densities in the ventricular myocytes isolated from these
failed hearts [404]. Ventricular myocytes from spontaneously hypertensive rats exhibited an
increased T-tubule distortion from the Z-line with a reduction in their ability to induce calcium
release from the SR leaving behind what is termed as “orphaned” ryanodine receptors that lead to
a loss in calcium spark synchronization and impaired cardiac contractility [405]. Besides, in failing
hearts, T-tubule folding was deranged along with reduced numbers and electrophysiological
activities of the L-type calcium channels [406]. Therefore T-tubular dysfunction is considered a

major contributing factor to cardiac contractile dysfunction and heart failure [407].

Impaired ryanodine receptor activity and disorganized SR structure is another

characteristic of cardiac abnormalities. In cardiomyocytes isolated from rats with myocardial
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infarction, disorganized type 2 ryanodine receptor clusters and slower calcium release were
observed, along with a reduced number of ryanodine receptors per cluster [408]. In cardiomyocytes
from failing human hearts, impaired calcium handling, characterized by a diminished calcium
transient and slower decay, as well as reduced calcium uptake into SR stores, were reported [409].
In hearts from mice with ventricular arrhythmias, impaired calcium handling was associated with
structural remodeling of the junctional SR, reduced T-tubule-SR contact sites and decreased type
2 ryanodine receptor protein expression [410]. Therefore, preserving dyad architecture and the T-
tubule-SR interaction is critical for proper cardiac function. Any stimulus that disrupts this

interaction would result in impaired calcium handling and cardiac contractile dysfunction.

1.5.3. Junctophilin-2 and its role in cardiac contractility

1.5.3.1. JPH-2 structure, localization and function

Junctophilins are a family of junctional membrane proteins which anchor the T-tubules to
the terminal cisternae of the SR [411, 412]. JPH-2 was identified by Takeshima et al. as the
predominant isoform expressed in cardiomyocytes [411]. It is localized in close proximity to the
Z-disc region of the sarcomere where MMP-2 is also localized [59], as well as type 2 ryanodine
receptors [413]. Being required for T-tubule-SR interaction, JPH-2 is essential for excitation-

contraction coupling, calcium transients from/to SR and cardiac contractility [414].

JPH-2 has a peculiar structure that allows its interaction with the T-tubules and the
junctional SR across the dyad [411]. It possesses eight highly conserved, lipophilic membrane
occupation and recognition nexus (MORN) domains at its N-terminus that are associated with the
T-tubule membrane, with a joining region separating the first six from the last two domains. The
MORN repeats are followed by an a-helix that composes most of the dyadic junctional space and

maintain the ideal space between the L-type calcium channels in the T-tubule sarcolemma and

65



type 2 ryanodine receptors in the SR. Adjacent to the a-helix, there is a divergent region which has
a specific structure for JPH-2 isoform and is highly conserved among the different species. Finally,

its C-terminus ends with a transmembrane domain that is embedded in the SR [411, 415, 416].
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Figure 1.10. Mechanism of cardiac excitation-contraction coupling. Upon depolarization, the
action potential propagates across the T-tubules and stimulates the voltage gated Ca®" channels to
open and induce Ca*" influx, which in turn triggers Ca**-induced Ca’" release from the SR via the
RyR2, resulting in increased intracellular Ca®* concentration. Ca* in turn binds to cardiac troponin
to induce actin-myosin interaction and cardiac muscle contraction. JPH-2 anchors the T-tubule to
the SR to stabilize the excitation-contraction coupling process. JPH-2, junctophilin-2; RyR2, type-
2 ryanodine receptor; SR, sarcoplasmic reticulum (Figure was created using BioRender).
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1.5.3.2. Effect of JPH-2 loss on cardiac contractile function

Loss of JPH-2 is known to disrupt the junctional interaction between T-tubules and the SR,
which in turn impairs excitation-contraction coupling, reduces calcium-induced calcium release
from the SR and eventually results in cardiac contractile dysfunction (Figure 1.10) [416]. This
was evidenced in JPH-2 null mice which are embryonically lethal and exhibited irregular calcium
transient and structural uncoupling between the dyad components [411]. Loss of JPH-2 is reported
in different cardiac disease conditions including hypertrophic cardiomyopathy [417], dilated
cardiomyopathy [418], and myocardial IR injury [70]. It was also observed during the progression
from cardiac hypertrophy into heart failure in rats subjected to thoracic aortic banding and is
implicated as an early event during the compensatory remodeling preceding the induction of heart
failure [403]. This reduction in JPH-2 has been linked to the alteration in calcium homeostasis and
impaired excitation-contraction coupling [417], as well as the disrupted junctional membrane
complexes [419]. Following myocardial infarction, loss of JPH-2 and its reduced co-localization

with type 2 ryanodine receptors were observed using live cell imaging microscopy [420].

Cardiac-specific knockout of JPH-2 in mouse hearts resulted in impaired T-tubule
maturation and cardiac dysfunction [421, 422]. Although reported in limited cases, three JPH-2
mutations were identified in some individuals with hypertrophic cardiomyopathy at the N-
terminus, the first MORN motif domain and the linker domain. These mutations were found to
reduce calcium-induced calcium release in cardiomyocytes [423]. Two additional mutations were
identified later in the linker region and the a-helical domain [424]. Taken together, preserving
cardiac JPH-2 is critical for maintaining adequate contractile function and preventing the

progression into disease conditions.

68



1.5.4. Impairment of excitation-contraction coupling and T-tubule distortion during

DXR cardiotoxicity

DXR-induced cardiotoxicity is associated with T-tubule remolding and impaired
excitation-contraction coupling. DXR treatment in mice induced alterations in calcium handling
as evidenced by the early reduction in calcium transient amplitude and its slower decay rate at 2
weeks of treatment preceding a late reduction in the SR calcium load [425]. In cardiomyocytes
isolated from guinea pig hearts, DXR reduced calcium-induced calcium release from the SR [426].
This reduction in intracellular calcium is usually preceded by a transitory increase in calcium spark
resulting from increased calcium leak from the SR as a compensation. However, with prolonged
DXR treatment, intracellular calcium is reduced due to depletion of the SR calcium stores and
reduced SERCAZ2a expression [425]. This means that the effect of DXR on calcium release from

the SR is biphasic [427].

In hearts from rats treated with DXR, disrupted T-tubule organization was observed which,
in part, contributed to the resulting left ventricular dysfunction [428]. DXR cardiotoxicity was also
suggested to be associated with a reduction in T-tubule density and whole cell capacitance, which
determines how fast the membrane potential responds to changes in current [429]. Transmission
electron microscopy of cardiac tissues obtained from rats treated with DXR for 4 weeks revealed
30% reduction in T-tubule-SR junctional length and increased dyadic cleft distance, accompanied
by a reduction in JPH-2 protein level [430]. DXR is also reported to decrease type 2 ryanodine
receptor mRNA expression in cardiomyocytes, regardless of the changes in their activity [431,
432]. Collectively, this suggests a pivotal role of T-tubule-SR interaction, as well as the junctional

calcium handling proteins, in the pathophysiology of DXR cardiotoxicity, which could be a
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potential therapeutic target to protect against cardiac dysfunction accompanying anthracycline

treatment.

1.5.5. MMP-2 association with T-tubule-SR junction and calcium transient

As mentioned earlier, MMP-2 was found in SR-enriched microsomes from cardiomyocytes
where it induces degradation of SERCA?2a, suggesting that MMP-2 may affect cardiac excitation-
contraction coupling [69]. It was also found to target and cleave JPH-2 during myocardial IR injury
[70]. MMP-2nt176 1s localized in discrete clusters along the Z-line of the sarcomere, which reflects
its association with the T-tubules. Its cardiac-specific expression resulted in impaired calcium
transient in cardiomyocytes [64]. Given the importance of cardiac dyad and excitation-contraction
coupling in the pathophysiology of DXR cardiotoxicity, MMP-2, activated by DXR, may play a
role in the disrupted T-tubule-SR organization, contributing to the resulting cardiac contractile

dysfunction.

70



1.6. Thesis overview

1.6.1. Rationale

Since discovering the intracellular role of MMP-2 and how it contributes to the
pathophysiology of several disorders, most previous studies have focused on investigating its role
in the cytosol and the cardiac sarcomere. However, one of the important intercellular locales of
MMP-2 is the interface between ER and mitochondria, known as the MAM. The role played by
MMP-2 at this interface and how it affects mitochondrial and ER functions in pathology is not

well investigated.

Both mitochondria and ER play significant roles in the regulation of several cellular
processes and functions including cell death and survival, energy homeostasis and calcium
regulation. In the present thesis, I focus on four main cellular processes regulated by the
mitochondria or ER, particularly involved in the regulation of cardiac contractile function and
myocardial cell death. These regulatory processes include: (a) the role of mitochondria in
regulation of apoptotic cell death via the release and processing of AIF, (b) mitochondrial
respiratory function and how the mitochondrial fusion protein Mfn-2 is affected during
mitochondrial dysfunction, caused by oxidative stress during IR injury, that impairs ATP
production and induces the inflammasome response, (c) the changes in ER homeostasis during
cardiac injury, and how ER stress and the UPR contribute to the progression of myocardial cell
death and, finally, (d) T-tubule-SR interaction which regulates the intracellular calcium level and

the role of the junctional protein, JPH-2, in this process.

Using different cell and animal models, including STS-induced cytotoxicity in human

fibrosarcoma (HT1080) cells, an in vitro mouse model of myocardial IR injury and an in vivo
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mouse model of DXR-induced cytotoxicity, I investigate the role of MMP-2, activated in response
to oxidative stress, in these cellular processes regulated by mitochondria and/or ER and how this
contributes to the development of pathologies of cardiac diseases related to enhanced oxidative

stress.

1.6.2. Overall hypothesis

I hypothesize that MMP-2, activated in response to oxidative stress, disrupts the regulation
of mitochondrial function, ER homeostasis and T-tubule-SR interaction, by targeting and
proteolyzing specific mitochondrial and ER/SR proteins localized at or near the MAM. This in
turn results in impairment of the cellular processes and functions regulated by these subcellular
organelles and induction of cell death pathways, leading to the development of pathological
conditions including cardiac diseases. Therefore, inhibition of MMP-2 activity could be a potential
therapeutic option to protect against such cellular dysfunction by preserving those targeted proteins

at the MAM from proteolytic degradation.

1.6.3. Thesis objectives
1.6.3.1. Staurosporine-induced cleavage of apoptosis-inducing factor in human

fibrosarcoma cells is independent of matrix metalloproteinase-2 (Chapter 3)

Mitochondrial AIF is cleaved and released into the cytosol in response to cellular stressors.
As MMP-2 is localized to the MAM, I hypothesize that MMP-2 may exert a role in the processing
and cleavage of AIF during STS-induced cytotoxicity. Using a human fibrosarcoma cell line I

investigated whether:

a) MMP-2 is activated during STS-induced cytotoxicity, and
b) STS-induced cleavage and release of AIF is MMP-2-dependent

72



1.6.3.2. Matrix metalloproteinase-2 proteolyzes mitofusin-2 and impairs mitochondrial

function during myocardial ischemia-reperfusion injury (Chapter 4)

During myocardial IR injury, MMP-2 is rapidly activated in response to oxidative stress.
Oxidative stress also impairs mitochondrial function which is regulated by different proteins
including Mfn-2 and induces the NLRP3 inflammasome. I hypothesize that MMP-2 proteolyzes
Mifn-2 during IR injury and impairs mitochondrial function which contributes to contractile

dysfunction. Using the in vitro mouse model of cardiac IR injury I investigated:

a) the role of MMP-2 in mitochondrial dysfunction during IR injury,
b) the role of MMP-2 in the inflammasome response during IR injury, and
c¢) identified a potential mitochondrial proteolytic target of MMP-2
1.6.3.3. Matrix metalloproteinase-2 inhibition attenuates ER stress-mediated cell death

during myocardial ischemia-reperfusion injury by preserving IRE1a (Chapter 5)

ER stress is one of the major events accompanying myocardial IR injury. In response to
ER stress, the UPR is activated through the stress sensor IRE1a to restore protein folding. Failure
of the UPR to reduce ER stress induces cellular dysfunction and apoptosis. As MMP-2 localizes
to the MAM, I hypothesize that it proteolyzes IRE1a during IR injury and stimulates the apoptotic

response. Using the in vitro mouse model of cardiac IR injury I determined:

a) the role of MMP-2 in ER stress and the UPR during IR injury,
b) the role of MMP-2 in ER stress-mediated cell death during IR injury, and

c) identified a potential proteolytic target of MMP-2 in the ER
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1.6.3.4. Junctophilin-2 proteolysis and T-tubule remodeling are consequences of matrix

metalloproteinase-2 activation during doxorubicin-induced cardiotoxicity (Chapter 6)

JPH-2 is reported to be a target of MMP-2 during IR injury in isolated hearts and both
MMP-2 and JPH-2 colocalize at the Z-disk of the cardiac sarcomere. Loss of JPH-2 is also known
to disrupt the T-tubule-SR interaction. I hypothesize that MMP-2 cleaves JPH-2 during DXR-
cardiotoxicity resulting in T-tubule remodeling and cardiac contractile dysfunction. Using an in

vivo mouse model of DXR-induced cardiotoxicity I:

a) investigated whether JPH-2 is a proteolytic target of MMP-2,
b) explored the effect of MMP-2 activation on T-tubule remodeling, and
c) in neonatal rat ventricular cardiomyocytes treated with DXR, I investigated the role of

MMP-2 in DXR-mediated changes in cytosolic calcium level

The overall goal is to fill in the gaps in our knowledge and provide a better understanding
of the pathophysiological role of intracellular MMP-2 in cardiac pathologies, in order to provide a

new therapeutic option to protect the heart with a potentially higher treatment success rate.
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Chapter 11

General Methods
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This chapter contains detailed common methods used in several of the following study
chapters (II1, IV, V, VI and appendix). Methods used only for a particular study will be included

in its specific chapter.

2.1. Animals

All animal studies were carried out using 3- 4 month-old male C57BL/6J mice weighing
25- 30 g. Mice were fed on a standard rodent chow diet ad libitum (fat 11.3%, fiber 4.6%, protein
21% w/w) and housed under conditions of constant temperature and humidity with a 12:12 h light-
dark cycle. All animal experimental protocols were approved by the University of Alberta Health
Sciences Welfare Committee (University of Alberta Animal Welfare, ACUC, study ID #AUP329,
and AUP330) and conducted according to guidelines provided by the Guide to the Care and Use

of Experimental Animals.

2.2. Isolated heart perfusion

Male C57BL/6J mice were anesthetized by an intraperitoneal injection of sodium
pentobarbital (100 mg/kg). Following complete non-responsiveness to external stimuli, hearts
were quickly excised and perfused in vitro at a constant pressure of 40 cmH>O at 37°C in the
Langendorff mode with Krebs—Henseleit solution (120 mM NaCl, 25 mM NaHCOs;, 10 mM
dextrose, 1.75 mM CaCly, 1.2 mM MgSOy4, 1.2 mM KH>PO4, 4.7 mM KCl and 2 mM sodium
pyruvate, pH 7.4) continuously aeriated with 95% Oz and 5% COs. The left atrium was then
excised, and a pre-calibrated water-filled balloon made of polyvinylidene chloride (Saran®) wrap
was inserted into the left ventricle through the mitral valve. The balloon was connected to a
pressure transducer to measure the left ventricular developed pressure (LVDP) and heart rate (HR).
Hearts with persistent arrhythmias, LVDP <80 cmH,0, HR <300 min™!, coronary flow <2 or >4
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mL/min or time from excision to perfusion >2 min were excluded from the experiment. Following
40 min of baseline aerobic perfusion, hearts were subjected to 30 min of global, no-flow ischemia
followed by 40 min of reperfusion and compared to hearts perfused aerobically for the same
duration as controls. At the end of reperfusion, hearts were collected, the right atrium and aorta
were cut off and the ventricles were kept, flash frozen in liquid nitrogen and stored at
-80°C to be used later for preparation of ventricular extracts. To assess the changes in post-
ischemic recovery of contractile function, cardiac contractile parameters including LVDP, HR,
rates of contraction (dP/dtma.x) and relaxation (dP/dtmin) were recorded and analyzed using ADI

software (Holliston, MA, USA).

To test the effect of MMP-2 preferring inhibitors on cardiac post-ischemic recovery, mouse
hearts were perfused with Krebs—Henseleit solution to which either ARP-100 (10 uM, Cat#13321,
Cayman Chemical), ONO-4817 (50 puM, a gift from Ono Pharmaceutical, Osaka, Japan) or
dimethyl sulfoxide (DMSO, vehicle, 0.1% v/v) were included, beginning 10 min prior to ischemia.
This was done by replacing the Krebs—Henseleit solution in the fluid reservoir with another one
containing the dissolved drug or vehicle. As the drugs or their vehicle were dissolved directly into
the Krebs—Henseleit solution, the hearts were exposed to them also during the entire reperfusion
phase. ARP-100 and ONO-4817 are MMP-2 preferring inhibitors with higher selectivity for MMP-
2. The selectivity profile for ONO-4817 against MMPs in guinea pig joint cartilage is as follows:
MMP-12 > -2 > -8 =-13 > -9 > -3 > -7 with inhibitory binding constant (Kj) values of 0.45, 0.73,
1.1, 1.1, 2.1, 42 and 2,500 nM respectively. The selectivity profile for ARP-100 against MMPs in
HT1080 human fibrosarcoma cells is as follows: MMP-2 > -9 > -3 > -1 and -7 with ICs¢ values of
12,200, 4,500, >50,000 and >50,000 nM respectively [94, 95]. The effect of the MMP-2 inhibitors

on cardiac mechanical function was also evaluated under aerobic perfusion conditions in absence
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of IR injury for the duration of the experiment. The experimental protocol for the different groups

is shown in Figure 2.1.

Time (min)
0 30 110

1
Aerobic+Vehicle Aerobic

T
0.1% DMSO
0 30 110

Aerobic+tMMP inhibitors Aerobic
f
ARP-100 (10 pM)
ONO-4817 (50 uM)

0 30 40 70 110
1

IR+Vehicle Baseline Ischemia | Reperfusion

T
0.1% DMSO

0 3|0 40 70 110
IR+MMP inhibitors Baseline Ischemia | Reperfusion
?
ARP-100 (10 pM)
ONO-4817 (50 pM)

Figure 2.1. Schematic diagram of the experimental protocol of ischemia-reperfusion (IR)
injury and the groups of isolated perfused mouse hearts.
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2.3. Preparation of cellular or tissue extracts and subcellular fractionation

Frozen heart ventricles from the perfused mouse hearts were ground to a fine powder using
a mortar and pestle cooled by liquid nitrogen and divided into three to four portions. To obtain a
ventricular homogenate, one portion of the powdered heart ventricle was homogenized in ice cold
radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris-HCL, 150 mM NacCl, 1% w/v NP-40,
1% w/v sodium deoxycholate, 0.1% w/v sodium dodecyl sulfate (SDS), pH 7.6, 0.1% v/v proteinase
inhibitor cocktail; Cat#P8340, Sigma-Aldrich) using a Dounce glass homogenizer (PYREX™)
with 10-15 up and down strokes at 4°C, followed by centrifugation at 10,000 g for 10 min at 4°C
to remove tissue debris. The supernatant was collected as ventricular homogenate, flash frozen in
liquid nitrogen, and stored at -80°C. To obtain cellular lysate from human fibrosarcoma HT1080
cells or neonatal rat ventricular cardiomyocytes, the cells were lyzed by rinsing twice with
phosphate buffered saline (PBS) and incubating with RIPA buffer for 5 min at 4°C followed by
scarping the lyzed cells using 1.8 cm blade cell scraper (Falcon™). Lyzed cells were then

centrifuged at 10,000 g for 10 min at 4°C and the supernatant was kept as the cellular lysate.

To obtain cytosolic and mitochondria-enriched fractions from ground heart tissue,
powdered heart ventricle was subjected to subcellular fractionation as previously described [433].
Ground tissue was homogenized in ice-cold homogenization buffer (20 mM Tris-HCI, 50 mM
NaCl, 50 mM NaF, 5 mM sodium pyrophosphate, and 250 mM sucrose added on the day of the
experiment, pH 7.0) using a Dounce glass homogenizer (PYREX™) with 10-15 up and down
strokes at 4°C. Homogenized samples were centrifuged at 800 g for 10 min at 4°C to remove
cellular debris. The supernatant was collected and centrifuged at 10,000 g for 20 min at 4°C. The
pellet was resuspended in homogenization buffer to obtain the mitochondria-enriched fraction and

the supernatant was ultra-centrifuged at 105,000 g for 60 min at 4°C. The subsequent supernatant
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was used as the cytosolic fraction. The same procedure was used to obtain subcellular fractions
from cell lysates obtained from human fibrosarcoma HT1080 cells or neonatal rat ventricular

cardiomyocytes.

2.4. Measuring protein concentration

Protein concentrations in ventricular extracts or cellular lysates were measured using the
bicinchoninic acid (BCA) assay. Samples were diluted in Milli-Q H>O at a ratio of 1:2 for cellular
lysates or 1:10 for ventricular extracts (ventricular homogenate or subcellular fraction) and 10 pL
were loaded per well in a clear, flat-bottom, polystyrene 96-well plate. Bovine serum albumin
(BSA, ThermoFisher Scientific), diluted in H>O, was used as a standard to generate a calibration
curve with concentrations (31.25-1000 pg/mL) of which 10 pL were loaded per well. Then BCA
solution (Pierce™ BCA protein assay reagent A, ThermoFisher Scientific) was mixed with copper
(I1) sulfate solution (Pierce™ BCA protein assay reagent B, ThermoFisher Scientific) at a ratio of
1:50, and 200 pL of the reaction mixture was added to each well followed by incubation at 37°C
for 30 min. Absorbance at 420 nm was measured using a UVmax kinetic microplate reader

(Molecular Devices, San Jose, CA) and data was analyzed using SoftMax Pro (v 5.2C).

2.5.  Gelatin zymography

To measure MMP-2 activity in cellular lysates, ventricular homogenates or subcellular
fractions, the desired amount of protein in each sample was mixed in 6x non-reducing loading
buffer (0.5 M Tris-HCI pH 6.8, 30% v/v glycerol, 10% w/v SDS, and 0.012% w/v bromophenol
blue), and then separated on 8% polyacrylamide gels (see Tables 2.1 and 2.2 for gel preparation
details) co-polymerized with 2 mg/mL porcine gelatin (Cat#G8150, Sigma—Aldrich) by
electrophoresis at 90 V for 2 h. The gels were then rinsed three times (20 min each) in 2.5% v/v
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Triton X-100 in H,O with gentle agitation to neutralize the SDS. The gels were then incubated in
zymographic activity buffer (50 mM Tris-HCL, 150 mM NaCl, 5 mM CaCl,-2H>0, and 0.05% w/v
NaN3, pH 7.6) for 24- 48 h at 37°C. Subsequently gels were stained with Coomassie zymography
staining solution (0.05% w/v Coomassie Brilliant Blue G-250, 25% v/v methanol, 10% v/v acetic
acid) overnight followed by destaining three times (30 min each) in 4% v/v methanol and 8% v/v
acetic acid solution. The gels were scanned using GS-800 densitometer (Bio-Rad, Hercules, CA)
and quantified using ImageJ (Version 1.47v, NIH, USA). For MMP-2 and MMP-9 standards,
conditioned serum-free medium from human fibrosarcoma HT1080 cells was used as a standard
for MMP-2 and medium from cells stimulated with 100 ng/mL phorbol myristate acetate was used

as a standard for MMP-9.

Table 2.1. Gelatin zymography 8% separating gel (prepares four 0.75 mm thick gels)

Solution Volume (mL)
40% w/v Acrylamide/ 3.3% w/v bis-acrylamide 3.00
1.5 M Tris/ 0.4% w/v SDS. pH 8.8 3.75
Gelatin (20 mg/mL) 1.50
H>O 6.75
10% w/v Ammonium Persulfate 0.05
Tetramethylethylenediamine 0.01

Table 2.2. Gelatin zymography stacking gel (prepares four 0.75 mm thick gels)

Solution Volume (mL)
40% w/v Acrylamide/ 3.3% w/v bis-acrylamide 0.975
0.5 M Tris/ 0.4% w/v SDS. pH 6.8 2.500
H>O 6.525
10% w/v Ammonium Persulfate 0.050
Tetramethylethylenediamine 0.010
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2.6. Immunoblotting

To measure the level of a protein of interest in cellular lysates, ventricular homogenates or
subcellular fractions, the desired amount of protein in each sample was mixed in 6x loading buffer
(0.5 M Tris-HCI pH 6.8, 30% v/v glycerol, 10% w/v SDS, 0.012% w/v bromophenol blue, and 0.6
M dithiothreitol), and denatured at 95°C for 5 min, then separated on 4-15% SDS-polyacrylamide
gels (Mini-PROTEAN TGX Precast Gels, Bio-Rad) by electrophoresis at 90 V for 90 min in 1x
running buffer (25 mM Tris, 192 mM glycine, 0.1% w/v SDS, pH 8.3). BLUelf prestained protein
ladder (Cat#PMO008, FroggaBio) or PageRuler™ Plus prestained protein ladder (Cat#26619,
ThermoFisher Scientific) were used as molecular weight markers. Proteins were transferred from
the gels onto polyvinylidene difluoride (PVDF) membranes (0.2 um pore size, Bio-Rad
Laboratories, Hercules, CA, USA) at 100 V for 1 h at 4°C in 1x transfer buffer (25 mM Tris, 192
mM glycine, pH 8.3, 20% v/v methanol). Membranes were then blocked by incubating with 5%
w/v BSA (Sigma-Aldrich) in Tris-buffered saline (0.1 M NaCl, 0.01 M Tris-base, pH 7.4) with
0.1% v/v Tween 20 (TBS-T) for 1 h at room temperature on a shaker. Membranes were then
incubated with the desired primary antibody diluted in 5% w/v BSA in TBS-T overnight at 4°C on
a shaker. Then membranes were washed five times (4 min each) with TBS-T at room temperature
to remove unbound primary antibody followed by probing with horseradish peroxidase-conjugated
goat anti-rabbit (1:2000, Cat#7074, Cell Signaling) or anti-mouse (1:2000, Cat#7076, Cell
Signaling) secondary antibodies diluted in 5% w/v skim milk (Carnation, Markham, ON) for 1 h
at room temperature on a shaker. Membranes were then washed three times (4 min each) with
TBS-T to remove residual secondary antibody and protein bands were visualized with Clarity™
ECL chemiluminescent detection reagent (Bio-Rad) using ChemiDoc MP chemiluminescence

imager (Bio-Rad). Relative band intensities were expressed as fold of the loading control band
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intensity assessed using ImageJ software (Version 1.47v, NIH, USA). Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) or a-tubulin were used as loading controls for cellular lysate,
ventricular homogenate or cytosolic fraction, while VDAC was used as a loading control for

mitochondria-enriched fraction.

2.7. Co-immunoprecipitation

To determine whether MMP-2 interacts with a protein of interest in the heart, ventricular
homogenates (400 png total protein per sample) were diluted in RIPA buffer to a final volume of
200 uL. Homogenates were first pre-cleared by incubation with Protein G Sepharose bead slurry
(Cat#ab193259, Abcam) for 30 min at 4°C, followed by centrifugation at 3,000 g for 2 min at 4°C.
After centrifugation, supernatants were incubated with rabbit MMP-2 antibody (1:100,
Cat#ab92536, Abcam) or rabbit IgG isotype control (1:100, Cat#ab172730, Abcam) on a rotator
overnight at 4°C. Then 50 pL of Protein G Sepharose bead slurry was added to each sample and
incubated under rotatory agitation overnight at 4°C. The suspension was then centrifuged at 3,000
g for 2 min at 4°C and the supernatant was transferred to another tube. The beads were then washed
three times with wash buffer (150 mM NaCl, 10 mM Tris, 1 mM EDTA, 1 mM EGTA, 0.2 mM
sodium orthovanadate, and 1% v/v Triton X-100, pH 7.4, 0.1% v/v proteinase inhibitor cocktail;
Cat#P8340, Sigma-Aldrich), resuspended in 2xLaemmli buffer (40.125 M Tris-HCI, pH 6.8, 4%
w/v SDS, 10% 2-mercaptoethanol, 20% v/v glycerol, and 0.004% w/v bromophenol blue), heat
denatured at 95°C for 5 min, and split into two halves. Each was separated on 4-15%
polyacrylamide gels for immunoblotting. After transfer, the PVDF membranes were probed with
either MMP-2 antibody (1:500, Cat#ab92536, Abcam) or an antibody against the protein of interest

to determine whether it is associated with MMP-2.

&3



2.8. RNA isolation and qPCR

Total cellular RNA was extracted from heart ventricle using TRIzol reagent (Invitrogen,
USA). Powdered tissue was homogenized in TRIzol (10 uL per mg tissue) and kept for 10 min at
room temperature. 150 pL chloroform was then added to the suspension, vigorously shaken and
incubated for 3 min at room temperature, followed by phase separation by centrifugation at 12,000
g for 15 min at 4°C. The upper aqueous layer containing the RNA was then precipitated by
incubation with isopropanol (1:1 v/) for 10 min at room temperature followed by centrifugation
at 12,000 g for 15 min at 4°C to pellet the RNA. The pellet was then washed with 75% ethanol,
air dried for 15 min, and solubilized by incubation in nuclease-free H,O (ThermoFisher Scientific)
for 15 min at 55°C. To eliminate genomic DNA contamination, RNA was digested with DNase |
(Invitrogen, USA) for 30 min at 37°C. RNA was then quantified using a NanoDrop One
spectrophotometer (ThermoFisher Scientific). Reverse transcription was then performed using

high-capacity complementary DNA (cDNA) reverse transcription kit (Applied Biosystems, USA).

Primers were designed using the Integrated DNA Technologies Primer Quest Tool (IDT,
Coralville, USA) and specificity was confirmed using Primer-BLAST (NCBI). cDNA samples
were analyzed in duplicate by quantitative real-time polymerase chain reaction (QPCR) using the
PowerTrack™ SYBR Green Master Mix (Applied Biosystems, USA) for 40 cycles (15 s
denaturation, 45 s annealing, 60 s extension) in a QuantaStudio® 3 Real-Time PCR instrument
(Applied Biosystems, USA). Cycle threshold (C;) values and melt curves were analyzed with the
QuantaStudio software (Applied Biosystems, USA). mRNA expression of each gene was
calculated by first normalizing the C; value of each sample to the reference gene B2M and then

normalizing to the control group (sample from aerobic heart incubated in the same plate).
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Chapter 111

Staurosporine-Induced Cleavage of Apoptosis-Inducing Factor in Human

Fibrosarcoma Cells Is Independent of Matrix Metalloproteinase-2

A version of this chapter has been published:

Wesam Bassiouni, John M. Seubert, Richard Schulz (2022). Staurosporine-induced cleavage of
apoptosis-inducing factor in human fibrosarcoma cells is independent of matrix
metalloproteinase-2. Can J Physiol Pharmacol. 100:184-91.
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Abstract

Apoptosis-inducing factor (AIF) is a mitochondrial flavoprotein which mediates
staurosporine (STS)-induced cell death. AIF cleavage and translocation to the cytosol is thought
to be calpain-1-dependent as calpain inhibitors reduced AIF proteolysis. However, many calpain
inhibitors also inhibit matrix metalloproteinase-2 (MMP-2) activity, an intracellular and
extracellular protease implicated in apoptosis. Here I investigated whether MMP-2 activity is
affected in response to STS and if contributes to AIF cleavage. Human fibrosarcoma HT1080 cells
were treated with STS (0.1 uM, 0.25-24 h). A significant increase in cellular MMP-2 activity was
seen by gelatin zymography after 6 h STS treatment, prior to induction of cell necrosis.
Immunoblotting showed the time-dependent appearance of two forms of AIF (~60 and 45 kDa) in
the cytosol which were significantly increased at 6 h. Surprisingly, knocking down MMP-2 or
inhibiting its activity with MMP-2 preferring inhibitors ARP-100 or ONO-4817, or inhibiting
calpain activity with ALLM or PD150606, did not prevent the STS-induced increase in cytosolic
AIF. These results show that although STS rapidly increases MMP-2 activity, the cytosolic release

of AIF may be independent of the proteolytic activities of MMP-2 or calpain.
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3.1. Introduction

AIF is a flavoprotein anchored to the mitochondrial inner membrane [281]. It binds to FAD
to exert a NADH oxidase activity [282, 283]. Interestingly, AIF was revealed to induce apoptosis
in a caspase-independent manner [281, 284]. It is synthesized as a 67 kDa protein with an N-
terminal domain that contains a mitochondrial localization sequence. This targets it to the
mitochondria where it is cleaved by a mitochondrial processing peptidase to a mature 62 kDa
protein [286]. In mediating apoptosis, 62 kDa AIF is further cleaved and released into the cytosol
in response to cellular stressors which induce calcium influx, or upon ER stress which induces
calcium release from the ER, resulting in intracellular calcium overload. This process is known as

the calcium-dependent mitochondrial permeability transition [287, 288].

Calpain-1, a calcium-dependent protease, is activated intracellularly by calcium influx and
induces the cleavage of mitochondrial 62 kDa AIF into a 57 kDa form which is translocated to the
cytosol and then to the nucleus where it induces DNA fragmentation and chromatin condensation
resulting in cell death [289, 434]. Calpain-1-mediated AIF cleavage and release from the
mitochondria occurs during STS-induced cell death [287]. STS is a potent protein kinase C
inhibitor that induces apoptosis by the activation of caspase-3, as well as by the translocation of
AIF to the nucleus [435, 436]. AIF cleavage may also occur via calcium-independent proteases

such as cathepsin [292].

MMP-2 is a ubiquitously expressed member of the MMPs family of proteases which are
best known to cleave extracellular matrix proteins during different physiological and disease
conditions [2, 5, 437]. However, MMP-2 was also identified to exert intracellular effects by

cleavage of selected intracellular proteins. For example in the heart undergoing oxidative stress
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injury, it targets and cleaves cardiac contractile proteins such as Tnl, a-actinin, myosin light chain-
1 and titin resulting in cardiac contractile dysfunction (see [438] for review). MMP-2 is also
reported to be localized to the MAM [64-66], and may induce ER stress by cleaving SERCA2a
and JPH-2 [69, 70], and thus prevents calcium uptake to the ER, resulting in intracellular calcium
overload [439]. However, whether MMP-2 activity is involved in STS-induced AIF cleavage and

release from mitochondria is unknown.

3.2. Methods

3.2.1. Cell experiments

Human tumor fibrosarcoma cells (HT 1080, ATCC), which robustly express MMP-2, were
cultured in Dulbecco's Modified Eagle Medium (DMEM, Cat#11885-84, Gibco) containing 10%
fetal bovine serum (FBS, Cat#12483-020, Gibco) and 1% penicillin-streptomycin (Cat#15070-
063, Gibco). Experiments were performed on cell passages 5-12 obtained from a frozen cell stock.
Independent experiments were performed using cells from different passages. The medium was
exchanged for serum-free medium the day prior to treatments. Cells at a density of 2x10° cells/mL
were treated with STS (0.1 uM, Cat#ALX-380-014, Enzo Life Sciences) or its vehicle (0.1% v/v
DMSO) for 0.25-24 h [440, 441]. Cell conditioned media were collected for the determination of
cell cytotoxicity. Whole cell lysates and subcellular fractions were collected for MMP-2 activity,
total protein level and distribution of AIF into cytosolic and mitochondria-enriched fractions. The
cells were lyzed by rinsing with PBS and incubating with RIPA buffer for 5 min at 4°C.
Homogenates were centrifuged at 10,000 g for 10 min at 4°C and the supernatant was used as the

cell lysate.
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In order to determine protease-dependent AIF cleavage, cells were treated with either
ONO-4817 (3, 10 or 30 uM, a gift from Ono Pharmaceutical, Osaka, Japan) or ARP-100 (3, 10 or
30 uM, Cat#13321, Cayman Chemical) as MMP-2 preferring inhibitors [94, 95], ALLM (10 or 30
uM, Cat#15994, Cayman Chemical) as a selective calpain inhibitor [442, 443] or PD150606 (50,
100 or 200 uM, Cat#513022, Calbiochem) as a nonselective MMP-2/calpain inhibitor [443] for 2
h followed by treatment with 0.1 uM STS for 6 h. Drugs were dissolved in DMSO and diluted to

give 0.1% v/v DMSO:H>O as vehicle.

3.2.2. MMP-2 knockdown using siRNA

MMP-2 was knocked down in HT1080 cells using small interfering RNA (siRNA)
according to the manufacturer’s instructions. Briefly, cells were incubated with a 50:50 (% v/v)
mixture of MMP-2 siRNA sequence (20 nM, Cat#4390824-s8851, ThermoFisher) and
lipofectamine RNAIMAX transfection reagent (Cat#13778030, ThermoFisher) for 48 h. Control
cells were incubated with siRNA negative control (Cat#4390843, ThermoFisher). MMP-2
knockdown was confirmed in cell lysates by gelatin zymography. Following the 48 h incubation
period, cells were treated with STS 0.1 pM for 6 h to determine the effect of MMP-2 knockdown

on STS-induced AIF cleavage.

3.2.3. Subcellular fractionation

To obtain cytosolic and mitochondria-enriched subcellular fractions for determining the
subcellular localization of AIF, cells were homogenized in ice-cold homogenization buffer and

subjected to subcellular fractionation as described in Chapter 2 (section 2.3).
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3.2.4. Cytotoxicity determination

Aliquots of serum-free cell-conditioned media obtained following each treatment were
used to determine cytotoxicity (LDH Assay Kit, Cat#ab65393, Abcam). Conditioned media were
centrifuged at 250 g for 4 min to remove any residual cells. 50 uL of the supernatant was then
loaded onto a clear, flat-bottom 96-well plate (in triplicate) and incubated with 50 pL reaction
mixture (LDH substrate in assay buffer) for 30 min at room temperature, protected from light.
Absorbance was measured at 490 nm using a UV nax kinetic microplate reader (Molecular Devices,
San Jose, CA). The maximum lysis control value was obtained by incubating cells with lysis
solution for 1 h to induce complete LDH release. The low control value was obtained by growing
cells for the same duration of the experiment, in absence of STS or lysis solution. Percentage

cytotoxicity for each sample was calculated using the following equation:

o test value- low control value
% Cytotoxicity= - x 100
maximum control value- low control value

3.2.5. Gelatin zymography

To measure MMP-2 activity in HT 1080 cells, gelatin zymography was performed in whole

cellular lysate using 15 pg of sample protein as described in Chapter 2 (section 2.5).

3.2.6. Immunoblotting

To measure the subcellular distribution of AIF in HT1080 cells, 20 or 50 pg total protein
from the mitochondria-enriched or cytosolic fractions, respectively, were separated on 4-15%

polyacrylamide gels as described in Chapter 2 (section 2.6).
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The following monoclonal antibodies were used: anti-AIF (1:250, Cat#sc-13116, Santa
Cruz Biotechnology), a-tubulin (1:2000, Cat#ab7750, Abcam) as a cytosolic fraction loading
control and VDAC (1:1000, Cat#ab14734, Abcam) as a mitochondria-enriched fraction loading

control.

3.2.7. Determination of the ability of MMP inhibitors to penetrate cells at an

effective concentration

This experiment was designed to test whether the MMP inhibitors penetrated the cells to
reach a concentration sufficient to block MMP-2 activity [444]. The hydrolysis of OmniMMP®
fluorogenic substrate (Enzo Life Sciences, Farmingdale, NY; 25 uM, prepared in 0.4% v/v DMSO)
by recombinant human 64 kDa MMP-2 (Calbiochem, Billerica, MA; 0.5 nM in assay buffer
consisting of 50 mM Tris-HCI, 150 mM NaCl, 5 mM CaCl»-2H>0, and 0.05% w/v NaN3, pH 7.6)
was measured at 37°C in presence of 30 puL cell lysate prepared from cells treated with ARP-100,
ONO-4817 or DMSO vehicle (8 h, 37°C), using a plate reader-based protocol. 30 uL recombinant
human 64 kDa MMP-2 in assay buffer and 60 pL substrate were added to make a total volume of
120 pL in black polystyrene half-area plates (Corning, NY). Fluorescence associated with the (7-
meth-oxycoumarin-4-yl)acetyl-tagged cleavage product was measured in three replicate wells
every 60 s for 1 h (Aex 328 nm, Aem 393 nm) in a Synergy H1 fluorescence microplate reader

(BioTek, Winooski, US).

3.2.8. Insilico predicted cleavage sites of AIF by different proteases

The online cleavage prediction server Procleave was used to perform in silico prediction
of AIF cleavage sites by different proteases [445]. This online tool suggests a number of potential
target substrates and their corresponding cleavage sites by different proteases. The human AIF
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FASTA sequence (UniProt ID-0O95831) was entered into the Procleave query sequence section

and proteases known to be active intracellularly were selected.

3.2.9. Statistics

Data are expressed as mean =+ standard error of the mean (SEM) (n=4-6, each n represents
an independent experiment using a different cell passage). For multiple comparisons, one-way or
two-way analysis of variance (ANOVA) followed by Dunnett’s post-hoc test was used (GraphPad

Prism 8, La Jolla, CA, USA). Statistical significance was considered at p<0.05.

3.3. Results

3.3.1. STS induces activation of MMP-2 in HT1080 cells before induction of necrosis

The LDH cytotoxicity assay showed no significant cytotoxicity withup to 6 h 0.1 uM STS
treatment compared to vehicle, whereas 24 h treatment resulted in near 100% cytotoxicity (Figure
3.1 A). The MMP inhibitors, ARP-100 or ONO-4817 (10 uM) or calpain inhibitors, ALLM (30
uM) or PD150606 (100 pM) did not significantly affect STS-induced cytotoxicity at 24 h nor did

they cause any significant cell death on their own compared to vehicle (Figure 3.2).

The 6 h treatment was chosen for subsequent experiments. There was a significant increase
in 72 kDa MMP-2 activity in cell lysates upon 6 h STS treatment as shown by gelatin zymography.

There was no evidence for the induction of 92 kDa MMP-9 by STS (Figure 3.1 B).

3.3.2. STS induces the release of 60 and 45 kDa AIF fragments into the cytosol

Using immunoblotting, the 62 kDa form of AIF was detected in the mitochondria-enriched

fraction with no significant change in its level over 6 h of STS treatment (Figure 3.3 A). In
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contrast, two forms of AIF were detected in the cytosolic fraction. A band appearing at ~60 kDa
(running at a slightly higher molecular weight than the reported 57 kDa for cytosolic AIF [282]
and lower than the mitochondrial AIF band when both samples were run on the same gel) and
another band at ~45 kDa were detected. There was a time-dependent significant increase in the

levels of both cytosolic AIF forms following 6 h STS (Figure 3.3 B).

3.3.3. STS-induced cleavage of AIF is independent of MMP-2 or calpain activities

The ability of the MMP inhibitors to penetrate the cells and reach a concentration effective
to inhibit MMP-2 activity was confirmed as shown by the ability of lysates prepared from cells
treated with MMP-2 preferring inhibitors ARP-100 or ONO-4817 (10 uM) to attenuate the

cleavage of a fluorogenic MMP substrate by recombinant human MMP-2 (Figure 3.4).

The MMP-2 preferring inhibitors ARP-100 (3-30 uM) or ONO-4817 (3-30 uM) caused no
significant change in 62 kDa AIF levels in the mitochondria-enriched fraction compared to STS
alone (0.1 uM, 6 h) (Figures 3.5 A and C). In the cytosolic fraction, neither of these inhibitors
prevented the increase in the appearance and levels of both 60 and 45 kDa AIF forms compared to
STS (0.1 uM, 6 h) (Figures 3.5 B and D). This suggests that MMP-2 does not mediate the cleavage
of AIF caused by STS. To confirm these results, endogenous MMP-2 in the cells was knocked
down using siRNA which resulted in a complete loss in cell lysate MMP-2 activity (Figure 3.6
A). MMP-2 knockdown also did not prevent the STS-induced increase in 60 and 45 kDa AIF forms

in the cytosolic fraction (Figures 3.6 B and C).

Neither the calpain inhibitor ALLM (10 and 30 pM) nor the nonselective MMP-2/calpain
inhibitor, PD150606 (50-200 pM) caused any significant change in 62 kDa AIF levels in the
mitochondria-enriched fraction or 60 and 45 kDa AIF levels in the cytosol compared to STS (0.1
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uM, 6 h) (Figures 3.7 A-D). This suggests that STS-induced AIF cleavage is also independent of

calpain.

3.3.4. In silico prediction of possible proteases that mediate AIF cleavage

I performed an in silico analysis using Procleave of the possible cleavage sites within AIF
by different proteases. The cleavage sites which produce C- or N-terminal fragments of AIF of
molecular weights close to 45 and 60 kDa were selected. Proteases known to be active only
extracellularly were excluded from the analysis. A summary of the putative proteases cleaving AIF
to such fragments is shown in Table 3.1. Based on this in silico analysis, AIF was found to possess
amino acid sequences that could be targets of different isoforms of cathepsin, calpains, MMPs,
proprotein convertase and others. The proteases which showed the top scores (>0.9) were MMP-

2 and cathepsins-B, -D and -E.
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Figure 3.1. Staurosporine (STS) induces activation of MMP-2 in HT1080 cells. (A) Lactate
dehydrogenase (LDH) assay showing time-dependent changes in 0.1 uM staurosporine (STS)-
induced cytotoxicity in HT1080 cells compared to vehicle (n=5). (B) Upper panel: Representative
gelatin zymogram showing time dependent changes of MMP-2 activity in cell lysates in response
to 0.1 uM STS compared to vehicle (6 h) treatment. Lower panel: Quantification of 72 kDa MMP-
2 activity normalized to MMP-2 standard (n=4 per group). *p<0.05 vs. vehicle by one-way
ANOVA followed by Dunnett’s post-hoc test.
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Figure 3.2. Effect of MMP-2 or calpain inhibitors on staurosporine (STS)-induced
cytotoxicity in HT1080 cells. Effects of ARP-100 (10 uM), ONO-4817 (10 uM), ALLM (30 uM)
and PD150606 (100 uM) in the presence or absence of STS (0.1 uM, 24 h) on HT1080 cell
cytotoxicity as measured by lactate dehydrogenase assay using serum-free cell conditioned media
(n=4-5 per group). *p<0.05 vs. vehicle by one-way ANOVA followed by Dunnett’s post-hoc test.
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Figure 3.3. Staurosporine (STS) induces the cytosolic release and cleavage of apoptosis-
inducing factor (AIF). Representative immunoblots (upper panel) and quantitative measurements
(lower panel) of AIF levels in (A) mitochondria-enriched and (B) cytosolic fractions of HT1080
cells treated with STS 0.1 uM for different times (n=4-5 per group). Position of molecular weight
ladder proteins indicated on the left. *p<0.05 vs. vehicle by one-way ANOVA followed by
Dunnett’s post-hoc test.
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Figure 3.4. Changes in MMP-2 activity in HT1080 cell lysates by MMP-2 preferring
inhibitors. Effect of cell lysates prepared from HT1080 cells treated (8 h) with ARP-100 (10 uM),
ONO-4817 (10 uM) or DMSO vehicle on the ability of recombinant human MMP-2 to cleave
Omni-MMP® fluorogenic substrate in vitro (n=3 per group). Values are presented as relative
fluorescence unit (RFU). *p<0.05 vs. vehicle by two-way ANOVA followed by Dunnett’s post-
hoc test.
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Figure 3.5. Effect of MMP-2 preferring inhibitors on staurosporine (STS)-induced apoptosis-
inducing factor (AIF) cleavage. Representative immunoblots (upper panel) and quantitative
measurements (lower panel) of AIF levels in (A) mitochondria-enriched and (B) cytosolic
fractions of HT1080 cells treated with STS 0.1 uM for 6 h with ARP-100 (3, 10 and 30 puM).
Representative immunoblots (upper panel) and quantitative measurements (lower panel) of AIF
levels in (C) mitochondria-enriched and (D) cytosolic fractions of HT1080 cells treated with STS
0.1 uM for 6 h with ONO-4817 (3, 10 and 30 uM) (n=4 per group). Position of molecular weight
ladder proteins indicated on the left. #p<0.05 vs. STS by one-way ANOVA followed by Dunnett’s
post-hoc test.
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Figure 3.6. Effect of MMP-2 knockdown on staurosporine (STS)-induced apoptosis-inducing
factor (AIF) cleavage. (A) Representative gelatin zymogram showing loss of matrix
metalloproteinase-2 (MMP-2) gelatinolytic activity in HT1080 cells by knocking down MMP-2
using MMP-2 siRNA (20 nM) for 48 h compared to siRNA control. (B&C) Effect of MMP-2
knockdown on STS-induced AIF cleavage. Representative immunoblots (upper panel) and
quantitative measurements (lower panel) of AIF levels in (B) mitochondria-enriched and (C)
cytosolic fractions of HT1080 cells treated with STS 0.1 uM for 6 h (n=4 per group). Position of
molecular weight ladder proteins indicated on the left. #p<0.05 vs. STS by one-way ANOVA
followed by Dunnett’s post-hoc test.
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Figure 3.7. Effect of calpain inhibitors on staurosporine (STS)-induced apoptosis-inducing
factor (AIF) cleavage. Representative immunoblots (upper panel) and quantitative measurements
(lower panel) of AIF levels in (A) mitochondria-enriched and (B) cytosolic fractions of HT1080
cells treated with STS 0.1 uM for 6 h with ALLM (10 and 30 uM). Representative immunoblots
(upper panel) and quantitative measurements (lower panel) of AIF levels in (C) mitochondria-
enriched and (D) cytosolic fractions of HT1080 cells treated with STS 0.1 uM for 6 h with
PD150606 (50, 100 and 200 pM) (n=4-5 per group). Position of molecular weight ladder proteins
indicated on the left. #p<<0.05 vs. STS by one-way ANOVA followed by Dunnett’s post-hoc test.
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Table 3.1. In silico predicted cleavage sites of human apoptosis-inducing factor (AIF) by
different intracellular proteases listed in alphabetical order, according to Procleave.

The cleavage sites shown were selected on the basis that they produce C- or N-terminal fragments
of AIF of molecular weights close to those seen in cytosolic fractions prepared from HT1080 cells
treated with 0.1 uM STS for 6 h (i.e. 45 and 60 kDa). Proteases known to be only active
extracellularly (e.g. ADAMs, pepsin, astacin) were excluded from this analysis.

Protease Position  Cleavage Site 1;/1_:;?(?;1:)1 g/[_:szr(?i;l:)l S((c)i){')e
Calpain-1 205 RSIY-FQPP 24.51 49.16 0.597
104 SGLG-LTPE 12.64 61.04 0.552

543 SEIT-IPPS 65.08 8.59 0.547

206 SIYF-QPPS 24.66 49.01 0.538

50 LELQ-MTRQ 6.05 67.63 0.538

501 LVDS-SLPT 60.44 13.23 0.525

546 TIPP-STPA 65.39 8.29 0.52

109 TPEQ-KQKK 13.21 60.47 0.502

472 NMTG-AAKP 56.87 16.8 0.495

Calpain-2 542 ASEI-TIPP 64.98 8.69 0.64
205 RSIY-FQPP 24.51 49.16 0.598

363 EGVK-VMPN 43.74 29.94 0.496

509 VGVF-AKAT 61.36 12.32 0.482

549 PSTP-AVPQ 65.68 8 0.471

400 AAVG-LEPN 48.01 25.66 0.461

104 SGLG-LTPE 12.64 61.04 0.451

Cathepsin B 136 VPFL-LIGG 16.19 57.48 0.982
397 HIVA-AVGL 47.67 26 0.958

371 AIVQ-SVGV 44.59 29.08 0.956

72 VLVL-IVGL 8.6 65.08 0.942

260 CLIA-TGGT 31 42.67 0.915

137 PFLL-IGGG 16.31 57.37 0.906

259 KCLI-ATGG 30.93 42.74 0.847

Cathepsin D 72 VLVL-IVGL 8.6 65.08 0.987
498 AIGL-VDSS 60.14 13.53 0.742

258 EKCL-IATG 30.82 42.86 0.699

407 NVEL-AKTG 48.81 24.87 0.69

509 VGVF-AKAT 61.36 12.32 0.563

70 NSVL-VLIV 8.39 65.29 0.562

211 PPSF-YVSA 25.22 48.46 0.498

Cathepsin E 72 VLVL-IVGL 8.6 65.08 0.984
258 EKCL-IATG 30.82 42.86 0.984

70 NSVL-VLIV 8.39 65.29 0.948
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N-Terminal C-Terminal Score

Protease Position  Cleavage Site Mass (kDa) Mass (kDa) (0-1)
407 NVEL-AKTG 48.81 24.87 0.907

137 PFLL-IGGG 16.31 57.37 0.866

211 PPSF-YVSA 25.22 48.46 0.83

243 RDNM-VKLN 29.01 44.66 0.794

Cathepsin G 349 PEYL-SNWT 41.92 31.75 0.491
212 PSFY-VSAQ 25.38 48.3 0.407

70 NSVL-VLIV 8.39 65.29 0.362

103 ISGL-GLTP 12.47 61.21 0.338

268 PRSL-SAID 32.01 41.67 0.33

209 FQPP-SFYV 24.98 48.69 0.322

480 YWHQ-SMFW 57.86 15.82 0.308

Cathepsin K 414 GGLE-IDSD 49.7 23.98 0.599
210 QPPS-FYVS 25.07 48.61 0.561

391 RKVE-TDHI 47.04 26.64 0.468

480 YWHQ-SMFW 57.86 15.82 0.442

247 VKLN-DGSQ 29.47 44.21 0.425

Cathepsin L 500 GLVD-SSLP 60.36 13.32 0.882
138 FLLI-GGGT 16.42 57.25 0.878

259 KCLI-ATGG 30.93 42.74 0.823

213 SFYV-SAQD 25.48 48.2 0.769

104 SGLG-LTPE 12.64 61.04 0.766

80 STVG-AGAY 9.56 64.12 0.76

146 AAFA-AARS 17.4 56.27 0.724

Cathepsin L3 401 AVGL-EPNV 48.13 25.55 0.634
110 PEQK-QKKA 13.33 60.34 0.583

552 PAVP-QAPV 65.94 7.73 0.564

49 PLEL-QMTR 5.92 67.75 0.546

218 AQDL-PHIE 25.99 47.68 0.54

479 PYWH-QSMF 57.73 15.95 0.534

349 PEYL-SNWT 41.92 31.75 0.528

Cathepsin S 259 KCLI-ATGG 30.93 42.74 0.897
104 SGLG-LTPE 12.64 61.04 0.79

117 AALS-ASEG 14.06 59.61 0.783

552 PAVP-QAPV 65.94 7.73 0.747

80 STVG-AGAY 9.56 64.12 0.726

400 AAVG-LEPN 48.01 25.66 0.625

KPC2-type peptidase 530 TGIR-SESE 63.7 9.97 0.623
344 MGKI-LPEY 41.31 32.37 0.561

95 DEKR-YNER 11.42 62.26 0.523

201 NGKE-RSIY 23.99 49.68 0.513
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Protease Position  Cleavage Site 1;1_;?‘(?:;1:)1 ﬁ;‘;rg:gl:)l S((c)i){')e
363 EGVK-VMPN 43.74 29.94 0.49
202 GKER-SIYF 24.15 49.52 0.474
233 TGKK-VVQL 27.84 45.83 0.474
MMP-1 497 EAIG-LVDS 60.03 13.65 0.594
368 MPNA-IVQS 44.25 29.42 0.585
348 LPEY-LSNW 41.81 31.87 0.545
228 GVAV-LTGK 27.2 46.48 0.469
267 TPRS-LSAI 31.89 41.78 0.46
MMP-2 267 TPRS-LSAI 31.89 41.78 0.999
136 VPFL-LIGG 16.19 57.48 0.994
211 PPSF-YVSA 25.22 48.46 0.988
115 KKAA-LSAS 13.86 59.81 0.963
368 MPNA-IVQS 44.25 29.42 0.941
348 LPEY-LSNW 41.81 31.87 0.896
228 GVAV-LTGK 27.2 46.48 0.868
MMP-3 228 GVAV-LTGK 27.2 46.48 0.829
427 VNAE-LQAR 51.34 22.34 0.601
86 AYAY-KTMK 10.27 63.4 0.56
511 VFAK-ATAQ 61.56 12.12 0.501
348 LPEY-LSNW 41.81 31.87 0.48
MMP-7 497 EAIG-LVDS 60.03 13.65 0.687
228 GVAV-LTGK 27.2 46.48 0.663
427 VNAE-LQAR 51.34 22.34 0.637
236 KVVQ-LDVR 28.17 45.51 0.605
217 SAQD-LPHI 25.88 47.719 0.579
MMP-8 267 TPRS-LSAI 31.89 41.78 0.767
136 VPFL-LIGG 16.19 57.48 0.551
427 VNAE-LQAR 51.34 22.34 0.523
478 KPYW-HQSM 57.59 16.08 0.487
MMP-9 228 GVAV-LTGK 27.2 46.48 0.884
136 VPFL-LIGG 16.19 57.48 0.831
348 LPEY-LSNW 41.81 31.87 0.695
211 PPSF-YVSA 25.22 48.46 0.69
478 KPYW-HQSM 57.59 16.08 0.689
267 TPRS-LSAI 31.89 41.78 0.666
368 MPNA-IVQS 44.25 29.42 0.63
MMP-12 267 TPRS-LSAI 31.89 41.78 0.738
136 VPFL-LIGG 16.19 57.48 0.648
348 LPEY-LSNW 41.81 31.87 0.603
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Protease Position  Cleavage Site 1;1_;?‘(?:;1:)1 ﬁ;‘;rg:gl:)l S((c)i){')e

228 GVAV-LTGK 27.2 46.48 0.568

257 YEKC-LIAT 30.71 42.97 0.511

191 VTKT-LRFK 22.59 51.08 0.484

MMP-13 368 MPNA-IVQS 4425 29.42 0.568

267 TPRS-LSAI 31.89 41.78 0.533

228 GVAV-LTGK 27.2 46.48 0.504

497 EAIG-LVDS 60.03 13.65 0.467

478 KPYW-HQSM 57.59 16.08 0.465

188 DPNV-TKTL 22.26 51.41 0.458

136 VPFL-LIGG 16.19 57.48 0.457

MMP-14 267 TPRS-LSAI 31.89 41.78 0.725

69 DNSV-LVLI 8.28 65.4 0.493

188 DPNV-TKTL 22.26 51.41 0.488

Meprin alpha subunit 206 SIYF-QPPS 24.66 49.01 0.74
205 RSIY-FQPP 24.51 49.16 0.705

391 RKVE-TDHI 47.04 26.64 0.608

216 VSAQ-DLPH 25.77 4791 0.581

486 FWSD-LGPD 58.61 15.07 0.58

184 WFSD-DPNV 21.84 51.84 0.54

485 MFWS-DLGP 58.49 15.18 0.528

Meprin beta subunit 417 EIDS-DFGG 50.01 23.66 0.811
184 WFSD-DPNV 21.84 51.84 0.739

392 KVET-DHIV 47.14 26.54 0.699

247 VKLN-DGSQ 29.47 44.21 0.671

485 MFWS-DLGP 58.49 15.18 0.658

240 LDVR-DNMV 28.65 45.02 0.627

Mitochondrial processing 267 TPRS-LSAI 31.89 41.78 0.822
peptidase beta-subunit 531 GIRS-ESET 63.79 9.88 0.617
483 QSMF-WSDL 58.22 15.45 0.523

PCSK-1 peptidase 95 DEKR-YNER 11.42 62.26 0.732
359 KVRR-EGVK 43.21 30.46 0.525

530 TGIR-SESE 63.7 9.97 0.458

344 MGKI-LPEY 41.31 32.37 0.443

113 KQKK-AALS 13.72 59.96 0.443

196 RFKQ-WNGK 23.26 50.41 0.436

PCSK-2 peptidase 95 DEKR-YNER 11.42 62.26 0.799
196 RFKQ-WNGK 23.26 50.41 0.505

266 GTPR-SLSA 31.81 41.87 0.455

359 KVRR-EGVK 43.21 30.46 0.43
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Protease Position  Cleavage Site 1;/1_;?‘(?:;1:)1 ﬁ/lf-;(;rg:g:)l S((cs;’)e

512 FAKA-TAQD 61.63 12.05 0.376

PCSK-4 peptidase 196 RFKQ-WNGK 23.26 50.41 0.562
PCSK-6 peptidase 196 RFKQ-WNGK 23.26 50.41 0.561
266 GTPR-SLSA 31.81 41.87 0.492

88 AYKT-MKED 10.5 63.18 0.492

PCSK-7 peptidase 196 RFKQ-WNGK 23.26 50.41 0.535
269 RSLS-AIDR 32.09 41.58 0.459
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3.4. Discussion

Iinvestigated here whether MMP-2, known to have proteolytic effects on both intracellular
and extracellular substrates, may be involved in the proteolytic processing and release of AIF into
the cytosol from mitochondria in response to STS, a protein kinase C inhibitor which induces cell
death. I reveal here for the first time that MMP-2 is activated by STS in HT1080 cells as an early
event prior to induction of cell death. I also showed that STS stimulates the appearance of two
cytosolic AIF forms at ~60 and 45 kDa without significantly affecting its mitochondrial levels.
Finally, I suggest that the STS-induced release of mitochondrial AIF into the cytosol in HT1080

cells may be independent of the proteolytic activity of MMP-2 and calpain.

The intracellular localization and proteolytic targets of MMP-2 have rapidly expanded
since the discovery of its critical role in proteolyzing cardiac Tnl during IR injury (see [438] for
review). The cellular events prior to STS-induced cell death were studied here. STS induces a rapid
elevation of intracellular MMP-2 within 6 h. This enhanced MMP-2 activity can be explained by
previous studies reporting that STS-mediated cell death involves induction of oxidative stress by
elevation of RONS, including peroxynitrite, which contribute to the progression of apoptosis [446,
447]. Oxidative stress in turn activates MMP-2 intracellularly by the action of peroxynitrite which
reacts with cellular glutathione to cause the S-glutathiolation of MMP-2 which induces
conformational changes and exposes its catalytic site [43]. The association of MMP-2 with cell
death pathways was previously reported as MMP-2 was shown to be localized to the nuclei of cells
and cleaves PARP-1, a critical protein required for DNA repair [35]. Proteolysis of PARP-1 by
MMP-2 inhibits DNA repair resulting in induction of apoptosis [36, 448]. However, the role of
MMP-2 in AIF processing, an essential mitochondrial protein that mediates STS-induced cell

death, has not been investigated.
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MMP-2 may induce ER stress via its recently described ability to proteolyze SERCA2a
and JPH-2 as shown in myocardial IR injury models [69, 70]. These proteins are localized at or
near the MAM, where MMP-2 has also been localized [65]. In the current study, the mitochondrial
62 kDa form of AIF was detected in the mitochondria-enriched fraction of HT 1080 cells. However,
no significant changes in its level were observed upon STS challenge. On the other hand, two
forms of AIF were detected in the cytosol at ~60 and ~45 kDa. The levels of both forms were
significantly increased following 6 h STS. Otera et al. reported that detachment of AIF from the
mitochondrial inner membrane space and release into the cytosol requires proteolytic processing
of AIF, and that its 57 kDa cleaved form appears to be the apoptogenic one [286]. Our data suggests
that there may be other cleavage products of AIF released into the cytosol following STS treatment,
particularly that which I found at ~45 kDa. Whether the ~60 kDa form I found in the cytosol is an
intermediate to the 57 kDa form, or has altered electrophoretic mobility due to post-translational

modifications, remains to be studied.

Neither of the MMP-2 preferring inhibitors, ARP-100 or ONO-4817, significantly affected
the levels of mitochondrial or cytosolic AIF forms. Similar results were obtained upon knocking
down MMP-2 in HT1080 cells using MMP-2 siRNA prior to STS treatment. This suggests that
MMP-2 may not be involved in the STS-induced processing of mitochondrial AIF and its release
into the cytosol. Although MMP-2 activity was enhanced by STS treatment, it seems that MMP-2
may have a different role in STS-mediated pathological changes in HT1080 cells other than AIF

proteolysis, at least at a time prior to any significant cell death.

Although calpain-1 was reported to mediate AIF release [287, 434], the selective calpain
inhibitor ALLM [442, 443] did not show a significant change in the mitochondrial or cytosolic

AIF levels. Similarly, the nonselective MMP-2/calpain inhibitor, PD150606 [443], did not cause
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any significant effect on the levels of mitochondrial or cytosolic AIF. This suggests that the
cleavage of mitochondrial AIF into 60 and 45 kDa cytosolic fragments may also be independent
of calpain and may be mediated by other proteases. A protease that may mediate AIF cleavage is
the calcium-independent cathepsin [292]. Based on the use of pharmacological inhibitors, calpain-
1 and cathepsins-B, -L and -S were reported to mediate AIF cleavage in isolated mitochondria
treated with atractyloside, a natural glycoside that is used to induce mitochondrial AIF release
[292]. These reports are in line with our in silico analysis. Other than calpain and MMP-2, in silico
analysis of AIF possible cleavage sites showed that it may be cleaved by different isoforms of
cathepsins, MMPs and proprotein convertases with MMP-2 and cathepsins-B, -D and -E having
the highest scores. As our results suggest that MMP-2 may not have a role in STS-induced AIF

cleavage, the possible role of cathepsins in mediating AIF proteolysis merits further investigation.

In contrast to our results, Norberg et al. reported that AIF cleavage and release induced by
STS is mediated via calpain-1, as they showed that PD150606, at a concentration of 200 uM which
significantly inhibits MMP-2 activity [287, 443], significantly abolished the STS-induced
elevation in cytosolic AIF level in U1080 non-small cell lung carcinoma cells. However, they
investigated a different cell line and used a higher STS concentration (0.2 pM) and treatment
duration (24 h) which would have caused 100% cytotoxicity of HT1080 cells used in our study.
Another study also reported that calpain-1 mediates AIF release from mitochondria in primary
cultures of hippocampal/cortical neurons. They showed that inhibition of calpain activity
prevented AIF translocation to the nucleus and the transfected calpain-resistant AIF was not
released to the nucleus following oxygen/glucose deprivation [449]. On the other hand, Joshi et al.
reported results consistent with our findings, as they showed that PD150606 (50 pM) or human

erythrocyte calpastatin did not affect AIF release from rat liver mitochondria, while MDL-28170,
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a cysteine protease inhibitor which inhibits cathepsin, decreased AIF release [291]. In PARP-1-
dependent cell death, known as parthanatos, AIF was reported to be released into the cytosol
uncleaved as a 62 kDa protein which is then translocated to the nucleus without the involvement
of proteases including calpain. Parthanatos differs from apoptosis in being independent of caspase
and includes large scale DNA fragmentation without formation of apoptotic bodies [450, 451].
This form of cell death occurs during STS-induced cytotoxicity of Hela cells [452]. The results of
this and previous studies suggest that the possible role of calpain in AIF cleavage requires further

study, both in vivo and in vitro.

In conclusion, I showed that the activity of MMP-2, an important intracellular protease
located in subcellular compartments where AIF is found, is elevated by STS as an early event prior
to the induction of cell death. However, it and calpain appear not to be involved in the processing
of AIF and its release into the cytosol under the conditions of our experiments. Further studies are

required to reveal the role of MMP-2 in STS-induced cell injury.
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Chapter 1V

Matrix Metalloproteinase-2 Proteolyzes Mitofusin-2 and Impairs

Mitochondrial Function During Myocardial Ischemia-Reperfusion Injury

A version of this chapter has been published:

Wesam Bassiouni, Robert Valencia, Zabed Mahmud, John M. Seubert, Richard Schulz (2023).
Matrix metalloproteinase-2 proteolyzes mitofusin-2 and impairs mitochondrial function during
myocardial ischemia-reperfusion injury. Basic Res Cardiol. 118:29.
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Abstract

During myocardial ischemia-reperfusion (IR) injury matrix metalloproteinase-2 (MMP-2)
is rapidly activated in response to oxidative stress. MMP-2 is a multifunctional protease that
cleaves both extracellular and intracellular proteins. Oxidative stress also impairs mitochondrial
function which is regulated by different proteins including mitofusin-2 (Mfn-2) which is lost in IR
injury. Oxidative stress and mitochondrial dysfunction trigger the NLRP3 inflammasome and the
innate immune response which invokes the de novo expression of an N-terminal truncated isoform
of MMP-2 (MMP-2nt776) at or near mitochondria. I hypothesized that MMP-2 proteolyzes Mfn-2
during myocardial IR injury, impairing mitochondrial function and enhancing the inflammasome
response. Isolated hearts from mice subjected to IR injury (30 min ischemia/40 min reperfusion)
showed a significant reduction in left ventricular developed pressure (LVDP) compared to
aerobically perfused hearts. IR injury increased MMP-2 activity as observed by gelatin
zymography and increased degradation of troponin I, an intracellular MMP-2 target. MMP-2
preferring inhibitors, ARP-100 or ONO-4817, improved post-ischemic recovery of LVDP
compared to vehicle perfused IR hearts. In muscle fibers isolated from IR hearts, the rates of
mitochondrial oxygen consumption and ATP production were impaired compared to those from
aerobic hearts, whereas ARP-100 or ONO-4817 attenuated these reductions. IR hearts showed
higher levels of NLRP3, cleaved caspase-1 and interleukin-1 in the cytosolic fraction, while the
mitochondria-enriched fraction showed reduced levels of Mfn-2, compared to aerobic hearts.
ARP-100 or ONO-4817 attenuated these changes. Co-immunoprecipitation showed that MMP-2
is associated with Mfn-2 in aerobic and IR hearts. ARP-100 or ONO-4817 also reduced infarct
size and cell death in hearts subjected to 45 min ischemia/120 min reperfusion. Following

myocardial IR injury, impaired contractile function and mitochondrial respiration and elevated
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inflammasome response could be attributed, at least in part, to MMP-2 activation, which targets
and cleaves mitochondrial Mfn-2. Inhibition of MMP-2 activity protects against cardiac contractile

dysfunction in IR injury in part by preserving Mfn-2 and suppressing inflammation.
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4.1. Introduction

Ischemic heart disease is a leading cause of death worldwide [115]. While restoration of
blood flow to cardiac muscle by reperfusion is critical for heart survival, it also leads to further
cardiac injury due to cellular changes in response to oxidative stress leading ultimately to
myocardial cell death [119]. The pathophysiology of IR injury is not fully understood. As a result,
preclinical studies have failed to translate into clinical practice [121]. We therefore need to
understand the precise molecular mechanisms of IR injury to discover new therapeutic options for

its treatment.

MMP-2 is a member of the MMPs family which is known to cleave extracellular matrix
proteins under normal physiological conditions, such as angiogenesis and wound healing, as well
as pathological conditions including inflammation, atherosclerosis, cancer metastasis and
myocardial infarction [3-5, 7]. MMP-2 also exerts many effects by cleaving intracellular substrates
during myocardial injury, which contributes to impaired contractile function during reperfusion
[8, 9]. MMP-2 is localized to several intracellular organelles in cardiomyocytes including the
sarcomere, cytoskeleton, nuclei, mitochondria and MAM [58]. Full length MMP-2 is rapidly
activated during oxidative stress by peroxynitrite-induced S-glutathiolation [43]. Its proteolysis of
sarcomeric proteins including Tnl, titin, a-actinin and myosin light chain-1 contributes to
contractile dysfunction [58]. An MMP-2n1176, lacking the first 76 amino acids, is induced by
oxidative stress in cardiomyocytes and activates the innate immune response [66]. This isoform is

enzymatically active and localizes in part to mitochondria [30, 64].

IR injury-induced oxidative stress disrupts the function of mitochondria by inducing

mtDNA damage, altering calcium homeostasis and disrupting mitochondrial quality control
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mechanisms that protect against cellular stress [453]. Among these are mitochondrial dynamics
processes which include fusion and fission. Mitochondrial fusion includes the merging of the
salvageable portions of two distinct, partially damaged mitochondria to maintain mitochondrial
quality and morphology and prevent permanent loss of essential components including the
mitochondrial proteins required for oxidative phosphorylation and ATP synthesis. This process is
regulated by several proteins including Mfn-2 [233, 234]. Mitochondrial fission, on the other hand,
divides injured mitochondria into two separate organelles. This process separates the injured
mitochondrial segments which in turn are delivered to and degraded by lysosomes in a process
known as mitophagy [234]. While enhanced mitochondrial fission is considered as an early marker
of IR-induced mitochondrial damage [454], how factors regulating mitochondrial fusion change

during IR injury is not well established [453].

Mfn-2 is localized to the MAM. It is responsible for the induction of outer mitochondrial
membrane fusion, as well as tethering the mitochondria to the ER in order to regulate calcium
transit at the MAM [195]. Loss of Mfn-2 during IR injury is observed, confirming the critical role
of Mfn-2 in mitochondrial survival [253, 455]. However, increased Mfn-2 expression in cardiac
myocytes is also seen depending upon the type of oxidative stress injury, which could be a part of
an adaptive cardioprotective response [456]. Further research is required to reveal the exact role

of Mfn-2 in IR injury.

The role of proteases and their targets in mitochondrial and contractile dysfunction of the
heart in IR injury is emerging. Calpain inhibitors improve post-IR mitochondrial and contractile
function [457], and prevent the cleavage of mitochondrial targets including Bid [458], and AIF
[459]. Loss of Mfn-2 is associated with calpain activity in other organ injury models including
glutamate-induced excitotoxicity [460], and acetaminophen-induced hepatotoxicity [461].
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However, several calpain inhibitors used in these studies were shown to also inhibit MMP-2
activity [443]. Whether MMP-2 interacts with Mfn-2 and contributes to mitochondrial dysfunction

in myocardial IR injury is unknown.

Oxidative stress also induces the activation of inflammasomes, multiprotein complexes
which regulate the innate immune response and activate inflammation [462]. They are activated
in response to mitochondrial damage, whereby they also affect mitochondrial function [312].
NLRP3, an inflammasome protein, localizes to the cytosol and ER and, when stimulated,
assembles with the adaptor molecule containing caspase recruitment domain to form the
inflammasome complex. This complex cleaves and activates caspase-1 and thereby IL-1. NLRP3
is one of the major components of the innate immune response [201]. Mitochondrial respiratory
chain damage elevates the biosynthesis of RONS, resulting in the unfolding and activation of

NLRP3 [312].

I investigated the relationship between MMP-2 and Mfn-2 during sterile inflammation in
hearts subjected to IR injury. I show that MMP-2 activity is enhanced during myocardial IR injury
with induction of MMP-2nr176 €xpression as a part of the inflammasome response, impairing the
mitochondrial respiratory chain and ultimately contractile function. Mfn-2 interacts with and is a
proteolytic target of MMP-2. Pharmacological inhibition of MMP-2 activity attenuates the loss of
Mitn-2 and inflammasome response, thereby preserving mitochondrial respiration and recovery of

mechanical function following IR injury.
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4.2. Methods

4.2.1. Isolated heart perfusion

Hearts from male C57BL/6J mice were isolated and subjected to in vitro IR injury in the

Langendorff mode as described in Chapter 2 (section 2.2).

Mice were assigned into 6 groups (n=5 per group) (Aerobic+Veh, Aerobic+ARP-100,
AerobictONO-4817, IR+Veh, IR+ARP-100, IR+ONO-4817). Due to the small size of the mouse
heart, limited tissue available for biochemical analyses, and the need to use fresh and not frozen
tissue for measuring mitochondrial respiration in muscle fibers [463], a separate series of heart
perfusions (n=5 per group) was performed for the determination of mitochondrial oxygen
consumption in permeabilized ventricular muscle fibers isolated immediately at the end of the

isolated heart perfusion.

To evaluate the effect of MMP-2 inhibitors on irreversible injury (myocardial infarction),
another series of isolated hearts (n=5 per group) was subjected to 45 min of global, no-flow
ischemia followed by 120 min reperfusion and exposed to MMP-2 preferring inhibitors beginning
10 min prior to ischemia [464]. The coronary effluent was collected at 5, 10 and 15 min from the
start of reperfusion and then every 15 min until the end of the reperfusion period for measuring

LDH release. Hearts were then collected and stained for measuring infarct size (see below).

4.2.2. Preparation of ventricular extracts

Frozen heart ventricles were ground and homogenized as described in Chapter 2 (section

2.3), to obtain whole tissue homogenate, cytosolic or mitochondria-enriched fractions.
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4.2.3. Measurement of MMP-2 activity

MMP-2 activity in mouse hearts was determined by measuring the loss of Tnl, a known
intracellular substrate of MMP-2 in IR injury [9], in the cytosolic fraction using immunoblotting
as described below. To confirm MMP-2 activation during IR injury, gelatin zymography was
performed in both cytosolic and mitochondria-enriched fractions using 100 pg protein of each

sample as described in Chapter 2 (section 2.5).

4.2.4. Immunoblotting

To measure the level of a protein of interest in cytosolic or mitochondria-enriched fractions
obtained from mouse heart ventricle, 30-35 pg total protein was separated on 4-15% SDS-

polyacrylamide gels as described in Chapter 2 (section 2.6).

Immunoblots were probed with two different monoclonal antibodies against Mfn-2: rabbit
anti-Mfn-2 (1:1000, Cat#9482s, Cell Signaling) which binds to residues surrounding Val573, and
mouse anti-Mfn-2 (1:1000, Cat#sc-100560, Santa Cruz Biotechnology) which binds to the C-
terminal portion of Mfn-2. Other monoclonal antibodies used include: anti-MMP-2 (1:500,
Cat#ab92536, Abcam), Tnl (1:1000, Cat#MA-1040, IPOCdx), IL-1B (1:500, Cat#ab9722,
Abcam), caspase-1 (1:500, Cat#ab179515, Abcam), NLRP3 (1:500, Cat#15101s, Cell Signaling),
a-tubulin (1:2000, Cat#ab7750, Abcam) as a cytosolic fraction loading control, or VDAC (1:1000,

Cat#ab14734, Abcam) as a mitochondria-enriched fraction loading control.

4.2.5. Co-immunoprecipitation

To determine whether MMP-2 interacts with Mfn-2 in the heart, co-immunoprecipitation

was performed in whole tissue homogenates obtained from aerobic or IR mouse hearts as described
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in Chapter 2 (section 2.7). Immunoblots were probed with either MMP-2 antibody (1:500,

Cat#ab92536, Abcam) or Mfn-2 antibody (1:1000, Cat#9482s, Cell Signaling).

4.2.6. qPCR

Total cellular RNA was extracted from ventricular tissue and mRNA expression was

measured as described in Chapter 2 (section 2.8). qPCR primers for B2M, FL-Mmp2 and

NTTMmp?2 are shown in Table 4.1.

Table 4.1. Primer sequences used for qPCR.

Gene  Full Name Sequence (5" to 3%) GeneBank ID Product
beta-2- F: TGGTCTTTCTGGTGCTTGTCTC
B2M 3 . NM_009735.3 170 bp
microglobulin R: CCCGTTCTTCAGCATTTGGATTTC
matrix F: GACCTCTGCGGGTTCTCTGC
Mmp?2 i NM_008610.3 163 bp
metalloproteinase-2  R: TTGCAACTCTCCTTGGGGCAGC
NTT-  N-terminal F: GTGAATCACCCCACTGGTGGGTG VA 120k
P
Mmp2  truncated Mmp2 R: TTGCAACTCTCCTTGGGGCAGC

119



4.2.7. Mitochondrial respiration

Mitochondrial oxygen consumption in permeabilized mouse cardiac fibers was measured
using a Clark electrode connected to an Oxygraph Plus recorder (Hansatech Instruments Ltd.,
Norfolk, England). Fresh cardiac muscle fibers were isolated from the left ventricles of the
perfused hearts at the end of reperfusion as previously described [465]. Ventricular tissues were
dissected under a dissecting microscope in ice-cold isolation buffer (2.77 mM CaKoEGTA, 7.23
mM K>EGTA, 20 mM imidazole, 20 mM taurine, 49 mM potassium methanesulfonate, 3 mM
K2HPO4, 9.5 mM MgClp, 5.7 mM ATP, 1 uM leupeptin and 15 mM phosphocreatine). A 3-5 mm
strip of the anterior left ventricle was isolated and dissected to remove fatty tissue and blood
vessels. The myocardial strips were teased apart into bundles of 6-8 fibers each (1 mm wide, 3-4
mm long). Subsequently, fibers were permeabilized in isolation buffer containing 100 pg/mL
saponin (Sigma-Aldrich) for 20 min, washed 3 times for 5 min in ice-cold respiration buffer (0.5
mM EGTA, 3 mM MgCl,-6H,0, 20 mM taurine, 10 mM KH>PO4, 20 mM HEPES, 1 g liter-1
BSA, 60 mM potassium-lactobionate, 110 mM mannitol, 0.3 mM dithiothreitol), and immediately
added to the respiration chamber containing 1.8 mL respiration buffer. All reagents used for
preparing the isolation and respiration buffers were purchased from Sigma-Aldrich, except
KH;PO4, HEPES and dithiothreitol, which were from ThermoFisher Scientific. One fiber strip was
used for each single experiment. Glutamate (10 mM, Sigma-Aldrich) and malate (5 mM, Sigma-
Aldrich) were added as substrates for complex I, while succinate (10 mM, Sigma-Aldrich) was
used as a substrate for complex II and basal respiration was recorded. ADP (0.5 mM, Sigma-
Aldrich) was then added to stimulate ATP-dependent respiration, which was subsequently
inhibited using the ATP synthase inhibitor oligomycin (2.5 pM, Abcam). Maximal mitochondrial

respiration was recorded by adding the mitochondrial oxidative phosphorylation
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uncoupler (carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone (FCCP), 4 uM, Abcam).
Finally, rotenone (2 uM, Sigma-Aldrich) or antimycin A (5 uM, Sigma-Aldrich) were used to
inhibit complex I or II-mediated respiration respectively. The oxygen consumption rate (OCR)
was measured following each step and normalized to the dry weight of each fiber (determined after
overnight incubation in a drying oven). The respiratory control ratio (RCR) was calculated as the
ratio between ATP-dependent and basal respiration rates to estimate mitochondrial respiratory

efficiency.

Samples of the respiration buffer were collected after adding ADP and the level of ATP in
each sample was measured using a fluorometric assay kit (Cat#ab83355, Abcam) by incubating
samples with the reaction mixture for 30 min at room temperature while being protected from
light. Fluorescence intensities were measured at excitation and emission wavelengths of 535 and
587 nm, respectively, using a fluorescence microplate reader (BioTek, Synergy H1, Winooski,
US). ATP concentration was determined using a calibration curve obtained using the ATP standard

and normalized to the dry weight of fibers.

4.2.8. Infarct size measurement

To evaluate the effect of MMP-2 inhibitors on infarct size, at the end of 120 min
reperfusion, hearts were perfused through the aortic cannula with 1% wA  2.3,5-
triphenyltetrazolium chloride (Sigma-Aldrich) dissolved in Krebs-Henseleit solution for 15 min at
37°C. Then hearts were weighed and frozen overnight at - 20°C. Hearts were then sectioned
perpendicular to the long axis and the slices were incubated in 10% neutral formalin buffer for 1 h.
Images were taken using a cell phone camera against a black background, and the area of infarction

was quantified by measuring stained (red, live tissue) and unstained (white, necrotic) regions and
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compared with total area of the slice. Percentage infarct size was calculated as an average of the
different sections of each heart (5 sections per heart) using ImageJ software (Version 1.47v, NIH,

USA).

4.2.9. LDH release measurement

To measure the extent of cell death during reperfusion, LDH activity was quantified in the
coronary effluent using a CytoTox 96 Non-Radioactive Cytotoxicity Assay kit (Promega, United
Kingdom). 50 pL of the collected coronary effluents (in triplicates) were incubated with 50 pL.
reaction mixture (LDH substrate in assay buffer) for 30 min at room temperature, protected from
light. Absorbance was measured at 490 nm using microplate reader (BioTek, Synergy HI,
Winooski, US). Standard LDH was used to generate a calibration curve with concentrations
(0.005-0.32 U/mL) by incubating with the reaction mixture for the same duration. LDH activity

was corrected for coronary flow and dry heart weight.

4.2.10. In vitro proteolysis of Mfn-2 by MMP-2

Mitochondria-enriched fractions (12 pg total protein) prepared from the ventricles of
aerobically perfused hearts were incubated with increasing concentrations of recombinant human
64 kDa MMP-2 (Sigma-Aldrich, 0.1, 1 or 10 ng) in the presence or absence of ARP-100 (30 uM)
for 1 h at 37°C in activity buffer (50 mM Tris-HCL, 150 mM NaCl, 5 mM CaCl.-2H>O, pH 7.6).
An additional sample was kept at 4°C to rule out non-specific degradation of Mfn-2. The reaction
was stopped by adding 6x SDS-containing sample buffer (0.5 M Tris-HCl pH 6.8, 30% v/v
glycerol, 10% w/v SDS, 0.012% w/v bromophenol blue, and 0.6 M dithiothreitol). The reaction
products were then separated on a 4-15% polyacrylamide gel, transferred, and immunoblotted with
anti-Mfn-2 antibody (1:1000, Cat#9482s, Cell Signaling) as described above.
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4.2.11. In silico analysis of Mfn-2 cleavage by MMP-2

The online cleavage prediction server Procleave was used to perform in silico prediction
of Mfn-2 cleavage sites by MMP-2 [445]. This online tool suggests a number of potential target
substrates and their corresponding cleavage sites by different proteases. The mouse Mfn-2 FASTA
sequence (UniProt ID-Q80U63) was entered into the Procleave query sequence section and MMP-

2 was selected as the protease of interest.

4.2.12. 3D crystal structure analysis

Amino acid sequences of human and mouse Mfn-2 were retrieved from Uniprot
(https://uniprot.org). An X-Ray crystal structure (6JFK) of human nucleotide-free Mfn-2 was
downloaded from the Protein Data Bank (PDB) (https://www.rcsb.org/) [466]. In PDB there are
only three 3D structures of human Mfn-2 deposited, thus, a mouse Mfn-2 3D structure was created
by homology modelling using SWISS-MODEL with the template 6JFK [467]. In the human Mfn-
2 structure, residues 401-705 were deleted and replaced with the transmembrane domain residues
615-647. In the modelled structure of mouse Mfn-2 the missing residues 400-605 are part of the
cytosolic domain predicted with SWISS-MODEL and AlphaFold
(https://alphafold.ebi.ac.uk/entry/095140) [468]. The structure was refined using the KoBaMIN
webserver (http://chopra-modules.science.purdue.edu) and was evaluated for quality and
validation by the Structural Analysis and Verification Server (SAVES) (https://www.doe-
mbi.ucla.edu/saves). The top ten predicted cleavage sites of Mfn-2 by MMP-2 were drawn and

visualized by PyMOL (v 2.1.1).
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4.2.13. Statistics

Data are expressed as the mean + SEM of n independent experiments (where n represents
an individual mouse heart sample). For multiple comparisons, one-way or two-way ANOVA
followed by Dunnett’s post-hoc test was used (GraphPad Prism version 8, La Jolla, CA, USA).

Statistical significance was considered at p<0.05.

4.3. Results
4.3.1. MMP-2 preferring inhibitors improve the recovery of contractile function

after IR injury

Hearts subjected to IR injury (30 min ischemia, 40 min reperfusion) showed impaired
contractile function as evidenced by a significant reduction in post-ischemic LVDP (Figure 4.1
A) and both dP/dtmax and dP/dtmin (Figures 4.1 B and C) compared to aerobically perfused hearts.
These parameters were significantly improved post-IR injury by the MMP-2 preferring inhibitors,
ARP-100 (10 uM) or ONO-4817 (50 uM) (p<0.05). No significant change in HR was observed
amongst the different groups (Figure 4.2). At these concentrations both ARP-100 and ONO-4817
did not significantly affect cardiac mechanical function under aerobic conditions in the absence of

IR injury (Figure 4.3).

4.3.2. MMP-2 preferring inhibitors prevent impaired mitochondrial respiration in

IR injury

Permeabilized cardiac fibers were isolated from hearts subjected to IR injury at the end of
reperfusion. IR hearts exhibited impaired complex I and II-mediated mitochondrial respiration

(Figures 4.4 A and B). There was a significant reduction in the RCR, ATP-dependent and
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maximum mitochondrial OCR in fibers isolated from IR compared to aerobic hearts (Figures 4.4
C-E). All these changes were significantly attenuated in fibers isolated from IR+ARP-100 or
IR+ONO-4817 hearts, suggesting that MMP-2 may have a role in the impairment of mitochondrial
respiration caused by IR injury. There were no significant changes in basal, ATP-independent or
non-mitochondrial respiration amongst the different groups (Figures 4.4 F-H). The ATP
production rate was also significantly reduced in permeabilized fibers isolated from IR compared
to aerobic hearts. Similarly, ARP-100 or ONO-4817 significantly attenuated this reduction
(p<0.05) (Figure 4.4 I). Neither ARP-100 nor ONO-4817 significantly affected mitochondrial

respiratory parameters in fibers isolated from aerobic hearts (Figure 4.5).

4.3.3. MMP-2 is activated during myocardial IR injury

MMP-2 activation in the cytosolic fraction prepared from hearts at the end of reperfusion
was determined by measuring the degradation of Tnl, an intracellular MMP-2 target. Increased
Tnl degradation was observed in IR compared to aerobic hearts, as evidenced by the reduction in
the ~30 kDa band and the appearance of an ~ 22 kDa fragment. ARP-100 or ONO-4817 attenuated
the increase in Tnl degradation (p<0.05) (Figure 4.6 A). MMP-2 activity in cytosolic fractions
was confirmed using gelatin zymography which showed that MMP-2 activity was significantly
increased in IR injury compared to aerobic hearts (p<0.05). Both ARP-100 and ONO-4817
significantly attenuated this increase in MMP-2 activity (Figure 4.6 B). The level of MMP-2 in
purified cytosolic or mitochondria-enriched fractions across the different groups was not

significantly changed (Figure 4.7).

The level of the mRNA for NTT-Mmp?2, a driver of the innate immune response expressed

as a result of oxidative stress [66, 174], was significantly increased by approximately 1.7 fold in
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IR hearts and this increase was significantly reduced by ARP-100 or ONO-4817 (p<0.05) (Figure
4.8 A). However, no significant change was observed in FL-Mmp2 mRNA level in ventricular

tissues from IR compared to aerobic hearts (Figure 4.8 B).

4.3.4. Inflammasome response is attenuated by MMP-2 preferring inhibitors

The levels of different markers of the inflammasome response were measured by
immunoblotting. There was a significant increase in the level of NLRP3 in the cytosolic fraction
from IR compared to aerobic hearts (Figure 4.9 A). This was accompanied by a reduction in
procaspase-1 and pro-IL-1 and a significant increase in the ratios of cleaved caspase-1
(P10)/procaspase-1 and IL-1p/pro-IL-1p in IR compared to aerobic hearts (Figures 4.9 B and C).
These changes indicate the IR-induced induction of the inflammasome response with the
subsequent cleavage of caspase-1 and activation of pro-inflammatory cytokines. All these changes
were attenuated in IR+ARP-100 or IR+ONO-4817 groups (p<0.05), suggesting that MMP-2 may
be involved in the induction of the inflammasome response. Under aerobic conditions, both
inhibitors did not significantly affect the levels of NLRP3, IL-1p or caspase-1 in cytosolic fractions

(Figure 4.10).

4.3.5. Mitochondrial Mfn-2 level is diminished after IR injury and preserved by

MMP-2 preferring inhibitors

A significant reduction in the level of Mfn-2 in the mitochondria-enriched fraction in IR
compared to aerobic hearts was seen using the Val573 epitope Mfn-2 antibody for
immunoblotting. Both ARP-100 and ONO-4817 significantly attenuated this reduction, suggesting
that the loss of Mfn-2 may be attributed to the proteolytic activity of MMP-2 (Figure 4.11 A).
Similar results were obtained using an Mfn-2 antibody that binds to its C-terminus region (Figure
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4.11 B). The mitochondrial level of Mfn-2 showed a significant correlation to cardiac mechanical
function at the end of reperfusion when compared to LVDP, dP/dtmax or dP/dtmin (p<0.001)
(Figures 4.11 C-E). Aerobic hearts subjected to ARP-100 or ONO-4817 did not show significant

change in Mfn-2 level (Figure 4.12).

[ next determined whether MMP-2 interacts with Mifn-2 in heart tissue.
Immunoprecipitation of ventricular extracts with anti-MMP-2 antibody followed by
immunoblotting for Mfn-2 showed its presence in immunoprecipitates from both aerobic and IR
hearts, suggesting a possible interaction between both proteins. No Mfn-2 bands were observed in

immunoprecipitates from either aerobic or IR hearts using control IgG (Figure 4.11 F).

4.3.6. Mifn-2 is proteolyzed by MMP-2

Endogenous Mifn-2 in the mitochondria-enriched fraction of aerobic hearts was
proteolyzed by incubation with MMP-2, as shown by the significant loss in 86 kDa Mfn-2 (Figures
4.13 A and B) along with the appearance of lower molecular weight fragments of ~ 60-75 kDa
(Figure 4.14). The cleavage of Mfn-2 was prevented by ARP-100. Potential MMP-2 cleavage sites
in mouse Mfn-2 were predicted using in silico analysis with Procleave along with their predicted
amino acids sequences and the corresponding masses of both N- and C-terminal fragments. A
summary of the top ten cleavage sites is shown in Figure 4.13 C. Positioning these predicted
cleavage sites on the adapted 3D structure of mouse Mfn-2 shows a pronounced preference for
MMP-2 proteolysis in the unstructured regions. Among the top ten cleavage sites, it was evident
that MMP-2 prefers leucine in the P1” position as was demonstrated previously (Figure 4.13 D)
[469]. In silico analysis showed that cleavage of Mfn-2 before amino acids 126 or 178 in the

GTPase domain or before 579, 591 or 604 within the spacer between the first coiled-coil heptad
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repeat domain and the transmembrane domain can produce lower molecular weight fragments of
~ 60-75 kDa, suggesting that these could be the potential cleavage sites by MMP-2 (Figure 4.13

E).

4.3.7. MMP-2 preferring inhibitors attenuate IR-induced myocardial infarction

A longer duration of 45 min ischemia and 120 min reperfusion was also investigated,
allowing the measurement of myocardial infarct size and cell death estimated by the release of
LDH activity into the coronary effluent (Figure 4.15 A). Hearts subjected to this more severe IR
injury showed a greater reduction in post-IR LVDP compared to hearts subjected to 30 min
ischemia and 40 min reperfusion (Figure 4.1 A). ARP-100 or ONO-4817 caused a significant
improvement in post-IR LVDP compared to vehicle-perfused IR hearts (Figure 4.15 B). IR
significantly increased infarct size compared to aerobic controls, which was attenuated by ARP-
100 or ONO-4817 (p<0.05) (Figures 4.15 C and D). LDH activity was also significantly higher
in coronary effluent from IR hearts compared to aerobic ones, confirming myocardial cell death
during IR injury, and peaked between 5-10 min from the start of reperfusion. Similarly, ARP-100
or ONO-4817 reduced LDH activity in coronary effluent (p<0.05) (Figure 4.15 E), which was

also observed when calculated as the total area under the curve (Figure 4.15 F).
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Figure 4.1. Hearts perfused with MMP-2 preferring inhibitors showed improved post-
ischemic contractile function. Changes in (A) Left ventricular developed pressure (LVDP), (B)

dP/dtmax or (C) dP/dtmin during IR injury in absence or pre

sence of ARP-100 (ARP, 10 uM), ONO-

4817 (ONO, 50 uM) or DMSO vehicle (Veh) compared to aerobic control (Aero) (n=5 per group).
*p<0.05 vs. IR+Veh by two-way ANOVA followed by Dunnett’s post-hoc test.
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Figure 4.2. MMP-2 preferring inhibitors have no effect on post-ischemic heart rate during
IR injury. Changes in heart rate in isolated mouse hearts subjected to IR injury in absence or
presence of ARP-100 (ARP, 10 uM), ONO-4817 (ONO, 50 uM) or DMSO vehicle (Veh)
compared to aerobic control (Aero) (n=5 per group).

130



o

o~

e

£

L

o

[a) =0- Aero+Veh

> -+ Aero+ARP-100

20 =7 Aero+ONO-4817

1I0 ZID 3I0 4'0 5I0 GlO TIO 8IO 9I0 160 1'iO
Perfusion Time (min)

(B) (C)

Perfusion Time (min)

O 3500~ - 10 20 30 40 50 60 70 80 90 100 110
9 = oo b &9 cen P w8 B EE T
6‘2 3000 b - o Aero+Veh
N 2500 o 7] - Aero+ARP-100
:E 20004 1 T -1000- = Aero+ONO-4817
o £
% 1500 O -1500
© c
e 10004 - Aero+Veh E -20001 ¥
4 == Aero+ARP-100
T 5004 = i
& < Aero+ONO-4817 T 2500
- 01— T T T T T T T T T T o

10 20 30 40 50 60 70 8G 90 100 110 T -3000-

Perfusion Time (min)

Figure 4.3. MMP-2 preferring inhibitors have no effect on cardiac contractile function under
aerobic conditions. Changes in (A) left ventricular developed pressure (LVDP), (B) dP/dtmax or
(C) dP/dtmin in aerobically perfused hearts in absence or presence of ARP-100 (ARP, 10 uM),
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Figure 4.4. MMP-2 preferring inhibitors improve mitochondrial respiration in cardiac
muscle fibers isolated from IR mouse hearts. (A) Complex I- and (B) complex II-stimulated
mitochondrial oxygen consumption rate, (C) respiratory control ratio, (D) ATP-dependent
respiration, (E) maximal mitochondrial respiration, (F) basal respiration, (G) ATP-independent
respiration, (H) non-mitochondrial respiration and (I) ATP production rate in cardiac fibers
isolated at the end of reperfusion from hearts subjected to IR injury in absence or presence of ARP-
100 (ARP, 10 uM), ONO-4817 (ONO, 50 uM) or DMSO vehicle (Veh) compared to aerobic
control (Aero) (n=5 per group).*p<0.05 by one-way ANOVA followed by Dunnett’s post-hoc test.
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Figure 4.5. MMP-2 preferring inhibitors have no effect on mitochondrial respiration in
cardiac muscle fibers isolated from aerobically perfused mouse hearts. (A) respiratory control
ratio, (B) ATP-dependent respiration, (C) maximal mitochondrial respiration, (D) basal
respiration, (E) ATP-independent respiration and (F) non-mitochondrial respiration in cardiac
fibers isolated at the end of reperfusion from aerobically perfused hearts in absence or presence of
ARP-100 (ARP, 10 uM), ONO-4817 (ONO, 50 uM) or DMSO vehicle (Veh) (n=5 per group).
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Figure 4.6. MMP-2 is activated in response to myocardial IR injury. (A) Representative
immunoblots (upper panel) and quantitative measurements (lower panel) of full length (FL) and
cleaved (CL) troponin I (Tnl) levels in cytosolic fractions of IR hearts. (B) Representative gelatin
zymogram (upper panel) and quantitative measurements (lower panel) of MMP-2 activity in
cytosolic fractions of IR hearts in absence or presence of ARP-100 (ARP, 10 uM), ONO-4817
(ONO, 50 uM) or DMSO vehicle (Veh) compared to aerobic control (Aero). Bands are normalized
to MMP-2 standard (Std) (n=5 per group). Std refers to conditioned medium from HT-1080 cells.
Position of molecular weight ladder proteins indicated on the left. *p<0.05 by one-way ANOVA
followed by Dunnett’s post-hoc test.
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Figure 4.7. Mitochondrial or cytosolic MMP-2 protein levels are not affected by IR injury.
Representative immunoblots (upper panels) and quantitative measurements (lower panels) of
MMP-2 in (A) mitochondria-enriched or (B) cytosolic fractions of IR hearts in absence or presence
of ARP-100 (ARP, 10 uM), ONO-4817 (ONO, 50 uM) or DMSO vehicle (Veh) compared to
aerobic control (Aero) (n=5 per group). Position of molecular weight ladder proteins indicated on

the left.
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Figure 4.9. MMP-2 preferring inhibitors attenuate IR injury-induced increase in NLRP3
and active interleukin-1f (IL-1p) levels in the cytosolic fraction. Representative immunoblots
(upper panels) and quantitative measurements (lower panels) of (A) NLRP3, (B) cleaved caspase-
1 (P10)/procaspase-1 and (C) pro- and active IL-1f in cytosolic fractions of IR hearts in absence
or presence of ARP-100 (ARP, 10 uM), ONO-4817 (ONO, 50 uM) or DMSO vehicle (Veh)
compared to aerobic control (Aero) (n=5 per group). Position of molecular weight ladder proteins
indicated on the left. *p<0.05 by one-way ANOVA followed by Dunnett’s post-hoc test.
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Figure 4.10. MMP-2 preferring inhibitors have no effect on inflammasome response in
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Figure 4.11. MMP-2 preferring inhibitors attenuate IR injury-induced reduction in Mfn-2
level in the mitochondria-enriched fraction. (A, B) Representative immunoblots (upper panels)
and quantitative measurements (lower panels) of Mfn-2 level in IR hearts in absence or presence
of ARP-100 (ARP, 10 uM), ONO-4817 (ONO, 50 uM) or DMSO vehicle (Veh) compared to
aerobic control (Aero) using (A) anti-Mfn-2 (Val573) or (B) anti-Mfn-2 (C-terminus) antibody.
(C-E) Correlation analysis of mitochondrial protein levels of Mfn-2 to (C) LVDP, (D) dP/dtmax,
or (E) dP/dtmin at 40 min reperfusion (aerobic; black e, IR+Veh; red m, IR+ARP-100; blue A,
IR+ONO-4817; green ¥) (n=5 per group). (F) MMP-2 and Mfn-2 immunoblots using MMP-2
immunoprecipitates from aerobic and IR hearts showing an association between MMP-2 and Mfn-
2, representative of four independent experiments. Position of molecular weight ladder proteins
indicated on the left. *p<0.05 by one-way ANOVA followed by Dunnett’s post-hoc test.
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Figure 4.12. MMP-2 preferring inhibitors have no effect on Mfn-2 levels in the mitochondria-
enriched fractions prepared from aerobically perfused hearts. (A, B) Representative
immunoblots (upper panels) and quantitative measurements (lower panels) of Mfn-2 level in
aerobically perfused hearts in absence or presence of ARP-100 (ARP, 10 uM), ONO-4817 (ONO,
50 uM) or DMSO vehicle (Veh) using (A) anti-Mfn-2 (Val573) or (B) anti-Mfn-2 (C-terminus)
antibody (n=5 per group). Position of molecular weight ladder proteins indicated on the left.
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Figure 4.13. Mfn-2 is proteolyzed by MMP-2. (A) Immunoblot showing in vitro proteolysis of
endogenous Mfn-2 in mitochondria-enriched fraction (12 pg protein) from aerobic hearts
incubated for 1 h at 37°C with MMP-2 (0.1, 1, 10 ng) in absence or presence of ARP-100 (30 uM),
representative of four different aerobic hearts showing similar results. Position of molecular weight
ladder proteins indicated on the left. (B) Quantitative measurement of Mfn-2 (86 kDa) level
relative to VDAC following proteolysis by MMP-2 (n=4). *p<0.05 by one-way ANOVA followed
by Dunnett’s post-hoc test. (C) In silico analysis of mouse Mfn-2 structure showing the top ten
predicted cleavage sites of Mfn-2 by MMP-2 according to Procleave. (D) Structures of human
Mfn-2 (PDB ID: 6JFK, green) and mouse Mfn-2 (predicted, purple) are superimposed together.
Squiggles indicate unstructured regions. The top ten predicted cleavage sites are shown as ball and
stick representations. The dashed box on the mouse Mfn-2 structure represents residues 400-605
which are missing in the crystal structure of human Mfn-2. (E) Representative Mfn-2 domain
structure. Arrows denote the top five predicted cleavage sites by MMP-2 using Procleave in silico
analysis which would result in Mfn-2 fragments of ~ 60-75 kDa as denoted in bold in (C).
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Figure 4.14. Long exposure of immunoblot in Figure 4.13A showing in vitro proteolysis of
endogenous Mfn-2 in mitochondria-enriched fraction (12 pg protein) from aerobic hearts
incubated for 1 h at 37°C with MMP-2 (0.1, 1, 10 ng) in absence or presence of ARP-100 (30 uM).
The blot shows the appearance of lower molecular weight fragments (~ 60-75 kDa) upon
incubation with MMP-2, representative of four different aerobic hearts showing similar results.
Position of molecular weight ladder proteins indicated on the left.
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Figure 4.15. MMP-2 preferring inhibitors attenuate IR-induced myocardial infarction. (A)
Schematic diagram of the experimental protocol and groups of isolated mouse hearts. (B) Changes
in left ventricular developed pressure (LVDP) during more severe IR injury (45 min ischemia, 120
min reperfusion) in absence or presence of ARP-100 (ARP, 10 uM), ONO-4817 (ONO, 50 uM)
or DMSO vehicle (Veh). (C) Representative images of 2,3,5-triphenyltetrazolium chloride (TTC)-
stained heart slices showing viable (red) and necrotic (white) regions. Scale bar= 1 mm. (D)
Quantification of infarct size expressed as the percentage of infarct to total area of the heart slice.
(E) Changes in lactate dehydrogenase (LDH) activity in coronary effluent during reperfusion, and
(F) quantification of the area under the curve among the different groups (n=>5 per group). #p<0.05
vs. IR+Veh by two-way ANOVA followed by Dunnett’s post-hoc test. *p<0.05 by one-way
ANOVA followed by Dunnett’s post-hoc test.
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4.4. Discussion

I investigated whether mitochondrial Mfn-2 is affected by the proteolytic activity of MMP-
2 during myocardial IR injury and how MMP-2 contributes to the impairment of mitochondrial
function, induction of the inflammasome response and contractile dysfunction. Our study shows
for the first time that Mfn-2 associates with and is a proteolytic target of MMP-2. I reveal that
inhibition of MMP-2 activity protects against the loss of Mfn-2 during IR injury, improves
mitochondrial respiration, attenuates the inflammasome response and thereby improves the post-
IR recovery of contractile function. MMP-2 inhibitors also reduce myocardial infarct size and cell
death when hearts are subjected to more severe IR injury. A schematic representation of this is

shown in Figure 4.16.

MMP-2 is known to be activated during myocardial IR injury by peroxynitrite-induced S-
glutathiolation [43, 44]. It was first identified to have an intracellular proteolytic activity by
cleaving cardiac Tnl in rat hearts subjected to IR injury [9]. MMP-2 was also activated in response
to enhanced oxidative stress seen in hearts stimulated with pro-inflammatory cytokines [46], and
in DXR-induced heart failure [60]. I show here that MMP-2 is activated in mouse hearts subjected
to IR injury, indicated by the loss of Tnl and increased gelatinolytic activity in heart tissue. The
post-IR loss of mechanical function was significantly ameliorated with MMP-2 preferring

inhibitors, ARP-100 or ONO-4817.

Cardiac muscle is rich in mitochondria to produce the ATP required for calcium-dependent
contraction [470]. Mitochondria are also important for calcium-, metabolic- and apoptotic-
signalling and the biosynthesis of amino acids and lipids [471]. Therefore, impairment of

mitochondrial function would eventually result in cardiac contractile dysfunction, as encountered
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during myocardial IR injury [472]. Preserving the integrity of mitochondrial regulatory proteins is
thereby important to maintain mitochondrial function. MMP-2 is localized intracellularly to
different subcellular compartments including mitochondria and the MAM [65]. The latter serves
as the functional nexus between mitochondria and ER, playing a key role in calcium homeostasis,
lipid metabolism, mitophagy and mitochondrial dynamics [473]. MMP-2nt176, Which is not
present under basal conditions but is expressed in response to oxidative stress, is reported to be
localized to the subsarcolemmal mitochondria and possibly T-tubule-like structures [30]. It lacks
the secretory signal sequence and the inhibitory pro-peptide of MMP-2, so it remains in the
intracellular space and is enzymatically active [64, 66]. Our results show that NTT-Mmp2 was
significantly increased during IR along with the increase in MMP-2 proteolytic activity. The
resultant MMP-2 activity may be a composite of both nascent MMP-2 nt176 as well as the oxidative
stress-induced activation of MMP-2; approximately 50% of the latter is retained intracellularly
due to its inefficient signal sequence [29]. This finding is supported by previous studies reporting
induced myocardial NTT-Mmp?2 expression in response to oxidative stress in DXR-induced

cardiotoxicity [60].

Reduction in mitochondrial respiratory chain complex-mediated oxygen consumption was
reported following myocardial IR injury [224]. MMP-2 affects mitochondrial function, as
transgenic mice with cardiac-specific overexpression of full length MMP-2 subjected to IR injury
showed abnormalities in mitochondrial ultrastructure, impaired mitochondrial respiration and
enhanced lipid peroxidation [63]. Hearts from cardiac-specific transgenic MMP-2n1176 mice
showed evidence of swollen mitochondria with less organized cristac and greater size
heterogeneity. The hearts were also more susceptible to IR injury [30]. Hearts from mice

undergoing DXR-induced cardiotoxicity, another type of oxidative stress injury, exhibited
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mitochondrial fragmentation and cristae disruption amongst other cellular changes, while
inhibiting MMP-2 activity preserved mitochondrial structure and morphology [60]. Our data
shows an MMP-2-dependent contribution to the reduction in mitochondrial OCR following IR
injury as ARP-100 or ONO-4817 attenuated the decreased RCR, ATP-dependent and maximal
mitochondrial OCR and reduced ATP production rate in muscle fibers isolated from hearts
subjected to IR injury. This reflects the ability of MMP-2 inhibitors to preserve a strong coupling
between ATP synthesis and electron transport and help the mitochondria produce enough ATP to

meet the demands of the cardiac muscle to maintain contractility.

Impairment of mitochondrial function results in the release of mitochondrial RONS, which
in turn induce the NLRP3 inflammasome response [474]. This is consistent with our data showing
the increased level of NLRP3, and cleaved caspase-1 and IL-1B, indicating an induced
inflammasome response and activated pro-inflammatory cascade. These changes may be attributed
to MMP-2 activity, as they were attenuated by inhibition of MMP-2. NLRP3 regulates the innate
immune response by sensing microbial infection, toxins or cellular damage via caspase-1
activation and the release of pro-inflammatory cytokines [475, 476]. In a mouse model of viral
myocarditis, impaired cardiac and mitochondrial function was associated with increased NLRP3
level and induction of the inflammasome response [477]. Interestingly, MMP-2nr1176 s reported to
be also involved in innate immunity. MMP-2nt1176 cleaves mitochondrial-associated inhibitor of
kappa B-alpha in response to oxidative stress to release pro-inflammatory NF«B to the nucleus,
which results in mitochondrial-nuclear stress occurring as part of the innate immune response [66].
An association between MMP-2 and NLRP3 has been suggested. In aortic aneurysm, angiotensin
II stimulated the release of mitochondrial RONS, activated NLRP3, and increased MMP-2 activity

[478]. In vascular smooth muscle cells, MMP-2 expression was elevated by angiotensin II and
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reduced by an NLRP3 inhibitor [479]. In cardiac fibroblasts cocultured with M1 macrophages,
NLRP3 activation was associated with the upregulation of MMP-2 [480]. There appears to be an
important crosstalk between MMP-2 and NLRP3 also in cardiac myocytes which likely involves

the effect of both on mitochondrial function.

To elucidate how MMP-2 impairs mitochondrial function and induces the inflammasome
response, I aimed to identify potential proteolytic substrates of MMP-2 in mitochondria. One of
the key mitochondrial proteins that are essential for their function is Mfn-2. Mfn-2 plays a major
role in mitochondrial fusion and is also localized to the MAM [195]. It also possesses a cytosolic
GTPase domain, making it accessible to intracellular MMP-2. Several studies reported Mfn-2 loss
in hearts subjected to in vivo or in vitro IR injury, in cell models of hypoxia-reoxygenation injury
[455, 481, 482], and in the cardiac cell response to aortic constriction [483], or high glucose [484].
In contrast, the observed upregulation of Mfn-2 in IR injury and in response to oxidative stress
could be an adaptive mechanism to protect the heart, as cardiac-specific deletion of Mfn-2 in mice
resulted in impaired mitochondrial respiration and cardiac dysfunction [253, 456]. In HL-1 cells
and neonatal rat ventricular cardiomyocytes subjected to hypoxia and reoxygenation,
overexpression of Mfn-2 protected against cell death [481, 485]. By the use of co-
immunoprecipitation I revealed that MMP-2 is associated with Mfn-2 in the heart. MMP-2 was
able to cleave Mfn-2 in vitro and in silico analysis predicted that the cut sites lie particularly in
unstructured regions in its cytosolic domain. This supports our data showing that the loss in
mitochondrial Mfn-2 during IR was attenuated by MMP-2 inhibition. Furthermore, the level of
Mifn-2 in the mitochondria-enriched fraction showed a positive correlation to the recovery of

contractile function post-IR injury.
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MMP-2-mediated loss of Mfn-2 during IR injury could be linked to the observed
impairment in mitochondrial function. Mfn-2 is essential for mitochondria-ER tethering and
calcium transit between both organelles. This tethering was reduced upon deletion of Mfn-2
in mouse embryonic fibroblasts which showed disrupted ER morphology [195]. Mfn-2 deletion
decreased mitochondrial calcium uptake through a reduction in cardiomyocyte SR-mitochondrial
contact in isolated mitochondria [255]. Furthermore, deletion of Mfn-2 in different animal and cell
models resulted in mitochondrial fragmentation, impaired mitochondrial respiration and reduced
ATP production [253, 254]. Mice with cardiac-specific double knockout of Mfn-1/Mfn-2
developed dilated cardiomyopathy with impaired cardiac function, mitochondrial structural
abnormalities and diminished survival [250]. Similarly, deletion of Mfn-1/Mfn-2 in adult mouse
hearts induced mitochondrial fragmentation, mitochondrial respiratory dysfunction and a
progression to dilated cardiomyopathy [486]. Mfn-2, but not Mfn-1, knockout mice also exhibited
impaired oxygen consumption and mitochondrial respiration [251]. This suggests that MMP-2-
mediated impairment of mitochondrial respiratory function could be attributed to its ability to
proteolyze Mfn-2. This could be attributed to Mfn-2 being required for the uptake of calcium by
mitochondria from ER which is in turn needed for the function of the electron transport chain and
oxidative phosphorylation. Thus loss of Mfn-2 will result in impaired calcium uptake by

mitochondria and reduced ATP production [251, 487].

Several Mfn-2-dependent processes are associated with changes in mitochondrial
dynamics. Mfn-2, as an outer mitochondrial membrane fusion protein, mediates the docking and
fusion of mitochondria through the oligomerization of the GTPase domains of different Mfn-2
proteins [488]. Tethering of ER and mitochondria, which requires Mfn-2, is also required for the

homeostasis of mitochondrial dynamics, as many key regulatory proteins of mitochondrial
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dynamics are present in the MAM and require efficient calcium transit for their activity [196, 489].

Therefore, loss of Mfn-2 would indeed disrupt mitochondrial dynamics and function during IR
injury.

MMP-2 activation during IR injury may also contribute to the development of myocardial
cell death and infarction when hearts are subjected to longer durations of ischemia and reperfusion
that induce necrotic rather than stunning injury. Our data shows that MMP-2 inhibition also
reduced myocardial cell death as evidenced by the reduction in infarct size and LDH release. This
is supported by a previous study showing that MMP-2 activity is higher in the infarct zone and
area at risk in rat hearts subjected to in vivo IR injury with 90 min ischemia followed by 60 min
reperfusion [140]. Ilomastat, a nonselective MMP inhibitor, reduced infarct size in rat hearts
subjected to in vivo IR injury [149]. This protective effect of MMP inhibitors against myocardial
infarction could be attributed to their ability to protect mitochondrial function and subsequently
attenuate the inflammasome response as shown in our study. Activation of the NLRP3
inflammasome response induces pyroptosis which worsens cardiac injury and increases the extent

of myocardial infarction [490].

In conclusion, MMP-2 activation during myocardial IR injury may impair mitochondrial
respiration by proteolysis of Mfn-2 and induction of the inflammasome response, contributing to
impaired mechanical function. Inhibition of MMP-2 could be a potential therapeutic option to
protect against mitochondrial and cardiac contractile dysfunction in part by preserving Mfn-2,
attenuating myocardial cell death and reducing both innate immune response and inflammasome

activation and thereby sterile inflammation.
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Figure 4.16. Schematic diagram showing the potential role of MMP-2 in mitochondrial
dysfunction and inflammasome activation during myocardial ischemia-reperfusion (IR)
injury. MMP-2 activated intracellularly in response to oxidative stress during IR injury with
induced expression of MMP-2nr176 targets and cleaves the mitochondrial fusion protein Mfn-2 to
impair mitochondrial respiration and reduce ATP production, as our data shows, which, as
reported, could be consequences of Mfn-2 loss [253]. Mitochondrial dysfunction induces the
NLRP3 inflammasome response with subsequent activation of the pro-inflammatory cytokine IL-
1B [474]. Collectively, these cellular changes lead to cardiac contractile dysfunction. Inhibition of
MMP-2 activity, as our data show, attenuates these changes and improves mitochondrial
respiration and contractile function after IR injury. Solid arrows denote pathways analyzed in the
current study. Dotted arrows denote literature-based pathways (Figure was created using
BioRender).
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Chapter V

MMP-2 Inhibition Attenuates ER Stress-Mediated Cell Death During

Myocardial Ischemia-Reperfusion Injury by Preserving IREla

A part of this chapter has been submitted as a manuscript to the Journal of Molecular and
Cellular Cardiology:

Wesam Bassiouni, Zabed Mahmud, Thomas Simmen, John M. Seubert, Richard Schulz. MMP-2
inhibition attenuates ER stress-mediated cell death during myocardial ischemia-reperfusion
injury by preserving IRE1la.
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Abstract

Endoplasmic reticulum (ER) stress is one of the major events accompanying myocardial
ischemia-reperfusion (IR) injury, as oxidative stress disrupts protein folding in the ER. As a result,
the unfolded protein response (UPR) is activated through different ER stress sensors including
inositol-requiring enzyme la (IREla) and protein kinase R-like ER kinase (PERK), which help
restore protein folding. Failure of the UPR to reduce ER stress induces cellular dysfunction and
apoptosis. Matrix metalloproteinase-2 (MMP-2) is a ubiquitous protease that is activated
intracellularly in response to oxidative stress during myocardial IR injury. MMP-2 partially
localizes to the mitochondrial-ER-associated membrane which regulates ER homeostasis.
However, the role of MMP-2 in ER homeostasis is unknown. I hypothesized that MMP-2 may be
involved in the regulation of the UPR and ER stress-mediated apoptotic response during IR injury.
Isolated mouse hearts subjected to IR injury showed a significant reduction in left ventricular
developed pressure compared to aerobically perfused controls. Ventricular extracts obtained from
IR hearts had higher levels of 78 kDa glucose-regulated protein and protein disulfide isomerase
compared to aerobic controls, indicating the induction of ER stress. Lower levels of IREla and
PERK were also observed. MMP-2 preferring inhibitors, ARP-100 or ONO-4817, given 10 min
prior to ischemia, improved post-ischemic recovery of left ventricular developed pressure and
preserved the level of IREla. IR hearts also exhibited higher levels of CHOP and mitochondrial
Bax and increased caspase-3 and -9 activities, indicating induction of ER stress-mediated apoptosis
during IR, all of which were attenuated by MMP-2 inhibitors. Ventricular extracts from ischemic
hearts prior to reperfusion also had lower levels of IREla that were preserved by MMP-2
preferring inhibitors. However, only CHOP was upregulated in these ischemic hearts with no other

evidence of apoptotic cell death. Immunoprecipitation studies showed an association between
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MMP-2 and IREla in aerobic and IR hearts. Incubation of mouse heart extract with exogenous
MMP-2 showed evidence of IREla proteolysis. During myocardial IR injury MMP-2 is not
involved in the induction of ER stress, however, it may impair the UPR and induce apoptosis by
proteolysis of IRE1a. Inhibition of MMP-2 activity protects against cardiac contractile dysfunction

in part by preserving IRE1a and preventing the progression to myocardial cell death.
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5.1. Introduction

The ER serves several cellular functions including protein synthesis, folding and
translocation as well as calcium homeostasis and lipid biosynthesis [324, 325]. Therefore,
maintenance of ER homeostasis is important for proper protein folding, and any physiological or
pathological stimuli that disrupt this process will result in the accumulation of misfolded proteins,
aprocess known as ER stress [323]. ER stress is one of the major events accompanying myocardial
IR injury [379]. Reperfusion injury results from the cellular damage that occurs in response to
enhanced oxidative stress which ultimately leads to myocardial cell death [119]. Lack of oxygen
during ischemia and increased production of RONS upon reperfusion can trigger ER stress by
inducing improper protein folding in the ER [380-382]. The pathophysiology of IR injury is not
fully understood and identifying how ER stress signalling contributes to myocardial cell death

during IR injury could be helpful in providing new therapeutic options for its management.

ER stress is sensed by ER-resident chaperones such as protein disulfide isomerase (PDI),
which promotes oxidative protein folding, and GRP78, a chaperone which controls the UPR.
GRP78 binds to the UPR signalling molecules and keeps them inactive in unstressed cells, and
releases them in response to ER stress [344, 491]. The UPR is an adaptive response that occurs in
response to ER stress to prevent the accumulation of misfolded proteins [492]. It works by
lowering the number of proteins that need to be folded by transcriptional downregulation of
secretory protein synthesis, increasing the folding capability of the ER or increasing the removal
of misfolded proteins [339]. The UPR process is regulated by the induction of three main proteins:
ATF6, PERK and IREla [342]. IREla is the most conserved UPR protein amongst different
species [493]. Upon activation, it induces splicing of the mRNA encoding transcription factor
XBPI1. The encoded XBP1s in turn translocates to the nucleus and induces the transcription of
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UPR target genes and folding enzymes to correct for protein misfolding [341, 345]. Thus, UPR

activation is essential to protect against ER stress-mediated cellular damage [494].

Overactivation or failure of the UPR can result in the induction of apoptotic cell death
mediated by ER stress, signalling the transition from an adaptive to a maladaptive response, which
leads to disease progression [356, 360]. One of the mechanisms that regulate this apoptotic
response is the transcriptional upregulation of CHOP, triggered by IRE1a and PERK [365]. CHOP,
subsequently, inhibits the anti-apoptotic Bcl-2 and induces upregulation and translocation of the
pro-apoptotic Bax from the cytosol to the mitochondria to induce cytochrome C release, which in
turn induces a caspase cascade and apoptosis [367, 368]. Induction of ER stress-mediated
apoptosis is reported as one of the main features associated with myocardial IR injury in response
to prolonged, unresolved ER stress, as evidenced by CHOP upregulation during reperfusion in
mice subjected to IR injury in vivo [384]. Therefore, keeping a precise balance of UPR components

is critical for cell survival during IR injury.

Several proteases are reported to be activated during myocardial IR injury and contribute
to the resulting cardiac contractile dysfunction, among them is matrix MMP-2 [9]. MMP-2 is a
multifunctional protease that is implicated in the pathophysiology of different disease conditions
including ischemic heart disease, by mediating the proteolysis of several extracellular and
intracellular proteins [8, 10]. It is activated intracellularly by the action of peroxynitrite-induced
cysteine S-glutathiolation in response to oxidative stress [43]. MMP-2 is localized to several
intracellular compartments, among them is the interface between the ER and mitochondria, known
as the MAM [65]. MAM maintenance prevents the induction of ER stress [495]. Given that MMP-
2 induces proteolytic degradation of different proteins known to be localized to the MAM such as

Mfn-2 and calreticulin [65, 496], it might play a role in the dysregulation of ER homeostasis in
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cardiac diseases. Whether MMP-2 is involved in the progression of the ER stress response and its

associated cell death during IR injury is unknown.

I investigated whether MMP-2 activation during IR injury is involved in the ER stress
response and ER stress-mediated apoptosis. I show that MMP-2, activated during IR, is not
involved in the induction of ER stress or the process of protein misfolding. However, MMP-2
contributes to ER stress-mediated apoptotic cell death during IR in part by proteolysis of IREla,
which is initiated during ischemia. Pharmacological inhibition of MMP-2 preserves IREla and
attenuates ER stress-mediated apoptosis during IR injury, thereby protecting against myocardial

contractile dysfunction.

5.2. Methods

5.2.1. Isolated heart perfusion

Hearts from male C57BL/6J mice were isolated and subjected to in vitro IR injury in the

Langendorff mode as described in Chapter 2 (section 2.2).

The heart perfusion groups included ones subjected only to ischemia or to IR in absence or
presence of MMP-2 preferring inhibitors. Following 40 min of baseline aerobic perfusion, IR
hearts were subjected to 30 min of global, no-flow ischemia followed by 40 min of reperfusion.
The ischemic heart group was subjected to 30 min ischemia without reperfusion. Each group was
compared to time-matched aerobically perfused hearts. Groups were assigned as follows: Aerobic
110 min, IR+Veh, IR+ARP-100, IR+ONO-4817, Aerobic 70 min, Ischemia+Veh, Ischemiat+tARP-

100 and Ischemiat+ONO-4817.
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5.2.2. Preparation of ventricular extracts

Frozen heart ventricles were finely ground and homogenized as described in Chapter 2
(section 2.3), to obtain ventricular homogenates, cytosolic or mitochondria-enriched fractions. For
caspase activity assay, ground tissue was prepared for cytosolic fraction isolation in the absence

of protease inhibitors (see section 5.10).

5.2.3. Immunoblotting

To measure the level of proteins of interest in ventricular homogenates, cytosolic or
mitochondria-enriched fractions obtained from mouse heart ventricle, 30-35 pg total protein was

separated on 4-15% SDS-polyacrylamide gels as described in Chapter 2 (section 2.6).

The following primary antibodies were used (all from Cell Signaling): anti-IRE1a (1:1000,
Cat#3294), PERK (1:1000, cat#3192), PDI (1:1000, cat#3501), GRP78 (1:1000, Cat#3177),
XBP1s (1:1000, Cat#83418), CHOP (1:1000, Cat#2895), Bax (1:1000, Cat#2772), caspase-3
(1:1000, Cat#9665), caspase-9 (1:1000, Cat#9506), GAPDH (1:2000, Cat#2118) as a ventricular
homogenate or cytosolic fraction loading control, and VDAC (1:1000, Cat#ab14734, Abcam) as a

mitochondria-enriched fraction loading control.

5.2.4. Co-immunoprecipitation

To determine whether MMP-2 interacts with IRE1a in the heart, co-immunoprecipitation
was performed in ventricular homogenates obtained from aerobic or IR mouse hearts as described
in Chapter 2 (section 2.7). Immunoblots were probed with either MMP-2 antibody (1:500,

Cat#ab92536, Abcam) or IRE1a antibody (1:1000, Cat#3294, Cell Signaling).
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5.2.5. qPCR

Total cellular RNA was extracted from ventricular tissue and mRNA expression was

measured as described in Chapter 2 (section 2.8). qPCR primers for B2M, IRE 1o, PERK, PDI,

GRP78 and XBP1s are shown in Table 5.1.

Table 5.1. Primer sequences used for qPCR.

Gene Full Name Sequence (5" to 3%) GeneBank ID Product
F: TGGTCTTTCTGGTGCTTGTCTC

B2M beta-2-microglobulin R: CCCGTTCTTCAGCATTTGGATTTC NM_009735.3 170 bp
spliced x box-binding F: TGCTGAGTCCGCAGCAGGTG

XBPIs otein 1 R: ACAGGGTCCAACTTGTCCAG NM_001271730.1 132 bp
78 kDa-glucose F: TGCAGCAGGACATCAAGTTC

GRP78 regulated protein R: TTTCTTCTGGGGCAAATGTC NM_001163434.1 I1bp
inositol-requiring F: ACGGTGGACATCTTTTCTGC

IREle o ome 1a R: TGGGGATCCATAGCAATCAT NM_023913.2 194 bp

rotein disulfide F: AACGGGAGAAGCCATTGTA
PDI O ase R: AGGTGTCATCCGTCAGCTCT NM_027959.4 155bp
s . F: GGGTGGAAACAAAGAAGAC
PERK protein kinase R-like NM 0101213 96 bp

ER kinase

R: CAATCAGCAACGGAAACT

5.2.6. In vitro proteolysis of IRE1a. by MMP-2

Ventricular homogenates (15 pg total protein) prepared from the ventricles of aerobically

perfused hearts were incubated with increasing concentrations of recombinant human 64 kDa

MMP-2 (Sigma-Aldrich, 1, 10 or 100 ng) in the presence or absence of ARP-100 (30 uM) for 1 h

at 37°C in activity buffer (50 mM Tris-HCI, 150 mM NaCl, 5 mM CaCl,-:2H,0, pH 7.6). An

additional sample was kept at 4°C to rule out non-specific degradation of IRE1a. The reaction was

stopped by adding SDS-containing sample buffer. The reaction products were then separated on a

4-15% polyacrylamide gel, transferred, and immunoblotted with anti-IRE1a antibody (Cat#3294,

Cell Signaling) as described above.
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5.2.7. In silico analysis of IREla cleavage by MMP-2

The online cleavage prediction server Procleave was used to perform in silico prediction
of IREla cleavage sites by MMP-2 [445]. Procleave is an online tool that suggests potential
substrates that could be targeted by different proteases and their corresponding cleavage sites. The
mouse IREla FASTA sequence (UniProt ID-Q9EQYO0) was entered into the Procleave query

sequence section and MMP-2 was selected as the protease of interest.

5.2.8. 3D crystal structure analysis

Amino acid sequences of mouse IREla were retrieved from Uniprot (https://uniprot.org).
X-Ray crystal structures (4PL3/4PL4/4PL5) of murine IREla were downloaded from the PDB

(https://www.rcsb.org/) [466, 497]. All three X-ray crystal structures are similar and solved for the

cytoplasmic domain (550-977 residues) of the mouse IRE1a except they are in complex with three
different inhibitors, MKC9989/OICR464/ OICR573 [497]. In the mouse IRE1a crystal structures,
residues 1-549 containing luminal, disordered, and transmembrane helical regions are missing.

AlphaFold (https://alphafold.ebi.ac.uk/entry/QIEQYO0) [468] was used to predict those regions of

the IRE1a. The modelled full-length IRE1a structure was refined using the KoBaMIN webserver

(http://chopra-modules.science.purdue.edu) and was evaluated for quality and validation by

SAVES (https://www.doe-mbi.ucla.edu/saves). The top ten predicted cleavage sites of IREla by

MMP-2 were drawn and visualized by PyMOL (v 2.1.1).

5.2.9. Measurement of caspase activity

Caspases-3 and -9 activities were measured in cytosolic fractions obtained from heart

ventricle using fluorometric enzyme assays. A caspase peptide substrate was diluted in 2x reaction
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buffer (20 mM HEPES, 40 mM NaCl, 0.2% CHAPS, 0.4 mM EDTA, 4% glycerol, 4 mM
dithiothreitol, pH 7.4). Caspase-3 activity was quantified as the rate of production of the
fluorogenic 7-amino-4-methylcoumarin (AMC, Cat#257370, Sigma-Aldrich) following the
cleavage of the caspase-3 substrate, Ac-DEVD-AMC (Cat#ALX-260-031-M005, Enzo Life
Sciences), while caspase-9 activity was determined as the rate of production of the fluorogenic 7-
amino-4-(trifluoromethyl)coumarin (AFC, Cat#248924, Sigma-Aldrich) following the cleavage of
the caspase-9 substrate, Ac-LEHC-AFC (Cat#ALX-260-116-M005, Enzo Life Sciences). The
fluorescence intensities were measured at excitation and emission wavelengths of 380 and 460 nm,
respectively, following 1 h incubation at 37°C with the corresponding substrate using a
fluorescence microplate reader (BioTek, Synergy H1, Winooski, US). The activity was then
calculated using a linear standard curve created with AMC or AFC standards for caspase-3 or -9,

respectively, and normalized to the protein concentration in each sample.

5.2.10. Thioflavin T binding assay

To confirm the induction of ER stress during IR injury, the extent of protein aggregation
was measured in insoluble fractions obtained from heart extracts using the thioflavin T (ThT)
binding assay [498]. For insoluble protein extraction, the pellet obtained from the first step of the
subcellular fractionation was resuspended in aqueous buffer (20 mM Tris, 100 mM NaCl, 0.1%
proteinase inhibitor cocktail; Cat#P8340, Sigma-Aldrich) and centrifuged at 20,000 g for 20 min
at 4°C. Then the pellet was carefully resuspended in detergent buffer (20 mM Tris-HCI, 100 mM
NaCl, 0.1% SDS, 1% sodium deoxycholate, 1% Igepal, 0.1% proteinase inhibitor cocktail, pH 7.6)
and incubated with benzonase nuclease (65 units/mL, Sigma-Aldrich) for 5 min to remove nucleic
acids that may interfere with ThT, followed by centrifugation at 20,000 g for 20 min at 4°C. The

detergent-insoluble pellet was washed two times with aqueous buffer to remove any residual
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detergent that may interfere with the assay. Finally, the pellet was resuspended in aqueous buffer

and used as the insoluble protein fraction.

The extent of protein aggregation in heart extracts was determined by measuring the ability
of ThT to bind to aggregated proteins using a fluorometric assay. ThT is a small molecule which
selectively binds to protein aggregates to give a fluorescent signal. The insoluble protein fractions
obtained from heart ventricles were incubated with 10 uM ThT (Cat#T3516, Sigma-Aldrich)
prepared in assay buffer (10 mM Tris, 150 mM NaCl, pH 7.4), for 30 min followed by measuring
the fluorescence signal at excitation and emission wavelengths of 440 and 490 nm, respectively,
using a fluorescence microplate reader (BioTek, Synergy H1, Winooski, US). The fluorescence
intensity was presented as relative fluorescence units (RFU) and normalized to the protein

concentration of each sample.

5.2.11. Statistics

Data are expressed as the mean = SEM of n independent experiments (where n represents
an individual mouse heart). For multiple comparisons, one-way or two-way ANOVA followed by
Dunnett’s post-hoc test was used (GraphPad Prism version 8, La Jolla, CA, USA). Statistical

significance was considered at p<0.05.

5.3. Results
5.3.1. MMP-2 preferring inhibitors protect against IR-induced cardiac contractile

dysfunction

Hearts subjected to IR injury showed a significant reduction in post-ischemic LVDP

(Figure 5.1 A) and the rates of contraction (dP/dtmax) and relaxation (dP/dtmin) (Figures 5.1 B and
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C) compared to aerobically perfused hearts, indicating impaired contractile function resulting from
IR. The MMP-2 preferring inhibitors, ARP-100 (10 uM) or ONO-4817 (50 uM), significantly

attenuated the reduction in these contractile parameters (p<0.05).

5.3.2. MMP-2 is not involved in the induction of ER stress response during IR injury

To confirm the induction of ER stress response during IR, changes in the mRNA and
protein levels of ER stress markers, GRP78 and PDI, were measured in heart extracts. The mRNA
and protein levels of both GRP78 and PDI in ventricular extracts were significantly higher in hearts
subjected to IR compared to aerobic controls, confirming the induction of ER stress during IR.
ARP-100 or ONO-4817 did not significantly affect the increase in GRP78 or PDI, suggesting that
IR-mediated induction of ER stress is independent of MMP-2 (Figures 5.2 A-D). Aerobic hearts
subjected to ARP-100 or ONO-4817 did not show significant changes in GRP78 or PDI protein
levels (Figures 5.4 A and B). The extent of protein aggregation was also measured as an indication
of ER stress using the ThT fluorometric binding assay in insoluble fractions from heart extracts.
The insoluble fraction from IR hearts exhibited higher ThT fluorescence intensity compared to
aerobic controls (p<0.05), indicating the accumulation of misfolded protein aggregates during IR.

However, ARP-100 or ONO-4817 did not significantly affect this increase (Figure 5.2 E).

5.3.3. MMP-2 preferring inhibitors preserve IRE1la protein level after IR injury

To investigate how the UPR is affected in response to ER stress, I measured the changes
in two UPR markers, IREla and PERK. Under our experimental conditions, the protein levels of
both markers were significantly reduced in ventricular extracts from IR hearts compared to aerobic
controls (Figures 5.3 A and B). ARP-100 or ONO-4817 significantly attenuated the reduction in
IREla protein levels compared to IR hearts. However, they did not significantly affect the IR-
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mediated reduction in PERK protein levels (Figures 5.3 A and B), suggesting that the loss in
IREla, but not PERK, may be attributed to the proteolytic activity of MMP-2. IR significantly
increased the mRNA levels of both IRE1a and PERK compared to aerobic controls, and this was

not reduced by the MMP-2 inhibitors (Figures 5.3 C and D).

MMP-2-mediated proteolysis of IRE1a would require their interaction. Therefore, I tested
this possibility using immunoprecipitation. Ventricular extracts from aerobic or IR hearts were
first immunoprecipitated with anti-MMP-2 antibody, followed by immunoblotting for IRE1a. This
showed an interaction between these proteins in the heart. Immunoblotting of these
immunoprecipitates with anti-IREla antibody showed both intact 130 kDa IREla and a lower
molecular weight band of ~ 100-110 kDa, which could be a proteolytic fragment of IREla. No
IREla bands were observed in immunoprecipitates from either aerobic or IR hearts using control

IgG (Figure S.3 E).

IR also significantly increased the mRNA levels of XBP1s compared to aerobic controls,
regardless of MMP-2 inhibition. However, no significant change in XBP1s protein levels in
ventricular extracts was observed amongst the different groups (Figures 5.5 A and B). ARP-100
or ONO-4817 did not cause any change in IREla, PERK or XBP1s protein levels in ventricular

extracts from aerobic hearts (Figures 5.4 C and D and 5.5 C).

The protein levels of both IRE1a and PERK in ventricular extracts from hearts at the end
of reperfusion showed significant linear correlation to cardiac contractile parameters, including

LVDP, dP/dtmax or dP/dtmin (p<0.01 for IRE1a and <0.05 for PERK) (Figure 5.6).
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5.3.4. MMP-2 preferring inhibitors attenuate ER stress-mediated apoptosis during

IR injury

Changes in different regulators of ER stress-mediated apoptosis were measured in
subcellular fractions obtained from hearts subjected to IR injury in order to evaluate the extent of
apoptotic cell death. There was a significant increase in the level of CHOP in the cytosolic fraction
obtained from IR hearts compared to aerobic controls. This increase in CHOP was abolished by
ARP-100 or ONO-4817 (p<0.05) (Figure 5.7 A). The level of Bax was also significantly higher
in the mitochondria-enriched fraction obtained from IR hearts compared to aerobic controls, while
ARP-100 or ONO-4817 attenuated this increase. There was no change in the cytosolic level of
Bax amongst the different groups (Figures 5.7 B and C). The activities of both caspases-3 and -9
were higher in the cytosolic fractions obtained from IR hearts compared to aerobic ones, indicating
an induction of apoptotic signalling, while ARP-100 or ONO-4817 significantly attenuated the
increase in their activities (Figures 5.7 D and E). This was confirmed using immunoblotting,
where both MMP inhibitors prevented the increase in caspase-3 or -9 cleavage compared to IR
hearts, evidenced by the significant reduction in the ratios of cleaved caspase-3/procaspase-3 and
cleaved caspase-9/procaspase-9 by ARP-100 or ONO-4817 (Figures 5.8 A and B). Under aerobic
conditions, neither inhibitor caused significant changes in the levels of CHOP, Bax, caspase-3 or

-9 (Figures 5.8 C and D and 5.9).

5.3.5. IREla is proteolyzed by MMP-2

To investigate the ability of MMP-2 to proteolyze IRE1a, an in vitro proteolysis assay was
performed by incubating ventricular extracts from aerobic hearts with increasing concentrations

of human recombinant MMP-2. This resulted in a significant reduction in the level of endogenous
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IRE1a which was prevented by ARP-100 (Figures 5.10 A and B), indicating that the loss in IRE1a
could be attributed to the proteolytic activity of MMP-2. No lower molecular weight products were
observed using immunoblotting. In silico analysis was used to predict the potential MMP-2
cleavage sites in mouse IREla using Procleave. The predicted amino acids sequences and the
corresponding masses of both N- and C-terminal fragments were also analyzed. A summary of the
top ten cleavage sites is shown in Figure 5.10 C. Positioning these predicted cleavage sites on the
3D structure of mouse IREla shows that, among the top ten cleavage sites, MMP-2 can target
three cleavage sites in the N-terminal luminal region and six cleavage sites in the C-terminal
cytoplasmic region of IREla. Many of these cleavage sites have leucine or isoleucine in the P1’
position which are favored for MMP-2 cleavage as previously reported (Figure 5.10 D) [469].
Cleavage of IRE1a before amino acids 228 in the luminal region or 743 or 786 in the cytoplasmic
region can produce lower molecular weight fragments close to 100 kDa, which is similar to the
detected lower molecular weight band of approximately 100-110 kDa observed in the

immunoprecipitates from ventricular extracts.

5.3.6. MMP-2 preferring inhibitors preserve IRElo during ischemia prior to

progression into myocardial cell death

Similar to IR injury, induction of ER stress was observed in mouse hearts subjected only
to ischemia without reperfusion, as evidenced by the increased level of GRP78 in ventricular
extracts compared to aerobic controls. Similarly, ARP-100 or ONO-4817 did not significantly
affect this increase in GRP78 (Figure 5.11 A). However, no significant change in PDI level was
observed amongst the different groups (Figure 5.11 B). ThT assay also showed no significant
difference in fluorescence intensity amongst the different groups, suggesting no detectable

misfolded protein accumulation during ischemia (Figure 5.11 C). On the other hand, the level of
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IRE1a was also significantly reduced in ischemic hearts compared to aerobic controls. Both ARP-
100 and ONO-4817 attenuated this reduction (p<0.05) (Figure 5.12 A). No significant changes in
the levels of PERK or XBP1s in ventricular extracts were observed amongst the different groups

(Figures 5.12 B and C).

ER stress-mediated apoptotic markers were also measured in mouse hearts subjected to
ischemia. The level of CHOP, an early marker of ER stress-mediated apoptosis, in the cytosolic
fraction was significantly higher in ischemic hearts compared to aerobic ones. This increase was
prevented by ARP-100 or ONO-4817 (p<0.05) (Figure 5.13 A). On the other hand, no significant
changes were observed in Bax level in mitochondria-enriched or cytosolic fractions amongst the
different groups (Figures 5.13 B and C). The activities of both caspases-3 and -9 as well as their
protein levels did not significantly change in the cytosolic fractions amongst the different groups
(Figures 5.13 D and E and 5.14), indicating that the degree of injury during ischemia is not

enough to trigger apoptotic cell death.
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Figure 5.1. MMP-2 preferring inhibitors improve post-ischemic contractile function in
isolated mouse hearts subjected to IR injury. Changes in (A) left ventricular developed pressure
(LVDP), (B) dP/dtmax or (C) dP/dtmin during IR injury in absence or presence of ARP-100 (ARP,
10 uM), ONO-4817 (ONO, 50 uM) or DMSO vehicle (Veh) compared to aerobic control (Aero)
(n=5 hearts per group). *p<0.05 vs. IR+Veh by two-way ANOVA followed by Dunnett’s post-hoc

test.
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Figure 5.2. Myocardial IR injury is associated with ER stress response. (A&B) mRNA
expression of (A) GRP78 and (B) PDI in IR hearts. (C&D) Representative immunoblots (upper
panels) and quantitative measurements (lower panels) of (C) GRP78 and (D) PDI protein levels in
ventricular extracts from IR hearts. Position of molecular weight ladder proteins indicated on the
left. (E) Thioflavin T (ThT) fluorescence intensities in the insoluble fractions obtained from IR
hearts in absence or presence of ARP-100 (ARP, 10 uM), ONO-4817 (ONO, 50 uM) or DMSO
vehicle (Veh) compared to aerobic control (Aero). Values are presented as relative fluorescence
unit (RFU) normalized to protein concentration (n=5 hearts per group). *p<0.05 by one-way
ANOVA followed by Dunnett’s post-hoc test.
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Figure 5.4. MMP-2 preferring inhibitors have no effect on ER stress or UPR markers in
aerobically perfused hearts. Representative immunoblots (upper panels) and quantitative
measurements (lower panels) of (A) GRP78, (B) PDI, (C) IRE1a or (D) PERK levels in ventricular
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ladder proteins indicated on the left.
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Figure 5.5. Changes in XBP1s in hearts subjected to IR injury. (A) mRNA expression of
XBPIs in IR hearts. (B&C) Representative immunoblots (upper panels) and quantitative
measurements (lower panels) of XBP1s protein levels in ventricular extracts from (B) IR or (C)
aerobic hearts in absence or presence of ARP-100 (ARP, 10 uM), ONO-4817 (ONO, 50 uM) or
DMSO vehicle (Veh) (n=5 hearts per group). Position of molecular weight ladder proteins
indicated on the left. *p<0.05 by one-way ANOVA followed by Dunnett’s post-hoc test.
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Figure 5.6. IREla and PERK protein levels correlate with cardiac mechanical function.
Correlation analysis of (A-C) IREla or (D-F) PERK protein levels in ventricular extracts to
LVDP, dP/dtmax, or dP/dtmin at 40 min reperfusion (aerobic; black e, IR+Veh; red m, IR+ARP-100;
blue A, IR+ONO-4817; green V) (n=>5 hearts per group).
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Figure 5.7. MMP-2 preferring inhibitors attenuate ER stress-mediated apoptosis during IR
injury. Representative immunoblots (upper panels) and quantitative measurements (lower panels)
of the levels of (A) CHOP in cytosolic fraction, (B) Bax in mitochondria-enriched fraction or (C)
Bax in cytosolic fraction from IR hearts. Position of molecular weight ladder proteins indicated on
the left. Changes in (D) caspase-3 or (E) caspase-9 activities in cytosolic fractions from IR hearts
in absence or presence of ARP-100 (ARP, 10 uM), ONO-4817 (ONO, 50 uM) or DMSO vehicle
(Veh) compared to aerobic control (Aero) (n=5 hearts per group). *p<0.05 by one-way ANOVA
followed by Dunnett’s post-hoc test.
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Figure 5.8. MMP-2 preferring inhibitors attenuate the IR-induced increase in caspases-3 and
-9 cleavage. Representative immunoblots (upper panels) and quantitative measurements (lower
panels) of (A) pro- and cleaved caspase-3 or (B) pro- and cleaved caspase-9 levels in cytosolic
fraction from IR hearts and (C) pro- and cleaved caspase-3 or (D) pro- and cleaved caspase-9
levels in cytosolic fraction from aerobic hearts in absence or presence of ARP-100 (ARP, 10 uM),
ONO-4817 (ONO, 50 uM) or DMSO vehicle (Veh) (n=5 hearts per group). Position of molecular
weight ladder proteins indicated on the left. *p<0.05 by one-way ANOVA followed by Dunnett’s
post-hoc test.
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Figure 5.9. MMP-2 preferring inhibitors have no effect on CHOP or Bax in aerobically
perfused hearts. Representative immunoblots (upper panels) and quantitative measurements
(lower panels) of the levels of (A) CHOP in cytosolic fraction, (B) Bax in mitochondria-enriched
fraction or (C) Bax in cytosolic fraction from aerobically perfused hearts in absence or presence
of ARP-100 (ARP, 10 uM), ONO-4817 (ONO, 50 uM) or DMSO vehicle (Veh) (n=5 hearts per
group). Position of molecular weight ladder proteins indicated on the left.
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endogenous IRE1a in ventricular extracts (15 pg protein) from aerobic hearts incubated for 1 h at
37°C with MMP-2 in absence or presence of ARP-100 (30 uM), representative of three different
aerobic hearts showing similar results. (B) Quantitative measurement of IREla levels relative to
GAPDH following proteolysis by MMP-2 (n=3 hearts). *p<0.05 by one-way ANOVA followed
by Dunnett’s post-hoc test. (C) In silico analysis of mouse IREla structure showing the top ten
predicted cleavage sites of IRE1a by MMP-2 according to Procleave. (D) 3D structure of modelled
mouse IREla. Squiggles indicate unstructured regions. The blue represents the IREla luminal
region and the green represents the IRE1a cytoplasmic region. The top ten predicted cleavage sites
are shown as purple stick representations.
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Figure 5.11. GRP78 is upregulated during myocardial ischemia. (A&B) Representative
immunoblots (upper panels) and quantitative measurements (lower panels) of (A) GRP78 and (B)
PDI protein levels in ventricular extracts from ischemic hearts. Position of molecular weight ladder
proteins indicated on the left. (C) Thioflavin T (ThT) fluorescence intensities in the insoluble
fractions obtained from ischemic hearts in absence or presence of ARP-100 (ARP, 10 uM), ONO-
4817 (ONO, 50 uM) or DMSO vehicle (Veh) compared to aerobic control (Aero). Values are
presented as relative fluorescence unit (RFU) normalized to protein concentration (n=4 hearts per
group). *p<0.05 by one-way ANOVA followed by Dunnett’s post-hoc test.

177



Ischemia Ischemia

(A) (B)
Aero Veh ARP ONO Aero Veh ARP ONO
100 kDa- 130 kDa-
37 kDa-{ e S s s -GAPDH 37 KDa-| s s S s -GAPDH
1.2+ — . B 1.0 A
* ¥ . " e v
= o m =g
I RN 1R
< " e T & 0.6
O os{| ® . v (0] v
E A E 0.4
W ;5]
o 03 E izl
0.0 . r r 0.0 r T .
Aero Isch Isch Isch Aero Isch Isch Isch
+Veh +ARP +ONO +Veh +ARP +ONO
(C) Ischemia

Aero Veh ARP ONO
55 kDa-|--- — — - |-XBP1s

-GAPDH

37 kDa-| — — ——

1.5
]

A
[ A/
124 ¢ + +
+ | [+
0.9 B
A
. ¥
0.6-
0.3
0.0 T

Aero Isch Isch Isch
+Veh +ARP +ONO

XBP1s/GAPDH

Figure 5.12. MMP-2 preferring inhibitors prevent IREla loss during myocardial ischemia.
Representative immunoblots (upper panels) and quantitative measurements (lower panels) of (A)
IREla, (B) PERK or (C) XBP1s protein levels in ventricular extracts from IR hearts in absence or
presence of ARP-100 (ARP, 10 puM), ONO-4817 (ONO, 50 puM) or DMSO vehicle (Veh)
compared to aerobic control (Aero) (n=4 hearts per group). Position of molecular weight ladder
proteins indicated on the left. *p<0.05 by one-way ANOVA followed by Dunnett’s post-hoc test.
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Figure 5.13. ER stress-mediated apoptosis is not developed during myocardial ischemia.
Representative immunoblots (upper panels) and quantitative measurements (lower panels) of the
levels of (A) CHOP in cytosolic fraction, (B) Bax in mitochondria-enriched fraction or (C) Bax in
cytosolic fraction from ischemic hearts. Position of molecular weight ladder proteins indicated on
the left. Changes in (D) caspase-3 or (E) caspase-9 activities in cytosolic fractions from ischemic
hearts in absence or presence of ARP-100 (ARP, 10 uM), ONO-4817 (ONO, 50 uM) or DMSO
vehicle (Veh) compared to aerobic control (Aero) (n=4 hearts per group). *p<0.05 by one-way
ANOVA followed by Dunnett’s post-hoc test.
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Figure 5.14. Changes in caspases-3 and -9 protein levels during myocardial ischemia.
Representative immunoblots (upper panels) and quantitative measurements (lower panels) of (A)
pro- and cleaved caspase-3 or (B) pro- and cleaved caspase-9 levels in cytosolic fraction from
ischemic hearts in absence or presence of ARP-100 (ARP, 10 uM), ONO-4817 (ONO, 50 uM) or
DMSO vehicle (Veh) compared to aerobic control (Aero) (n=4 hearts per group). Position of
molecular weight ladder proteins indicated on the left.
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5.4. Discussion

I investigated the relationship between MMP-2 activation during myocardial IR injury and
the induction of markers of ER stress-mediated apoptotic cell death and how MMP-2 affects the
UPR proteins, IREla and PERK, in this setting. Our data shows that both IREla and PERK are
downregulated during IR, while only IREla is downregulated during ischemia alone. The loss in
IRE1a but not PERK during IR could be attributed to the proteolytic activity of MMP-2. Although
MMP-2 seems not to be involved in the induction of ER stress response or misfolded protein
aggregation during IR, MMP-2 contributes to the progression of apoptosis resulting from persistent
ER stress which can be linked to the reduction in IRE1a. I reveal that inhibition of MMP-2 activity
preserves IRE1a level, attenuates ER stress-mediated cell death and thereby improves the recovery

of cardiac contractile function post-IR. A schematic representation of this is shown in Figure 5.15.

It is well established that MMP-2 is activated during myocardial IR injury. MMP-2 is
expressed in its zymogen form inside the cell as it possesses a pro-peptide domain which binds to
the catalytic zinc in its active site, rendering it inactive [19]. In response to enhanced oxidative
stress during IR injury, MMP-2 gets activated by the action of peroxynitrite-induced cysteine S-
glutathiolation which induces conformational changes that expose its active site [43, 44]. |
previously showed that MMP-2 is activated in isolated mouse hearts subjected to IR injury under
the same experimental conditions I used in this study [496]. Consistent with previous reports [8,
9], our data showed that MMP-2 contributes to the resulting cardiac contractile dysfunction during
IR, as the MMP-2 preferring inhibitors, ARP-100 or ONO-4817, improved the post-ischemic
recovery of cardiac contractile parameters that deteriorated in response to IR. As reported, this is
attributed to MMP-2-associated proteolysis of several intracellular proteins that are vital for

cardiac contractile function such as Tnl, titin and myosin light chain 1/MYL3, among others [58].
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In the present study, I focused on how MMP-2 activation during IR affects ER stress and
UPR signalling, considering that MMP-2 is localized near the ER [65]. There is a crosstalk
between ER stress and oxidative stress as both accentuate each other, which raises the question
whether MMP-2 plays a role in the induction of ER stress response and its progression into
apoptosis during IR injury. The process of protein folding depends on the redox status of the ER.
Oxidative stress during IR can trigger protein misfolding and the ER stress response due to an
altered ER redox state [381, 382]. Meanwhile, during ER stress, dysregulation of the disulfide
bonds between cysteine amino acids of polypeptides, results in enhanced oxidative stress via the
biosynthesis of RONS, as the disulfide bond formation is highly sensitive to the redox balance in
the ER. RONS are formed as byproducts due to the electron transfer from the peptide sulfhydryl
group to molecular oxygen. ER stress also induces mitochondrial dysfunction which itself

increases mitochondrial RONS production [499].

Myocardial IR injury is known to be associated with ER stress [384, 500]. Our data showed
that IR increased the mRNA and protein levels of the ER chaperones GRP78 and PDI, which act
as ER stress sensors, indicating that ER stress was induced. This is consistent with previous studies
reporting increased expression of GRP78 in neonatal rat ventricular cardiomyocytes subjected to
hypoxia and reoxygenation [501], as well as in isolated perfused mouse hearts subjected to IR
injury [388]. PDI was also reported to be upregulated in infarcted mouse hearts caused by
permanent occlusion of the left anterior descending coronary artery [502]. Using the ThT binding
assay, | found a significant increase in protein aggregation following IR injury, which results from
enhanced oxidative stress, and in turn triggers the ER stress response. However, MMP-2 inhibitors
were unable to attenuate the increases in GRP78 or PDI mRNA or protein levels during IR. They

also did not affect the IR-induced aggregation of misfolded proteins, suggesting that, although
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MMP-2 gets activated during IR, it is not involved in the induction of ER stress response per se or

the process of protein misfolding.

In response to ER stress, the UPR is activated to correct for protein misfolding [492]. This
is known to be accompanied by the increased expression and activation of UPR proteins including
IREla and PERK [341]. Surprisingly, our data showed a profound reduction in both PERK and
IREla protein levels in extracts from mouse hearts subjected to IR injury. However, I found
significant increases in the mRNA levels of PERK, IRE1a and its downstream transcription factor,
XBP1s, in IR hearts, suggesting that the reductions in these markers occur at the protein rather
than the transcriptional level. The changes in IRE1a and PERK may be also dependent on the
duration and degree of IR injury. Although MMP-2 inhibitors did not affect the IR-induced
reduction in the protein level of PERK, they significantly attenuated the loss in IREla. This
suggests that MMP-2 plays a role in the loss in IRE1a, but not PERK. Although IR increased the
mRNA level of XBP1s, its protein level was not significantly different from aerobic controls,
indicating a disruption of UPR signalling during IR which could be due to the reduction in IRE1a.
Using immunoprecipitation I revealed that MMP-2 is associated with IREla in extracts from
aerobic control or IR hearts. Our data also showed that MMP-2 can proteolyze endogenous IRE1a
in ventricular extracts. This was also supported by in silico and 3D crystal structure analyses which
revealed several potential sites in mouse IREla that could be targeted by MMP-2, both in its
luminal and cytosolic domains. Cleavage of IRE1a within the cytoplasmic linker region is reported
to be mediated by caspase in hematopoietic cells in response to ER stress, where the pan-caspase
inhibitor z-VAD-FMK prevented IREla proteolysis [503]. Interestingly, z-VAD-FMK was
reported to exhibit significant MMP-2 inhibitory activity at concentrations commonly used to

inhibit caspase activity [504].
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The duration of ischemia and degree of ER stress could affect the changes in IREla.
Studies showed that although IRE1a signalling is enhanced in response to the ER stress inducers,
tunicamycin or thapsigargin, prolonged exposure to these agents resulted in a reduction in IREla
signalling and disassembly of its clusters [360, 505]. Cardiac-specific knockout of XBP1s in
mouse hearts exacerbated the impairment in contractile function and increased infarct size caused
by IR injury, while its overexpression reversed these changes [387]. Cardiac-specific
overexpression of IRE1a in mouse hearts subjected to transverse aortic constriction also improved
cardiac contractile function [506]. This is consistent with our data showing that the changes in
IREla protein level are significantly correlated to cardiac contractile function. This highlights the
critical importance of maintaining a balanced UPR, particularly in the level of IRE1a, to preserve

contractile function during IR injury.

Persistent ER stress and failure of the UPR to prevent the accumulation of misfolded
proteins induces the transition from an adaptive to a maladaptive UPR which induces apoptotic
cell death [354]. Our data showed that IR injury is associated with the upregulation of CHOP,
increased translocation of Bax from the cytosol to the mitochondria and increased activation of
caspases-3 and -9. These changes during IR indicate the induction of ER stress-mediated apoptosis.
This is consistent with a previous study reporting increased CHOP expression and apoptotic
signalling during IR injury [384]. The induction of apoptosis during IR seems to be MMP-2-
dependent, as MMP-2 inhibitors attenuated all these changes in apoptotic markers. This could be
also linked to the MMP-2-mediated reduction in IREla in response to IR. Lugea et al. reported
that XBP1 deficiency triggers CHOP upregulation and the apoptotic response due to the failure of
UPR to resolve misfolded protein accumulation [371]. Another study also showed that genetic

knockdown of IRE1a in neuronal cancer cells increases CHOP expression and triggers apoptosis
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by mediating mitochondrial dysfunction [353]. Propagation of ER stress-mediated apoptosis could
be contributing to the resulting cardiac dysfunction as several studies reported the association
between CHOP-mediated apoptosis and the development of cardiac diseases including dilated
cardiomyopathy [374], and pressure overload-induced heart failure [373]. Therefore, preventing
ER stress-mediated apoptosis could be another mechanism for the cardioprotective effect of MMP-

2 inhibitors.

As ER stress is reported to be initiated during ischemia even before the start of reperfusion
[380], I investigated the changes in ER stress and apoptotic markers in hearts subjected to ischemia
without reperfusion and how MMP-2 inhibition affects this. Similar to IR, our data shows that
ischemia per se induces an ER stress response, evidenced by the upregulation of GRP78 in
ischemic hearts. However, no significant change was observed in PDI level, suggesting that the
degree of ER stress during ischemia is less prominent compared to IR injury. No significant
difference in protein aggregation was observed between ischemic and aerobic hearts. The increase
in GRP78 during ischemia was also not affected by MMP-2 inhibition, indicating that MMP-2
may not be involved in the induction of ER stress during ischemia. Another similar observation
was the reduction in IRE1a during ischemia which was also reversed by MMP-2 inhibitors, giving
more evidence of a potential MMP-2-mediated proteolytic degradation of IRE1a. Several studies
reported that MMP-2 activity is elevated not only in response to reperfusion by also during
myocardial ischemia [140], skeletal muscle ischemia [507], as well as in pulmonary endothelial
cells subjected to hypoxia [508]. Although it is not clear how MMP-2 is activated during ischemia,
Cadete et al. suggested that this could be attributed to the mild increase in RONS production during
ischemia [140, 509]. Yet, MMP-2 activation and its role in ischemic injury need further

investigation.
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The principal difference in ER stress signalling between IR and ischemia alone was the
progression of the apoptotic response. Although ER stress-mediated apoptosis was observed in our
model of IR injury, mouse hearts subjected to ischemia without reperfusion had only higher levels
of CHOP compared to aerobic ones, while there were no differences in Bax levels or caspases-3
or -9 activities between ischemic and aerobic hearts, despite the reduction in IRE1a. This suggests
that the extent of injury during ischemia is not sufficient to trigger apoptosis. This is also consistent
with our finding that ischemia does not exhibit a noticeable aggregation of misfolded proteins.
However, CHOP, an early apoptotic marker, was still upregulated in ischemic hearts, meaning that
it is highly sensitive to the changes in IRE1a, although this is not reflected in the other apoptotic
markers. This is consistent with previous studies reporting that the changes in CHOP occur faster
than the subsequent changes in caspases and other apoptotic markers considering that CHOP

regulates their expression at the transcriptional level [510, 511].

In conclusion, myocardial IR injury is associated with the induction of the ER stress
response and the UPR. The action of MMP-2 does not involve the induction of the ER stress
response but the proteolysis of the UPR protein IRE1a, which is initiated during ischemia. This
results in the disruption of the UPR and progression of ER stress-mediated apoptotic cell death as
a result of persistent ER stress during IR, eventually leading to contractile dysfunction of the heart.
Inhibiting MMP-2 activity could be a potential therapeutic option to preserve cardiac function and
protect against myocardial cell death in part by preserving IREla and preventing the transition

from adaptive to maladaptive response during ER stress.
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Figure 5.15. Schematic diagram showing the potential role of MMP-2 in ER stress-mediated
cell death during myocardial IR injury. During IR injury, ER stress signalling is initiated with
the upregulation of PDI and GRP78 to induce the UPR evidenced by increased mRNA expression
of PERK, IREla and XBPIs. However, MMP-2 activated during IR targets and cleaves the UPR
protein IREla resulting in disruption of UPR and triggering the upregulation of CHOP with
subsequent translocation of Bax to mitochondria and activation of caspases-3 and -9 to induce
apoptotic cell death, which eventually leads to contractile dysfunction of the heart (Figure was
created using BioRender).
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Chapter VI

Junctophilin-2 Proteolysis and T-Tubule Remodeling Are Consequences of
Matrix Metalloproteinase-2 Activation During Doxorubicin-Induced

Cardiotoxicity

A version of this chapter is under revision in the Journal of Physiology:

Wesam Bassiouni, Brandon Y.H. Chan, Andrej Roczkowsky, Zabed Mahmud, Woo Jung Cho,
Richard Schulz. Junctophilin-2 proteolysis and T-tubule remodeling are consequences of matrix
metalloproteinase-2 activation during doxorubicin-induced cardiotoxicity
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Abstract

Treatment of cancer patients with anthracyclines is known to cause dose-dependent
cardiotoxicity through several mechanisms including oxidative stress. The Schulz lab previously
showed that matrix metalloproteinase-2 (MMP-2) is activated during, and contributes to,
anthracycline-induced cardiotoxicity. An important feature of doxorubicin (DXR)-induced
cardiotoxicity is defective excitation-contraction coupling which is associated with loss of cardiac
junctophilin-2 (JPH-2). JPH-2 is a membrane protein that tethers T-tubules to the sarcoplasmic
reticulum, allowing for calcium-induced calcium release in cardiomyocytes. Here I investigated
the mechanism of JPH-2 loss in DXR cardiotoxicity and demonstrated the effect of MMP
inhibition on JPH-2 cleavage and T-tubule remodeling. C57BL/6J mice were treated with DXR
for 4 weeks with or without the MMP inhibitor (doxycycline) or MMP-2 preferring inhibitor
(ONO-4817). Both inhibitors attenuated DXR-induced cardiac dysfunction. Using electron
microscopy, myocytes in hearts from DXR-treated mice showed abnormally swollen T-tubules
and mitochondria. This was accompanied by JPH-2 cleavage as evidenced by immunoblotting.
MMP inhibitors preserved normal T-tubule and mitochondria structure and prevented JPH-2
proteolysis shown by the reduction in its 63 and 25 kDa cleavage products. Loss of JPH-2 and
impaired calcium transients were also observed in neonatal rat ventricular cardiomyocytes treated
with DXR, while ONO-4817 attenuated these changes. To understand why the electrophoretic
mobility of JPH-2 is slower than its molecular weight, heart extracts were N-deglycosylated with
PNGase F to better resolve it and its cleavage fragments. N-deglycosylation significantly increased
the 75 kDa JPH-2 band from DXR hearts. /n silico analysis predicted cleavage sites between JPH-

2 MORN repeats and within its unstructured region. These results reveal that JPH-2 proteolysis is
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a consequence of MMP-2 activation and highlight a mechanism of the beneficial prophylactic

action of MMP inhibitors in preventing DXR-induced cardiotoxicity.
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6.1. Introduction

Anthracyclines, which include DXR, are a family of chemotherapeutic agents that have
been used since the 1960s for the treatment of different types of tumors such as leukemia,
lymphoma, lung and breast cancers and multiple myeloma [150, 151]. However, their efficacy has
been limited by dose-dependent development of severe, irreversible cardiotoxicity including left
ventricular dysfunction and heart failure, with significant morbidity and mortality [152]. Several
mechanisms underlying DXR-induced cardiotoxicity are proposed, including enhanced oxidative
stress, altered iron metabolism, dysregulation of calcium homeostasis, as well as degradation of
sarcomeric proteins and activation of apoptotic pathways [160]. Although antioxidants,
angiotensin-converting enzyme inhibitors, angiotensin II receptor antagonists, beta-blockers or
alpha-1 receptor agonists have been proposed as cardioprotective agents against DXR-induced
cardiotoxicity, no specific treatment for mitigating myocardial injury has been developed and long-
term cardiac remodeling remains persistent [ 160, 170]. This necessitates the development of better

therapy for management of DXR-cardiotoxicity.

MMPs are a family of zinc-dependent endopeptidases which were first shown to cleave
extracellular matrix proteins under physiological conditions such as angiogenesis and wound
healing as well as pathological conditions including atherosclerosis, cancer metastasis and
myocardial infarction [4, 5, 7]. MMP-2 is ubiquitous and is now recognized to also proteolyze
intracellular proteins during myocardial injury [9]. MMP-2 and its proteolytic targets are found in
several intracellular organelles in cardiomyocytes including the sarcomere, cytoskeleton, nuclei,
mitochondria and the MAM [58]. It is rapidly activated during oxidative stress by the action of
peroxynitrite-induced S-glutathiolation [43], and proteolyzes specific cardiac contractile and

regulatory proteins such as titin, a-actinin, Tnl and myosin light chain 1, resulting in myocardial
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contractile dysfunction [58]. It was shown that MMP-2 is stimulated in cardiomyocytes as a result
of DXR-induced oxidative stress, which also induces the de novo expression of an MMP-2ntT76

[174].

An essential process that controls the contractile function of the heart is excitation-
contraction coupling. Upon depolarization, voltage-gated calcium channels in the plasma
membrane open and allow the influx of extracellular calcium which in turn activates calcium efflux
from the SR via type 2 ryanodine receptors [391, 395]. This calcium-induced calcium release
depends on the action of a family of junctional membrane proteins known as junctophilins (JPH)
which anchor the T-tubules to the terminal cisternae of the SR [411, 412]. The predominant
isoform expressed in cardiomyocytes is JPH-2 [411]. It is localized in close proximity to the Z-
disc region of the sarcomere where MMP-2 is also localized [59], as well as type 2 ryanodine
receptors [413]. Loss of JPH-2 has been reported to be involved in the induction of heart failure in
mice by disrupting junctional membrane complexes and impairing cardiac contractility [419].
Moreover, JPH-2 levels were also lower in patients with hypertrophic cardiomyopathy, which in
turn results in altered calcium homeostasis and impaired excitation-contraction coupling [417].
The Schulz lab identified JPH-2 as a proteolytic target of MMP-2 during IR injury in isolated rat

hearts [70].

The predicted molecular weight of JPH-2 is 75 kDa while it demonstrates an
electrophoretic mobility of approximately 100 kDa in gel electrophoresis [70, 512]. This difference
could be due to post-translational modifications such as N-glycosylation, which targets membrane-
bound proteins [513]. N-glycosylation is reported to have more effects on protein dynamics than
on tertiary structure. It decreases protein conformational and allosteric changes and increases

protein stability by acting as a molecular glue that holds peptide residues together [514].
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Glycosylation also reduces the susceptibility of proteins to proteolytic degradation [515]. Reduced
N-glycosylation is reported to contribute to the progression of dilated cardiomyopathy into heart
failure in mice [516]. It is unknown whether JPH-2 is N-glycosylated and if this could affect its

cleavage by MMP-2.

I investigated whether JPH-2 is proteolytically cleaved by MMP-2 during DXR-induced
cardiotoxicity. I show that MMP-2, activated in hearts from DXR-treated mice, proteolyzes JPH-
2 which contributes to the resulting cardiac contractile dysfunction. I also found that JPH-2 is N-
glycosylated and that MMP-2-mediated cleavage of JPH-2 is independent of its N-glycosylation.
I also show that MMP-2 participates in the DXR-induced abnormalities in T-tubule and
mitochondrial structure in cardiomyocytes as pharmacological inhibition of MMP-2 attenuates

JPH-2 cleavage and preserves their structure during DXR-induced cardiotoxicity.

6.2. Methods

6.2.1. Induction of DXR cardiotoxicity

C57BL/6J mice were injected with DXR (6 mg/kg/wk, i.p., cumulative dose of 24 mg/kg,
Sigma-Aldrich, St. Louis, MO, USA) once per week for 4 weeks. Using this dose, DXR reaches a
plasma concentration of 0.05 pM by 24 h which is seen during its clinical use [517, 518]. Mice
were randomly assigned into control, DXR+Vehicle, DXR+Doxycycline or DXR+ONO-4817
groups. Starting on day 1, both control and DXR-groups were treated daily by oral gavage, for 28
days, with saline or the MMP inhibitor (Doxycycline, 15 mg/kg, Sigma-Aldrich, St. Louis, MO,
USA) or the MMP-2 preferring inhibitor (ONO-4817, 60 mg/kg, Ono Pharmaceutical Co., Osaka,

Japan), prepared in 2% carboxymethyl cellulose. Following that, changes in systolic and diastolic
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function were recorded using echocardiography. These MMP inhibitors showed no adverse effects

when tested in rodents at the same doses in different disease models [110, 519, 520].

6.2.2. Echocardiography

Mice were anesthetized by inhalation of 1.5% v/v isoflurane. Measurements were taken by
transthoracic 2D/M-mode echocardiography using a Vevo 770 high-resolution imaging system
with a 30 MHz transducer (VisualSonics, Toronto, ON, Canada). Left ventricular posterior wall
and interventricular septum thicknesses were measured by obtaining M-mode images. Following
echocardiography, mice were anesthetized by i.p. injection of 240 mg/kg sodium pentobarbital
(Bimeda-MTC Animal Health Inc., Cambridge, ON, Canada). Mice were then euthanized by
bilateral thoracotomy and hearts were rapidly excised and exsanguinated with PBS for further

experiments.

6.2.3. Preparation of ventricular extracts and N-deglycosylation of glycoproteins

Hearts were isolated and frozen at the end of experiment, and the frozen ventricles were
pulverized under liquid nitrogen, weighed and homogenized in 1:10 (w/v) RIPA buffer (Sigma-
Aldrich) containing 0.1% protease inhibitor cocktail by sonication using a microtip equipped
Sonifier 250 (Branson Ultrasonics, Danbury, CT) for 2 min (in cycles of 15 s on, 15 s off) at 4°C.
The homogenate was centrifuged at 10,000 g for 10 min at 4°C and the supernatant, designated as
the ventricular extract, was collected and stored at -80°C. Following that, the total protein

concentration in each sample was measured by BCA assay using BSA as a standard.

In order to test the effect of N-glycosylation on JPH-2 electrophoretic mobility, ventricular

extracts were divided into two halves and one half was subjected to an N-deglycosylation protocol
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using PNGase F (New England Biolab) under denaturing conditions as described by the
manufacturer. Briefly, 15 ug of sample protein was treated with 10X glycoprotein denaturing
buffer (1 ul) and denatured by heating at 100°C for 10 min. Then the following components were
added to the reaction mixture: 10X glyco-buffer (2 pul), 10% NP-40 (2 pl) and PNGase F (2 pl)

and incubated at 37°C for 1 h before being analyzed by immunoblotting.

6.2.4. Isolation and culture of neonatal rat ventricular cardiomyocytes

To investigate the effect of DXR and MMP-2 inhibition on calcium transients, primary
cultures of ventricular cardiomyocytes from neonatal rat hearts were used. Hearts from 2-4 day-
old neonatal Sprague-Dawley rat pups were isolated and placed in ice-cold PBS. The hearts were
rinsed twice, the atria were removed, and then the ventricles were finely minced with scissors. The
minced tissue was washed three times in ice-cold PBS solution and placed in a T25 tissue culture
flask containing ice-cold PBS, collagenase (0.10% w/v), DNase (0.025% w/v), and trypsin (0.05%
w/v), followed by digestion on rotary shaker at 37°C for 30 min. Then digested tissue was
transferred to a 50 mL tube containing 20 mL DMEM/F12 medium supplemented with 20% FBS
and 1% penicillin-streptomycin, followed by centrifugation at 140 g for 1 min at 4°C and the
supernatant was discarded. Digestions were repeated two more times, while collecting the
supernatant fractions. After the final digestion, digested tissue and supernatant fractions were
pooled and centrifuged at 300 g for 7 min at 4°C. The pellet was resuspended in 12 ml of plating
medium (DMEM/F12 medium supplemented with 10% horse serum, 5% FBS and 1% penicillin-
streptomycin) and passed through a 70 um pore size nylon mesh strainer. Cells were plated on cell
culture dishes pre-coated with laminin 24 h prior to plating (Sigma-Aldrich, Oakville, ON,

Canada) at a density of 5x10° cells/mL. Cultured cardiomyocytes were allowed to adhere for 48 h
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prior to the experiment. Cell culture confluency (~80%) and cardiomyocyte beating were

confirmed using a phase-contrast light microscope.

On the day of the experiment, the culture medium was replaced with serum-free medium
and the cells were treated with different concentrations of DXR (0.1-3 uM, Sigma-Aldrich) or
DMSO (vehicle, 0.1% v/v) and incubated for 24 h at 37°C and 5% COa.. Then aliquots of the
conditioned media were collected to measure LDH release. A concentration of 0.3 uM DXR was
chosen for the subsequent experiments where cells were treated with the MMP-2 preferring
inhibitor, ONO-4817 (1 uM) for 2 h followed by treatment with 0.3 uM DXR for 24 h. After
rinsing with PBS, the cells were lyzed by incubating with RIPA buffer for 5 min at 4°C.
Homogenates were centrifuged at 10,000 g for 10 min at 4°C and the supernatant was used as the

cell lysate.

6.2.5. Cytotoxicity determination

Aliquots of serum-free cell-conditioned media (in triplicate) were used to determine
cytotoxicity by measuring LDH release using a CytoTox 96 Non-Radioactive Cytotoxicity Assay

kit (Promega, United Kingdom) as described in Chapter 3 (section 3.2.4).

6.2.6. Measurement of cytosolic calcium using fluorescent microscopy

To measure the changes in cytosolic calcium, neonatal rat ventricular cardiomyocytes were
plated in a 35 mm glass petri dish (MatTek, Ashland, MA, USA) in plating medium. Following
24 h DXR treatment in absence or presence of ONO-4817 in serum-free medium, cardiomyocytes
were treated with Fluo-4 AM (5 uM, Cat#F14201, Invitrogen) for 30 min at 37°C to measure

cytosolic calcium and Hoechst 33342 dye (1 uM, Cat#H3570, Invitrogen) for 10 min at 37°C to
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stain nuclei. Microscopy was performed in phenol-free medium, and recordings were observed at
37°C using a Zeiss Axio Observer Z1 inverted epifluorescence microscope (63x oil objective lens)
and analyzed using Zeiss Zen software. Five fields of cardiomyocytes were randomly selected to
acquire the images from each group. Using time-series image acquisition with 0.5 s intervals,
calcium transients were monitored and recorded as the change in fluorescence intensities (AF)
relative to the minimum fluorescence intensity (Fo) and analyzed using ImagelJ software (Version

1.47v, NIH, USA).

6.2.7. Immunoblotting

For measurement of JPH-2 levels in both PNGase F treated and untreated heart extracts as
well as in lysates obtained from neonatal rat ventricular cardiomyocytes, 15 pg total protein of
heart extracts or 10 pg total protein of cellular lysates was separated on 10% polyacrylamide gels

by electrophoresis as described in Chapter 2 (section 2.6).

The following primary antibodies were used: anti-JPH-2 (1:2000, Cat#40-5300,
ThermoFisher Scientific, Waltham, MA, USA) and GAPDH (1:2000, Cat#2118, Cell Signaling

Technology, Danvers, MA, USA) as a loading control.

6.2.8. Transmission electron microscopy

For conventional transmission electron microscopy, left ventricular tissue was pre-fixed in
a 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 (Electron Microscopy Sciences,
Hatfield, PA, USA) overnight at 4°C followed by post-fixation in a mixture of 2% osmium
tetroxide and 1.5% potassium ferrocyanide in 0.1 M sodium cacodylate buffer for 2 h at room

temperature. The fixed tissue was contrasted by 2% uranyl acetate for 1 h at room temperature and
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Walton’s lead asparate for 30 min at 60°C. The fixed and contrasted tissue was dehydrated in
ascending ethanol series (30, 50, 70, 80, 95, and 100%), embedded in Spurr’s resin (Electron
Microscopy Sciences, Hatfield, PA, USA), and thermally polymerized for 72 h at 70°C. The
polymerized tissue was longitudinally trimmed along the myofilaments and cut using an
ultramicrotome with a diamond knife (DiATOME, Hatfield, PA, USA). 70 nm ultrathin sections
were obtained and transferred to a 200-mesh bare copper grid. The sections were observed with a
JEOL JEM-1400 Plus transmission electron microscope (JEOL USA, Peabody, MA, USA) at 70
KeV with an AMT NanoSprint 12-megapixel CMOS camera (Advanced Microscope Technique,
Woburn, MA, USA). Changes in T-tubule number and surface area, as well as mitochondria

surface area, were quantified using ImagelJ software (Version 1.47v, NIH, USA).

6.2.9. In silico analysis of JPH-2 cleavage by MMP-2

An online tool, CleavPredict, was used to predict mouse JPH-2 cleavage sites by MMP-2
[521]. This online tool is optimized for MMPs and predicts substrate cleavage sites for 11 MMPs
including MMP-2 by using a position weight matrix algorithm. The mouse JPH-2 FASTA
sequence (UniProt ID-Q9ET78) was entered into the CleavPredict query sequence section and
MMP-2 was selected as the protease. The datasets from CleavPredict result from a high-throughput
proteomics technique and proteome identification of preferred protease cleavage sites was used to

determine the substrate specificity profile of MMP-2.

6.2.10. 3D crystal structure analysis

The amino acid sequence of mouse JPH-2 was retrieved from Uniprot (https://uniprot.org).
An X-Ray crystal structure (7RXQ) of N-terminal (1-327) JPH-2 in complex with a CaV1.1
peptide was downloaded from the PDB (https://www.rcsb.org/) [466]. In PDB, only the 3D
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structure of human JPH-2 is deposited, thus, a mouse JPH-2 3D structure was created by homology
modelling using SWISS-MODEL with the 7RXQ template [467]. The missing transmembrane
domain (residues 675-696) was modelled by AlphaFold
(https://alphafold.ebi.ac.uk/entry/095140) [468], with per-residue confidence score between 70
and 90. The intrinsically disordered regions were modeled as squiggles by AlphaFold with very
low pLDDT scores of < 50. The structure was then refined using the KoBaMIN webserver [522]
and was evaluated for quality and validation by SAVES [523]. The top ten predicted cleavage sites
of JPH-2 by MMP-2 were drawn and visualized by PyMOL (v 2.1.1).

6.2.11. Statistics

Data are expressed as mean + SEM (n hearts per group). For multiple comparisons, one-
way ANOVA was used followed by Sidak’s post hoc test using GraphPad Prism 8 (GraphPad

Software, La Jolla, CA, USA). Statistical significance was considered at p values < 0.05.

6.3. Results

6.3.1. MMP inhibitors attenuate DXR-induced systolic and diastolic dysfunction

As shown in Table 6.1, DXR induced both systolic and diastolic dysfunction in the mouse
hearts as evidenced by a significant reduction in ejection fraction, fractional shortening, cardiac
output and E/A ratio. Doxycycline or ONO-4817 significantly improved ejection fraction and
fractional shortening. ONO-4817 significantly improved cardiac output, whereas doxycycline
improved the E/A ratio. This indicates that MMP inhibition attenuates both systolic and diastolic
dysfunction induced by DXR. Doxycycline, but not ONO-4817, also attenuated DXR-induced
cardiac remodeling as seen by preventing the increase in left ventricular internal diameter as well

as the left ventricular posterior wall and interventricular septum thicknesses during systole.

199



Table 6.1. Cardiac function and morphology in control and doxorubicin (DXR)-treated mice

with or without doxycycline (Doxy) or ONO-4817 (ONO) following 28 days of treatment.

Measures Control DXR DXR +Doxy DXR + ONO
(n=6) (n=5) (n=5) (n=6)

Heart Rate (beat/min) 447+14 419+15 454+18 461+10

Body Weight (g) 25.440.6 20.9+0.8% 214407 23.5+0.2%

Systolic Function

Ejection Fraction (%) 60.742.6 47,543 3% 58.142 8" 58.3+1 8"

Fractional Shortening (%) 32.1+1.8 23.5+2.0% 30.2+1.9% 30.2+1.2%

Cardiac Output (mL/min) 18.3+0.8 11.4+1.6* 14.9+1.0 16.3+1.0*

Stroke Volume (mL) 40.9+1.8 29.5+£3.6* 33.1£2.7 35.6£1.7

(LHYSHd'SyStOhC Volume 24.542.4 33.843.6% 23.741.8% 25.0+1.7

LV End-diastolic Volume 68.144.3 59.0+5.3 56.842.8 60.342.7

Diastole (mL)

Diastolic Function

E/A 1.0820.04  0.84+0.07*  1.11%0.10*  0.90+0.03

Mitral A Velocity (mm/s) 351+£31 265+19 290+57 312+37

Mitral E Velocity (mm/s) 501+45 430+32 432474 453+57

Deceleration Time (ms) 20.9+£2.5 23.34£2.3 21.542.9 19.1£1.8

E/E 229.0+1.8 28.643.0 28.245.9 33.8432

Isovolumetric Contraction 11.7+0.6 17.4+1.3% 15.2+1.1 11.5+1 4%

Time (ms)

Isovolumetric Relaxation 20.0+40.7 20.8+1.1 19.140.9 18.3%1.4

Time (ms)

TEI Index 0.7840.04  0.82+0.04 0.86+0.01 0.72+0.04

Morphology

LV Internal Diameter 255¢0.08  2.94£0.13%  2.55:0.12¢  2.60+0.07

Systole (mm)

LV Internal Diameter 3.96£0.11  3.70+0.15 3.6620.08 3.75+0.07

Diastole (mm)

LV Posterior Wall Thickness -\ 1563 09640.05%  1.1440.06"  1.07+0.03

Systole (mm)

LV Posterior Wall Thickness -, 5 0.71£0.03 0.79+0.07 0.74+0.02

Diastole (mm)

Interventricular Septum 128£0.06  0.94:0.08%  127£0.09%  1.05:0.08

Thickness Systole (mm)

Interventricular Septum 0.7940.02  0.69+0.04 0.79+0.05 0.70+0.05

Thickness Diastole (mm)

*p<0.05 vs control, #p<0.05 vs DXR by one-way ANOVA followed by Sidak’s post-hoc test.

LV= left ventricular.
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6.3.2. MMP inhibitors prevent the cleavage of JPH-2 during DXR-induced

cardiotoxicity

Immunoblots for JPH-2 from heart extracts showed no changes in the 100 kDa band
corresponding to full length JPH-2 (Figures 6.1 A and B). Three bands corresponding to putative
lower molecular weight fragments of JPH-2 were observed at 75, 63 and 25 kDa. While there were
no differences in the ratio of the 75 kDa fragment to full length 100 kDa JPH-2 amongst the
different groups (Figure 6.1 C), DXR significantly increased the ratio of both the 63 and 25 kDa
fragments to full length 100 kDa JPH-2 compared to control (Figures 6.1 D and E). The MMP
inhibitors, doxycycline or ONO-4817, prevented the DXR-induced increase in the ratios of 63 and

25 kDa JPH-2 fragments to 100 kDa JPH-2 (Figures 6.1 D and E).

Correlation analysis of the levels of the putative JPH-2 cleavage products and
echocardiographic parameters showed significant negative correlations between the ratios of the
63 or 25 kDa band to 100 kDa band intensities with ejection fraction, fractional shortening, cardiac
output and E/A ratio (Figure 6.2). In contrast, there was no significant correlation between these

echocardiographic parameters and the JPH-2 75 kDa to 100 kDa band intensity ratio.

6.3.3. MMP-2 favors the cleavage of JPH-2 at the joining region between its MORN

repeats

Using CleavPredict, along with the predicted secondary structure of JPH-2, I identified 26
potential cleavage sites in the murine JPH-2 sequence by MMP-2 and calculated the corresponding
masses of both its N- and C-terminal cleavage fragments. I tabulated the ten cleavage sites with
the highest position weight matrix score (Figures 6.3 A and B). Among these, it is evident that
MMP-2 has a preference for leucine in the P1” position, as previously demonstrated [469] (Figure
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6.3 A). As intact JPH-2 in mouse heart extracts runs in gel electrophoresis at higher molecular
weight than expected, the resultant cleavage products of JPH-2 may also appear at molecular
weights higher than calculated. Cleavage before amino acids L213, L223 or L242 would produce
C-terminal fragments approximately corresponding to the apparent molecular weight of 63 kDa,
while cleavage before amino acid S495 can produce a C-terminal fragment approximately
corresponding to the apparent molecular weight of 25 kDa (considering that the cleavage
fragments may also run slower than expected). Positioning cleavage sites on the 3D structure of
mouse JPH-2 shows a preference for MMP-2 proteolysis in its unstructured regions (Figure 6.3
O).

6.3.4. JPH-2 is N-glycosylated

Being a membrane-associated protein [411], JPH-2 may undergo post-translational
modifications such as N-glycosylation that could affect its electrophoretic mobility. I wished to
better understand the disparity between the predicted and the apparent molecular weight of JPH-2
in electrophoresis, and determine whether removal of this post-translational modification would
allow for the detection of JPH-2 cleavage products measured by immunoblotting. In this regard,
N-glycosylation of JPH-2 was tested using PNGase F which deglycosylates proteins.
Deglycosylation with PNGase F revealed a partial mobility shift of JPH-2 from 100 kDa to its
predicted molecular weight of 75 kDa (Figure 6.4 A). There were no significant changes in the
100 kDa JPH-2/GAPDH ratios across all groups, whether glycosylated or deglycosylated (Figure
6.4 B). PNGase F treatment significantly increased the ratio of the 75 kDa band to full length 100
kDa JPH-2 in the DXR-treated groups (Figure 6.4 C). Deglycosylation did not affect the ratios of
the 63 or 25 kDa fragments to 100 kDa JPH-2 (Figures 6.4 D and E). As such, the ratio of the 63

or 25 kDa fragments to 100 kDa JPH-2 remained elevated in the DXR group and were reduced in
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the doxycycline or ONO-4817 groups, whether glycosylated or deglycosylated (Figures 6.4 D and

E).

6.3.5. MMP inhibitors preserve T-tubule shape and size and mitochondria size in

hearts from DXR-treated mice

Transmission electron micrographs of T-tubules in the left ventricular cardiomyocytes
from control hearts revealed normal T-tubules which are distributed along the Z-lines or
perpendicular to them (Figure 6.5 A). Amongst pronounced derangements in sarcomere and
mitochondria ultrastructure [60], DXR hearts also showed the appearance of abnormally large,
swollen T-tubules compared to control, along with T-tubules having normal appearance (Figures
6.5 A and C). The abnormal T-tubule structure was attenuated by doxycycline or ONO-4817,
which revealed normal T-tubules in both shape and size (Figures 6.5 A and C). No noticeable
difference in the total number of T-tubules was observed amongst the different groups (Figure 6.5
B). DXR hearts also exhibited abnormally swollen mitochondria evidenced by the increase in
mitochondria surface area, compared to control, while doxycycline or ONO-4817 preserved

normal mitochondrial size (Figures 6.5 A and D).

6.3.6. MMP inhibition attenuates DXR-induced reduction in JPH-2 and altered

calcium transients in neonatal rat ventricular cardiomyocytes

Neonatal rat ventricular cardiomyocytes treated with DXR for 24 h showed significant
cytotoxicity evidenced by an increase in LDH release at higher DXR concentrations (1 and 3 uM)
and no significant cell death at low DXR concentrations (0.1 and 0.3 uM) (Figure 6.6 A).
Therefore, a concentration of 0.3 pM DXR was used for the subsequent experiments as the highest
concentration that did not show significant cell death. Treatment with DXR (0.3 uM) caused a
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significant reduction in the 100 kDa JPH-2 band in neonatal rat ventricular cardiomyocytes
compared to control. Two lower molecular weight fragments appeared at 75 and 25 kDa with
significant increases in their ratios to full length 100 kDa JPH-2 in DXR-treated cells compared to
control. The MMP-2 preferring inhibitor ONO-4817 prevented the DXR-induced reduction in the
100 kDa JPH-2 as well as the increase in the ratios of 75 and 25 kDa JPH-2 fragments to 100 kDa

JPH-2 (Figures 6.6 B-E).

Cytosolic calcium transients were measured in neonatal rat ventricular cardiomyocytes
treated with 0.3 uM DXR for 24 h. In non-treated myocytes, a rise in cytosolic calcium transients
was observed evidenced by the increase in the peak fluorescence intensity ratio (AF/Fo) calculated
as the difference between the maximum (F) and minimum (Fo) fluorescence intensities relative to
the minimum fluorescence intensity (Fo). DXR significantly reduced the peak AF/Fo compared to

control, while ONO-4817 attenuated this reduction (p<0.05) (Figure 6.7).
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Figure 6.1. MMP inhibitors attenuate JPH-2 cleavage in hearts from DXR-treated mice. (A)
Representative immunoblot showing levels of JPH-2 and its putative cleavage products in
ventricular extracts from mice treated with DXR in absence and presence of doxycycline (DOXY),
ONO-4817 (ONO) or vehicle (VEH). Quantitative measurements of JPH-2 levels are shown for
100 kDa full length JPH-2 (B) or 75 kDa (C), 63 kDa (D) and 25 kDa fragments (E). The 100 kDa
band is normalized to GAPDH and 75, 63 and 25 kDa bands are normalized to 100 kDa JPH-2
(n=5 per group). Position of molecular weight ladder proteins indicated on the left. *p<0.05 by
one-way ANOVA followed by Sidak’s post-hoc test.
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Figure 6.2. The levels of JPH-2 63 and 25 kDa fragments in hearts from DXR-treated mice
are negatively correlated to cardiac functional parameters. Correlation analysis of the levels
of JPH-2 cleavage fragments (75, 63 and 25 kDa) to cardiac echocardiographic parameters
(ejection fraction, fractional shortening, cardiac output and E/A ratio) in hearts from DXR-treated
mice in presence of vehicle (red m), doxycycline (blue A), or ONO-4817 (green V) compared to

JPH-2 25kDa/100kDa

JPH-2 63kDa/100kDa

Ejection Fraction (%)

Fractional Shortening (%)

Cardiac Output (mL/min)

=]
]

P
i

[X]
[=]
1

504

4

3

1

JPH-2 75 kDa

=]
[ ]

=1
L]

r=.0.2237
r’= 0.0501
p=0.3430
0:2 D:4 0:6 0:5 1:0
JPH-2 75kDa/100kDa

(=]

0.0 1.2

0 . o .

ol e w Ay L]
VA “b .

20 ..
r=-0.2210 o

0{ r’=0.0488

oLP 0.3491

0.0 0.2 0.4 0:6 0.8 1.0 1.2

2

2|

1

1

0.0

JPH-2 75kDa/100kDa

5 -

0+ oA
5.4 " B
04

r=-02794 -

r’= 0.0781
p=0.2329

o
1

02 04 06 08 10 12

JPH-2 75kDa/100kDa

51 r=-0.2406

?=0.0579
p=0.3070

0:2 0:4 0:6 013 110
JPH-2 75kDal100kDa

0.0 1.2

control mice (black ®) (n=5 per group). p<0.05 denotes significant correlation.

206



(A) Pl'Position  P4-P4’Site  PWMScore |\ V2SS EMass

(kDa) {kDa)
166 SLSS-LRSE 6.85 17.9 56.7
213 RPQG-LFTR 6.22 22.6 52.1
223 LLGR-LRRS 5.58 23.7 51.0
242 RLSF-LKSE 6.25 25.9 48.8
289 YMGE-WKND 2.76 30.5 44.2
351 RVLP-LKSS 4.37 37.7 37.0
373 RAAA-IARQ, 3.60 40.0 346
495 RPGA-SKDG 3.89 53.2 214
599 PPSP-VSAT 4.69 64.2 10.5
645 EARG-LSKA 3.79 69.0 5.6
Cytoplasmic domain SR
(B) : 213 223 242 495 :: :

|| a-helix | divergent | TM | JPH-2

MORN Repeats
aal 391 430 674 696

" 3Ser495
// \)\' JPH2 (mouse)

Cytoplasmic domain (1-674)
¢ Transmembrane domain (675-696)
© N\
) A\
.,/ 675 _r~J” \
\ ) \
N : )
)
¥ .
- v;’c/ Leu645
Ile3'(5
s
" k
\_‘\)
¥

Figure 6.3. In silico analysis of the predicted cleavage sites within JPH-2 by MMP-2. (A) Top
ten positional weight matrix (PWM) score for MMP-2 cleavage sites within the cytoplasmic
domain of mouse JPH-2 according to CleavPredict. (B) Representative sequence organization of
JPH-2 structure showing 8 MORN repeats interrupted by a joining region along with a-helix
domain, divergent region and C-terminal transmembrane domain. Cleavage sites at P1" 213, 223,
242 and 495 (red arrows in panel B, bold in panel A) were predicted to produce cleavage fragments
with a similar molecular weight observed in DXR hearts by gel electrophoresis. (C) Structure of
mouse JPH-2 (model based on human JPH-2 PDB ID:7RXQ, a-helix: red, B-sheet: yellow and

disordered regions: green). Predicted cleavage sites are shown as pink sticks.
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Figure 6.4. JPH-2 is N-glycosylated in mouse hearts. (A) Representative immunoblot showing
levels of JPH-2 and its putative cleavage products in ventricular extracts from mice treated with
DXR in absence and presence of doxycycline (DOXY), ONO-4817 (ONO) or vehicle (VEH)
followed by in vitro treatment with PNGase F. Quantitative measurements of JPH-2 levels are
shown for 100 kDa full length JPH-2 (B) or 75 kDa (C), 63 kDa (D) and 25 kDa fragments (E).
The 100 kDa band is normalized to GAPDH and 75, 63 and 25 kDa bands are normalized to 100
kDa JPH-2 (n=5 per group). Position of molecular weight ladder proteins indicated on the left.
*p<0.05 by one-way ANOVA followed by Sidak’s post-hoc test.

208



(A) (B)

Control DXR

0.5
0.4+

0.3 e % _:E

0.2 —=
0.1

Average Number of
T-Tubules/pm?

0.0

C VEH DOXY ONO

DXR

Gl

0.254

0.204

0.151

0.10

T-Tubule Surface
Area (um?)

0.05] i

0.00-—=p==

Area (um?)

Mitochondria Surface

Figure 6.5. MMP inhibitors prevent T-tubule and mitochondria derangements in cardiac
myocytes in hearts from DXR-treated mice. (A) Representative transmission electron
micrographs of T-tubules in the left ventricular cardiomyocytes of control and DXR-treated mice
in absence and presence of doxycycline (DOXY) or ONO-4817 (ONO). Representative of more
than 50 images from each group (two different hearts per group). Scale bar = 1 um. (B-D)
Quantitative measurements of the average number of T-tubules per pm? (B), T-tubule surface area
(C), or mitochondria surface area (D) in hearts from control and DXR-treated mice in absence and
presence of doxycycline (DOXY) or ONO-4817 (ONO). The dots in panels C and D are technical
replicates from images obtained from two different hearts per group. No statistical analysis was
done on these images due to the low number of biological replicates.
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Figure 6.6. MMP-2 inhibition attenuates JPH-2 cleavage in DXR-treated neonatal rat
ventricular cardiomyocytes. (A) Lactate dehydrogenase (LDH) assay showing percentage
cytotoxicity in neonatal rat ventricular cardiomyocytes treated with DXR (0.1-3 uM) for 24 h. (B)
Representative immunoblot showing levels of JPH-2 and its putative cleavage products in neonatal
rat ventricular cardiomyocytes treated with 0.3 uM DXR in absence and presence of ONO-4817
(ONO). Quantitative measurements of JPH-2 levels are shown for 100 kDa full length JPH-2 (C)
or 75 kDa (D), and 25 kDa fragments (E). The 100 kDa band is normalized to GAPDH and 75 and
25 kDa bands are normalized to 100 kDa JPH-2 (n=4 per group). Position of molecular weight
ladder proteins indicated on the left. *p<0.05 by one-way ANOVA followed by Sidak’s post-hoc

test.
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Figure 6.7. MMP-2 inhibition improves cytosolic calcium transients in DXR-treated neonatal
rat ventricular cardiomyocytes. (A) Representative images of neonatal rat ventricular
cardiomyocytes stained with Fluo-4 AM (for cytosolic calcium, green) and Hoechst 33342 (for
nuclei, blue) after 24 h DXR treatment in absence or presence of ONO-4817 (ONO). Scale bar =
20 pm. (B) Representative quantitative measurements of the changes in Fluo-4 fluorescence
intensity (AF) in time-series images acquired every 0.5 s relative to the minimum fluorescence
intensity (Fo). (C) Quantitative measurements of the peak changes in Fluo-4 fluorescence intensity
(maximum AF) relative to the minimum fluorescence intensity (Fo) (n=3 per group, 5 fields each).
*p<0.05 by one-way ANOVA followed by Sidak’s post-hoc test.
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6.4. Discussion

I investigated whether JPH-2 is proteolyzed by MMP-2 during DXR-induced
cardiotoxicity and how this contributes to the associated cardiac dysfunction. Here I show that
MMP-2, activated during DXR-cardiotoxicity, cleaves cardiac JPH-2, which anchors the T-tubule
to the SR, into lower molecular weight C-terminal fragments of ~ 63 and 25 kDa which negatively
correlate with parameters of cardiac contractile function. JPH-2 is also found to be partially N-
glycosylated which affects its electrophoretic mobility and results in its appearance higher than its
calculated molecular weight during gel electrophoresis. I also show that DXR-mediated
abnormalities in T-tubule and mitochondria structure as well as cytosolic calcium transients are
attenuated by MMP inhibition. A schematic representation of the speculated role of MMP-2 in

JPH-2 cleavage during DXR-induced cardiotoxicity is shown in Figure 6.8.

MMP-2 plays a dominant role in the pathophysiology of DXR-induced cardiotoxicity. As
the Schulz lab previously showed [60], DXR-induced cardiac dysfunction was attenuated by the
MMP inhibitors doxycycline or ONO-4817. I show here that this effect could be in part attributed
to preserving JPH-2 from proteolytic cleavage. JPH-2 is a membrane-bound protein which is
essential for the tethering between T-tubules and the SR which facilitates excitation-contraction
coupling in cardiomyocytes [416]. This role of JPH-2 was demonstrated in previous studies as
mice with cardiac-specific knockout of JPH-2 exhibited cardiac dysfunction, while its
overexpression restored normal cardiac function in response to pressure overload [421]. JPH-2
protein level was lower in patients with hypertrophic cardiomyopathy and JPH-2 knockdown in
HL-1 cardiomyocytes resulted in impaired excitation-contraction coupling [417], indicating the
importance of JPH-2 for proper cardiac function. In our study, DXR induced the cleavage of mouse

cardiac JPH-2 into putative lower molecular weight fragments of 75, 63 and 25 kDa. MMP-2 may
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be responsible for the cleavage of JPH-2 into the 63 and 25 kDa, but not the 75 kDa fragment, as
the increase in the 63 and 25 kDa fragments in hearts from DXR-treated mice was abolished by
the MMP inhibitor doxycycline as well as MMP-2 preferring inhibitor ONO-4817. The potential
relevance of the 63 and 25 kDa fragments in cardiac dysfunction was emphasized by their
significant negative correlation to several echocardiographic parameters. These findings suggest
that the protective effect of MMP inhibition may be in part attributed to preserving JPH-2 level in
cardiomyocytes. MMP-2-mediated JPH-2 proteolysis was also confirmed in DXR-treated neonatal
rat ventricular cardiomyocytes. MMP-2 was previously reported to be activated by DXR in
neonatal rat ventricular cardiomyocytes [ 174]. Our data shows that MMP inhibition preserves JPH-
2 protein level in DXR-treated neonatal rat ventricular cardiomyocytes and reduces the increase in
the ratios of 75 and 25 kDa fragments to 100 kDa JPH-2. However, there were some discrepancies
between mouse hearts and neonatal rat ventricular cardiomyocytes, as the increase in the 75 kDa
fragment observed in neonatal rat ventricular cardiomyocytes was not observed in mouse hearts,
and the 63 kDa fragment detected in mouse hearts was not observed in immunoblots from neonatal
rat ventricular cardiomyocytes. These discrepancies could be due to the species difference,
molecular weight shifts that occur as a result of post-translational modifications such as N-
glycosylation, or the incomplete development of the contractile machinery in neonatal rat

ventricular cardiomyocytes [524].

The cleavage of JPH-2 into a 25 kDa fragment was observed in mice subjected to transverse
aortic constriction-induced pressure overload, with calpain-2 being suggested to be responsible for
its cleavage as this was accompanied by an increase in calpain-2 protein level [525]. Calpain is
suggested to mediate JPH-2 cleavage in mouse hearts subjected to in vitro or in vivo IR injury as

the loss of JPH-2 was prevented by the calpain inhibitor, MDL-28170, or transgenic
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overexpression of the endogenous calpain inhibitor, calpastatin [526]. However, the role of MMP-
2 in JPH-2 proteolysis cannot be ruled out, as the calpain inhibitors, calpastatin and MDL-28170,

used in these studies were also shown to inhibit MMP-2 activity [443, 527].

In silico and crystal structure analysis of mouse JPH-2 cleavage sites by MMP-2 predicted
that MMP-2 may cleave JPH-2 between G212 and L213, R222 and L223, or F241 and L242 to
produce C-terminal fragments of approximately 63 kDa, and between A494 and S495 to produce
a C-terminal fragment of approximately 25 kDa. These sites lie in the unstructured region of JPH-
2, which is particularly susceptible to proteolytic attack, and three of them have leucine in the P1’
position, which is favored by MMP-2 for cleavage [469]. Using Uniprot sequence align, a
sequence similarity of 97.1% was found between mouse and rat JPH-2. Seven of the top ten
predicted mouse JPH-2 cleavage sites by MMP-2 are also found in rat JPH-2 as shown by in silico

analysis [70].

I also show for the first time that JPH-2 may undergo N-glycosylation in mouse hearts
which affects its mobility during gel electrophoresis, causing it to run slower than its calculated
molecular weight. N-glycosylation occurs as a post-translational modification of membrane-
associated proteins to enhance their stability [514]. Our results show that N-deglycosylation of
JPH-2 by PNGase F significantly increased the ratio of the 75, but not the 63 nor 25 kDa, fragments
to 100 kDa JPH-2 in samples from DXR-treated mouse hearts. This suggests that the 75 kDa band
is likely full length JPH-2 that appeared following its N-deglycosylation, considering that the
predicted molecular weight of JPH-2 is 75 kDa. Therefore, removal of the N-glycan revealed a
partial mobility shift of JPH-2 from 100 kDa to its predicted molecular weight of 75 kDa. This
increase in the 75 kDa band intensity following PNGase F treatment was not reversed by the MMP

inhibitors, confirming that it is not a proteolytic product of MMP-2. On the other hand, the DXR-
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mediated increase in both 63 and 25 kDa fragments can be attributed to the proteolytic activity of

MMP-2, and was not affected by PNGase treatment.

JPH-2 loss is known to induce disruption of the T-tubule-SR interface, which in turn
attenuates excitation-contraction coupling in cardiomyocytes and induces cardiac contractile
dysfunction [419, 528]. Therefore, I investigated the changes in T-tubule structure in response to
DXR-cardiotoxicity. Our data shows that hearts from DXR-treated mice exhibited T-tubule
distension as evidenced by the appearance of abnormally large, swollen T-tubules compared to
control hearts, while inhibition of MMP-2 activity preserved normal T-tubule structure. This
suggests that these changes could be attributed to MMP-2 activation in the heart. This highlights
the beneficial effect of MMP inhibition in improving T-tubule integrity and preventing DXR-
induced cardiac dysfunction. This could be also linked to MMP-2-mediated cleavage of JPH-2 as
cardiac-specific deletion of JPH-2 in mice is reported to impair T-tubule maturation [422, 529]. In
mouse models of hypertrophic or dilated cardiomyopathy, loss of JPH-2 was associated with
impaired systolic function and progressive T-tubule remodeling [418]. Similar results were
observed in vitro, as knockdown of JPH-2 in cultured cardiomyocytes compromised T-tubule
structural integrity and reduced the junctional T-tubule/SR surface area [403, 530]. DXR treatment
is also known to be associated with mitochondrial damage and dysfunction [531, 532].
Interestingly, hearts from mice with cardiac-specific expression of MMP-2n1t76 exhibited swollen
mitochondria with less organized cristae [30]. Our data shows that MMP-2 activation during DXR-
cardiotoxicity contributes to the associated mitochondrial swelling as MMP inhibition preserved
normal mitochondrial structure. This could be also linked to MMP-2-mediated loss in JPH-2 as

JPH-2 is reported in an unreviewed preprint to regulate mitochondrial metabolism and JPH-2
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knockdown in stem cell-derived cardiomyocytes resulted in Mfn-2 downregulation, disruption of

mitochondrial cristae structure, biogenesis and oxidative capacity [533].

DXR-induced cardiotoxicity is known to be associated with impaired excitation-
contraction coupling and calcium transients. DXR treatment of mice resulted in an early reduction
in calcium transient amplitude and a slower calcium decay rate at 2 weeks of treatment, followed
by a late reduction in SR calcium load [425]. Using whole-cell voltage clamp to measure calcium
transients and voltage-gated calcium channel current in cardiomyocytes isolated from adult guinea
pig hearts, DXR treatment for 1 h was reported to reduce calcium-induced calcium release from
the SR [426]. Our data shows that DXR causes a profound reduction in cytosolic calcium transients
in neonatal rat ventricular cardiomyocytes. This reduction was attenuated by ONO-4817,
suggesting that MMP-2 activation by DXR contributes to the impaired calcium signalling. This
reduction in calcium transients by DXR can be partially linked to MMP-2-mediated JPH-2
proteolysis, as JPH-2 is essential for T-tubule-SR interaction and excitation contraction coupling
[414]. Cardiomyocytes from JPH-2 null mice exhibited impaired calcium transients and structural
uncoupling between T-tubule and SR [411]. Similarly, JPH-2 knockdown in HL-1 cardiomyocytes
resulted in reduced intracellular calcium transients [417]. This confirms that MMP-2-mediated
proteolysis of JPH-2 is a major contributor to the DXR-associated impairment in calcium transients

and T-tubule remodeling, eventually resulting in cardiac contractile dysfunction.

In conclusion, our findings reveal a novel mechanism by which MMP inhibitors protect
against DXR-induced cardiotoxicity by preventing the proteolysis of JPH-2. I show that JPH-2 is
N-glycosylated which affects its electrophoretic mobility, and MMP-2, activated in mouse hearts
by DXR, proteolyzes JPH-2 into lower molecular weight fragments of 63 and 25 kDa, which

negatively correlate to cardiac function. I also show that MMP inhibition preserves normal T-
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tubule and mitochondrial structure in DXR hearts as well as calcium transients in neonatal rat
ventricular cardiomyocytes. Our data provides further insight into the cardioprotective
mechanisms of MMP inhibitors and suggests new possible therapeutic options for the treatment of

DXR-induced cardiotoxicity.
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Figure 6.8. Schematic representation of the role of MMP-2 in JPH-2 cleavage during DXR-
induced cardiotoxicity. MMP-2 activation results in proteolysis of JPH-2 which is essential for
the close association between the T-tubule and sarcoplasmic reticulum (SR). Cleavage of JPH-2
reduces calcium release from the SR and subsequently impairs excitation-contraction coupling that
eventually leads to cardiac contractile dysfunction.
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7.1. Conclusions

I discovered, in the present thesis, novel mechanisms of MMP-2-mediated cardiac
contractile dysfunction during two critical cardiac conditions: myocardial IR injury and DXR-
induced cardiotoxicity. These mechanisms involve targeting and proteolyzing specific proteins
localized at the interface between the ER and mitochondria known as the MAM. As a part of the
pathophysiological role of MMP-2, I introduced new potential MMP-2 proteolytic targets
including Mfn-2 in the mitochondria and IRE1a in the ER. MMP-2-mediated loss in these proteins
during IR injury resulted in mitochondrial dysfunction, impaired UPR and ER homeostasis,
induction of the inflammasome response as well as an enhanced ER stress-mediated apoptotic
response, which ultimately led to myocardial cell death and cardiac contractile dysfunction. I also
revealed that JPH-2, which is known to be a proteolytic target of MMP-2 in IR injury, is also
cleaved by MMP-2 during DXR-cardiotoxicity, resulting in T-tubule remodeling, impaired

calcium handling and cardiac contractile dysfunction.

Cardiac diseases comprise the first leading cause of death worldwide [115]. Myocardial IR
injury and anthracycline-induced cardiotoxicity are two major cardiac pathologies, and the
pathophysiology of these conditions is not well understood. Despite the numerous studies that
provide potential therapeutic options for the management of these conditions in the past decades,
most of the pre-clinical trials failed to be translated into clinical practice, as many of the provided
therapies act mainly via alleviating the symptoms or targeting a single pathway that contributes to
the disease progression [121, 534]. That is why understanding the precise molecular mechanisms
that contribute to the pathophysiology of these cardiac conditions is critical to provide new and

effective therapy and limit the morbidity and mortality associated with them.
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MMP-2 has been revealed to be an important downstream mediator of the
pathophysiological changes occurring during myocardial IR injury and DXR-induced
cardiotoxicity [58, 60], being activated intracellularly in response to oxidative stress [43, 44].
Additionally, the constitutively active intracellular isoform of MMP-2, MMP-2nt1176, 1S known to
be transcriptionally upregulated in these cardiac disorders [30, 60]. Full length MMP-2 is reported
to be localized to the MAM [65], while MMP-2nt176 is reported to be found in the
intermembranous space of mitochondria [30, 64], which suggests a potential role of MMP-2 and/or
MMP-2n1176 1n the dysregulation of mitochondrial and ER/SR functions during oxidative stress
and cardiac injury. Therefore my main focus, in the present work, is to understand the role of

MMP-2 in mitochondrial and ER/SR dysregulation.

As mitochondria play a fundamental role in regulating apoptosis via AIF processing and
release [282], the role of MMP-2 in AIF cleavage was investigated in human tumor fibrosarcoma
cells as an MMP-2 expressing cell line. I showed that MMP-2 is activated during STS-induced
cytotoxicity as an early event prior to the induction of cell death. However, under our experimental
conditions, MMP-2 does not seem to be involved in STS-mediated release and cleavage of
mitochondrial AIF which mediates caspase-independent apoptosis. Our data also showed that
STS-induced AIF cleavage is calpain-independent. The precise role of MMP-2 during STS-
induced cytotoxicity and the actual protease responsible for AIF cleavage remain to be

investigated.

Although MMP-2 is not involved in mitochondrial AIF processing, it plays other roles in
the regulation of mitochondrial function and homeostasis. I showed that MMP-2 is involved in the
pathophysiology of mitochondrial dysfunction during myocardial IR injury. A proposed

mechanism is by targeting and proteolyzing Mfn-2, an important mitochondrial protein that
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regulates their function, which is localized at the MAM [195], where MMP-2 is also found. Mfn-
2 is essential for mitochondrial fusion and tethering of the ER to mitochondria which in turn is
required for regulation of calcium transit from the ER to mitochondria and the function of the
electron transport chain [195]. I showed that MMP-2-mediated loss in Mfn-2 contributes to the
associated mitochondrial respiratory dysfunction, impaired ATP production and the induction of
the inflammasome response which eventually led to cardiac contractile dysfunction during IR
injury. Mitochondrial dysfunction and inflammation can also trigger myocardial cell death and the
progression into myocardial infarction. Therefore, inhibiting MMP-2 activity can protect against
mitochondrial dysfunction, attenuate the inflammasome activation and reduce the degree of
infarction and cell death during IR injury, in part by preserving mitochondrial Mfn-2. Collectively,
these novel mechanisms contribute to the protective effect of MMP-2 inhibitors against cardiac

dysfunction during IR injury.

Another novel finding of our study is that MMP-2 activation during IR injury can affect
ER homeostasis, the second major function of the MAM, which is required for several cellular
processes in cardiac cells, particularly protein synthesis and folding, when disrupted will trigger
the ER stress response [323]. Although I showed that MMP-2 is not involved in the ER stress
response itself during IR, it can target and cleave the UPR protein IRE1a, being a distinctive ER
stress sensor that is essential for restoring proper protein folding. This in turn impairs the UPR and
enhances ER stress-mediated apoptotic cell death, contributing eventually to the resulting cardiac
contractile dysfunction and myocardial cell death. Therefore, inhibiting MMP-2 activity can
protect against cardiac injury during IR, in part, by preserving IRE1a protein level and attenuating
ER stress-mediated apoptotic response, subsequently preventing the transition from an adaptive to

a maladaptive response.
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Another critical cardiac condition that was investigated in our study is DXR-induced
cardiotoxicity, as MMP-2 is also known to contribute to the cardiotoxic complications associated
with DXR treatment for cancer [60]. I revealed a new mechanism of this pathophysiological role
of MMP-2, particularly by targeting and cleaving the junctional protein, JPH-2, which tethers the
T-tubules to SR. JPH-2 is reported to be targeted by MMP-2 during IR injury [70]. Here I showed
that it is also cleaved by MMP-2 in hearts from DXR-treated mice as well as in neonatal rat
ventricular cardiomyocytes treated with DXR. This in turn resulted in induction of T-tubule
remodeling and mitochondrial swelling. Loss in JPH-2 also impaired cytosolic calcium signalling
which in turn results in cardiac contractile dysfunction. Therefore, inhibiting MMP-2 activity can
preserve JPH-2 protein level, maintain normal T-tubule structure and improve cytosolic calcium
transient which eventually protects against the cardiac contractile dysfunction associated with

DXR treatment.

Previous studies reported that many pharmacological approaches targeting a single
molecule or organelle are not effective for several reasons when tested clinically. These include
age, comorbidities and concurrent medications that may affect mitochondrial function (for review
see [535]). Involvement of other heart cell types such as endothelial cells, fibroblasts and
inflammatory cells as well as other contributors such as oxidative stress and calcium overload in
the pathophysiology of cardiac injury is another factor for the clinical failure of these approaches
[536, 537]. Most of the known current treatments for myocardial IR injury or DXR-induced
cardiotoxicity are reported to exert their cardioprotective effect via acting as antioxidants or
through other mechanisms that are different from their known mechanisms of action such as
reducing apoptosis or inflammation [170, 538, 539]. This means there could be a major player in

the pathophysiology of these cardiac pathologies that is involved in the downstream pathway of
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these therapies and is not uncovered yet. This unique player could be MMP-2. Here I show that
MMP-2 inhibition could protect the mitochondria, attenuate the inflammasome response, reduce
the ER stress-mediated myocardial cell death and preserve normal T-tubule structure and calcium
signalling among several mechanisms for its cardioprotective effect against cardiac injury as
reported in previous studies [58]. As full length MMP-2 is directly and rapidly activated by
oxidative stress and MMP-2nt776 1s translated as an active protease in response to oxidative stress,
MMP-2 can be considered as an early effector of oxidative stress, making it an attractive
pharmacological target. MMP-2 affects several intracellular organelles including the sarcomere,
cytoskeleton, nuclei and mitochondria [58]. Many of the proteolytic targets of MMP-2 in these
organelles are essential for cardiac function. Therefore, MMP-2 inhibition favors cardioprotection
on different downstream effectors that may confer more efficient translational results when using
MMP-2 inhibitors as adjunct therapy. Indeed ONO-4817 was developed as an orally available
MMP-2 preferring inhibitor [94], and is effective not only in IR injury [59] but also in
anthracycline-induced cardiotoxicity [60], which would facilitate its use in clinical trials. Yet
further studies are required to validate the efficacy of ONO-4817 or other MMP-2 inhibitors in
other more relevant models of co-morbid ischemic heart disease and/or anthracycline

cardiotoxicity.

In summary, MMP-2 targets and proteolyzes critical proteins at the MAM including Mfn-
2 and IRE1la during IR injury and JPH-2 during DXR-induced cardiotoxicity. Loss in any of these
proteins contributes to the resulting cardiac contractile dysfunction by impairing the homeostatic
functions of the MAM. Therefore, the use of MMP-2 inhibitors as adjunct therapy during
reperfusion in patients suffering from ischemic heart disease or in cancer patients under DXR

therapy could be promising in protecting against cardiac dysfunction.
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7.2. Limitations

7.2.1. Limitations of Chapter 3

I provided in Chapter 3 evidence of MMP-2 activation in response to STS treatment in
HT1080 cells and that STS-induced mitochondrial AIF release and cleavage is independent of
MMP-2 or calpain. I also used different concentrations of the MMP-2 and/or calpain
pharmacological inhibitors as well as siRNA to knock down MMP-2. Some limitations of this
chapter include the sole use of the STS-treated human tumor HT1080 cells as a model of AIF
cleavage. I did not include primary cells such as cardiomyocytes or other cancer cell lines to get a
better understanding of how AIF is processed. Investigating the involvement of MMP-2 in AIF
cleavage in other models such as myocardial IR injury [540] is warranted. To genetically silence
MMP-2, I used MMP-2 siRNA which only reduces gene expression at the mRNA level and may
induce silencing of off-target mRNAs with complementary sequences. Other approaches such as
CRISPER/Cas9 which completely silences the gene expression at the DNA level would be more

robust [541].

Our data shows that neither MMP-2 nor calpain play a role in STS-induced AIF cleavage.
Although it was not the focus of the study, I did not investigate the involvement of other proteases
such as cathepsins, particularly cathepsins-B, -D and -E which showed high scores in proteolyzing
AIF using in silico analysis. Cathepsins were also reported to mediate AIF cleavage in isolated
mitochondria treated with atractyloside, as discussed earlier [292]. The exact role of MMP-2 in
STS-induced cytotoxicity also remains to be investigated. Furthermore, the identity of the 60 and

45 kDa cytosolic AIF fragment needs to be confirmed using mass spectrometry.

225



7.2.2. Limitations of Chapter 4

Some limitations of Chapter 4 include the use of an in vitro mouse heart model of IR
injury rather than an in vivo model. Although this allows for assessment of contractile function
without the interference of external factors, it excludes the effect of essential regulators of cardiac
function such as hormonal and neuronal modulators [542]. The Krebs-Henseleit solution used in
Langendorff mouse heart perfusion has limited oxygen-carrying capacity and low oncotic pressure
compared to the use of whole blood for perfusion. Therefore it does not completely simulate the
blood-perfused heart [139]. Although the use of constant pressure Langendorff perfusion does not
override the autoregulatory mechanisms of the heart, it is also difficult to achieve a controlled flow
rate while using this mode. This mode does not allow for the study of the effect of low-flow
ischemia on cardiac function [543]. The method of excising the heart and canulating the aorta
increases the vulnerability of the heart to injury and the possibility of preconditioning and may

cause additional stress to the heart [544].

I only used male mice for the whole study which obviates the assessment of sex-related
differences in cardiac injury and how this could affect the role of MMP-2 in mitochondrial
function, considering that some pathological phenotypes are developed in male but not in female
mice, particularly when subjected to IR injury [545]. Hearts from female rats are reported to be
more resistant to damage following oxygen deprivation and develop smaller infarct size following
IR injury compared to males [546, 547]. I did not include female mice in the study because this
will increase the cost required for breeding and maintaining them. Additionally, the age of the
mice will need to be considered as estrogen is reported to have a protective effect against
myocardial IR injury. Therefore, women before menopause are protected against myocardial

ischemia [548, 549].
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Another limitation is the sole use of pharmacological MMP-2 inhibitors rather than genetic
models. Follow-up studies using transgenic mice with cardiac-specific expression of MMP-2nt176
[64] and full length MMP-2 [63] or their knockout mice are necessary to confirm these results.
The use of cardiac-specific Mfn-2 knockout mice would also be helpful to confirm whether the
cardioprotective effect of the MMP-2 inhibitors depends, in part, on preserving Mfn-2 function,

by showing that their cardioprotective effect is lost or impaired in Mfn-2 knockout mice.

Although measuring protein level using immunoblotting is widely used, it relies on the
specificity of the antibody used which detects only a specific epitope in the protein structure.
Therefore some proteolytic products of the cleaved protein may be missed when detected by
immunoblotting. To overcome this problem, I used two different monoclonal antibodies against
Mitn-2, one which binds to residues surrounding Val573, and another one which binds to the C-
terminal portion of Mfn-2. However, no cleavage products were detected, despite observing lower
molecular weight bands with in vitro proteolysis. This could be due to the specificity of the
antibody, or those proteolytic products may undergo further cleavage by MMP-2 itself or other
endogenous proteases. The identity of the putative bands observed with in vitro proteolysis still
needs to be confirmed using mass spectrometry. Additionally, to confirm the precise MMP-2
cleavage site in Mfn-2 structure proposed by in silico analysis, a mouse model of mutant Mfn-2 is
required. However, this was not done in the present work due to the high cost of breeding and
maintenance. Due to the absence of a commercially available antibody against MMP-2ntt76, [
relied on measuring its mRNA level using qPCR, which overlooks the effects of any post-

translational modifications occurring in response to IR injury.

As shown in the Appendix, [ measured the changes in Drp-1 protein level in mitochondria-

enriched and cytosolic fractions obtained from IR hearts. However, a fuller understanding of
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mitochondrial dynamics would also include measuring Drp-1 phosphorylation and its post-

translational modifications in myocardial IR injury [550].

7.2.3. Limitations of Chapter 5

As discussed in section 7.2.2, similar to Chapter 4, the sole use of male mice, the use of
an in vitro model of IR injury rather than an in vivo model, as well as the use of only
pharmacological inhibitors rather than genetic models, are also considered limitations for Chapter

5.

Some other limitations of Chapter 5 include not using a genetic model of IRE1a knockout
mice which would provide more evidence of its involvement in the cardioprotective effect of the
MMP-2 inhibitors, by showing that their cardioprotective effect is lost or impaired in IREla
knockout mice. I measured the changes in the mRNA and protein levels of the UPR proteins IRE1a
and PERK, however, I did not measure the changes in the other UPR protein, ATF6, due to the
difficulty in detecting its level because of it being translocated from the ER to the Golgi and
undergoing proteolytic cleavage in response to ER stress [348]. Measuring the changes in ATF6
would provide a better idea about how UPR is affected during IR injury. Although I found
significant difference in IRE1a and PERK protein levels during IR injury, I did not evaluate the
changes in their activities which require deep investigation of their dependent signalling pathways
such as the changes in the transcription factors XBP1s, elF2a and ATF4 and their localization to
different subcellular compartments, particularly to the nuclear fraction [346, 347, 551]. This would

provide a better understanding of how MMP-2 modulates ER stress and UPR during IR injury.

Although I found a significant reduction in the IRE1a mother band in IRE1a immunoblots
prepared using extracts from IR hearts, or upon incubation with exogenous MMP-2, I did not detect
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lower molecular weight bands. This could be due to the specificity of the antibody, or those
proteolytic products may undergo further cleavage by MMP-2 itself or other endogenous
proteases. Additionally, the identity of the 100 kDa band observed in MMP-2 immunoprecipitates

needs to be confirmed using mass spectrometry.

Measuring ThT binding to aggregated proteins as an indication of ER stress is more robust
when performed by staining living cells or sliced tissue sections compared to in vitro ThT binding
assay which is done using frozen samples and requires isolation of the insoluble proteins [552].
This was not done in the present study as it requires more heart samples or additional experiments
with cultured cardiomyocytes. More reliable, but sophisticated, methods for measuring ER stress
are by measuring ER dilation in tissue using electron microscopy or by ER real-time redox

measurement using ER-targeted redox-sensitive green fluorescent protein [553].

7.2.4. Limitations of Chapter 6

In Chapter 6, I studied the role of MMP-2 in DXR-induced cardiotoxicity using both in
vivo animal model of DXR-treated mice as well as cell model of neonatal rat ventricular
cardiomyocytes treated with DXR. However, a limitation of the use of DXR-treated mice is that
mouse hearts become smaller when treated with DXR instead of developing hypertrophy
compared to what is observed clinically, as cancer patients are known to suffer from dilated
cardiomyopathy as a side effect of anthracycline treatment [554, 555]. The use of neonatal rat
ventricular cardiomyocytes to study DXR toxicity and measure calcium signalling is widely used.
However, compared to neonatal rat cardiomyocytes, the differentiation cycle in adult rat
cardiomyocytes is accompanied by re-expression of the fetal gene program, which means a fetal-

like transcriptional state in response to stress. This in turn mimics the pathological changes
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occurring in human cardiomyopathies [556]. They were not used in the present study as, in their
isolated state, the adult cardiomyocytes are fragile and show significantly high rates of death within
already 24 h of culture. Healthy cardiomyocytes do not beat and the ones which do are already

partially damaged [557].

Other limitations of Chapter 6 include the examination of only male mice which limits the
assessment of sex-related differences in DXR-induced cardiotoxicity. The difference in outcomes
and sensitivities of males and females to DXR treatment is well documented [558]. I also did not
include genetic models with MMP-2 or JPH-2 knockout to confirm the role of MMP-2-mediated
cleavage of JPH-2 in DXR-induced cardiotoxicity, by showing that the cardioprotective effect of
the MMP-2 inhibitors is impaired in JPH-2 knockout mice. Follow-up studies are also required to
confirm the identity of the putative proteolytic products of JPH-2 in both mouse heart and neonatal
rat ventricular cardiomyocytes using mass spectrometry. Upon N-deglycosylation of the
ventricular extracts, a partial mobility shift of JPH-2 from 100 kDa to its predicted molecular
weight of 75 kDa is observed. However, the protein is incompletely N-deglycosylated as a strong
100 kDa band is still detected. This does not allow a full interpretation of the effect of N-
glycosylation on MMP-2-mediated cleavage pattern of JPH-2. Adding more PNGase F or longer

incubation time with the extracts may be required to obtain complete N-deglycosylation.

The changes in mitochondria and T-tubule surface areas, which are quantified in images
obtained using transmission electron microscopy from serial thin sections, are acquired using 2D
images which do not fully reconstitute the 3D nature of these organelles. Therefore some changes
in their structures may be not observed with traditional electron microscopy. Although it is more
expensive and requires a qualified technician to operate, quantifying the area of these organelles

using 3D scanning electron microscopy would be more informative [559, 560]. I was also unable
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to quantify the distance between the T-tubules and SR in the obtained images as the gap between
them is too small (12-15 nm in depth) [561]. Measuring this distance would provide more

information about the effect of JPH-2 loss on the structure of the junctional dyad.

7.3. Future directions

The current thesis provides a potential adjunct therapy to protect against cardiac
dysfunction during ischemic heart disease, particularly myocardial IR injury, as well as during
anticancer therapy with anthracyclines. The data presented in this thesis is obtained using in vitro
and in vivo animal experiments and in vitro cell experiments. The main focus of the thesis is to
uncover new mechanisms contributing to the pathophysiological role of MMP-2 in these cardiac
pathologies and propose novel proteolytic targets of MMP-2 which need to be preserved to protect
the cardiac function, specifically at the MAM. Further studies and future experiments are still

required. Some are summarized in the following points:

7.3.1. Investigate how the mitochondrial quality control proteins other than Mfn-2 are affected
by MMP-2 activation during IR injury. Changes in the expression, activity and localization
of the mitochondrial fission protein, Drp-1, and mitophagy proteins, PINK1 and parkin,
need to be assessed to get a better understanding of mitochondrial regulation during IR.

7.3.2. Investigate the changes in mitochondrial biogenesis in response to MMP-2 activation
during IR, being a crucial regulator of mitochondrial homeostasis. This includes the
assessment of mtDNA and mitobiogenesis proteins.

7.3.3. Study the changes in cardiac metabolism, including glycolysis and fatty acid oxidation

during IR and the involvement of MMP-2 in their regulation using a model of mouse
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7.3.4.

7.3.5.

7.3.6.

7.3.7.

7.3.8.

7.3.9.

7.3.10.

working heart perfusion, to get a better understanding of how MMP-2 affects cardiac
energy metabolism.

Apply in silico screening with the use of computational modeling and molecular docking
to provide more reliable information about MMP-2 targeted cleavage sites in the proposed
mitochondrial and ER proteolytic substrates.

The use of genetic models of Mfn-2, IREla or JPH-2 knockout mice to confirm their role
in the cardioprotective effect of MMP-2 inhibitors during IR injury and/or DXR-induced
cardiotoxicity, by showing that their cardioprotective effect is inhibited by knocking out
these genes.

The use of point mutation to provide additional information about the exact sites targeted
for proteolysis in the protein of interest and whether the targeted amino acid sequence can
be substituted to protect this protein from proteolytic cleavage by MMP-2 without affecting
its function.

Apply the same experimental approaches used in the current study using transgenic mice
with cardiac-specific expression of MMP-2nrtt76.

Apply the same experimental approaches using female and/or aged mice, to allow studying
the effect of sex and aging, respectively, on MMP-2 pathophysiological role in cardiac
injury.

Study the changes in mitochondrial quality control proteins during ischemia prior to
reperfusion and whether MMP-2 inhibition can protect against these changes.

Investigate the effect of MMP-2 activation on mitochondrial dynamics using 3D scanning

electron microscopy.
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To allow better interpretation of these new pre-clinical findings and translating them into

clinical settings, applying similar experimental approaches in other models of cardiac injury, and

in in vivo models and studies in humans are necessary. This can be achieved via a series of future

experiments as follows:

7.3.11.

7.3.12.

7.3.13.

7.3.14.

7.3.15.

Investigate the role of MMP-2 in mitochondrial and ER dysfunctions using an in vivo
model of myocardial IR injury, such as left anterior descending coronary artery ligation in
mice with the oral administration of the MMP-2 inhibitors.

Measure the changes in MMP-2 activity and expression as well as the changes in
mitochondrial and UPR protein levels in samples from patients suffering from myocardial
infarction, using blood samples, atrial appendages or other cardiac tissue biopsies
following heart transplantation.

Investigate the effect of MMP-2-mediated cleavage of JPH-2 on calcium signalling in other
models such as IR injury and how the other calcium handling proteins, such as
mitochondrial calcium uniporter, type-2 ryanodine receptors and Na/Ca?* exchanger, are
affected.

Study the interaction of MMP-2 and inflammasomes in an in vivo animal model of
inflammation such as with lipopolysaccharide-treated mice, with the use of an
inflammasome inhibitor such as MCC950 to evaluate its effect on MMP-2 activity.
Assess the rate of mitochondrial oxygen consumption in cardiac muscle fibers isolated

from human infarct hearts with the introduction of MMP-2 inhibitors.
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A.l. Introduction

Mitochondrial quality control mechanisms are the main regulatory processes that protect
the mitochondria against cellular dysfucntion [225]. They include: mitobiogenesis, mitochondrial
dynamics (fusion and fission) and mitophagy, as discussed earlier [226]. They preserve
mitochondrial function and ensure that there are enough healthy mitochondria to meet the energy
and homeostatic demands of the cell. Therefore, impaired mitochondrial quality control can be

associated with cellular dysfunction such that which occurs in cardiac disease [227].

Among these regulatory mechanisms are mitochondrial dynamics which involve fusion
and fission. Fusion is the merging of two distinct, partially damaged mitochondria to allow the
recycling of undamaged mitochondrial proteins, and is regulated by Mfn-1 and -2 (for outer
mitochondrial membrane fusion) and OPA-1 (for inner mitochondrial membrane fusion) [233,
234]. On the other hand, fission is the division of mitochondria into two separate organelles to
eliminate the damaged segments, and is regulated by Drp-1 [234]. Finally, mitophagy is the
removal of the damaged mitochondria by autophagosome-lysosomal degradation, and is mediated

by the interaction of PINK1 with parkin [242].

Myocardial IR injury is associated with mitochondrial dysfunction, as discussed earlier
[224]. Failure of mitochondrial quality control to protect the mitochondria will result in
accumulation of damaged mitochondria which predisposes cellular dysfunction due to the
induction of mPTP opening, increased RONS production and impaired ATP synthesis [218, 246].
Therefore, keeping an optimal balance amongst the mitochondrial quality control proteins is
critical to protect the mitochondria and, subsequently, prevent cardiac contractile dysfunction

during IR injury.
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Here I investigtaed how specific mitochondrial quality control regualtory proteins are
affected during myocardial IR injury and whether the changes in Mfn-2 and Drp-1 in mitochondria
are dependent on the duration of ischemia and/or reperfusion. I also investigated whether MMP-

2, activated during IR injury, contributes to the associated changes in these proteins.

A.2. Methods

A.2.1. Isolated heart perfusion

Hearts from male C57BL/6J mice were isolated and subjected to in vitro IR injury in

Langendorff perfusion mode as described in Chapter 2 (section 2.2).

To evaluate the changes in mitochondrial protein levels in IR hearts during a shorter period
of ischemia or at early reperfusion, following 40 min of baseline aerobic perfusion, the hearts were
subjected to different durations of ischemia and/or reperfusion as follows: 30 min ischemia and 40
min reperfusion (130-R40), 20 min ischemia and 40 min reperfusion (120-R40), or 30 min ischemia
and 5 min reperfusion (I30-RS5), and compared to hearts perfused aerobically for the same

durations (110, 100 or 75 min, respectively) as controls.

A.2.2. Preparation of ventricular extracts

Frozen heart ventricles were ground, homogenized and subjected to subcellular
fractionation as described in Chapter 2 (section 2.3), to obtain cytosolic or mitochondria-enriched

fractions.
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A.2.3. Immunoblotting

To measure the level of a protein of interest in cytosolic or mitochondria-enriched fractions
obtained from heart ventricles, 30-35 pg total protein was separated on 4-15% SDS-

polyacrylamide gels as described in Chapter 2 (section 2.6).

The following primary antibodies were used: anti-Mfn-2 (1:1000, Cat#9482s, Cell
Signaling), Drp-1 (1:500, Cat#8570s, Cell Signaling), PINK1 (1:500. Cat#ab23707, Abcam),
parkin (1:1000, Cat#2132s, Cell Signaling), a-tubulin (1:2000, Cat#ab7750, Abcam) as a cytosolic
fraction loading control, and VDAC (1:1000, Cat#ab14734, Abcam) as a mitochondria-enriched

fraction loading control.

A.2.4. Statistics

Data are expressed as the mean £ SEM of n independent experiments (where n represents
an individual mouse heart sample). For multiple comparisons, one-way ANOVA followed by
Dunnett’s post-hoc test was used. For the comparison of two groups, unpaired student t-test was
used (GraphPad Prism version 8, La Jolla, CA, USA). Statistical significance was considered

at p<0.05.

A.3. Results

A.3.1. Hearts subjected to shorter ischemia showed improved recovery of cardiac

contractile function

Subjecting mouse heart to a shorter ischemic duration of 20 min (compared to 30 min used
in most other studies in this thesis) resulted in less reduction in post-ischemic recovery of

contractile function (%LVDP baseline 59.26+8.99, n=3) compared to 30 min ischemia (%LVDP
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baseline 26.05+4.61, n=3) and similar results were obtained when measuring the rates of

contraction and relaxation (Figure A.1).

A.3.2. IR-mediated reduction in mitochondrial Mfn-2 level occurs during early

reperfusion and with shorter ischemia

To investigate whether Mfn-2 level in mitochondria-enriched fraction is affected by the
duration of ischemia or the time of reperfusion. I also measured the level of Mfn-2 in the
mitochondria-enriched fractions obtained from hearts perfused for different time points (120-R40,
[30-R40 and 130-R5). In all three IR groups, the level of Mfn-2 in the mitochondria-enriched
fraction was significantly reduced in IR hearts compared to the corresponding aerobic controls
perfused for the same duration regardless of the time of ischemia or reperfusion (p<0.05) (Figures

A2 A-C).

A.3.3. Changes in mitochondrial Drp-1 showed a different pattern than Mfn-2

The pattern of changes in mitochondrial fission protein, Drp-1, was very different than for
Mitn-2. While the level of Drp-1 in mitochondria-enriched fractions was significantly reduced in
IR hearts subjected to 30 min ischemia and 40 min reperfusion (I30-R40) compared to aerobic
controls, its level was significantly upregulated in IR hearts subjected to shorter ischemic duration
of 20 min (I20-R40) as well as at 5 min reperfusion after 30 min ischemia (I30-R5) compared to

aerobic controls (Figures A.2 D-F).
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A.3.4. MMP-2 inhibition preserves mitochondrial and cytosolic Drp-1 levels during

IR injury

In hearts subjected to 30 min ischemia and 40 min reperfusion, the levels of Drp-1 in both
mitochondria-enriched and cytosolic fractions were significantly reduced compared to aerobic
controls. These reductions in mitochondrial or cytosolic Drp-1 levels were significantly attenuated

by the MMP-2 preferring inhibitors, ARP-100 or ONO-4817 (Figures A.3 A and B).

A.3.5. IR induces a reduction in mitochondrial parkin, but not PINK1

In hearts subjected to 30 min ischemia and 40 min reperfusion, there were no significant
changes in the level of the mitophagy protein PINK1 in mitochondria-enriched fractions amongst
the different groups (Figure A.4 A). On the other hand, the level of parkin was significantly
reduced in mitochondria-enriched fractions obtained from IR hearts compared to aerobic controls,
while the MMP-2 preferring inhibitors, ARP-100 or ONO-4817, attenuated this reduction (p<0.05)

(Figure A.4 B).
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Figure A.1. Cardiac contractile function in hearts subjected to IR injury with different
durations of ischemia. Changes in (A) left ventricular developed pressure (LVDP), (B) dP/dtmax,
or (C) dP/dtmin, during IR injury in hearts subjected to 20 or 30 min ischemia followed by 40 min
reperfusion (n=3 hearts per group).
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Figure A.2. Changes in mitochondrial Mfn-2 and Drp-1 levels in hearts subjected to different
durations of ischemia and/or reperfusion. (A-C) Representative immunoblots (upper panels)
and quantitative measurements (lower panels) of Mfn-2 level in mitochondria-enriched fraction
from IR hearts perfused for (A) 30 min ischemia/5 min reperfusion (I30-RS), (B) 20 min
ischemia/40 min reperfusion (120-R40) or (C) 30 min ischemia/40 min reperfusion (130-R40)
compared to aerobic control (Aero). (D-F) Representative immunoblots (upper panels) and
quantitative measurements (lower panels) of Drp-1 level in mitochondria-enriched fraction from
IR hearts perfused for (D) I30-R5, (E) 120-R40 or (F) I130-R40 compared to aerobic control (Aero)
(n=3 hearts per group). *p<0.05 vs. the corresponding aerobic group by unpaired student t-test.
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Figure A.3. MMP-2 preferring inhibitors attenuate IR injury-induced reduction in Drp-1
level. Representative immunoblots (upper panels) and quantitative measurements (lower panels)
of Drp-1 level in (A) mitochondria-enriched fraction or (B) cytosolic fraction from 130-R40 hearts
in absence or presence of ARP-100 (ARP, 10 uM), ONO-4817 (ONO, 50 uM) or DMSO vehicle
(Veh) compared to aerobic control (Aero) (n=5 hearts per group). *p<0.05 by one-way ANOVA
followed by Dunnett’s post-hoc test.
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Figure A.4. MMP-2 preferring inhibitors attenuate IR injury-induced reduction in
mitochondrial parkin. Representative immunoblots (upper panels) and quantitative
measurements (lower panels) of (A) PINK1 or (B) parkin level in mitochondria-enriched fraction
from 130-R40 hearts in absence or presence of ARP-100 (ARP, 10 uM), ONO-4817 (ONO, 50
uM) or DMSO vehicle (Veh) compared to aerobic control (Aero) (n=5 hearts per group). *p<0.05
by one-way ANOVA followed by Dunnett’s post-hoc test.
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A.4. Discussion

As 1 discovered in Chapter 4, MMP-2 activated during IR injury proteolyzes the
mitochondrial fusion protein, Mfn-2. Here I show that both hearts subjected to 20 or 30 min
ischemia followed by 40 min reperfusion had lower levels of mitochondrial Mfn-2 compared to
aerobic controls, although the post-ischemic recovery of cardiac function is higher in hearts
subjected to 20 min ischemia compared to those subjected to 30 min. I showed that, using our
model of the isolated, perfused mouse heart, MMP-2 is activated in hearts subjected to 30 min
ischemia (see Chapter 4), and it is also reported to be activated in rat hearts subjected to 20 min
ischemia which induces stunning injury [8]. Mfn-2 loss also appears to start at early reperfusion
(5 min) after 30 min ischemia. This is consistent with the pattern of intracellular MMP-2 activation
during IR. Peroxynitrite, which activates MMP-2, peaks in heart tissue during IR injury in the first
30 seconds of reperfusion [45], which in turn induces MMP-2 activation within 2-5 minutes of

reperfusion [8].

In contrast to Mfn-2, the changes in mitochondrial Drp-1 levels during IR showed a very
different pattern. Drp-1 is a cytosolic protein and is recruited to the outer mitochondrial membrane
to induce fission in response to stimuli that trigger mitochondrial damage [238, 239]. Our data
shows that Drp-1 is upregulated in mitochondria from hearts subjected to short duration of
ischemia (20 min) as well as at 5 min reperfusion following 30 min ischemia, which could occur
as a cardioprotective effect to protect against mitochondrial damage. This is consistent with
previous studies reporting increased Drp-1 recruitment to mitochondria and its activation during
myocardial IR injury [562, 563]. However, with longer IR duration (30 min ischemia and 40 min
reperfusion), both mitochondrial and cytosolic Drp-1 are downregulated in IR hearts, which could

be a consequence of persistent mitochondrial damage. MMP-2 seems to play a role in Drp-1
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dysregulation during IR injury as MMP-2 inhibition protected against its loss. Whether this is a

direct or indirect effect of the proteolytic activity of MMP-2 requires further investigation.

Another mitochondrial quality control process that could be affected by MMP-2 activation
is mitophagy. Although the level of PINK1 in mitochondria was not affected by IR injury, the
level of mitochondrial parkin was reduced in IR hearts. This could be attributed to the loss in Mfn-
2, as Mfn-2 is required for parkin translocation from the cytosol to mitochondria which in turn
induces mitophagy to get rid of damaged mitochondria [256]. Cardiac-specific knockout of Mfn-
2 in the mouse heart reduced parkin recruitment to mitochondria, resulting in defective mitophagy
[252]. This reduction in parkin was attenuated by MMP-2 inhibition which could be due to
preserving mitochondrial Mfn-2. Further studies are required to understand the role of MMP-2 in

mitophagy.

In conclusion, MMP-2 activated during IR injury contributes to the loss in the
mitochondrial quality control proteins, Mfn-2, Drp-1 and parkin which eventually leads to
mitochondrial and cardiac dysfunction. The changes in mitochondrial Mfn-2, but not Drp-1, during
IR occur rapidly upon reperfusion and with shorter duration of ischemia which is consistent with
the reported pattern of MMP-2 activation during IR. Inhibition of MMP-2 activity can protect

against cardiac contractile dysfunction by preserving mitochondrial quality control proteins.
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