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The Effect of Matrix Metalloproteinase Inhibition on Post-Myocardial Infarction Cardiac
Function, Remodeling and Gene Expression

Jonathan Eliot Adam

Masters of Science, 2005

Graduate Department of Periodontics

Faculty of Dentistry

University of Toronto

ABSTRACT

Background: Myocardial infarction (MI) is associated with ventricular hypertrophy and
poorer survival. Matrix-metalloproteinases inhibition (M) has been implicated in post-MI
remodeling.

Methodology: Rat model, angiotensin-converting enzyme inhibitor (A) and M were
administered [both(A/M);neither(-/-);alone(A/-,-/M)] to both MI and Sham (Sh) operated
rats. Function assessed by Langendorff apparatus and echocardiography, remodeling by
echocardiograms and H&E slides, collagen by Picosirius-red staining. DNA microarray
analysis to determine changes in gene expression.

Results: All data: Sh(-/-), MI(-/-), MI(-/M). Langendorff developed pressure, positive
and negative dP/dT demonstrated similar trends. Statistics: significant difference (P<0.05)
between Sh(-/-) and MI(-/M) and between between MI(-/-) and MI(-/M) and no
significance between Sh(-/-) and MI(-/-) for any parameters. Echocardiography (function
and morphometry), H&E morphometry and collagen: P<0.05 between MI and Sh but no
difference between drug treatments. Microarray: altered gene expression classified in
areas of apoptosis, anti-inflammatory, structural and novel.

Conclusion: The results suggest similar improvements with both A and M on MI hearts.
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CHAPTER 1: INTRODUCTION

Heart disease is a general term encompassing several more specific conditions,
such as, coronary artery diseases, hypertensive diseases, myocardial disease and genetic
disorders. There are currently 5 million people afflicted with heart failure in the USA
with 500,000 new cases every year'. Once afflicted by different ailments the system
responds by attempting to compensate for compromised function through a myriad of
altered physiologic mechanisms (locally at the heart and generally throughout the
system). Congestive heart failure (CHF) is not an actual disease but more accurately
refers to the summation of multiple deleterious effects which render the heart incapable
of ejecting the full venous load it receives culminating in “congestion” of the circulatory
system. CHF may involve the left, right or both sides of the heart. More common
etiologies of left-sided failure include hypertension, valvular disease and ischemic events
(i.e. myocardial infarction)>. The consequences of these events will have a negative
impact on the heart in the near term and on the system in the long-term. In an effort to
stave off such ramifications, the heart and body initiate several compensatory measures in
an attempt to restore normal function and meet its operational demands. In the case of an
ischemic attack, blood flow ceases to a certain portion of the myocardium. The area
downstream to the occluded artery consequently undergoes inflammation, ischemia and
necrosis. One of the behaviours of the myocardium is to demonstrate a physical
remodeling process, culminating in hypertrophy, in an effort to restore normal function.
Left ventricular hypertrophy is a known risk factor for various cardiovascular

complications including coronary artery disease, MI and sudden death’. A current



avenue of research into post-myocardial infarction events involves regulation of local
morphological features during the compensatory remodeling striving for improved
function via decreased hypertrophy, minimal scar formation and altered gene expression.
Heart architecture is, in part, influenced by a family of enzymes; matrix-
metalloproteinases (MMPs). Numerous studies have implicated this group of proteins in
myocardial extracellular matrix (ECM) turnover. Although no direct evidence for MMP
modulation in the post-MI model with a plausible mechanism has been established,
indirect evidence from other factors such as ACE inhibition has been demonstrated. This
more proven compensatory mechanism entails government of systemic conditions.
Through the alteration of angiotensin-converting enzyme (ACE) levels, blood volume
may be appropriately gauged and has been proven an effective treatment modality in the
reduction of post HF remodeling morbidity and mortality4. Prior to discussing the
experimental approaches used in this investigation, it is important to describe several

relevant elements of normal and pathological cardiovascular metabolism.



I. REMODELING
Cardiac remodeling is a compensatory mechanism exhibited by the heart in

response to several pathologic events (myocardial infarction, hypertension) which
compromise normal function. Left-ventricular remodeling may be considered a series of
events including apoptosis, ischemia, inflammation, necrosis, scar formation and cardiac
dilation. These phenomena occur within the myocardium at different times and at several
biologic levels encompassing the genomic, cellular, molecular, interstitial and global
cardiac. These widespread alterations manifest themselves as altered cardiac

morphometry and function.

A. EVENTS OF REMODELING POST-MI
i. Apoptosis

Within a few hours following MI, myocyte necrosis begins at the sub-endocardial
level and progresses transmurally over the next three days through a pathologic
inflammatory response leading to fibrosis. This type of cell death comes as a
consequence of persistent ischemia, however there is an alternative mode of programmed
cell death; apoptosis. Apoptosis has been found responsible for myocyte death and tends
to occur in either a physiologic or pathologic manner throughout the remodeling process,
during AMI®, post-MI’ and end-stage heart failure®. This process allows for the removal
of normal but no longer useful cells and requires ATP as a driving force (in contrast to
necrosis)’. In human transplant studies, Saraste et al. found an elevation of apoptosis and
noted that the apoptotic rate (AR) correlated to clinical severitylo. In addition to a

clinical correlation there seems to be a spatial relationship between apoptosis and



proximity to scar formation in that an AR of 11.6% has been demonstrated in the peri-
infarct region versus 0.74% in non-infarcted areas'".
ii. Cardiomyocyte lengthening

Alteration in cardiomyocyte shape has been proposed as the true explanation of
“myocyte slippage”, a term often interpreted as a longitudinal movement of myocytes. It
has been demonstrated in an animal model that ventricular thinning in the infarcted
region was caused by a reduction of myocytes found across the wall segmentlz, likely a
result of slippage. It has been proposed further that serial sarcomeric formation is
sufficient to account for dilation in progression to failure, a phenomenon further
supported by the observation that cardiomyocyte remodeling occurs in a predominantly
major transverse (circumferential) versus minor transverse (transmural) orientation®.

iii. Inflammation and necrotic resorption

During the early stages of the post-MI inflammatory response, several cytokines
and inflammatory mediators and cells are released and stimulated. Cascades of events
transpire where macrophages are stimulated by y—interferon to secrete pro-inflammatory
prostaglandins”. Neutrophils become prominent from day three to seven during which
time they secrete high levels of digestive enzymes to prepare the necrotic debris for
macrophage phagocytosis15 .

iv. Scar formation

Contrary to past beliefs, scar tissue is recognized as viable tissue containing
collagen I-producing, contractile myofibroblasts'®. Post-myocardial infarction, de novo
collagen synthesis and deposition in the infarcted region begin to take place at 3 days”.

This source of fibrotic tissue is susceptible to various modes of regulation including ACE



inhibition. At two weeks, fibrovascular granulation tissues begin to form at the infarct
border and move inward. Activated fibroblasts then begin collagen deposition and the
fibrotic scar continues to mature and densifyls. A similar timeline for scar formation has
been demonstrated others, also using a rat model'®. The presence of myofibroblasts are
first noted 3 days post-MI and are associated with mRNA expression for type I collagen.
At 1 week, collagen is noted in the infarcted zone and at 2 weeks is visibly organized.

This process of deposition and organization then continues for several weeks post—MIzo.

V. Morphometric Changes of Dilated Left Ventricle

Dilation and shape changes in MI remodeling are largely contributed to by late
changes in the non-infarcted region21 thus redefining cardiac hypertrophy from an
isolated acute process to a global chronic change (assuming the patient survives). The
resultant thinning of the infarcted area can be predicted, in part, by the Law of Laplace
which states that wall tension is directly proportional to the intracavity pressure and
inversely proportional to the curvature of the wall. This law helps explain the increased
wall tension in the infarcted region as the pressure remains the same but curvature is lost.
In addition to the physical changes in the infarcted region, there are also deleterious
alterations in the peri-infarct region. This portion of myocardium provides the link
between the viable myocardium and the akinetic infarct zone, almost as if being torn in
two directions. The region maintains some function though, however compromised.
During systole an anticlastic (outward) curvature develops which further contributes to

increased wall stress?2.



Post-MI remodeling changes (including compensatory concentric hypertrophy,
decompensated eccentric hypertrophy and end-stage dilation®?) can develop chronically

for weeks to months after the ischemic event.

B. LEVELS OF REMODELING

i. Genomic Changes
Retrospective ACE gene expression studies have shown a possible link between genetic
polymorphism and adverse cardiac events. The insertion (I) or deletion (D) of a 287-bp
sequence into the DNA called the ACE gene D-allele, is found in where genotypic D/
D individuals who possess higher plasma ACE concentrations than their I/I counter-
partsz4. Increased prevalence of the D/D gene has been found in individuals who suffered
an MI, offspring of MI patients®, those with LV hypertrophy26 and/or post-MI
ventricular dilation?’. There is, however, some conflicting information in this regard
since others have not demonstrated this polymorphism in the ACE gene with respect to
MI incidence or risk?.

In experiments utilizing supra-coronary banded sheep, MMP and TIMP mRNA
was isolated and cloned. In this model of controlled left ventricular hypertrophy it was
found that there was a significant upregulation in MMP-1, 2, 3, 9 and TIMP-1, 2 mRNA
expression. Conversely a significant decrease in TIMP-3 mRNA expression was noted®’.
These findings led investigators to surmise that variable ECM gene expression could

regulate the adaptive changes of remodeling.



il. Molecular & Cellular Changes

Following the occurrence of an AMI, several processes take place at the cellular
and molecular level as eluded to above.

At the molecular level the structural proteins such as myosin have demonstrated
isoform switching as shown in recent studies. Past studies of myosin isoform switching
have not been able to fully explain compensatory dilation. However, investigations of
various other proteins have demonstrated definitive changes associated with remodeling
and a dependence on the stimulus type (pressure/volume overload) and duration
(early/late)30.

At the cellular level certain new lineages are induced. Human heart fibroblasts
(HHF) are for example upregulated following MI which is thought to be related to post-
MI release of peptides from the damaged tissues. In this regard, post-MI matrix
degradation liberates several molecules including fragments of collagen- and elastin-
derived peptides (CDP and EDP). These particles have been shown to induce MMP and
TIMP gene expression and transcription in HHF*!, EDP was also found to induce
phenotypic changes in HHF by stimulating the generation of pseudopodia.

A direct link has been established between collagen synthesis and rat cardiac
fibroblast stimulation. Receptors for aldosterone, endothelin and angiotensin II on heart
fibroblast surfaces have been found and have been determined to respond to their cognate
ligands in a dose-dependent fashion®?. In further support of these findings, others have
noted myocyte hypertrophy and cardiac fibroblast hyperplasia in response to angiotensin

11 stimulation in vitro®. These findings led to the conclusion that the remodeling process



is mediated at least in part through the receptor for angiotensin II receptor, a phenomenon
that can be reversed with angiotensin II receptor antagonists.

Other studies also support the above noted findings by showing that macrophage-
derived angiotensin II can stimulate TGF-B1 mediated recruitment of fibroblasts and
conversion to myofibroblasts34.

iii. Interstitial Changes - Collagen

Following experimental M1, increased collagen content has been noted in viable
myocardium concurrent with an increase in dilation and distensibility>. This concept
seems counterintuitive, given the typical fibrotic and resistant nature of the collagen.
However, this phenomenon may be explained by the collagen content and makeup.
Some studies have demonstrated decreases in collagen cross-linkjng36 during LV dilation
while others suggested that higher distensibility could be related to an increase in the
ratio between type III to type I collagen37. Thus there appears to be a delicate balance
between maintenance or regulation of collagen deposition as a means to prevent rupture
while at the same time attempting to prevent the loss of viscoelasticity that leads to
ventricular dysfunction.

As suggested above, the two major forms of collagen found within the heart are
types I and III collagen, both being triple helical in structure, but the latter being
predominant (90%) and stiffer than the former. Collagen type IV is found in basement
membranes and provides a substrate for cells so that they can interact with common
bioactive glycoproteins such as laminin, which is another major constituent of the
basement membrane. Collagen fibres (I and IIT) organize into two main structural

patterns termed weave and strand. The collagen weave forms a latticework running



tangentially between myocytes and myofibers, akin to the endomysium. Integral type
strands, known as struts, lie perpendicularly between the myofibrils assuring orderly
contraction. The collagen matrix functions to transmit forces to ventricular walls and
determine myocardial stiffness®. Given all of the foregoing it can be understood then,
why disruption of normal collagen metabolism is a major contributor to heart dysfunction
including fibrosis and post-MI scar formation.

Another extracellular component of the myocardium consists of elastic fibres that
are largely comprised of the protein elastin. These fibers are highly associated with the
collagenous matrix and lend elasticity to the myocardium. All of these components serve
as structural support of the cardium, regulate heart distensibility/function3 ® and (for

purposes of this thesis) as substrates for MMP mediated degradation.

iv. Altered Cardiac Morphometry & Function

The culmination of genomic, molecular, cellular and interstitial changes manifest
themselves globally. The sequence of physiologic changes which the left ventricle
experience post-MI is a result of compensatory actions aimed at restoring normal
function following irreversible matrix and cellular damage. As apoptosis, myocyte
slippage, ECM breakdown and other degenerative processes take place, the infarct wall
thins, wall tension increases and morphological changes become apparent. By 1975
Grossman et al. proposed an explanation for cardiac hypertrophy as follows: in response
to the volume overload (end diastolic volume), cardiac dilation ensues in a pattern of
eccentric hypertrophy, whereby serial sarcomeric replication and increased myocyte
length leads to wall thinning. As time passes and the lesion matures, concentric

hypertrophy of the remaining myocardium will transpire in response to pressure overload



(systolic pressure) and sarcomeric replication in parallel, compounded by increased
myocyte cross-sectional area will result in myocardial thickening4o. These activities
occur in an attempt to maintain function (in the impaired state) as based on the Law of
LaPlace and help explain global size and shape changes associated with post-MI
compensatory remodeling.

As a result of ventricular dilation, volume must be increased in order to maintain
cardiac output and stroke volume, depending on the size of the infarct (i.e. transmural)

and underlying complicating factors (recurrent MI, genotype).
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II. REGULATION OF REMODELING
Once vessel occlusion has occurred and the blood supply to the affected

myocardium has ceased, inflammation, necrosis and repair/remodeling processes begin.
Efforts to minimize remodeling are of critical importance as there is a clear correlation
between the severity of post-AMI hypertrophy and the probability of complications.
These findings have been found with regard to infarct expansion®' and ventricular
volume*? both intimately related to the remodeling process. From these observations it is
clear that cardiac remodeling is a process that begins immediately post-AMI and
continues for months after the event. Due to the rapid onset and prolonged timeline, time
sensitive therapeutic approaches should be considered. Regulation of remodeling has
been attributed to MMP (matrix metalloproteinase) levels, the neurohoromonal system
(ACE), reperfusion and hemodynamic load. These processes are thought to be critical for

prevention or at least amelioration of the detrimental sequelae of post-MI hypertrophy.

A. MMP

Matrix metalloproteinases (MMPs), were first described in 1962 by Gross and
Lapiere™. MMPs are a class of metal dependent enzymes whose activity is zinc
dependent*, and require Ca for activity and stability**°. MMP latency is maintained by
cysteine and hydrolysis of the Zn-Cys interaction is necessary for MMP activation.

In normal tissue, the amount of MMP expressed is quite negligible. However,
inflamed tissue will demonstrate, to some level, measurable increases in MMP activity.
This expression is dependent on the nature, location and severity of the injury. One

MMP, gelatinase B has been found in far greater concentration when isolated from
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chronic versus normal wounds®’. These findings could suggest that excess MMP inhibits
wound healing (either by elevated enzymatic degradation or depressed modulation i.e.
TIMP). It has also been demonstrated that insufficient MMP levels may delay wound
healing as associated injury-associated tissue accumulates*®, The case is no different in
post-myocardial infarcted ventricles and thus strict regulation of MMP activity is likely
necessary in order to achieve optimal post-MI healing.
i. Structure and Function

Most members of the matrixin subfamily have the ability to cleave the collagen
triple helix. MMP activity has been implicated in a multitude of conditions including
arthritis®, metastasis™, periodontal disease’" and for the purposes of this thesis, cardiac

3253 " In this section I will focus more on those MMPs implicated in

remodeling
remodeling.

The structure of MMPs includes several domains, all similar, built around a
central catalytic domain with various additional segments (no MMP possesses all
domains)™*. Starting from the N-terminus:

Signal Peptide: Hydrophobic segment responsible for signaling secretion to the

endoplasmic reticulum. All MMPs possess this portion except MMP-17 (MT4-

MMP).

Propeptide: Hydrophobic N portion, contains cysteine (Cys) residues (contacts

Zn atom) necessary for maintenance of zymogen form and is conserved in all

MMPs.

Furin-Cleavage Site: Contains consensus sequences responsible for intracellular

cleavage. This segment in found in MMP-11, 14, 15, 16, 17 (all membrane-type

12



{MT} MMPs). All other MMPs are activated by extracellular proteases followed
by autoproteolysis of propeptide.

Catalytic Domain: Binding site of Ca for stabilization and at the C-terminal end

is the highly conserved HEXGHXXHGXXHS/T catalytic zinc (Zn). This
segment is an absolute criterion for classification within the matrixin family™.

Fibronectin-Like Repeats: Found in MMP-2 and —9 within the catalytic domain,

they facilitate substrate binding to gelatinase™.

Hinge Region: Connection of variable length between catalytic and hemopexin

domains.

Hemopexin Domain: The C-terminus for all but the MT-MMPs, cysteine residues

bind forming a terminal propeller structure. Only MMP-7 does not contain this
segment which is not critical for enzyme activity. This domain is also the
location of tissue-inhibitor of matrix metalloproteinases (TIMP) binding. (Note:
gelatinases may bind TIMP in this region while in zymogen form)

Membrane Insertion: Unique to membrane-type MMPs (MT-MMPs)”’ this

sequence crosses the cell membrane and terminates in a short cytoplasmic tail.
1. Interstitial Collagenase
a. Collagenase 1/ MMP-1
The first vertebrate collagenase to be isolated, purified and characterized was
MMP-1, hence the designation. MMP-1 is secreted from cells (monocytes, macrophages,
fibroblasts) on an as-needed basis, as a pair of 52.5kDa zymogens in the less active pro-

form, differing only in the amount of glycosylation which to date their purpose is
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unknown™. Activation of MMP-1 may be elicited by several enzymes resulting in the
cleavage of a 10 kDa segment, yielding the more active form™.

MMP-1 substrates include collagen types I, 11, III, X% and gelatin. Collagenase 1
degrades interstitial collagen demonstrating a high affinity which comes at the cost of a
slow catalytic rate®!. More specifically, the ability of collagenase to degrade collagen
depends on the type. Collagenase-1 degrades type III collagen far more efficiently than
type I with an extremely low capacity for type II°%. The catalytic activity of MMP-1 is
additionally reliant on the availability of water for hydrolysis of the peptide bonds and
demonstrates sensitivity to temperature (e.g. a temperature change of 10°C doubles the
catalytic rate)®.

b. Collagenase 2 / MMP-8

Interstitial collagenase 2 or MMP-8 was the second mammalian collagenase to be
described. Unlike others, MMP-8 is the sole collagenase to be stored in granules with
neutrophils. The synthesis of MMP-8 is not responsive to biological demand and is
secreted when needed. Alternatively, when synthesized within human articular
chondrocytes, MMP-8 is produced in an “on demand” fashion®. The MMP-8 pro-
enzyme has a 20 kDa segment cleaved to produce its 40 kDa active counterpart®.

MMP-8 substrates include collagen types I, II and II but display the opposite
preference compared to MMP-1. Conversely, MMP-8 degrades collagen type II
relatively well and displays an affinity for collagen type I versus 1%,

c. Collagenase 3/ MMP-13
After the discovery of MMP-1 it was soon realized that collagenase-1 was unable

to degrade collagen type II and an enzyme with this capability had yet to be discovered
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and implicated as a likely culprit of arthritis. Collagenase-3 was first isolated from rat
myometrial smooth muscle cells®’ and later found to be produced in osteoblasts and
fibroblasts®®, A similar, but not homologous, enzyme was found in humans and dubbed
MMP-13 as well. Unlike its rodent variant, human MMP-13 is activated by a membrane
type of MMP® (MT1-MMP... see below) and is found predominantly in chondrocytes.

A distinguishing feature of the rat collagenase-3 is its ability to degrade all types
of collagen equally70, which is important since rats do not possess MMP-1. Rat
interstitial collagenase-3 is found in great quantities during MI scar formation’'. In
addition to collagen, both the rat and human MMP-13 demonstrate a far greater
propensity for gelatin’?.

2. Gelatinase
a. Gelatinase A / MMP-2
Gelatinase A was the second member of the MMP family to be discovered hence its
moniker MMP-2".

MMP-2 contains several domains (discussed earlier) demonstrating specific
purposes. The expendable pro-peptide is cleaved from latent pro-gelatinase A (72 kDa)
yielding the active gelatinase A (66 kDa). Removal of the pro-region exposes the
catalytic Zn binding site and is thus susceptible to non-specific N-terminus TIMP
inhibition. The hemopexin domain, at the C-terminus, accounts for MMP-2’s specific
inhibition by TIMP-2"%. Once bound, the MMP-2-TIMP-2 complex will function at 10%
relative to the active TIMP-free MMP-2 form.

MMP-2 may be modulated at both the transcriptional and post- transcriptional

level. It has been shown that there is an increase in cellular MMP-2 mRNA and the post-
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transcriptional stabilization of the mRNA following TGF-B; administration to human
fibroblasts’*. Conversely gelatinase-A activity may be downregulated by members of the
TIMP family; especially TIMP-2.

Gelatinase A activation occurs extracellularly on the cell membrane and is
correspondingly mediated by MT-MMPs">. During this process a trimeric complex is
formed between MT1-MMP (associated with progelatinase Q activation’® progelatinase
A and TIMP-2). It has been postulated that TIMP-2 acts as a mediary in this process
functioning to localize and facilitate the association between the zymogen and cell
membrane. However, this process remains controversial as different investigators have
found contradicting results of TIMP-2 mediated activation. Gelatinase A binding has
also been demonstrated through the integrin receptor a3 *. Regardless of activation
mechanism it is interesting to note the locale of this process. The ramifications of
enzymatic activity at the cell membrane would logically prove to be critical factors in cell
invasion and metastasis.

Gelatinase A has multiple substrates including collagen types I8, IV, V, VII (of
anchoring fibrils)®, X!, vitronectin®?, laminin-5%, gelatin and elastin®. The range of
potential substrates underscores the importance of MMP-2 in extracellular matrix (ECM)
degradation.

b. Gelatinase B/ MMP-9

Since the mid-70s there existed an unknown protease (90-110 kDa) capable of

degrading denatured collagen. It was later discovered that this protein was identical to

another enzyme with gelatinolytic properties, and homologous to the known 72 kDa
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MMP-2. Based on these observations this 92 kDa type IV collagenase is currently
referred to as gelatinase B or MMP-9.

Similar to MMP-2, MMP-9 contains an N-terminus pro-region, a C-terminal
hemopexin portion and a unique collagen V-like domain between the catalytic and
hemopexin domains. Disruption of the Cys- bond between the catalytic Zn and the pro-
domain yields an 8 kDa fragment accounting for the difference between latent (92 kDa)
and active (84 kDa) forms of gelatinase B. Preferential bonding of TIMP-1 and MMP-9
occurs at the C-terminus resulting in this typically secreted complex85 . The collagen V-
like portion of MMP-9 is considered non-contributory to enzyme function as domain
deletion has little effect on normal activity86.

MMP-9 modulation is a multi-faceted phenomenon relying on various growth
factors, cytokines (IL-1, 2, 10, TNF-a, LPS), cell-cell contact and endogenous mediators.
Gelatinase B synthesis can be induced in fibroblasts cultured with colon carcinoma
cells¥. In this regard it was shown that this behaviour was contingent on cell-cell
contact. Endogenous TIMP regulation of MMP-9 may be of either of a specific (TIMP-
1%%) or non-specific nature (active site disruption/binding).

Activation of gelatinase B may be achieved by several proteases, including
stomelysin-1 (MMP-3)*, through cleavage of variable amounts off the latent form.

The substrates of gelatinase B are numerous. They include collagen IV, V,
gelatin, elastin, aggrecan’ and angiostatin®'.

3. MT Matrix Metalloproteinases
The MT-MMPs form a group of four similar membrane associated enzymes,

66kDa MT1-MMP (MMP14), 72kDa MT2-MMP (MMP15), 64kDa MT3-MMP
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(MMP16) and 57kDa MT4-MMP (MMP17). These proteases share a 50% sequence
homology and a common structure®”. MT-MMPs are able to exert their influence on the
ECM in both a direct and indirect manner. Directly, MT1-MMP and MT2-MMP degrade
collagen types I, II, 111, fibronectin and laminin-1>. In addition to direct ECM
degradation, they are also capable of activating other matrix metalloproteinases. As
noted previously, MMPs are secreted into the extracellular compartment in a proenzyme
form. When their propeptide regions are cleaved they are then activated. This form of
MMP activation adds another layer of spatial regulation to this already highly monitored
process. More specifically, MT1-MMP, MT2-MMP and MT3-MMP demonstrate a
disposition towards progelatinase-A (proMMP-2) and procollagenase-3 (MMP-13)
activation®. Given their ability to interact with MMP-2 and -13 it might be expected that
both MT1-MMP and MT2-MMP are inhibited by TIMP-2 and TIMP-3, and TIMP-1 to a
lesser degree95 . MT-MMPs, themselves regulatory in nature, are in turn influenced by
numerous cytokines including TNF-a, IL-1p, epidermal growth factor (EGF) and basic
fibroblast growth factor (bFGF)*®. Tomasek et al. have demonstrated the regulation of
MT1-MMP synthesis by cytoskeleton whereby MMP-14 secreting fibroblasts are up-

regulated by a relaxed lattice resulting in further progelatinase-A activation””.

4. Other Matrix Metalloproteinases
The remaining members of the matrixin family include stromelysin-1, 2, 3
(MMP-3, 10, 11), matrilysin (MMP-7), metalloelastase (MMP-12), MMP-19 and
enamelysin MMP-20. Of note are the stromelysins which as a group are not able to

degrade helical collagen. MMP-3 and -10, once secreted and themselves activated, may
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in turn cleave propeptides of other MMPs (proMMP-1, 8, 9, 13), thereby activating
those 899100
ii. RELEVANCE OF MMP/ENZYME REGULATION AND ACTIVITY
IN CARDIAC REMODELING

Scientific evidence has shown that within a few hours of ischemia, morphologic
changes begin within the ECM of the myocardium. Increases in collagenase and
gelatinase activity accompany collagen breakdown'®". Subsequent myocyte slippage and
wall thinning result in compromised function and ultimately a poor prognosis. MMP and
TIMP have been implicated in these biologic processes and pathological modulation of
their activity and concentrations likely leads to altered cardiac function and morphology.
Hence, pharmacological regulation of MMP and/or TIMP activation or levels could have
beneficial effects following MI and hence a full understanding of their relationships to
cardiomyopathy is essential.

1. MMP/TIMP Levels in Cardiomyopathy
To date MMPs have been implicated in the pathophysiological aspects of several diseases
as well as with physiological remodeling processes. It is clear that the degradative
actions of MMPs make them key players in the remodeling process of any tissue, as has
been shown in endometrial, corneal, synovial, periodontal or cardiac tissues. Ergo, it
follows that variation in the expression of MMP protein and activity levels has been
observed in conjunction with normal and pathological activities in a variety of connective
tissues noted above.
With regard to the heart, MMPs normally found within human myocardium

include interstitial collagenase (MMP-1 and MMP-13), stromelysin (MMP-3) and
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gelatinases (MMP-2 and MMP-9)!%2. Under normal conditions the amount of MMP is
negligible and it is the dramatic elevation which has been associated with the
pathophysiological changes seen in heart disease. Myocardial samples taken from
patients with cardiomyopathic disease demonstrated greater levels of gelatinase activity
and decreases in fibrillar collagen as compared to healthy tissues'®. More specifically,
elevated MMP-3 (stromelysin) and MMP-14 (MT1-MMP) have been isolated from
myocardial samples from hearts suffering dilated cardiomyopathy (DCM)'%, Although
MMP-3 cannot degrade fibrillar collagen, it can activate several other MMPs that can
degrade fibrillar collagen thereby contributing to myocardial matrix dysregulation.
Furthermore, MT1-MMP not only has the ability to cleave fibrillar collagen but also
serves as an activator of other MMPs (i.e. proMMP-13) leading to a greater cascade of
matrix breakdown'®.

In a study of explanted hearts of patients suffering from DCM, it has been shown
that the relative levels of MMP, TIMP and MMP/TIMP protein complex activity and
abundance are altered. In fact, zymographic data demonstrated a 2-fold increase in MMP
activity in such hearts while quantitative immunoblotting revealed an elevation of 500%
of MMP-3, MMP-9, TIMP-1 and TIMP-2 with MMP-2 levels being unchanged. Further,
a band of higher molecular weight indicated an increase of 600% in what is likely a
TIMP/MMP complex106. The acute nature of MMP activation has also been shown in
humans suffering acute coronary syndromes. Patients who suffered an AMI
demonstrated a 2-fold increase in serum MMP-2 and a 3-fold increase in plasma MMP-9

compared to control patients on day ‘0",
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In a rat model similar in design to the one to be described here (See below), others
have shown that following ligation of coronary arteries, changes in MMP and TIMP
regulation over time could be studied'®®. A broad spectrum inhibitor of MMP, PD
166793, was used following arterial ligation to assess MMP production at both the
mRNA transcriptional and translational levels. Two weeks following ligation-induced
M1, elevated levels of MMP-2, 9 and 13 were observed, while elevation of TIMP-1 and 2
did not occur until 2 weeks had elapsed. By 16 weeks, MMP-8 and 14 protein levels
were elevated. Interestingly it was found that increases in MMP protein occurred without
any increase in mRNA levels (except MMP-2) while increases in TIMP mRNA were not
associated with higher levels of protein. These findings of course underscore the notion
that when studying MMP/TIMP regulation post-MI it is important to focus on mRNA
and protein levels as well as enzymic activities. In any case, and in light of the above
noted data it was suggested that following MI, different MMPs function in different
capacities with variable expression. Corroborating evidence was put forth by others who
also found elevated gelatinase and TIMP levels in the first month post-MI, however
gelatinase-A was shown to peak at an earlier time pointlog.

Other investigations focused on certain cardiomyopathic conditions have
demonstrated the presence of aberrant ratios between MMP and TIMP where TIMP-2
levels are unchanged while TIMP-1 and TIMP-3 are downregulated. Such perturbations
in TIMP/MMP ratios could consequently leave MMP activities relatively unchecked

thereby provoking more severe matrix breakdown and pathological modeling''°.
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2. Resultant Cardiac Morphometry / Function of Altered
MMP/TIMP Levels

To help elucidate the effect of MMPs and TIMPs on cardiac physiology and
pathophysiology, MMP and TIMP knock-out models have been developed which have
also been complemented by the use of MMP and TIMP inhibitors in other model
systems.

a. Knockout Models

In a mouse MMP-9 knockout model, it has been demonstrated that null animals
exhibit impaired wound healing especially during in the initial period following MI. This
phenomenon exacerbates the deleterious changes that occur following MI particularly in

1 Significant decreases in the

relation to functional and morphological outcomes
collagen fraction (59% vs. 70% P=0.02) as well as total collagen content were found in
the infracted areas of null mice versus wild-type. Gene expression for Collagen I was
normal for all subjects suggesting that the changes observed were related to collagen
degradation as opposed to synthesis.

A TIMP-1 knockout model was used to elucidate the effects of TIMP (actually its
absence) on LV morphometry and function. The findings indicated that full deletion of
the TIMP-1 gene caused increased end-diastolic volume and mass as well as a 2-fold
escalation in wall stress. A reduction in percent fibrillar collagen was also found in
TIMP-1 null mice without any differences in the cross-sectional area of cardiomyocytes

suggesting the resultant morphometric changes might be related to myocyte

lengthening''?.
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b. Inhibition Studies

To inhibit MMP activity, mice were administered a broad-spectrum MMP
inhibitor (CP-471,474 - Pfizer) after ligation of the anterior coronary artery. At baseline
there was no difference between control and drug-treated mice. At follow-up, mice
treated with the inhibitor demonstrated significantly reduced end-systolic and end-
diastolic dimension compared to infracted mice. After further analysis it was revealed
that the amount of MMP attenuation of pathologic changes was directly proportional to
initial LV dilation'".

The effects of MMP inhibition on LV function/size in a developing CHF porcine
model have also been studied. Using this model, a broad-spectrum inhibitor was chosen;
PD166793 in conjunction with a rapid pacing model (RP). The RP model has been
established as being useful for inducing contractile dysfunction, LV dilation and
activation of the neurohoromonal system similar to that seen in CHF. Chronic
tachycardia in the presence of an MMP inhibitor (MMPi) resulted in the development of
a significantly (P<0.05) smaller sized heart, increased collagen content, shorter myocyte
length, decreased ED dimension, decreased LV peak wall stress, decreased LV myocyte
length and decreased MMP activity as compared to CHF rats not treated with MMPi'",
Overall, these results demonstrated that MMP activity increases with pacing and that by
reducing MMP activity it was possible to induce a shift in both size and function
approaching that seen in physiological conditions.

In an earlier study it was found that the effects of broad-spectrum MMPi PD

166793 were mediated largely during the acute phase of CHF induction; within 7 days of

RP initiation. A correlation between developing heart failure and MMP levels was
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demonstrated within 7 days of the induction of supraventricular tachycardia (SVT) in the
pig model. MMP-1, 2, 3 were found to increase by a factor of 2 concomitant with
compromised cardiac morphology and function''®. Cardiac function was found to decline
further at day 21.

In another MMPi study using rat, it was found that inhibition of MMP in a CHF
model appeared to be associated with attenuated remodeling in the experimental group
which was also associated with reduced dilatation, decreased hypertrophy, and preserved
function''®. In relation to this it has also been suggested that increased MMP activity is
responsible for 50% of the loss of collagen in an infarcted rat LV'7. Without MMP

inhibition, scar formation in the infracted rat heart occurs within 2-3 weeks!8,

iii. REGULATION

To this point I have stressed the critical role MMP plays in remodeling. What is
of paramount importance, however, is the homeostatic regulation of MMP activity.
MMP is regulated at a variety of levels; from before transcription to the ‘fine tuning’ of
protein inhibition. It is this ability to maintain precise levels of MMP that seems to
translate into the difference between physiologic and pathologic states.

1. Gene Expression

It has been found that mRNA half-life'" and transcriptional control are of major
importance in MMP regulation'*°. To this end the sequencing of human MMP genes was
undertaken and first achieved in 1986'' opening the gateway to genetic research.

Despite their similarities in substrate specificity/activity and homology, it is clear
that the members of the MMP family serve different, yet overlapping, biological purposes

and hence demonstrates certain nuances to their genetic control. Realizing the selectivity
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limitations in inhibitor design for protein inhibition, it is at the genetic level that these
nuances (which distinguish the MMPs from each other) may prove a fruitful bed of novel
therapeutic approaches.
a. Collagenase

Using various cell culture models, and in particular fibroblast and monocyte
models it has been shown that MMP expression can be elicited via local/distant mediators
as well as direct cell-cell contact. Several extracellular ligands have been implicated as
local stimulators of MMP gene expression including IL-1a, IL—lBlzz, TNF-0'%, IL-10"%*,
various growth factors'*, IFN-BI%, IFN-y'#' bacterial LPS'® and acute phase SAA'.
The aforementioned have the ability to activate cell surface receptors and subsequently
promote transcription. These cytokines can also act in the capacity of a long-distant
messenger (blood borne) not unlike a hormone. In a rat model, it has also been shown
that PTH and vitamin D induce MMP-13 expression'° while prolactin has the same

131 Induction of collagenase activity in fibroblasts has been

influence on fibroblasts
shown to occur when the fibroblasts are grown in direct contact to carcinoma cells, an
effect mediated through the cell-surface factor, EMMPRIN'*2, In addition to cell-cell
contact effects, it is also known that the ECM itself can modulate cellular activity, as
shown for example with fibroblasts grown on fibronectin. In fact it has been
demonstrated that as cells spread on a fibronectin substrate there is a concomitant
increase in the expression of collagenase. Furthermore, actions which stimulate

fibroblast actin cytoskeletal morphometric changes (i.e. contraction) cause ECM

components and surface integrin binding and, consequently, collagenase expressionm.
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Interestingly, stresses such as heat shock have also been found to induce collagenase
expression.

Once the regulatory action has occurred, activation and control of gene
transcription then take place. The transcription factor responsible for collagenase is AP-
1. AP-1 behaviour depends on its state, usually inactive. However if mutated it can act
as an oncogene leading to malignant transformation. AP-1’s target on the DNA molecule
is known as the TRE region (TPA or PMA response element)'**. In the rat model TRE is
conserved and necessary also for PTH mediated induction of MMP-13'*°. AP-1 and TRE
may participate in both stimulation and inhibition of collagenase expression. One
cytokine which takes advantage of this bifunctional ability to both induce and block is
TGF—B13 6137 In general, two inhibitory mechanisms have been identified for AP-1/
TRE: TRE binding138 (direct), binding of intracellular components to promoter region'*
(indirect). The signaling pathway for AP-1 involves protein kinase C (PKC) activation of
a second messenger system leading to AP-1 gene expression'*, without which TRE

mediated collagenase will not occur’*'.

b. Gelatinase
Gelatinase expression has been associated with several pre- and post-natal events.
MMP-2 expression has been primarily researched in tumours but recently, interest in
angiogenesis has shifted this focus'*. During embryonic development, distribution of
MMP-9 activity is more widespread143’144. In later developmental stages MMP-9 is most
characteristically found in nervous tissue such as neurons of the hippocampus'* but is

also expressed in the gingival epithelium surrounding the tooth'.
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Stimulation of gelatinase expression is quite similar to collagenase activation,
however, co-expression is not always achieved as resultant gelatinase expression is
highly dependent on cell and species type. MMP-2 demonstrates idiosyncrasies such as
non-responsiveness to stress, paradoxical TGF- stimulation of gelatinase coupled with
inhibition of collagenase'*” and substitution of non-involved of PKC'*® with a preference
for phospholipase C'. In the case of MMP-9, TGF-B has no effect on human rat
mucosal cells, induces a small increase of gelatinase expression in human fibroblasts and
stimulates an exaggerated response of human mucosal keratinoc:ytes15 °,

Although collagenase and gelatinase gene transcription are both dependent on
AP-1, variable substrate specificity may be explained by unique sequences found within
the promoter region. NF-«xB and SP1 are two such coding sequences which participate in
efficient AP-1 mediated promoter activation'’' of gelatinase-B. Gelatinase-A, despite
sharing 96% homology with gelatinase-B'>2, displays unique sequences allowing for its
operation. The sole MMP susceptible to greater control post-transcription is gelatinase-A
and collagenase-2 due to their abundance in quiescent tissues. To avoid inhibition of

153

normal cells ™~ a more prudent target for MMP-2 and -8 management would be halting

conversion from latent to active form'*,
2. Proenzyme Activation
To briefly summarize previous remarks. MMPs are generally secreted in a latent
form maintained by Zn stabilization and presence of a propeptide sequence. Cleavage of
the pro- segment may be achieved by other proteases (including other MMPs). This
activation may occur at/near the cell membrane via MT-MMP activity or in a more peri-

cellular environment. Other than spatial separation, variable temporal conditions exist
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for MMP expression depending on the biologic requirement. For most MMPs zymogen
regulation is of minor importance relative to gene expression because they are
synthesized on an as needed basis. The MMP which may be more susceptible to this
level of control are MMP-2 and MMP-8.
3. Endogenous Inhibitors
a. TIMP (Tissue Inhibitor of Matrix Metalloproteinase )

One of the most apparent methods of matrix metalloproteinase regulation is in the
endogenous form tissue inhibitor of matrix metalloproteinase (TIMP). To date the TIMP
family consists of four inhibitors (TIMP 1-4) approximately 21 kDa in size. TIMP-1 and
TIMP-2 have been shown to selectively bind at the hemopexin domain at the C terminus
of MMP-9 and MMP-2 respectively. TIMP-3 of cardiomyocyte are differentially

155 and is thought to be the only

regulated by pro-inflammatory cytokines i.e. IL-1§
member of the TIMP family which is found exclusively in the extracellular matrix
(ECM). The most recently discovered TIMP, TIMP-4, may function in a tissue-specific
fashion in extracellular matrix homeostasis'*® and is the most cardiospecific'”’. In
general, TIMPs have been found to bind with all MMPs and may elicit their actions either
in the peri-cellular environment on secreted substrates (most MMPs) or in the vicinity of
cell-membranes (MT-MMP)

Several studies have been conducted in an effort to elucidate the function and
regulation of TIMP in the failing heart and its remodeling. The results of one such study
revealed differential regulation of TIMPs in the failing heart after LVAD (left-ventricular

assist device) support. TIMP-1 and -3 showed significant up-regulation, whereas TIMP-2

and -4 showed no change" 8 Other studies have shown differing observations where
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TIMP levels are found to decrease in the failing heart (TIMP-1,2,4)15 °. TIMP knock-out
mice have demonstrated increased EDV, ED wall stress and decreased myocardial
fibrillar collagen concentration. From this study we learned that TIMP-1 expression
plays a role in maintaining normal LV structure'®,

Temporal TIMP/MMP mRNA expression and protein level studies have shed
little conclusive results on when to expect up/down regulation/expression. What may be
concluded form these studies is that TIMP/MMP mRNA/protein levels are subject to
post-transcriptional/translational changes. Perhaps by quantifying TIMP/MMP mRNA
and protein levels we can hope to elucidate this query.

b. a2-macroglobulin

Alpha-2-macroglobulin is a 772 kDa molecule comprised of four similar
disulfide-bound domains. 02M is known to play a major role in plasma MMP while its
action on pericellular MMP is currently under speculation. Unlike tissue inhibitors of
matrix-metalloproteinases which targets the hemopexin domain, a2M inhibition targets
the propeptide “bait” segment of all MMP substrate causing a conformational change
resulting in protease capture. Specifically, a hypothesized mechanism indicates MMP
association with a2M-serine-proteinase complex as a feasible explanation161. Also in
contrast with TIMP is the affinity demonstrated for the inhibitor by MMP. Perhaps this
should come as no surprise because although MMP prefers a2M over TIMP, TIMP can
take solace in the fact that its interstitial concentration is 1000 time less'®%

4. Synthetic Inhibitors
Synthetic MMP inhibitors were first introduced in the 1980’s. Their structure was

based on the substrate collagen with an added chelating agent that binds reversibly at the
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active Zn site. Carboxylates, aminocarboxylates, sulphydryls and the most effective
hydroxamic acid (i.e. Batimastat a broad spectrum MMP inhibitor), alter the active site
resulting in a change of enzyme stereochemistry and loss of function'®. One of the main
restrictions of the first-generation synthetic inhibitors was their low bioavailability when
administered. It was for this reason that development of a potent gelatinase selective
inhibitor fell by the way-side.

Other types of first-generation inhibitor which continues to be researched are
members and derivatives of the tetracycline family. Golub et al. explored different
therapeutic advantages to tetracyclines and found in addition to antimicrobial properties,
MMP inhibitory activity (MMP-1,2,3,8)'%, Minocycline therapy reduced collagenolytic
activity by 65% in a diabetic rat model via a mechanism different from its antibacterial
efficacy. Subsequent experimentation attributed the degradative properties to Ca2+,
Zn2+ inhibition of the metallo-binding catalytic domain of MMPs. Tetracycline
sensitivity differs among collagenase producing cells. To affect inflammatory CT
breakdown by PMN a dose of 25ug/mL is necessary, however a dosage ten times that
would be needed to influence CT remodeling in normal gingiva. These observations

b165

were further investigated in research by Golu to determine the ICsg of the collagenase

activity with doxycycline and chemically modified tetracycline. Sub-antibacterial
administration of doxycycline had been employed to take advantage of its anti-

66

collagenolytic properties in inflammatory associated periodontal breakdown'®® and

rheumatoid arthritis'®”’.

Cancer and arthritis represent the main foci of chemically modified tetracyclines

focusing on the anti-collagenolytic properties it possesses. New efforts on second-
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generation inhibitors have focused on drugs with increased bioavailability and selective
inhibition.

The MMP inhibitor I have used is a MMP-1 sparing, synthetic, non broad-
spectrum.

B. NEUROHOROMONAL
i. FUNCTION

Classically, the renin-angiotensin-aldosterone (RAS) system has been considered
a humoral system responsible for angiotensin II and aldosterone production and hence
increasing extracellular volume (i.e. preload) and peripheral resistance. The precise
mechanism is not known for this phenomenon but several hypotheses exist.
Physiologically, ACE inhibition reduces preload, afterload and therefore end-diastolic
pressure and consequently wall-stress.

ii. IMPLICATION / APPLICATION IN CARDIAC REMODELING

There is an abundance of studies which support the early administration of ACE
inhibitors. ACE inhibition has been found to be effective in decreasing ventricular
hypertrophy independent of infarct size'®® in addition to direct reduction of regional
remodeling within the scar area'®. As such, ACE inhibitors have been endorsed by the
American Heart Association and the American College of Cardiology as standard
protocol in the treatment of patients suffering AMI'°. In addition to AMI, ACE
inhibition has found its place in the treatment of many cardiac diseases at different stages
of progression. In patients suffering CHF (no AMI), two significant studies utilized
enalapri1171’172. Although the studies differed (patient age, sample size) both,

unequivocally, demonstrated reduced mortality. In the post-MI model, large ACE
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inhibition studies have been numerous and variable in their design, those which included

173,174,175

all post-MI patients and those which focused on high-risk (decreased ejection

fraction, overt cardiac failure, MI with no thrombolysis) post-MI patients. It has been

176,177,178,179 there is

clearly demonstrated that in these landmark high-risk selective studies
a significant reduction in mortality ranging from 22%-34% averaging 1-5 years post-
MI'®. In addition to the “selective” studies, there was an additional study conducted,
similar to the “non-selectives”, entitled HOPE (Heart Outcomes Prevention Evaluation
Study)'®! which demonstrated a significant reduction of 22% in the composite endpoint
(ML, stroke, death). Patient inclusion criteria were “unselected high-risk patient with or

182 and were excluded if they had CHF or an

without a prior cardiovascular event
ejection fraction <40% (high-risk). The magnitude of this study lies in the merit of
including ACE inhibition as a preventative measure in addition to its post-MI benefits.

Past experiments have shown increased production of angiotensin II in the
presence of a cardiac pressure loading model'®’. During this induction of LVH an
increase in ACE mRNA expression was noted'®*. Further investigation revealed tapering
of LVH once ACE inhibitors were administered'®’. These observations have in turn
prompted further studies of which Schmeider et al. conducted a thorough meta-analysis
with stringent inclusion criteria'®®. In their study (RCT, >2 treatments, blinded
echocardiography, placebo controlled) it was confirmed that ACE inhibition proved the
most efficacious chemo-therapeutic agent for LV mass reduction, 13.3% (reflection of
LVH).

Based on current knowledge ACE inhibition remains the gold standard but there

is clearly a basis for further research into alternative approaches.
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iii. OTHER MOLECULAR EFFECTS

More recently several additional actions of angiotensin II have been elucidated:
vascular smooth muscle growth/chemotactic factor, increased oxidative stress, impaired
endothelial activity, increased inflammatory mediator expression, decreased
fibrinolysis/increased thrombogenesis, monocyte/macrophage activation, increased blood
pressure’®’. These additional functions should not be surprising considering angiotensin
IT is synthesized in the heart'®. On a cellular level, ACE inhibition reduces collagen

synthesis'®” and myocyte apoptosis'®’.

C. REPERFUSION AND HEMODYNAMICS
An obvious and effective modality for reducing the amount of ventricular
enlargement is the re-establishment of blood flow to the ischemic area via thrombolytic
therapy. Reperfusion has been shown to be beneficial throughout the post-MI period by

193

reducing acute enlargement'®!, ventricular wall thinning'®?, late phase hypertrophy ™ and

overall mortality by 22%'%*.

Short-term administration of the beta-blocker class reduces sympathetic stimulus
and systemic pressure on the surviving myocardium. This therapy is thought to be most
effective pre-scar formation in the prevention of myocardial rupture through the
weakened non-fibrotic wall'®”, Conversely, in patients with chronic congestive heart
failure, elevated levels of plasma norepinephrine is correlated with poorer prognosis'®°.

But, if a post-MI patient did not suffer from any cardiac event 3 months post-MI, they

were found to have decreasing levels.
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CHAPTER 2: STATEMENT OF PROBLEM/OBJECTIVES/HYPOTHESIS

I. STATEMENT OF PROBLEM
Cardiac remodeling, after a myocardial infarction (MI), refers to a process
whereby the heart adapts to cardiac damage resulting in left ventricular (LV)
hypertrophym. The ability to modulate this system is therapeutically critical to affecting
the long-term prognosis of post-MI patients as this physiologic change has been
associated with recurrent heart failure'”®. Many biochemical pathways have been

9

implicated in this process, including rennin-angiotensin-aldosterone (RAA) system'” and

matrix metalloproteinase activation”.

Previous data have demonstrated the importance of RAAS post-MI. The use of

ACE inhibitors post-MI has transcended the basic laboratory to the clinical bedside®".

Data supporting the role of matrix metalloproteinase inhibition have shown that

202,203

administration of MMPi curtails pathologic hypertrophy , collagen deposition and

‘g . 204 . .
scarification’”* and improves function®®.

The research goal is to further elucidate the attributes of the MMP and RAA systems

within post-MI cardiac remodeling system.
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II. OBJECTIVES

© To compare effects of post-MI administration of a MMP inhibitor and/or/nor an
ACE inhibitor to MI & placebo controls, on LV function & remodeling at day 35.

® To compare effects of post-MI administration of a MMP inhibitor and/or/nor an
ACE inhibitor to MI and placebo controls on LV collagen content at day 35.

© To compare effects of post-MI administration of a MMP inhibitor to MI and

placebo controls on gene expression at day 35.

III. HYPOTHESIS

MMP inhibition is more potent than ACE inhibition in achieving favourable

ventricular function and remodeling in the rat post-MI model.
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CHAPTER 3: METHODS, MATERIALS AND STATISTICS

I. EXPERIMENTAL ANIMAL MODEL

Study protocol was approved by UHN Animal Care Committee.

Sprague Dawley rats (N=588, average weight=350 g: Charles River) were
anesthetized via intraperitoneal injection of xylazine (10mg/kg) and ketamine HCI
(90mg/kg). Once rats were deemed anesthetized (no reaction to pinch stimulus), the
torso area was shaved and wiped with Betadene®. Rats were then intubated with a 14-
guage polyethylene catheter with the assistance of a condensed surgical light illuminating
the esophagus and trachea. Upon successful intubation, the catheters were connected to
an automatic ventilator (Harvard Rodent Ventilator) using room air and the rat was laid
on a surgical sheet atop a heating pad. A thoracotomy was performed in the third
intercostals space on the left side exposing the pericardium. Once pierced the heart was
unsheathed and a 6-0 silk suture was used to pierce the myocardium (did not enter
ventricle) at the apex and looped to facilitate retraction. At this point the animals were
randomized into sham operated and left anterior descending (LAD) coronary artery
ligation (myocardial infarction - MI) groups at a ratio of 1:2 (this ration was employed

208y " Sham operated rats had a 6-0 silk suture

due to the attendant mortality of 30-40%
passed beneath the LAD coronary artery through the thickness of the myocardium, with
every effort to avoid ventricular perforation, and removed. MI rats, after recognizing the
LAD coronary artery, similarly had a 6-0 silk suture passed through the thickness of the

myocardium with every effort to avoid ventricular perforation. The suture was then tied

thus encircling and ligating the artery resulting in an infarction involving 40-50% of the

36



myocardium®®’. Both groups then had the thoracotomy closed in layers. Rib-cage
closure with 4-0 continuous silk sutures, muscle layer with 4-0 continuous silk suture and
epidermis with miniature surgical grade staples. Animals were undisturbed during
recovery from surgery and had the intubation removed once demonstrating a sufficient
level of consciousness characterized by response to pinch stimulus and self-sustained
breathing. Animals were then allowed 24 hours of recovery (this is when the high
mortality is realized) before randomization into drug treatment arms. All animals weight
was recorded regularly twice a week and prior to echocardiography or sacrifice.

II. EXPERIMENTAL DESIGN

After survival of the first 24 hours post-surgery, sham and MI rats were

randomized in to 8 different treatment arms (Sham, Sham + ACEi, Sham + MMPi, Sham
+ ACEi + MMPi, MI + Vehicle only, MI + ACEi, M1 + MMPi, MI + ACEi + MMPi) in a
ration of 1:1:1:1:1:1:1:1. Drugs administered were either an angiotensin converting
enzyme inhibitor (ACEi - captopril by Sigma) 2g/L in H20 or a matrix metalloproteinase
inhibitor (MMPi, MMP-1 sparing from Pharmacia — This drug was provided as part of a
industry research contract) 3mg/kg in an aqueous vehicle by gavage 12-24 hours post-
surgery. ACEi was available to the rats at will and MMPi was given by gavage once a
day by the animal care facility. Animals were further randomized to either a 14 or 35 day
model. The study protocol continued until either day 14 or 35 post-surgery at which time
the animals were sacrificed (following anaesthesia) for tissue harvest. Harvested hearts
were hung on a Langendorff apparatus for in vitro functional measurements. These same
hearts were processed to yield slides for H&E staining for morphometric analysis (left

ventricular and infarct dimensions) and Picro-sirus staining for collagen content. M-
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mode and 2D echocardiography was conducted on day 34 (prior to sacrifice) to measure
in vivo function (ejection fraction) and morphometry (end-diastolic and systolic
dimensions). Tissue for Microarray analysis was obtained from sections of harvested
hearts manipulated with RNAse treated instruments. Apex and aortic branches were
removed from the rest of the heart. The heart was then divided into the infarcted, peri-
and normal portions, weighed, snap frozen in liquid nitrogen and stored at -70°C until
tissue preparation. Tissue was processed accordingly for and genetic expression via
Microarray.

All data reported in this thesis is from tissue harvested on day 35.

I11. IN VITRO FUNCTION - Langendorff

Anaesthesia of rats is accomplished with 90mg/kg ketamine HCI and 10mg/kg
xylazine. Once sufficiently anaesthetized (no response to pinch) the animals were then
sacrificed and the beating hearts harvested quickly after a mid-sternal thoracotomy.
Hearts were immediately immersed in a buffer of 4°C PBS pH 7.2 and excess tissue was
removed. A latex balloon filled with saline surrounding a pressure transducer was then
inserted through the aorta into the left ventricle. A silk suture was tied around the
cannula and aortic branch and the heart suspended from the Langendorff perfusion
apparatus. Sufficient saline was injected to inflate the balloon so a baseline volume could
be generated corresponding to the diastolic pressure of SmmHg. Additional saline was
then added to the balloon increasing the intra-ventricular volume by 0.01mL increments.
Corresponding measurements were relayed through the transducer as the ventricle
exerted pressure on the ever-inflating balloon increments and a diastolic pressure-volume

compliance curve (0-60mmHg) was generated. Other functional indices including
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+dP/dt, —dP/dt, work (Dev Pr * HR) and developed pressure (systolic — diastolic
pressure) were also taken®®,

IV. IN VITRO MORPHOMETRY - H&E stain

Upon completion of in vitro functional assessment, potassium chloride (5 M) was
infused retrograde into the heart via the aortic cannula to achieve diastolic cardiac arrest.
Tissue fixation was achieved by perfusing with a 1:1 mixture of paraformaldehyde /
gluteraldehyde at a constant pressure of ~80mmHg for ~30 min. Fixation was completed
with 10% buffered formalin. Hearts were sectioned at the mid-papillary level and
embedded in paraffin®®. 5 um thin sections were harvested with a microtome and
subsequently stained with hematoxylin and eosin for morphometric analysis and Picro-
sirus red for percent collagen determination. H&E stained slides were scanned (Bio-Rad
Molecular Analyst software v1.4.1, Bio-Rad imaging densitometer GS-670) into a
Macintosh computer and analysis was performed on each section by using an image
quantitative digital analysis system (NIH 1.6). Three equidistant measurements were
averaged to determine septal wall thickness and lateral wall thickness. The endocardium
of the left ventricle was traced to find the LV area, circumference and infarct length.
Infarct size was determined by a ratio of infarct length to LV circumference®'°.
Specimens demonstrating infarct <40% were not considered.

V. IN VIVO FUNCTION AND MORPHOMETRY - Echocardiography

Rats were anaesthetized with an intraperitoneal injection of ketamine HCI
(90mg/kg) and xylazine (10mg/kg). Once sufficiently anaesthetized (no response to
pinch stimulus) the torso area was shaved and in vivo morphometric data was gathered by

2D and M-mode echocardiography (Sequoia, Acuson) with a 15SMHz transducer. 2D-

39



mode measurements of left-ventricular end diastolic/systolic dimension (LVEDD /
LVESD) were taken of circumference, area and septal thickness (three measurements) at
the level of the mid-papillary muscle. M-mode measurements of LVEDD and LVESD
were taken of anterior, posterior wall and diameter (three measurements). In vivo
functional data was also determined by calculating the ejection fraction based on LVEDD
and LVESD circumference, area and diameter.
VI COLLAGEN CONTENT - Picro-sirus red stain

For tissue harvest and processing see in vitro morphometric (H&E) section.
Variation in collagen staining was determined by multiple measurements with a light
microscope. Analysis of normal and infarcted area was performed. For all treatment
arms there were N=6-8 slides per treatment. All normal areas were sampled 4 times
while all infarcted areas had on average 11 measurements taken to accommodate for
regional variation.

VII. GENETEIC EXPRESSION - Microarray

Animals selected for Microarray analysis were sacrificed at day 35 and tissue was
harvested according to mRNA protocol to minimize contamination. Total RNA (TRNA)
was isolated from 12 samples utilizing Trizol Reagent (GIBCO/BRL) following the
manufacturer's protocol. To ensure sufficient protein content for assay total RNA was
assessed by Agilent 2100 Bioanalyzer (version A.02.0151232, Agilent Technologies).
Only RNA with the OD ratio of 1.99-2.0 at wavelength 260/280 was used.

The TRNA samples of the 12 hearts were hybridized to a Rat RG-U34AGeneChip
Set (Affymetrix, Santa Clara, CA) and were prepared for hybridization according to the

instructions delineated by Affymetrix*'’. In this process the mRNA sample is primed to
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synthesize double-stranded cDNA by the linked complex of oligo-dT;; and a primer
encoding the T7 RNA polymerase promoter using Superscript I RNase H reverse
transcriptase (Life Technologies, Rockville, MD). Following purification via silica
adsorption (Qiaquick kit, Qiagen), the double-stranded cDNA sample is transcribed using
T7 RNA polymerase (MEGAscript T7 kit; Ambion, Austin, TX), incorporating biotin-
UTP and biotin-CTP (Enzo Biochemicals, New York, NY) into the resulting copy RNA
(cRNA). These cRNA transcripts are in turn purified (RNEasy - Qiagen) and quantified
by a protein assay (absorption at 260 nm/280 nm). Samples were fragmented, added to
hybridization buffer, and hybridized to the Chip for 16 h at 45°C. GeneChips were
washed, stained with streptavidin-R-phycoerythrin. After scanning with the GeneArray
scanner (Affymetrix), output files were visually inspected for hybridization artifacts and
arrays lacking artifacts were analyzed by using Microarray Suite Version 5 (MASvVS5;
Affymetrix). Arrays were scaled to an average intensity of 150 per gene and analyzed
independently. The expression value for each gene was determined by calculating the
average of differences (perfect match intensity minus mismatch intensity) of the probe
pairs in use for this gene.

Statistically significant changes in mean expression values were determined by importing
the data from MASVS5 into GeneSpring 5.0 (Redwood City, CA). Data was transformed
such that values below O were set to 0. Per chip normalizations were made such that each
measurement was divided by the 50.0th percentile of all measurements in that sample.
Per gene normalizations divided each gene by the median of its measurements in all

samples.
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Hierarchical Clustering: Briefly, the expression values for a gene across the
all samples were standardized to have mean 0 and standard deviation 1 by linear
transformation, and the distance between two genes was defined as 1 - r where r is the
standard correlation coefficient between the standardized values of two genes. Two genes
with the closest distance were first merged into a supergene and connected by branches
with length representing their distance, and were then deleted for future merging. The
expression level of the newly formed supergene is the average of standardized expression
levels of the two genes (average-linkage) for each sample. Then the next pair of genes
(supergene) with the smallest distance was merged, and the process was repeated to cover
all genes. Additionally, K-means Clustering, Self Organization Map and Principle
Component Analysis were used to identify the differentially expressed gene and confirm
them by various methods.

VIII. STATISTICAL METHOD

Statistical analysis was performed with the aid of SAS (SAS institute 1999) on the
means of all outcomes (except Microarray) on rats exposed to one of four treatment
modalities and subject to sham or MI surgery. Certain measurements were taken from
the same animal (i.e. Langendorff, in vitro morphometric and collagen) and therefore a
Bonferonni correction (0.05/9 = 0.006 for detection of a significant difference between
means) was used for multiple comparisons. This was applied to the nine primary
outcomes (pressure-volume intercept at 10mmHg, work, +dP/dt, -dP/dt, LV
circumference/area, wall thickness, percent collagen) with the seven secondary outcomes

remaining (developed/systolic/diastolic pressure, heart rate, MI length, MI/LLV
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circumference, septal thickness) being considered exploratory (significance level P =
0.05) and only indicative of trends.

Correlation analysis was used to investigate correlations among predictor
variables and two-way ANOVA models were used to assess the effect of the two
predictor variables, drug and MI status, on the outcome variables (i.e. work, developed
pressure etc.). If the interactions term was significant, this implied that the relationship
between the outcome and the first predictor (i.e. drug) depended on the level of the
second predictor (i.e. MI status). In these cases, data was subsequently subdivided into
MI and sham groups and the effect of drug on the outcome variable (i.e. work, developed
pressure etc.) was tested for each group separately. If the interaction term was not
significant, the term was removed from the ANOVA model and the model was re-run in
order to generate test statistics for the drug predictor controlling for MI status. In cases
where drug was a significant predictor of a primary outcome, pair-wise comparisons of

means among drug groups were performed to elucidate the nature of the effect.
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CHAPTER 4: RESULTS

I. MORBIDITY AND MORTALITY
Due to the large size of infarction (40%-50% of the anterior wall) caused by

ligation of the left anterior descending coronary artery, there was an approximate 50%
mortality rate with 24 hours. If the animal survived 24 hours post-surgery, it would be
included in the study. From the day 1 to the end of the study the mortality rate was
10.83% (13 of 120). It should be noted that 8 of these deaths mysteriously occurred
during or immediately after echocardiography and may likely be explained by a
complication in preparation for or during the procedure (i.e. anesthetic overdose,
weakened immune system, internal bleeding secondary to injection). The remaining
deaths (accounting for 3% experimental mortality as seen regularly in this model system)
occurred on variable dates post-MI (day 3, 16, 9, 31) for unknown reasons. If a death
occurred during echo, sacrifice was done immediately on day 34 prior to rigor mortis. If
the death was not observed immediately, sacrifice was aborted and the animal was
replaced in the appropriate experimental group. By including echo-related deaths it was
possible to prevent ‘self-selection’ within any one group. In all cases where an
unexpected death occurred, a crude autopsy was performed to rule out MI-related
myocardial wall rupture. In fact, wall rupture was not observed suggesting that death was
related to either cardiac arrest or respiratory related to the echocardiogram procedure
itself. Further analysis of morbidity/mortality rates indicated that there were no deaths in
the vehicle-treated animals in both sham and MI groups. Disturbingly, all deaths

occurred in the drug-treated groups, however statistical analyses were not performed to
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confirm whether this was a significant finding or not as group size was not large enough
for this parameter. During the experiments the animals’ weight and consumption habits
were monitored regularly and appeared normal throughout and appropriate dosages had
been established from prior experimentation with no adverse drug reaction and past
literature and therefore it was not thought that drug treatment caused death. Nonetheless,
this parameter (death following echocardiogram) will be analyzed in more detail in future
studies.

At time of sacrifice if an animal, categorized as M1, did not suffer an MI of
approximately 40% a substitute animal would be surgerized to replace the failed surgery.
All animals that did not survive to day 35 or did not suffer an adequate MI were replaced

as needed by random surgery (sham or MI) and followed to study completion.

Experiment Mortality
Sham MI TOTAL
No | MMPi | ACEi | MMPi | No | MMPi | ACEi | MMPi
drug + drug +
ACEi ACEi
Non- 0 1 0 0 0 1 0 3 5
echo
echo 0 1 0 1 0 3 1 2 8
TOTAL | 0 2 0 1 0 4 1 5 13

I1. IN VITRO FUNCTION - Langendorff
On day 35, rats were sacrificed with an anesthetic overdose. The hearts were
harvested and mounted on a Langendorff apparatus for in vitro functional assays.
Work (figure 1-A) is a measure of ventricular functionality and is calculated by
the product of the developed pressure and heart rate (Dev Pr * HR). Statistical analysis
revealed that the effect of the drug significantly (P = 0.0002) depended on the MI status.

Further investigation within the MI groups demonstrated a clear significance (P < 0.0001)
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between the mean of the “no treatment” group and the mean of rats from the other drug
groups. Although Sham rats were found to have a higher value, no significant difference
(P = 0.08) was found between any treatment group amongst the Sham rats. The MMP1
group demonstrated the best results in both MI and sham operated rats.

Positive dP/dt (figure 1-B) is an index of contractility and is calculated as the first
derivative of cardiac contraction (change in pressure (mmHg) exerted by the left ventricle
over change in time (seconds) above the axis). Statistical analysis revealed that the effect
of the drug significantly (P = 0.0002) depended on the MI status. Further investigation
within the MI groups demonstrated a clear significance (P = 0.0002) between the mean of
the “no treatment” group and the mean of rats from the other drug groups. Although
Sham rats were found to have a higher value, no significant difference (P = 0.017) was
found between any treatment group amongst the Sham rats. The MMPi group
demonstrated the best results in both MI and sham operated rats.

Negative dP/dt (figure 1-C) is an index of contractility and is calculated as the
first derivative of cardiac contraction (change in pressure (mmHg) exerted by the left
ventricle over change in time (seconds) below the axis). Statistical analysis revealed that
the effect of the drug significantly (P = 0.0003) depended on the MI status. Further
investigation within the MI groups demonstrated a clear significance (P < 0.0001)
between the mean of the “no treatment” group and the mean of rats from the other drug
groups. Although Sham rats were found to have a higher value, no significant difference
(P =0.1) was found between any treatment group amongst the Sham rats. The MMPi

group demonstrated the best results in both MI and sham operated rats.
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Developed pressure (figure 1-D) is a measure of ventricular functionality and is
calculated by subtracting the diastolic pressure (mmHg) from the systolic pressure
(mmHg). Statistical analysis revealed that the effect of the drug significantly (P =
0.0002) depended on the MI status. Further investigation within the MI groups
demonstrated a clear significance (P = 0.0004) between the mean of the “no treatment”
group and the mean of rats from the other drug groups. Within the Sham rats, it was
discovered that the drug was a significant predictor (P = 0.003) of average values and he
MMPi1 group demonstrated the best resuits in both MI and sham operated rats.

Systolic pressure (mmHg) (figure 1-E) is a measure of ventricular functionality.
Statistical analysis revealed that the effect of the drug significantly (P = 0.0002)
depended on the MI status. Further investigation within the MI groups demonstrated a
clear significance (P = 0.0004) between the mean of the “no treatment” group and the
mean of rats from the other drug groups. Within the Sham rats, it was discovered that the
drug was a significant predictor (P = 0.003) of average values and the MMPi group
demonstrated the best results in both MI and sham operated rats.

With regards to heart rate (figure 1-F), no significant difference (P = 0.16) was
found between MI and Sham rats but a significant difference (P = 0.002) was established
amongst the drug groups.

Diastolic pressure (mmHg) (figure 1-G) demonstrated was not statistically
analyzed because this was the measure kept constant during the langendorff assessment.
Minor variation, evident within few groups, was considered an unavoidable and

inconsequential aspect of the experiment.
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Pressure/volume curves (figure 1-H) were analyzed at a pressure of 10mmHg. At
this level it was determined that there was a significant (P < 0.0001) increase in volume
in the Ml rats versus their Sham counterparts. Within the MI groups a non-significant (P
= 0.01) elevation was noted for drug treated animals suggesting a trend towards
normalized function with treatment.

III. IN VITRO MORPHOMETRY - H&E stain

After sacrifice on day 35, rat heart was harvested and mounted on a Langendorff
apparatus for functional assays. Once completed hearts were arrested in diastole with
KCl injection and embedded in paraffin wax. Sections of Sum thickness were prepared
for H&E staining and morphometric measurements. All hearts with MIs that did not
meet study criteria were not considered.

Effect of drug on free wall thickness depended on MI status where MI group was
significantly (P=0.0007) thinner than sham group. The sham group (0.36cm) on average
demonstrated a 221% greater thickness versus MI (0.16cm). Within the MI group, MI
vehicle demonstrated a non-significantly thinner dimension that the treated MI groups
(Table 1, figure 2 and figure 3-A).

Area of the left ventricle was significantly (P=0.0002) predicted by MI status,
where MI group (0.29cm?) had a larger area than sham group (0.16cm?). Although there
was no significant difference within the groups, the MMP1 treated subjects demonstrated
the smallest area of all treatments with a 27% reduction versus Mi no treatment (Table 1,

figure 2 and figure 3-B).
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Circumference of the left ventricle was significantly (P=0.0001) predicted by MI
status, where MI group (2.17cm) had a larger circumference than sham group (1.6cm).
There was no difference within the groups (Table 1, figure 2 and figure 3-B).

A weak statistically significant (P=0.02) effect of drug on septal thickness was
found, where M1 status did have a statistically significant (P=0.06) effect on the outcome
(Table 1, figure 2 and figure 3-A). Only MMPi when used by itself was the septal
thickness not reduced. Any treatment with ACE;, alone or in combination, regardless of
MI status, resulted in a thinner septum.

Comparison of drug effect on MI size revealed a non-significant (P=0.89) trend
towards treatment with any medication results in a smaller infarct. Within the group
MMPi tended to perform the best when used by itself with a 15% reduction in infarct size
(0.78cm) versus no treatment (0.92cm). The next best treatment resulted in only a 5%
reduction (Table 1 and figure 3-C).

MI/LV circumference is a reflection of both infarct size and dilation of the
ventricle. Because it cannot be compared to the sham group, the statistics will reflect MI
size outcomes, demonstrating a non-significant (P=0.91) trend towards MMPi treatment
resulting in a smaller ratio (Table 1).

IV. IN VIVO FUNCTION AND MORPHOMETRY - Echocardiography

Both 2D and M-mode echocardiography were performed on rats of all treatment
arms on day 34 prior to sacrifice on day 35. Following anesthesia protocol, rats were
imaged for in vivo morphometric data.

In the 2D mode a statistical difference (P<0.05) was noted between MI rats and

Sham rats but no statistical difference was found between treatments within the MI or
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Sham groups. This observation applied to parameters: left ventricular end diastolic
(LVED) and LVEsystolic circumference and area (Table — 4 and figure 4 - A)
(significance of Sham vs. MI). The most pronounced difference was between Sham and
MI of LVED area (MI 148% higher) and LVES area (287% higher). For septal thickness
no difference at all was noted as septal dimension of LVES (Table — 4 and figure 4- B)
was virtually identical for all groups of both MI and Sham.

M mode imaging revealed similar trends to 2D with a statistical difference
(P<0.05) between MI rats and Sham rats but no statistical difference was found between
treatments within the MI or Sham groups. This observation applied to parameters:
LVED anterior wall and diameter of both LVED and LVES (Table — 3 and figure 4 - C)
(significance of Sham vs. MI). The most pronounced difference was between Sham and
MI of LVED diameter (MI 123% increase over Sham) and LVES diameter (182%
increase over Sham). Poéterior wall thickness of LVED was virtually identical for all
groups of both MI and Sham (Table — 3 and figure 4 - D).

A functional measure of ejection fraction according to diameter, circumference
and area was made based on data generated by 2D and M mode imaging. Again a
statistical difference (P<0.05) between MI and Sham was observed but no statistical
difference was found between treatments within the MI or Sham groups (Table — 2 and
figure 4 - E). For all ejection fraction measurements of MI results were between 43%
and 59% that of Sham operated rats.

V. COLLAGEN CONTENT - Picro-sirus red stain
Paraffin embedded Sum heart sections, stained with picro-sirus red were assessed.

Collagen composition and density measurements were taken using a light microscope.
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The “infarct” area of sham operated rats, the normal area of MI rats and the infarct area
of Ml rats in all groups were quantified. Within each of the three sampled area there
showed no statistical difference between any of the treatment groups (i.e. P=0.3 for
treatment groups of Ml infarct zone). However, there was a definite trend towards a
lower collagen deposition in treated versus non-treated MI section with at least an 11%
reduction. There was also no difference between sham (2.21%) and MI normal zone
(1.86%). Only the MI infarct zone (40.03%) demonstrated a significantly elevated (P <
0.0001) percent collagen relative to MI normal (1.86%) or sham rats (2.21%) (Table 5,
figure 5 and figure 6). Qualitatively, within the MI animals, sections from the infracted
non-treated heart display a higher order of collagen organization when compared to the
other treatment groups of the MI model.
V1. GENETIC EXPRESSION - Microarray

Subsequent to tissue harvest processing of data included background subtraction,
normalization, and detection of outliers followed by hybridization to a chip with over
8000 genes. Altered gene expression associated with MI status and drug administration
revealed a vast amount of variably expressed genes. To facilitate presentation I have

grouped a few of the more major findings according to functionality.

ANTI- ANTI- STRUCTURAL NOVEL
INFLAMMATORY | APOPTOTIC
HSP-70 Caspase-3 Collagen Aldosterone
synthase (Cypl1b2)
heme-oxygenasel Ded (death effector | Myhc Egrl
domain)
mob-1 Titin Egr2
tropoelastin
osteopontin
TIMP
MMP
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Hierarchical clustering (figure 7 - A) identified genes more closely related as
expression of these genes tended to work toward a common end. HSP-70 (figure 7 - C
and table 6) and heme-oxygenase-1 regulation were up-regulated in the treated group
while mob-1 (pro-inflammatory) was down-regulated.

Caspase-3 (figure 7 — B and table 6), a key mediator of apoptosis, is down-
regulated in conjunction with Ded in MMP inhibitor treated specimens.

Structural genes myhc (figure 8 and table 6), collagen, titin, tropoelastin,
oesteopontin, TIMP and MMP displayed a clustering effect of moderate up-regulation in
animals administered drug, with no variation in genetic expression in the infarcted region
specifically.

Novel gene expression included a three-fold decrease in aldosterone-synthase
(hemodynamic) expression in treated specimens as well as an increase in Egrl and Egr2

(angiogenesis).
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FIGURE 3: Sample Photographs of In vitro Day 35, H&E Stained Sections for
Morphometric Analysis

These photographs are mere examples and although truly belong to the group
cited, and do not represent the average of data collected. These pictures are meant to help
illustrate morphometric measurement procedures and give an idea of the ideal. (A) Sham
+ no treatment, note the thickness of the non-infarcted free wall myocardium and location
of left and right ventricles. (B) MI + no treatment, note the extent of the anterior wall
infarct without medication. This would greatly compromise function and prognosis. (C)
MI + MMPi, the object of treatment is attenuation of scar formation and maintenance of
the anterior wall thickness during remodeling and prevention of ventricular dilation.

A

Sham no treatment
Specimen JA28 — day 35, H&E stained

B

MI no treatment (vehicle)
Specimen JA13 — day 35, H&E stained

C

MI + MMPi
Specimen JA27 — day 35, H&E stained
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