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ABSTRACT
INFLAMMATORY PROTEASES AND CARDIAC REPAIR
POST MYOCARDIAL ISCHEMIA
by Zhao Qi
Master of Science
Temple University, August, 2013
Advisor: Abdelkarim Sabri

Neutrophils are thought to orchestrate myocardial remodeling during the early
progression to cardiac failure through the release of reactive oxygen species,
antimicrobial peptides, and proteases. Although neutrophil activation may be beneficial at
early stages of disease, excessive neutrophil infiltration detrimentally leads to
cardiomyocyte death and tissue damage. The neutrophil-derived serine protease cathepsin
G (CG) has been shown to induce neonatal rat cardiomyocyte detachment and apoptosis
by anoikis1. However the role of inflammatory serine proteases in cardiac remodeling and
cardiac regeneration in-vivo is still unknown. We showed that cardiac injection of
neutrophil derived protease led to early cardiac dilatation and dysfunction characterized
by an increase in matrix metalloprotease (MMP) activation and extracellular matrix
degradation along with an increase in myocyte death by apoptosis. To assess the role of
these serine proteases, we used mice lacking dipeptidyl peptidase I (DPPI), an enzyme
involved in major inflammatory protease activation. DPPI deficient mice demonstrated a
more robust functional recovery after ischemia reperfusion (IR) and myocardial
infarction (MI) injury, as well as significantly reduced myocyte apoptosis, cardiac
ii

dilatation, infarct size and mortality rate. Meanwhile, our data showed increased groups
of cardiac stem cells and proliferating cardiac cells in the MI 7-days DPPI knockout mice.
We also found enhanced DPPI expression in response to pathological stress stimuli in
mice. These findings reveal an unrecognized role of DPPI as a key mediator of postischemia cardiac injury and show that inflammatory derived proteases may contribute to
the pathological cardiac remodeling and cardiac regeneration, and may be considered as
novel target for future therapies.
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CHAPTER 1
INTRODUCTION

General Perspectives of Cardiovascular System
The heart is a hollow muscular pump with four chambers: left atrium, left
ventricle, right atrium and right ventricle. It pumps oxygenated blood to the body from
left ventricle, takes it back through right atrium and pumps the deoxygenated blood to the
lungs from right ventricle, accepts it back to left atrium. The right atrium is the upper
chamber of the right side of the heart. The deoxygenated blood returns to the right atrium
and flows into the right ventricle which pumps the blood through the pulmonary artery to
the lungs for re-oxygenation and removal of carbon dioxide. The newly oxygenated
blood from the lungs flows into left atrium through the pulmonary veins. Through
coordinated contraction of the left atria and suction of left ventricle, blood is flown into
the left ventricle. The left ventricle, which does most of the work of the heart, contracts
synchronously to pump blood to the rest of the body, including the brain, kidneys, liver,
skeletal muscle, and other vital organs. The brain is particularly sensitive to blood
pressure and flow. If the coordinated contraction of heart is stopped for only a few
seconds, blood pressure drops, brain lacks oxygenated blood and consciousness is lost. If
the beating of the heart is lost for more than a few minutes, permanent brain damage and
death ensue.
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General Perspectives of Cardiovascular Diseases
Cardiovascular diseases refers to any disease that affects the cardiovascular
system, principally cardiac disease, vascular diseases of the brain and kidney, and
peripheral arterial disease2, which was the leading cause of death for both men and
women worldwide and includes coronary heart disease, stroke, heart failure, high blood
pressure, diseases of arteries, congenital cardiovascular disease and others3. About
600,000 people die of cardiovascular disease in the United States every year–that’s 1 in
every 4 deaths, among which, coronary heart disease is the most common type of heart
disease, killing more than 385,000 people annually4. It includes myocardial infarction,
angina pectoris and heart failure when preceded by myocardial infarction 5. Myocardial
infarction is one of the most common and severe type.

General Perspectives of Myocardial Infarction and its Possible Outcomes
Myocardial infarction (MI) is commonly known as acute myocardial infarction
(AMI), which starts from a sudden or progressive occlusion of the coronary arteries
leading to the inadequate blood supply to a part of cardiac muscle, causes the cardiac
cells to be damaged or die. The blockage of a coronary artery is often followed by the
rupture of a vulnerable atherosclerotic plaque, which is an unstable collection of
cholesterol and fatty acids and white blood cells in the wall of an artery.
Typical symptoms of acute myocardial infarction include sudden retrosternal
chest pain, shortness of breath, nausea, vomiting, palpitations, sweating, and anxiety.
Important risk factors6 include previous cardiovascular disease, older age, tobacco
smoking, high blood levels of certain lipids (low-density lipoprotein cholesterol,
2

triglycerides) and low levels of high density lipoprotein (HDL) cholesterol, diabetes, high
blood pressure, lack of physical activity and obesity, chronic kidney disease, excessive
alcohol consumption, the use of illicit drugs (such as cocaine and amphetamines), and
chronic high stress levels.
After the acute happening of myocardial infarction, the ischemia and ensuing
oxygen shortage will lead to cardiomyocyte death, mainly through necrosis and apoptosis,
and impaired electrophysiological activity, as shown with elevated ST segment on
electrocardiogram (ECG) and decrease Ejection Fraction or Fraction Shortening on
echocardiography 7, 8. If the conduction system is impaired, patients may have the risk of
arrhythmias, some of which are life threatening, such as atrial fibrillation, ventricular
tachycardia and ventricular fibrillation. This may even lead to ventricular aneurysm or
sudden cardiac arrest.
Beginning with neutrophils, the inflammatory cells are attracted by the local
signal and migrate to the infarct area, incorporate the dead tissue. In order to compensate
for the heart’s architecture and function, scar tissue will form in the infarct area, and
remaining cardiac cells will slowly become hypertrophy. The cardiac fibroblasts are
activated and differentiated into myofibroblasts, leading to collagen production and
extracellular matrix (ECM) accumulation. The size, shape of the heart and contractile
function will be reduced. This is the process of cardiac remodeling. Most of the patients
who survived from an attack of myocardial infarction develop to this.
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Cardiac Remodeling and Heart Failure
Cardiac Myocyte Apoptosis/Necrosis
Apoptosis is the process of programmed cell death (PCD)9, which is activated via
death receptors in the plasma membrane or via permeabilization of the mitochondria and
is characterized as blebbing, cell shrinkage, nuclear fragmentation, chromatin
condensation, and chromosomal DNA fragmentation. Apoptosis produces cell fragments
called apoptotic bodies that phagocytic cells are able to engulf and quickly remove before
the contents of the cell can spill out onto surrounding cells and cause damage, which
generally confers advantages during an organism's life cycle and also happens under
certain biochemical stimuli10. It can be detected by the TUNEL method or measurement
of Caspase-3 activity. Anoikis, which is a special type of Apoptosis, is induced by
anchorage-dependent cells detaching from the surrounding extracellular matrix (ECM)
and lacking of essential signals for growth or survival11.
Necrosis is a form of premature cell death in living tissue that results from acute
cellular injury, such as infection, toxins, or trauma. Unlike apoptosis, necrosis results in
the unregulated digestion of cell components and uncontrolled release of cell death
products into the intracellular space, which characterizes as mitochondrial swelling, cell
rupture, and subsequent inflammatory response in the surrounding tissue12. It can be
detected by measuring the release of lactate dehydrogenase into perfusate.
After the onset of myocardial infarction, acute cardiac cell death occurred in the
area with irreversible ischemia13, 14, and both necrosis and apoptosis contribute to loss of
myocytes15.
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Cardiomyocyte Hypertrophy
After the death of cardiac cells in the infarcted area, remaining cardiomyocytes go
through hypertrophy gradually in order to compensate for the lost cardiac function.
Cardiomyocytes hypertrophy occurs through an increment in cardiomyocyte size,
increasing protein synthesis, and changes in the organization of sarcomeric structure
mediated vial signal transduction pathways such as phosphoinositide 3-kinase (PI3K)/Akt
and NF-κB16, 17. The activation of renin-angiotensin system (RAS) and growth factors
such as transforming growth factor-β1 (TGF-β1) and fibroblast growth factor-2 (FGF2)18 induce hypertrophic growth, fibrosis and the re-expression of the fetal isoforms of
myofibrillar protein genes19, which include atrial natriuretic peptide (ANP), B-type
natriuretic peptide (BNP), β-myosin heavy chain (β-MHC) and skeletal alpha actin
(SKA)20. Also, increased oxidative stress induces the activation of Matrix
metalloproteinase-2 (MMP-2), which further promotes cardiomyocyte hypertrophy and
inflammation21.
Extracellular Matrix Remodeling
The role of Fibroblasts
Besides the changes in cardiomyocytes, after the myocardial ischemia injury, the
quiescent cardiac fibroblasts (CFs), which are the most abundant cardiac cell-type and
maintain the integrity of the extracellular matrix (ECM), are activated and differentiated
into myofibroblasts (myoFbs) under the influence of post-MI mechanical stress,
transforming growth factor β (TGF-β) and various inflammatory signals. The
transdifferentiated myofibroblasts express contractile proteins (such as α-smooth muscle
actin) and produce ECM proteins (such as collagen), proteases and their inhibitors (such
5

as matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs))
regulating ECM accumulation22.
Dying cardiomyocytes release their intracellular contents, which trigger an
inflammatory/reparative response that removes the dead cells and matrix debris and
ultimately heals the heart by forming a collagen-based scar23, and set the stage for
infiltration of reparative leukocytes13. Extensive alterations occurred both in cellular level
and ventricular geometry and function level, which is termed as cardiac remodeling.
Changes in Cellular Level
In the acute phase of cardiac remodeling after MI, Intracellular contents released
from necrotic cells activate innate immune mechanisms, initiating an intense, but
transient inflammatory response. Toll like receptor (TLR)-mediated pathways, the
complement cascade and reactive oxygen generation induce nuclear factor (NF)-κB
activation in resident myocardial cells, leading to chemokine and cytokine synthesis24.
Pro-inflammatory mediators recruit neutrophils and monocytes into the infarcted
myocardium25, which phagocyte dead cells and matrix debris. Macrophages, which
transforms from monocytes, release cytokines and growth factors leading to the
formation of granulation tissue.
When infarct area is cleared from debris, the initial inflammatory wave is
gradually suppressed. Apoptotic neutrophils are phagocytosed by macrophages, releasing
inhibitory

pro-inflammatory

signals.

Cardiac

fibroblasts

transdifferentiate

to

myofibroblasts under the stimulation from Angiotensin II (Ang II), and TGF-β1,
expressing alpha smooth muscle actin (α-SMA) and ECM proteins26, in order to keep
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the infarct contraction and structural integrity. Intense angiogenesis provides more
exchange of oxygen and nutrients for the metabolically active wound.
After the infarct is filled with matrix, fibroblasts turn back to quiescent. Some of
the newly-formed vessels become mature, while others regress27. A dense collagen-based
scar forms in the infarct.
Changes in Tissue Level
Remodeling after myocardial infarction (MI) is a complex biological process that
leads to progressive left ventricular hypertrophy, left ventricular systolic dysfunction, left
ventricular fibrosis and clinical heart failure28.
Within first few days after coronary occlusion, there is acute regional dilatation
and thinning of the infarct zone29, then dead tissue were engulfed by migrating
inflammatory cells and were taken place by scar tissue. The non-infarct area starts to
withstand increased pressure and volume load in order to maintain the appropriate cardiac
output. Over time, the whole chamber becomes dilated, more spherical and the
ventricular wall is thickening. As a result, cardiac function is reduced. The likelihood of
infarcted heart undergoing adaptive adverse remodeling is partially dependent on the size
of the impaired myocardium30.
Cardiac Remodeling Caused by Other Cardiovascular Diseases
Besides acute myocardial infarction, there are a number of causes that also result
in damaged cardiac tissue, increased pressure or volume overload on the heart. Chronic
hypertension, congenital heart disease with intracardiac shunting, some types of
arrhythmia such as chronic atrial fibrillation or intermittent tachycardia and valvular heart
disease may also lead to remodeling, and eventually heart failure. If the original
7

etiologies failed to be controlled, a series of histopathological and structural changes will
occur in the left ventricle, which leads to progressive diminished cardiac function until it
goes to maladaptive phase. This process is similar to the cardiac remodeling and heart
failure developed by myocardial infarction.

General Perspectives of Cardiac Regeneration
Heart Regeneration Paradigm
The heart was once thought to be a terminally differentiated organ without
capacity for regeneration, while the isolation of resident cardiac stem/progenitor cells
based on the expression of stem cell antigens c-kit and/or Sca-1 suggests that the heart
can undergo some level of turnover, which argues against it being a postmitotic organ.31
Stem Cells and Cardiac Regeneration
Although studies have shown the ability of c-kit and Sca-1 positive cells to
possess cardiac fate and generate new heart tissue,32-34 whether adult progenitor cells can
form a significant functionally meaningful number of new cardiomyocytes is heavily
debated.35, 36 Any cardiac regeneration that may take place does appear to be hampered
by a low rate of sustained cell engraftment, which results from subsequent massive death
of cells that have been initially retained in the target tissue.35,

36

Several factors may

contribute to graft attrition including loss of pro-survival signals emanating from cardiac
progenitor cells (CPC) adhesion to ECM or from alteration in ligand-receptor signaling
that are necessary to maintain CPC survival and proliferation.
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Stem Cells Therapy after Myocardial Infarction
Stem cell-derived cardiac cells should resemble original cardiac cell types and be
able to integrate in the damaged heart with a compatible electrophysiological coupling,
suitable vascularization and resistance to immunological rejection.
The intrinsic rate of cardiomyocyte renewal is not sufficient to replenish the large
number of cells lost after MI, so exogenously administered cells with progenitor
properties have been used in order to augment this process. There are several candidate
cell populations. Pluripotent stem cells, such as embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs), can differentiate into all three embryonic germ layers. Ckit and/or Sca-1 positive cells are able to differentiate to all kinds of mesenchymal
derived cells. Cardiosphere-derived cells37 compose of a mixture of cell types in the heart.
Although paracrine factor released from transplanted stem cells is beneficial, the
long term success of regeneration depends on the integration of transplanted stem cell to
the injuried resident myocardium. Different methods for the stem cell delivery are studied,
which include intramyocardial and intravenous injection. Biomaterial application is a
novel method, which act as a healthy ECM environment, supporting the further
angiogenesis, differentiation and maturation of stem cells38. Also, antibody coated drug
targeting directly to the injury site and induce regeneration with indirect mechanisms can
be another therapy direction.
Timing of delivery plays another vital role. Transplantation immediately after MI
allow the anti-apoptotic and immune-modulatory effect favoring cardiac repair from the
early phase, while leading to a low survival rate of donor cells in the ischemic and
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inflammatory conditions39. Delivery at a later time-point might achieve better tissue
repair and make it relatively feasible from clinical aspect.

Factors Affecting Cardiac Repair
Neurohormonal Factors
When infarcted hearts display systolic dysfunction, an adaptive neurohumoral
response occurs in an attempt to maintain normal cardiac output and systemic blood
perfusion. However, if this neurohumoral activation becomes chronic and exaggerated,
which basically regards as the sympathetic nervous system (SNS) and the Renin–
Angiotensin–Aldosterone System (RAAS), the maladaptive cardiac remodeling will be
further intensified and cardiac repair may also be impaired.

10

Figure 1-1: Overview of Systemic and Local Factors Joining the Cardiac
Remodeling. SNS, RAAS and local inflammation mediators are activated during the
cardiac remodeling after MI.

Renin–Angiotensin–Aldosterone System (RAAS)
Various neurohumoral factors affect cardiac repair. Renin–Angiotensin–
Aldosterone System (RAAS) is activated during many pathophysiological conditions but
especially during myocardial ischemia and heart failure. Renin activates the angiotensin-
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converting enzyme that converts angiotensin I to angiotensin II. Angiotensin II (Ang II)
has 4 receptors, AT1 to AT4. The activation of AT1 receptors stimulates fibroblasts
leading to interstitial fibrosis and scar formation. Furthermore, AT1 receptor stimulation
promotes the secretion of aldosterone and norepinephrine. All the above factors increase
afterload, which enhances myocardial oxygen consume and leads to LV hypertrophy40.
Also, Ang II increases protein synthesis in cardiac myocytes, which is a marker of
cardiomyocyte hypertrophy, and Ang II leads to mitogenesis of cardiac fibroblasts, which
differentiate into myofibroblasts and play a major role in cardiac remodeling.
Furthermore, Ang II induces the angiotensinogen and TGF β1 genes, which leads to a
positive feedback of the cardiac hypertrophic response40.
Ang II can be expressed in the heart tissue and can be synthesized through ACEindependent pathway through the activation of chymase, which is a inflammatory serine
protease mainly secreted by mast cells41. Chymase has angiotensin-forming capacity that
is 20-fold higher than ACE and directly activates metalloproteinases41, 42.
In the clinical treatment, the ACE inhibitors and angiotensin receptor blockers
(ARBs) are used to slow down or reverse cardiac remodeling and heart failure. Besides
their normal function, which includes dilating blood vessels to improve blood flow and
decreasing cardiac output, they also block the uptake of Ang II in noninfarcted
myocardium through AT1 receptors, which leads to attenuation of LV remodeling. By
blocking AT1 receptors, the increased Ang II activates AT2 receptors. Activation of AT2
receptors leads to vasodilatation and inhibits cell growth and mitogen-activated protein
kinases that prevent fibrosis43. These are the antihypertrophic effects of RAAS blockade44.
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Even with the utilization of ACE inhibitors or ARBs, full suppression of
aldosterone synthesis can’t be achieved. Aldosterone promotes sodium retention,
increases potassium secretion in the urine, and activates fibroblasts leading to myocardial
and vascular fibrosis45. The function of aldosterone can be blocked by aldosterone
receptor blockers, which will prevent sudden cardiac death (SCD) by adjusting potassium
loss, blocking aldosterone effect on the formation of collagen, and increasing the
myocardial uptake of norepinephrine, which decreases sympathetic activation

28, 46

.

Myocardial fibrosis may increase the risk of ventricular arrhythmias by causing
variations in the conduction routes and times.
Sympathetic Nervous System (SNS)
After myocardial infarction, the sympathetic nervous system (SNS) is activated
early after MI47, and its hyperactivity is often associated with the onset of severe
contractile

dysfunction,

cell

death,

cytokine/

chemokine

production,

and

arrhythmogenesis. Evidences show that both plasma and tissue levels of catecholamine
increase after MI in rats, and norepinephrine turnover also increases, indicating elevated
sympathetic tone in failing hearts. Interestingly, heart rate increases in the acute phase of
MI, but is progressively reduced when cardiac dysfunction has developed47. Autonomic
cardiopulmonary reflexes are impaired after coronary occlusion in rats, and its degree is
related to the extent of cardiac necrosis and to the severity of left ventricle dysfunction48.
At the onset of acute MI, the autonomic reflex changes in the ratio of sympathetic
to vagal ventricular activation, which are the major pathogenic mechanism triggering
post-MI arrhythmias. One of the most harmful types of arrhythmias is ventricular
fibrillation (VF), being the common cause of sudden cardiac death49.
13

Beta-blockers result in a decrease of adrenergic activation after acute MI. Ieda et
al. found that cardiac sympathetic innervation is determined by the balance between
neural chemoattraction and chemorepulsion, both of which are expressed in the heart50.
Prolonged sympathetic activity is directly toxic to the myocardium, causing myocyte
apoptosis. Also, long-term exposure to β-receptor stimulation results in inadequate
cardiac response to sympathetic stimulation in order to increase cardiac output. βBlockade also reduces the concentrations of inflammatory cytokines (TNF-α and
interleukin-1 [IL-1]), which correlate with the development of cardiac remodeling and the
severity of heart failure51. Sympathetic stimulation interacts with the RAAS through its
direct increment of AT II and aldosterone, which promote salt retention in addition to
direct maladaptive effects on remodeling.
Inflammation after Myocardial Infarction
After the onset of myocardial infarction, acute cardiomyocyte necrosis occurred
in the area with irreversible ischemia, which generates damage-associated molecular
patterns (DAMPs), activating complement and Toll-Like Receptor (TLR) signaling and
triggering an intense inflammatory reaction. Infiltrating leukocytes clear the dead cells
and replace them with scar tissue by activating reparative pathways. The inflammatory
cascade together with decreased working myocyte number as well as cardiac function,
drive the development of ventricular remodeling and ventricular dysfunction13.
Chronic inflammation predisposes tissue to adverse cardiac remodeling and
contributes to heart failure (HF) progression. Experimental, clinical, and epidemiological
studies have all demonstrated a strong association between chronic inflammation and HF,
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and many studies have correlated the prolonged presence of proinflammatory
cytokines/chemokines with an increased risk for developing HF. 52, 53
Further, relevant concentrations of these inflammatory molecules mimic the
phenotypes in experimental animals, including left ventricular (LV) dysfunction,
activation of fetal gene expression and cardiac myocyte hypertrophy and apoptosis.
While the mechanisms under which inflammation contributes to cardiac remodeling after
cardiac injury has largely focused on action of reactive oxygen species and
cytokines/chemokines and their roles on myocyte survival and extracellular matrix (ECM)
remodeling, recent evidence showed that leukocytes derived inflammatory serine
proteases (ISPs) may also contribute to adverse cardiac remodeling by affecting several
downstream effectors leading to myocyte death54-57.
Neutrophil

58

is also called as polymorphonuclear granulocytes (PMNs), serve as

key effector cells in the innate immune system. Normally, neutrophil is thought to have
three key functions: producing inflammatory cytokines and chemokines, undergoing a
respiratory burst that stimulates the release of reactive oxygen species, degranulate to
release components for invading microorganisms killing. Nowadays, neutrophils are
found to be involved in multiple non-infectious inflammatory processes, including the
inflammatory response post MI. Following MI, numbers of circulating neutrophils
increase, and the neutrophil to lymphocyte ratio has been reported by Akpek, which can
predict major adverse cardiac events in MI patients58. Within hours post-MI, neutrophils
will mobilize59 into the blood from bone marrow and are recruited to injury sites by the
extravasation primarily in post-capillary venules, where hemodynamic shear forces are
diminished and the vessel wall is thin. The peak of migration is at day 1-3, decline at day
15

5, and are much lowered since day 7. During these processes, neutrophils initiate the
acute phase of inflammatory response by engulfing dead cells and tissue debris,
regulating the early left ventricle remodeling by the recruitment of other inflammatory
mediators and proteinases60. Neutrophil depletion reduces infarct size and the extent of
injury in a canine model61, 62, but increased adverse outcomes in human63. Neutrophils
have been shown to mediate MI-induced cardiac injury and remodeling, but the potential
mechanisms are not well understood.
Neutrophils regulate the post-MI wound healing response starting from its
activation by cytokines and chemokines, and activated neutrophils in turn release
cytokines and chemokines to initiate the other inflammatory component of wound
healing64. Also, neutrophils degranulation releases several proteases that regulate LV
remodeling by modulating immune cell infiltration and function65.
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Figure 1-2: Leukocytes Secrete Inflammatory Serine Proteases. Neutrophil, mast
cell and lymphocytes modulate inflammation by secreting various inflammatory serine
proteases.
17

Neutrophil

granules are sequentially discharged

after being activated.

Inflammatory serine proteases (ISPs) are stored in azurophilic granules and include
cathepsin G (CG), elastase, proteinase 2 and 3, are enzymes known mainly for the
intracellular killing of pathogens. Their extracellular release upon leukocyte activation is
traditionally regarded as the primary reason for tissue damage at the sites of
inflammation28, 66. However, evidence indicates that ISPs may also be key regulators of
the inflammatory response. ISPs cleave and functionally modulate a number of protein
substrates, including clotting factors, neutrophil chemoattractants, and ECM components.
For example, serine proteinases activate the coagulation cascade and platelets to stimulate
thrombus formation67. In addition, they activate and shed specific cell surface receptors
including G protein-coupled protease-activated receptors, which can ultimately modulate
coagulation and tissue remodeling at sites of injury and inflammation68,

69

. Recently,

Sabri et al. found cardiomyocytes as an additional target for ISPs55, 56.
Cathepsin G (CG) manipulates the chemotaxis of neutrophil and monocytes28, 64.
Also, CG is a potent platelet activator and promotes intravascular thrombosis, thus
contributing to the formation of a thrombus clot70. Also, it induced changes in
morphology in neonatal rat cardiomyocytes (NRCMs) that are very reminiscent of the
changes described in endothelial cells, where an initial effect of CG to disrupt
intercellular contacts and expose the underlying ECM is followed by cleavage of ECM
components and deendothelialization71. Further studies emphasized the role of focal
adhesion signaling downregulation as a mechanism whereby CG modulates normal cellECM interactions that are necessary for cell survival56, 57.
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Myeloperoxidase (MPO), which is a key component of the oxygen-dependent
intracellular microbicidal system and being involved in tissue injury and remodeling, is
elevated in MI patients72. MPO is secreted mostly by neutrophils and also in
macrophages, and it accumulates in infarct regions to oxidize proteins and lipids.
Proteinase 3 is stored in both azurophilic and secretory granules58, which induces
endothelial cell apoptosis by caspase-like activity73, cleaves angiotensinogen to generate
angiotensin I and II74, activates proinflammatory factors (e.g., TNF-α, IL-1β, and IL-18),
and degrades extracellular matrix (e.g., fibronectin and collagen IV)75. Proteinase 3 levels
in the plasma are higher in chronic post-MI patients who later die or are re-admitted for
heart failure compared to event-free survivors75. This indicates that proteinase 3 may
exacerbate heart failure and serve as a prognostic marker.
MMP-8 (neutrophil collagenase) is secreted by neutrophils and macrophages76,
which promotes neutrophils migration by degrading collagens77. The quantities of total
and active MMP-8 were shown to be higher in patients with LV rupture than those
without rupture78, indicating that MMP-8 may promote infarct rupture in humans by
degrading collagen.
MMP-9 (gelatinase B) is stored in gelatinase granules and released upon
chemotactic stimulation in neutrophil, and it is also secreted by macrophages, myocytes,
fibroblasts, vascular smooth muscle cells, and endothelial cells76. MMP-9 joins both the
acute phase and later phase after MI by degrading extracellular matrix, promoting
leukocyte cell infiltration and regulating scar formation.
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Inflammation and Cardiac Remodeling, Friend or Foe
Cell death following myocardial infarction (MI) triggers an inflammatory reaction
that clears the wound from dead cells and extracellular matrix (ECM) debris, while
activating reparative pathways necessary for scar formation and setting environment for
the stem cell survival79. Although cardiac remodeling may be beneficial at early stages of
infarct, prolonged and exaggerated remodeling detrimentally leads to extended
cardiomyocyte death and heart failure.
Optimal tissue repair requires timely activation of endogenous inhibitory signals
that suppress inflammatory cascades, while out-of-controlled inflammatory initiation may
lead to catastrophic consequences. An intense infiltration of inflammatory cells and
excessive activity could extend ischemic injury13. Evidences suggest that inflammation
may not increase ischemic cardiomyocyte death, but accentuates matrix degradation
causing myocyte slippage and dilative remodeling13. Thus, inhibition of inflammatory
signals was considered a potentially promising therapeutic target.
There are various STOP signals which could negatively regulate the inflammatory
cascade. The inhibition of certain inflammatory mediators may not salvage a significant
number of cardiac cells, but may preserve chamber dilation and adverse remodeling to
some extent. Bujak, et al proved that loss of IL-1 or MCP-1 signaling attenuated chamber
dilation, but did not reduce the size of the infarct25, 80. Patients with prolonged increases
in circulating levels of pro-inflammatory mediators (such as MCP-1) may have worse
prognosis due to the development of dilative remodeling and may benefit from targeted
inhibition of inflammation. As master regulators of the inflammatory reaction13,
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neutrophils may suppress postinfarction inflammation through their death: clearance of
apoptotic neutrophils by macrophages triggers release of anti-inflammatory mediators81.
Inflammation-induced adverse remodeling of the infarcted heart may be due to
activation of matrix metalloproteinases and subsequent matrix loss, resulting in reduced
tensile strength of the infarct, cardiomyocyte slippage and loss of essential matrix-derived
homoeostatic signals that may support cardiomyocyte survival and function.
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CHAPTER 2
THE ROLE OF INFLAMMATORY PROTEASES AND THE PROTECTIVE
EFFECTS OF THEIR INHIBITION ON CARDIAC REMODELING POST
MYOCARDIAL ISCHEMIA

Abstract
Neutrophils are thought to orchestrate myocardial remodeling during the early
progression to cardiac failure through the release of reactive oxygen species,
antimicrobial peptides, and proteases. Although neutrophil activation may be beneficial at
early stages of disease, excessive neutrophil infiltration detrimentally leads to
cardiomyocyte death and tissue damage. The neutrophil-derived serine protease cathepsin
G (CG) has been shown to induce neonatal rat cardiomyocyte detachment and apoptosis
by anoikis82 through degradation of key proteins involved in cell adhesion and contractile
function. However the role of inflammatory serine proteases in cardiac myocyte death
and cardiac remodeling in-vivo is not known.
In this chapter, we did the cardiac injection of neutrophil derived protease -CG
and investigate its effect on cardiac function and remodeling. We found that cardiac
injection of neutrophil derived protease led to early cardiac dilatation and dysfunction
characterized by an increase in matrix metalloprotease (MMP) activation and
extracellular matrix degradation along with an increase in myocyte death by apoptosis.
Also, we used dipeptidyl peptidase I (DPPI), an enzyme involved in major
inflammatory protease activation, knockout mice. DPPI deficient mice demonstrated a
more robust functional recovery after ischemia reperfusion injury, as well as significantly
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reduced MMP activation, myocyte apoptosis, and cardiac dilatation. We also found
increased DPPI expression in response to pathological stress stimuli in mice. These
findings

reveal

an

unrecognized

role

of

DPPI

as

a

key

mediator

of

postischemic/reperfusion cardiac injury and show that inflammatory derived proteases
may contribute to the pathological cardiac remodeling and constitute novel target for
future therapies.

Introduction
Myocardial ischemia due to vessel occlusion results in loss of cardiac myocytes in
the ischemic zone, which diminishes cardiac contractility and impairs cardiac repair83.
The factors contributing to myocyte loss and cardiac dysfunction are complex and have
not been clearly defined. Both innate and adaptive components of the immune system
are activated shortly after myocardial ischemia or ischemia reperfusion (IR) injury, which
provides an efficient line to remove dead myocytes and initiate cardiac repair81,

83, 84

.

However, excessive inflammation may also result in cardiac damage that limits cardiac
function and may account for heart failure52,

53

. Proinflammatory cytokines and

chemokines, which regulate the sequential recruitment of leukocytes, are frequently
observed in myocardial infarct microenvironment52, 53. Further, relevant concentrations
of these inflammatory molecules mimic many aspects of the phenotype in experimental
animals, including left ventricular (LV) dysfunction, LV dilation, and cardiac myocyte
hypertrophy and apoptosis52, 53, 85. The mechanisms whereby inflammation contributes to
cardiac remodeling after myocardial infarction (MI) has largely focused on action of
reactive oxygen species, cytokines/chemokines, and eicosanoids and their role on
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myocyte growth and extracellular matrix (ECM) remodeling. However, recent evidence
from showed that inflammatory serine proteases (ISPs) may also contribute to adverse
cardiac remodeling by affecting several downstream effectors leading to myocyte loss
and ECM processing54-57.
Inflammatory serine proteases (i.e. cathepsin G (CG), elastase, chymase) are
enzymes known mainly for their function in the intracellular killing of pathogens. Their
extracellular release upon leukocyte activation is traditionally regarded as the primary
reason for tissue damage at the sites of inflammation66. However, evidence indicates that
ISPs may also be key regulators of the inflammatory response. ISPs cleave and
functionally modulate a number of protein substrates, including clotting factors,
neutrophil chemoattractants, and ECM components. In addition, they activate and shed
specific cell surface receptors including G protein-coupled protease-activated receptors,
which can ultimately modulate coagulation and tissue remodeling at sites of injury and
inflammation68,

86

. Recently, we identified cardiomyocytes as an additional target for

ISPs55, 56. Neutrophil serine protease CG induced changes in morphology in neonatal rat
cardiomyocytes (NRCMs) that are very reminiscent of the changes described in
endothelial cells, where an initial effect of CG to disrupt intercellular contacts and expose
the

underlying

ECM

is

followed

by

cleavage

of

ECM

components

and

deendothelialization71. In both cell types, the morphological changes induced by CG are
quite distinct from those induced by thrombin, another serine protease87. Further studies
from our group emphasized the role of matrix metalloprotease (MMP)-dependent
activation of EGF receptor and subsequent focal adhesion signaling downregulation as
mechanisms whereby CG modulates normal cell-cell and cell-ECM interactions that are
24

necessary for cell survival56, 57. ISPs induce myocyte detachment and apoptosis through
degradation of key proteins involved in cell adhesion and contractile function.
Dipeptidyl peptidase I (DPPI) is an enzyme involved in major inflammatory
protease cleavage and activation. Therefore, the blockage therapy or deletion of DPPI
may inhibit the activation of major ISPs, which may play a positive role in the treatment
of cardiac remodeling and cardiac repair after myocardial ischemia injury.

Figure 2-1: Activation of ISPs by DPPI and Prohibited Activation of ISPs by DPPI
Deletion. Inactive pre-proprotease are cleaved and activated to become active form by
DPPI, which plays a vital role. Therefore, gene deletion of DPPI is supposed to inhibit
the activation of ISPs.

25

Materials & Methods
Animal Model
Intra-cardiac Transfer of Cathepsin G to Make Mouse Model with Increased
Inflammatory Proteases in the Heart
A bolus of CG (1 mg/kg, a concentration that is likely to occur in area of
inflammation in-vivo88,

89

) or saline was injected into the heart via a catheter-based

technique to achieve generalized cardiac delivery during transient occlusion of the aorta
and pulmonary artery as previously described90. The chest was closed and the animals
were then sacrificed at 2- and 5- days after injection.
DPPI Gene Deletion Mouse
DPPI knockout (KO) mice were originally developed by homologous
recombination in the 129/C57BL/6 background91. For our studies, we used male DPPI
KO mice and C57BL/6 as wide type controls. Animals were housed under controlled
conditions (22°C, 55–65% humidity, 12 h light–dark cycle) and were allowed free access
to water and a standard laboratory chow. All experimental procedures were performed in
mice that were 10-12 weeks of age and were approved by the Temple University
Committee on Animal Research.
Although DPPI knockout mice contain normal amounts of serine proteases, the
major inflammatory proteases remain unfunctional because the propeptide domain does
not get cleaved from DPPI, leaving the proteases in an inactive state.
Myocardial Ischemia/Reperfusion Injury and Myocardial Infarction Mouse Model
DPPI KO mice and their WT controls were anesthetized with sodium
pentobarbital (60 mg/kg, intraperitoneal injection), tested by the deal withdrawal and
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corneal reflexes. Rectal temperature was maintained at 37.0 (0.1) °C using a servocontrolled heating-pad. After intubation of the trachea, animals were ventilated with
50%/50% air–oxygen mixture using a small rodent ventilator; the chest was opened
through a left thoracic incision to expose the heart.
For IR animal model, a 7-0 ethilon suture slipknot was placed. After 30 min of
ischemia, the slipknot was released, allowing the myocardium to reperfuse for 24 hours.
Sham-operated mice underwent the same surgical procedure, except that the suture
placed around the LAD was not tied.
For MI animal model, a 7-0 ethilon suture permanent knot was placed around the
left coronary artery (LAD). Mice were kept for another 1 week, 2 weeks or 4 weeks for
the further experiments. Sham-operated mice were operated as described above.
Evaluation of the Inflammatory Response in Heart
After Intra-cardiac Transfer of Cathepsin G
Cathepsin G Activity
CG injection efficiency was assessed by the measurement of CG activity in LV
myocardium at 2- and 5-days after the injection compared to saline injected controls. LV
homogenates were assayed by fluorogenic substrate. Bovine β-trypsin standardized
solution of sunflower trypsin inhibitor (SFTI) was used for the determination of the
cathepsin G active form. SFTI is a mutual inhibitor of trypsin and cathepsin G.
Deconvolution of the peptide library was performed by the iterative method in solution92.
All internally quenched peptides were dissolved in dimethyl sulfoxide (DMSO) to
achieve a final concentration of 4 mg/ml and then further diluted. The fluorescence assay
was performed using a PerkinElmer LS-50B spectrofluorometer. The excitation and
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emission wavelengths were λex = 325 nm and λem = 400 nm, respectively. Enzymatic
hydrolysis of the peptide library was performed in 0.1 M Tris–HCl (pH 7.5) buffer with
500 mM NaCl at 25 °C. Measurements were carried out at an enzyme concentration of
4.1 × 10−8 M. The calculated initial rates were used as a measure of the substrate activity
of the peptide library investigated. Each experiment was repeated at least three times.
Data differing from the mean value by more than 20% were rejected.
Cardiac Function (Echocardiography)
Cardiac ventricular dimensions and function were assessed in sedated rats and
mice by echocardiography (Isoflurane 1.5%; VEVO 770; Visualsonics) in different timepoints. The left ventricular (LV) short axis view was used to obtain B-mode 2-D images.
Echocardiography provided measurements of LV internal diameter (LVID) and posterior
wall thickness (LVPW) at diastole (d) and systole (s). Left ventricle systolic function was
measured by ejection fraction (EF%, (EDV-ESV)/EDV) and fractional shortening (FS%,
LVIDd-LVIDs/LVIDd). LV dilation index was evaluated by the ratio of LV end-diastolic
dimensions (LVEDd) to posterior wall diastolic thickness (PWd). All measurements were
performed on eight different cardiac cycles and averaged for each time point.
Interstitial Collagen Volume Fraction
Rat or mice hearts from experimental or sham animals were fixed with 4%
paraformaldehyde and embedded in paraffin. Sections (5 μm) were cut from each heart,
and stained with collagen specific Picrosirius Red (PSR). Images were captured (20X)
using a fluorescence microscope (Nikon Eclipse 80i) and processed with NIS Elements
software. The interstitial collagen volume fraction (CVF) for each section was
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determined by analyzing 10 random interstitial samples. The mean CVF for each heart
was expressed as % total area and then group averaged.
Matrix Metalloproteinase Activation
Gelatin zymography: Detection of enzymatic activity of MMP-2 was performed
for the LV homogenates from saline or CG treated animals. LV myocardium was
homogenized in the buffer containing 50 mM Tris-HCl, 150 mM NaCl, 5 mM CaCl2,
0.05% Brij 35, and 1% Triton X-100 (pH 7.6), and then were mixed with nonreducing
sample buffer containing 62.5 mM Tris-HCl, 10% glycerol, 2% sodium dodecyl sulfate
(SDS), and 0.05% bromophenol blue (Sigma), and loaded onto 7.5% SDSpolyacrylamide gels containing 0.1% gelatin (Sigma). After electrophoresis, SDS was
removed from the gels by washing in 2.5% Triton X-100 (2×20 min). Next, the gels
were incubated for 48 h in the buffer containing 50 mM Tris-HCl, 5 mM CaCl2, and
200 mM NaCl (pH 7.5), and stained with Coomassie blue (Bio-Rad, Hercules, CA).
Resulting zymographs were scanned and analyzed using the GelDoc Quantity One
software (Bio-Rad). The MMP-2 proenzyme and the activated form were detected as the
68- and 62-kDa band, respectively.
Flurgenic substrate: Total MMP activity was measured using 15 μM OmniMMP
fluorogenic substrate (prepared in 0.4% (v/v) DMSO) which was added to 1.5 nM MMP
in OmniMMP buffer of the following composition: 50 mM Tris, pH 7.6, 10 mM CaCl2,
0.05% Brij-35, and 10 μM ZnSO4. MMP activity was evaluated using a microplate
spectrofluorometer (at λex 328 nm and λem 393 nm; SPECTRAmax Gemini XPS,
Molecular Devices, Sunnyvale, CA, USA). The rate of product formation in each well
was analyzed by linear regression of the experimental data using GraphPad Prism version
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5.0 (GraphPad Software, La Jolla, CA, USA). The experimental rates were expressed as a
ratio of fluorogenic unit to mass per minute (RFU/min/mg).
Myocyte Apoptosis
Caspase-3 activity: LV homogenates and 13.7 μM of Ac-DEVD-AFC was added
to 1.0 nM caspase-3 in the following buffer: 20 mM PIPES, 100 mM NaCl, 10 mM
EDTA, 0.1% (w/v) CHAPS, 10% (v/v) sucrose, pH 7.2. The assays were made in a total
volume of 100 μl in black polystyrene plates (Corning, NY, USA) and fluorescence was
evaluated (at 400 nm λex and 520 nm λem for 1 h at 37 °C) using a microplate
spectrofluorometer (SPECTRAmax Gemini XPS, Molecular Devices, Sunnyvale, CA,
USA). The experimental rates were expressed as a ratio of fluorogenic unit to mass per
minute (RFU/min/mg).
TUNEL: Mice or rats hearts were fixed with 4% paraformaldehyde and embedded
in paraffin. Sections (5 μm) were cut from each heart, and subjected to double staining of
Tropomyosin and TUNEL. TUNEL staining was undertaken by a cell death detection kit
(Promega, WI, USA), according to the manufacture’s instruction. Tropomyosin marks
myocytes, which was labeled with Alexa Fluor 594 (Invitrogen，California，USA), and
the nuclei were labeled with DAPI. 20 fields were selected from the surrounding
infarction areas of the left ventricle for each section at ×20 magnification of objective,
and observed with a Fluorescence microscopy. The number of the TUNEL-positive
myocytes or TUNEL-positive cells was counted, and the average was calculated and
expressed as the ratio in all DAPI -positive cells.
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DPPI Activation
Immunostaining: Mice hearts were processed to 5 μm sections as described above,
and stained with DPPI antibody. After hydration of sections, endogenous peroxidases
were inactivated with 3% H2O2. Paraffin sections were incubated with protein blocking
agent prior to application of the primary antibody. Primary antibody was left on overnight
at 4°C. This was followed by incubation with biotinylated secondary antibody for 10 min
at room temperature. Sections were then incubated with Vectastain ABC reagent (Vector
Laboratories, CA, USA). Peroxidase activity was identified by reaction with 3,3′diaminobenzidine tetrahydrochloride (Sigma-Aldrich Pty. Ltd, NSW, Australia). Sections
were counterstained with hematoxylin. All sections were examined under light
microscopy and digitised with a high-resolution camera. All digital quantitation and
assessments were performed in a blinded manner.
Western Blot: Cardiac protein expression was determined using western blot
analysis. Briefly, LV tissue was homogenized with lysis buffer (RIPA buffer with
protease inhibitor). Protein concentrations were determined using a Bradford protein
assay (Bio-Rad), and an equal amount of protein (40 μg) was loaded into each lane.
Proteins were separated using electrophoresis then transferred onto nitrocellulose
membranes (Bio-Rad). Membranes were blocked with 5% nonfat milk in TBS and 0.01%
Tween for 1 hr at room temperature, then incubated with the anti-DPPI primary antibody
overnight at 4 °C. Following incubation with secondary antibody, membranes were
washed and visualized using a reagent reaction kit (TMB Substrate Reagent, BD).
Densitometry data were analyzed, normalized to corresponding GAPDH.
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Activity Assay: We determined the effect of fluoride on DPPI activity by
measuring the rate of increase in fluorescence produced by enzymatic hydrolysis of HGly-Arg-AMC (Bachem, Torrance, CA, USA). The 200-µL reaction mixture contained
10 ng of recombinant active mouse DPPI (rmDPPI; R&D Systems), 0.625–125 nM of HGly-Arg-AMC, and 0–10 mM NaF in 50 mM MES, 50 mM NaCl, 5 mM DTT, pH 5.5.
We measured substrate cleavage by monitoring fluorescence every 1 min for 30 min at
30°C with λex and λem of 370 and 460 nm, respectively. As a reference standard, 28.5–
2850 nM of AMC was included with each measurement, and E64 (15–50 nM; Enzo Life
Sciences) was run as a positive control inhibitor.
Infarct Size
Trichrome staining: Heart sections were stained with Masson's trichrome for
examnation of the infarct size. Tissue sections were pre-fixed in pre-heated Bouin’s
solution at 65°C for 30 min. Sections were then covered with Weigert’s iron
haematoxylin for 10 min and washed. Slides were placed in 1% Brilliant Crocien (Amber
Scientific, WA, Australia) for 15 min for cytoplasmic staining and rinsed in 1%
phosphotungstic acid. Sections were then incubated in 0.5% Aniline Blue (ProSciTech,
QLD, Australia) in 1% acetic acid to stain for collagen for a further 15 min. Finally,
slides were rinsed with 1% acetic acid, dehydrated with 100% ethanol and xylene and
coverslipped with DPX (DePeX; Merck, Vic, Australia). All sections were examined
under light microscopy and digitised with a high-resolution camera. Proportional areas of
infarct (pale color) were quantitated with imaging software (NIS-Elements).
TTC staining: animals were sacrificed and the hearts were excised immediately,
and perfused with calcium free Krebs-Henseleit bicarbonate buffer (KH buffer: 119 mM
32

NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3 and 11 mM DGlucose, 37°C) for 5min and 1% triphenyltetrazolium chloride (TTC, Sigma, 37°C) for 7
min/ each heart. After that, hearts were perfused with 1% Evans Blue (Sigma) and then
stored at −80°C for freeze for 30 min after PBS washed. Each heart was cut manually
into six to eight transverse slices, then these slices were flushed with saline and then fixed
in 4% paraformaldehyde for 30 minutes. Next, the slices were placed on a glass slide and
photographed by digital camera, using the E-Elements to analyze.
Statistics
Statistical analyses were performed using analysis software (Graphpad 5.0; Prism).
Echocardiographic grouped data comparisons were made using two-way ANOVA. When
significant F ratio (P < 0.05) was obtained, between groups comparisons were made
using Bonferroni post-test to compare means. The enzyme activity measurements,
collagen volume fraction and western blot analysis were analyzed by t-test. Statistical
significance was taken to be P < 0.05.

Results
Inflammatory Proteases Induce Cardiac Dysfunction and Collagen Loss
Cathepsin G (CG) injection efficiency was confirmed by an increase in CG
activity in LV myocardium at 2- and 5-days after the injection compared to saline
injected controls (Fig. 2-2 A).
No significant differences of heart weight to body weight ratio are found in both 2
days and 5 days CG injection groups (Fig. 2-2 B), which are supposed as a cardiac
hypertrophy index and indicates CG does not induce hypertrophy directly.
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No significant differences were observed between saline and CG treated animals
at 2-days for all measured parameters (Figs. 2-2 B-F).
However, at 5-days there was a significant decrease in both systolic and diastolic
LV wall thickness (data not shown), a disproportionate increase in the ratio of LV enddiastolic diameter to posterior wall thickness (LVEDD/PW), and a decrease in fractional
shortening compared to controls (Figs. 2-2 C-D), suggesting an intrinsic depression of
LV contractile function.
Collagen accumulation was unchanged at 2-days after CG injection but decreased
significantly 5-days after CG injection (Fig. 2-2 E). The quantification of collagen
volume percentage shows consistent data (Fig. 2-2 F).

34

600

*

500

B

Saline
CG

*

400
300
200

3.5

3.0
2.5

2d

2d

5d

C

Saline

*

D

5d
Saline
CG

50

CG
FS (%)

6

LVEDD/PWd

Saline
CG

4.0

HW/BW (mg/g)

Cathepsin G activity
(RFU/min/mg)

A

5
4
3

40

*

30
20

2
10

2d

F

E
5d Saline

2d

5d

5d CG

Collagen Volume %

1

5d
Saline
CG

5
4
3

*

2
1
0

2d

5d

Figure 2-2: Intramyocardial injection of CG induces cardiac dysfunction. Rats were
treated with a bolus of saline or CG and sacrificed after 2 and 5d. CG activity (A),
HW/BW (B), LV dilatation (C) and fractional shortening (FS) (D). (F) Collagen volume
fraction as determined by analysis of Picrosirius stained LV sections (E).

35

Inflammatory Proteases Induce MMP Activation and Cell Death
We found a reduction in collagen volume in CG injected 5 day group, which
means inflammatory proteases induce collagen degradation in an indirect way. To
investigate the reason of collagen degradation, MMP activation was studied. As it is
shown in Fig. 2-3, MMP activity followed the trend of collagen degradation (Fig. 2-3 B).
In-gel zymography assay shows a significant increase in MMP-2 activity at 5-days, but
not at 2-days, after CG injection (Fig. 2-3 A).
CG injection for 5-days also increased caspase-3 activity and TUNEL positive
myocytes when compared to controls (Figs. 2-3 C-D). No significant differences were
observed between saline and CG treated animals at 2-days for all parameters (Figs. A-D).
These data together emphasize the implication of CG on MMP activation/ECM
degradation, myocyte apoptosis, and adverse myocardial remodeling.
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Figure 2-3: Intramyocardial injection of CG induces cardiac MMP activation and
myocyte death. Rats were treated with a bolus of saline or CG and sacrificed after 2 and
5d. (A) In gel zymography using gelatin as substrate. (B) Fluorogenic activity of MMP.
(C) Caspase-3 activity. (D) Percentage of TUNEL positive myocytes in LV sections from
saline and CG treated rats.
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DPPI Ablation Protects the Heart from IR Injury
To explore the functional role of ISPs, we subjected DPPI KO mice and their WT
controls to ischemia/reperfusion injury (IR). IR significantly increased the number of
DPPI positive cells infiltration into the infarcted area (Fig. 2-4A). Analysis of DPPI
expression by immunoblot showed that the normal heart express the inactive form of
DPPI (~45kD) and IR hearts markedly enhanced the activation of DPPI as evidenced by
the accumulation of the active form of the enzyme at ~26kD (Fig 2-4B).
Activation of DPPI after induction of IR was further demonstrated by measuring
DPPI activity using specific fluorogenic substrate (Fig. 2-4C). Significantly increased
DPPI activity was detected in the LV homogenates of IR animal than sham group.
CG activity was significantly increased in the LV homogenates of IR animals than
sham groups. In IR groups, DPPI deletion greatly decreased CG activity compared to WT
controls, while no difference was detected in sham groups (Fig. 2-5A).
DPPI KO mice did not differ from WT mice with regard to their basal cardiac
function and myocyte apoptosis rate. While, DPPI KO mice showed a significant
improvement in cardiac function as assessed by LV ejection fraction and fraction
Shortening compared to WT animals (Figs. 2-5 B, D).
TTC staining showed reduced infarct size in DPPI KO compared to WT mice
after IR injury (Fig. 2-5C).
IR significantly increased the percentage of TUNEL positive myocytes then sham
groups, in which, DPPI deletion decreased TUNEL positive myocytes when compared to
WT controls in LV infarcted area (Figs. 2-5 E-F).
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DPPI Ablation Protects the Heart from MI Injury
To explore the functional role of ISPs in chronic ischemia injury, we subjected
DPPI KO mice and their WT controls to myocardial infarction (MI) 2, 7 and 30 days.
DPPI KO mice has a much higher survival rate then WT controls in the whole 30 days
after MI, which is shown in Kaplan-Meier survival curves (Fig. 2-6A).
In echocardiography data, DPPI KO mice did not differ from WT mice with
regard to baseline cardiac functions as assessed by LV ejection fraction (EF) and fraction
shortening (FS) (Fig. 2-6B). However, cardiac function was markedly reduced in MI
groups then sham group, among which, DPPI deletion significantly improved both EF
and FS. Interestingly, there is a tendency of increase in both EF and FS from MI 2day to
MI 7days and 30days DPPI KO mice, which means DPPI deletion may promote the
repair process of heart.
Ablation of DPPI also reduced the occurrence of TUNEL-positive cells in the
infarcted border zone (Fig. 2-7A) as they are shown in TUNEL staining and
quantification (Fig. 2-7B).
Trichrome staining showed a reduced infarct size in DPPI KO mice compared to
WT mice after 7day (Fig. 3D). The average percentage of infarct area indicated the same
difference between DPPI KO and WT animals (Fig. 2-7C).
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KO mice were subjected to MI for 7 days. (A-B) TUNEL positive cells in LV infarcted
area. (C-D) Trichrome staining showing reduced infarct size in DPPI KO compared to
WT mice after 7d MI.
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Discussion
These data together implicates that neutrophil derived protease CG induces MMP
activation/ECM degradation, myocyte apoptosis, and myocardial remodeling and
contractile dysfunction, which means inflammatory proteases have adverse effect on
cardiac remodeling. DiPeptidyl Peptidase I (DPPI), which is in charge of ISPs cleavage
and activation, is activated and has increased expression after pathological injury. ISPs
deletion in-vivo using DPPI knockout (KO) mice, mice that lack major ISPs, attenuated
myocyte death and resulted in smaller infarct size and preserved cardiac function after
both IR and MI, which means DPPI ablation is cardioprotective for both acute and
chronic cardiac ischemia injury.
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CHAPTER 3
DPPI DELETION PROMOTES CARDIAC REGENERATION

Introduction
The isolation of cardiac resident stem/progenitor cells based on the expression of
stem cell antigens c-kit and/or Sca-1 suggest that the heart can undergo some level of
turnover, which argues against it being a terminally differentiated organ31. Although
studies have shown the ability of c-kit and Sca-1 positive cells to possess cardiac fate and
generate new heart tissue32-34, whether adult progenitor cells can form a significant
functionally meaningful number of new cardiomyocytes is heavily debated35,

36

. Any

cardiac regeneration that may take place does appear to be hampered by a low rate of
sustained cell engraftment, which results from subsequent massive death of cells that
have been initially retained in the target tissue35,

36

. Several factors may contribute to

graft attrition including loss of pro-survival signals emanating from CPC adhesion to
ECM or from alteration in ligand-receptor signaling that are necessary to maintain CPC
survival and proliferation. There are limited data available on the role of ISPs on stem
cell proliferation and cardiac regeneration. Indirect evidence show that c-kit and Sca-1
positive cells are detected only after the acute phase following MI, a phase where
maximal infiltration of leukocytes (i.e. neutrophils) and their proteases was documented33,
93

. Moreover, maximal cell retention after transplantation was observed when cells were

injected at 7d but not at 1hr after MI94, 95. These data together with the role of ISPs in the
cleavage of stem cell factor (SCF) and stromal-cell derived factor-1 (SDF-1), two main
factors involved in stem cell homing and proliferation in many tissues including the heart,
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strongly suggest that ISPs may play an important role in CPC survival, homing, and
proliferation after MI96-99. Our preliminary data show enhanced CPC homing after MI in
DPPI KO mice along with improvement in cardiac function, suggesting that ISPs affect
negatively CPC survival and proliferation. Interestingly, we found that CG did not affect
CPC attachment to ECM substrate or their survival in-vitro as we have observed in
myocytes56,

57

. Instead, CG treatment affected c-kit stability leading to its degradation

through the ubiquitin proteasome system (UPS). These data suggest that proteasomal
degradation of c-kit by ISPs may provide an explanation for the lack of detection of these
cells after MI or after transplantation of c-kit positive stem/progenitor cells in the
infarcted area.
Interestingly, we found that the protective effect of DPPI depletion also affected
the capability of cardiac regeneration and repair of the injured myocardium, suggesting
that ISPs negatively affect progenitor cell survival and proliferation in response to cardiac
ischemic insult.
Remodeling after myocardial infarction (MI) is a complex biological process that
leads to progressive left ventricular dilation and clinical heart failure. Different therapies
to limit or reverse post myocardial remodeling have been tested with limited success.
Recently, cell-based therapies have been shown to hold promise of repairing the injured
heart. Herein, different types of progenitor cells including hematopoietic progenitor cells,
mesenchymal stem cells, or cardiac resident progenitor cells were shown to acquire a
cardiomyogenic phenotype after infusion or injection in animal models after MI.
However, the successful application of cell based therapy remains hampered by a low
rate of sustained cell engraftment which results from subsequent massive death of cells
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that have been initially retained in the target tissue. Several factors may contribute to
graft attrition including loss of signals emanating from key receptors involved in stem
cell survival and/or loss of cell adhesion to extracellular matrix (ECM) or to neighboring
cells.
Interestingly, we found that the protective effect of DPPI deletion also affected
the capability of cardiac regeneration and repair of the injured myocardium, suggesting
that ISPs negatively affect progenitor cell survival and proliferation in response to cardiac
ischemic insult.
Determine whether DPPI deficiency enhances cardiac progenitor cell proliferation
and results in better cardiac protection after MI. The effects of genetic inhibition of DPPI
on myocyte death and cardiac progenitor cell (CPC) survival, proliferation and
differentiation into new cardiac myocytes after MI will be measured and correlated to
cardiac functional and morphological alterations. We will also test whether DPPI deletion
improves CPC survival and cardiac regenerative therapy post-MI.
Our preliminary data show increased DPPI activity after MI and that DPPI loss of
function attenuated myocyte apoptosis and improved cardiac function in response to MI.
Interestingly, DPPI deletion increased c-kit positive CPC infiltration in the infarcted
myocardium. Accordingly, this application will test the hypothesis that DPPI
expression/activation plays a critical role in myocyte loss, CPC survival/proliferation and
cardiac repair post-MI.
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Materials and Methods
Animals
DPPI Gene Deletion Mice
DPPI KO mice and C57BL/6 as wide type controls are kept as described in
Chapter 2.
Myocardial Infarction Mice Model
MI mice are made as described in Chapter 2.
Pulse-Chase of EdU/BrdU Marking
To assess whether MI causes an increase in the number of newly formed
myocytes, we performed pulse-chase experiment with 5-Ethynyl-2'-deoxyuridine (EdU)
and 5-Bromo-2-deoxyuridine (BrdU), which are nucleoside analog of thymidine and is
incorporated into DNA during active DNA synthesis. They are always used in the
detection of proliferating cells in living tissues. Starting from the second day of MI
surgery, EdU (Invitrogen, Cat# E10187, 50 mg/kg) was delivered through cervical (neck)
epidural injection to MI and sham groups every 24 hours in the first week after MI.
Subsequently, BrdU (Sigma, Prod.# B5002, 50 mg/kg) was cervical-epidurally delivered
every 12 hours in the second week to pulse-chase label in vivo endogenous cardiac
replication. Then, mice were kept for another 2 weeks for the total 4 weeks post-MI
period.
Flow Cytometry
Small-sized ventricular myocytes were isolated and filtered from the total
ventricular myocytes. Single cells suspension was collected and marked with c-kit
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(marker of stem cell) antibody and CD45 (marker of hematopoietic lineage) antibody and
analyzed through Flow cytometry (LSR II, BD) to quantify the cell groups.
Immunostaining of Proliferation and Differentiation
BrdU/Actin Staining
Heart sections were processed by deparaffinization, citrate buffer antigen retrieval,
and incubated with primary antibody of BrdU (Roche kit, Cat# 11 296 736 001, 1:40) and
Alpha-Sarcomeric Actin (Sigma A2172, 1:1000) subsequentially. After 3 times wash
with 1x PBS, sections were incubated with secondary antibody of Anti-Mouse Ig
Fluorescein Antibody (Invitrogen, 1:100) and Anti-Mouse IgM Rhodamine Red antibody
(Invitrogen, 1:100), respectively. DAPI was applied by the end.
EdU/Actin staining
EdU detection is a chemical reaction, which is different from BrdU staining and
does not need a harsh denaturation of DNA by acid. Following the instructions in ClickiT EdU Imaging Kits (Invitrogen, Cat# C10337), heart sections were incubated with
working mixture with Alexa488-azide solution 30min RT, followed by normal steps of
Actin primary and secondary antibody incubation.
EdU/BrdU staining
Heart sections were processed following Click-iT EdU Imaging Kits to detect
EdU first, then incubated sequentially with primary and secondary antibody of BrdU as
described above.
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Statistics
Data were reported as mean SEM. When appropriate, paired and unpaired T-test,
ANOVA or ANOVA for repeated measures were used to detect significance with
GraphPad Prism 5.0. A p value of ≤0.05 was considered significant.

Results
DPPI Deletion Increases Infiltration of c-kit CPCs in the Infarcted Myocardium
In MI 7 day’s animals, we found increased infiltration of c-kit positive cells in the
infarct border zone of DPPI KO mice than WT controls (Fig. 3-2A). Using FACS
analysis, we found enlarged populations of both c-kit(+) cells and c-kit(+)/CD45(-) cells
in the MI 7 days animals than sham groups, in which, mice lacking DPPI revealed even
larger populations than WT controls (Fig. 3-2B). The average quantification data indicate
the same result (Fig. 3-2 C-D).
DPPI Deletion Increases Proliferating Cardiac Cells
In animals pulse-chased with EdU for the first 7 days and BrdU for another 7 days,
we found both EdU(+)/Actin(+) and BrdU(+)/Actin(+) cells in the infarct border zone,
which indicates cardiac cells do under through some extent of regeneration in the first
week after MI injury(Figs. 3-3 A-B, 3-4 A). DPPI KO mice showed significantly
increased density of EdU(+)/Actin(+) cells than WT controls in the infarct border zone,
suggesting ISPs inhibition by DPPI deletion promote cardiac cell proliferation (Fig. 34B). The average quantification data showed enhanced percentage of all proliferating
cells in heart, proliferating myocytes in heart and proliferating myocytes in all
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proliferating cells of heart, which indicates increased cardiac source and non-cardiac
source proliferating cells in myocardium.
These data suggest that ISP inhibition by DPPI deletion improves cardiac
progenitor cells survival and proliferation, thus leading to better cardiac repair and
function.
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Figure 3-1: DPPI deletion increases infiltration of c-kit CPCs in the infarcted
myocardium: WT and DPPI KO mice were subjected to MI for 7 days. LV sections
were immunostained for c-kit and sarcomeric α-actin (A), sarcomeric α-actin. (B) FACS
analysis of hearts from sham or 7d MI (C-D).
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Figure 3-2: Immunostaining proving proliferation: MI DPPI KO mice LV sections
were immunostained for EdU and sarcomeric α-actin (A-B).
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Figure 3-3: DPPI deletion increases proliferating myocytes in the infarcted
myocardium: WT and DPPI KO mice were subjected to MI for 7 days. LV sections
were immunostained for EdU, BrdU and sarcomeric α-actin (A), EdU, DAPI and
sarcomeric α-actin (B). (C-E) Quantification of proliferating cells and myocytes in hearts
from 7d MI.
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Discussion
Although cardiac regeneration hypothesis is highly controversial, it is widely
accepted that myocardial regenerative capacity is inadequate to compensate for myocyte
loss that is induced after MI. To assess the functional role of DPPI deletion in the
generation of cardiomyocytes from activation and commitment of CPCs, the
coexpression of c-kit+/Lin- with DNA synthesis markers (EdU, BrdU), as well as early
markers of cardiogenic commitment should be studied.
Our data shows that DPPI deletion was associated with increased c-kit positive
cells in LV myocardium 7d after MI, suggesting that DPPI expression negatively
regulates CPC homing. However, c-kit(+) cells only mean they have progenitor potential,
which does not necessarily mean these cells will differentiate to cardiac cell and keep
proliferating. C-kit is the marker of hematopoietic stem cells and mesenchymal stem cells.
When a stem cell differentiates to a lower level of progenitor cell, which is committed to
cardiac lineage, the marker of c-kit may disappear, while the cell may still have the
potential to differentiate and proliferate.
Also, EdU positive means DNA is under active synthesis, but not necessary leads
to cytokinesis. Therefore, in order to prove a proliferating cardiac cell, dectection of more
markers

need

to

be

done,

which

includes

Ki67,

p-Histone

H3.

Also,

immunohistochemsitry and FACS analysis of early cardiac lineage markers are also
needed, which includes aurora B, Nkx2.5, MEF2C or GATA4.
Our dual pulse-chase strategy detects sequential incorporation of BrdU and EdU
(5-ethynyl-2’-deoxyuridine), a chemical analog for BrdU that directly measure active
DNA synthesis or S-phase synthesis of the cell cycle. BrdU staining requires harsh DNA
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denaturation (HCl, digestion with DNase or heat) to expose BrdU for detection with an
anti-BrdU antibody and this action can destroy the tissue’s structures. While EdU
detection, which is a chemical reaction, does not have this problem.
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CHAPTER 4
DISCUSSION

Overall Analysis and Interpretation, Potential Pitfalls,
And Alternative Approaches
Current study provides new insights into the mechanisms of myocyte apoptosis
during early induction of ischemia reperfusion injury. We showed that increased
infiltration of neutrophils in the myocardium after IR injury produces an initial response
with MMP activation/collagen degradation, myocyte apoptosis, and cardiac dilatation.
Moreover, in-vivo cardiac transfer of neutrophil derived serine protease CG was
sufficient to mimic some of the deleterious effects observed after IR injury, such as ECM
degradation and myocyte apoptosis, and led to cardiac dysfunction. Interestingly,
inflammatory protease blockade using DPPI KO inhibition significantly reduced myocyte
apoptosis and cardiac dysfunction induced by IR injury. These novel findings showed
that one of the earliest events in mediating cardiac dilatation and LV dysfunction after IR
injury involved an increased infiltration of neutrophils and an activation of their serine
proteases.
The ability of anti-neutrophil therapy to reduce the extent of myocardial damage
following ischemia reperfusion injury has been well documented. However, these studies
focused on the effect of free radicals and cytokines as a mechanism whereby neutrophils
mediate deleterious effects on the myocardium. Our study is the first to emphasize a
direct effect of neutrophil derived serine protease CG on cardiac remodeling and function.
Herein, cardiac specific transfer of CG was sufficient to mimic some of the deleterious
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effects observed after ACF, such as MMP activation and interstitial collagen degradation.
Moreover, CG treatment also led to myocyte apoptosis associated with decreased LV
wall thickness and deterioration of LV systolic function. This effect of CG could be
attributed to direct action of CG on MMP activation and/or ECM degradation. However,
because MMP activation and ECM degradation in response to CG occurred relatively late
(5-days after CG injection), it strongly suggests that other mechanisms are involved in
mediating the CG effect on MMP activation/ECM degradation. The capacity of CG to
cleave

chemoattractants

for

mononuclear

(i.e.

CXCL9

and

CXCL10)

and

polymorphonuclear (i.e. LIX) cells and activate pro-inflammatory factors (i.e. bardykinin)
is another potentially important biological action of this serine protease. We found that
the adverse effect of CG injection is for 5-days but not 2-days. Whether this enhanced
inflammatory response is directly responsible for the deleterious effects of CG or whether
CG-induced processing of cytokines/chemokines plays a role during the development of
LV remodeling in CG treated rats requires further studies.

Inflammatory Proteases May Be Considered As a Therapeutic Target
To Treat Myocardial IR Injury
In our study, we use gene deletion of DPPI to study the effect of DPPI ablation on
ISPs inhibition and cardiac remodeling. In order to apply our finding to clinical field,
pharmacological inhibition of DPPI will be developed and used to test whether DPPI
blocker therapy can limit excessive activation of ISPs and improve cardiac repair and
function after MI.
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Future drug may be developed based on the exclusive signal emitted from the
injured site of myocardium. Inhibitors of inflammatory serine proteases (ISPs) carried by
ligand coated immunoliposomes could be a promising direction, which avoids the risk of
surgery and the side-effect to other organs.

Conclusion
From our study, we found that ISPs activation by intra-cardiac delivery Enhances
cardiac dilatation and contractile dysfunction, increases interstitial collagen degradation,
induces MMP activation, and increases myocyte apoptosis. Dipeptidyl peptidase I (DPPI)
is a lysosomal protease necessary for the cleavage and activation of ISPs, which has
increased activity in response to myocardial injury. ISPs inhibition by DPPI gene deletion
preserves cardiac function, reduces myocyte apoptosis, reduces infarct size, and
decreased the mortality rate after myocardial ischemia injury. Further

more, ISPs

inhibition increases infiltration of c-kit(+) cardiac cells and increases proliferating cardiac
cells after MI.
Above all, ISPs activation has adverse effect on cardiac remodeling and function.
ISPs inhibition by DPPI deletion is cardioprotective, improves cardiac function, salvages
myocytes and promotes cardiac regeneration after myocardial ischemia injury.
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