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The tetracycline class of antibiotics, which indutie members doxycycline
(DOX) and minocycline (MIN), have additional biologl effects independent of their
antimicrobial actions, of which inhibition of matnmetalloproteinases (MMPSs) is the
best characterized. Tetracyclines are also capdilsieavenging reactive oxygen
species (ROS) and inhibiting apoptosis and likelggess other undescribed important
biological properties. These non-antimicrobiai@ts of the tetracyclines promote
cell survival in several models of neuronal cejiiy. These biochemical processes
targeted by the tetracyclines are also importatherpathogenesis of myocardial
ischemia-reperfusion (I/R) injury and adverse veatar remodeling following
myocardial infarction (MI). Therefore, | hypothesd that tetracyclines would elicit
cytoprotective and anti-remodeling effects follogiimyocardial ischemic injury. The
work described here explores the capacity of DOX N to improve myocardial
survival, structure, and function following injuaynd examines their underlying
mechanisms. First, it was shown that DOX inhib&elderse remodeling post-MI by
inhibiting MMP activation. Second, DOX reducedairdt size following I/R injuryn
vivo by a mechanism independent of MMP inhibition. Agsmyocyte cell cultures it
was found that DOX improved myocyte survival byibiting plasmin-mediated
proteolysis of31p-integrin, thereby preserving myocyte-matrix intgi@ns. Third,
MIN, but not DOX, reduced infarct size in isolat@erfused rat hearts subjected to
I/R, potentially due to its ability to inhibit operg of mitochondrial permeability
transition pore. Fourth, MIN attenuated myocardiahning and improved coronary

artery flow in isolated, perfused rat hearts indef@t of MMP inhibition. MIN

XiX



treatment was associated with increased peroxgngeneration, suggesting that MIN
promoted the formation of peroxynitrite-derivedricioxide donor compounds
capable of promoting vasodilation. Taken togetti@se studies demonstrate that
DOX and MIN target different biochemical processe®lved in the pathogenesis of
myocardial I/R injury and remodeling. The lipophihature of MIN allows it to have
greater impact on intracellular processes, sudhhalsiting MPTP opening and
increasing peroxynitrite generation. The lessplpbc nature of DOX confines its
actions to the extracellular environment, with piasand MMP inhibition among its

major effects.
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Chapter 1. General Introduction

1.1 Scope of the Problem

Ischemic heart disease, also termed coronary Hemdse (CHD), has fallen
by 50% in the United States since its peak in 1363 This reduction is likely due to
the combination of improved preventative measwesh as smoking cessation and
management of hyperlipidemia and hypertension,impdoved therapeutics, such as
coronary care units, thrombolysis, angioplastyntatg, beta-blockers, and ACE
inhibitors. Despite these advances, CHD remaiesitigle leading cause of death in
the United States among both men and women acliagsi@icities. In 2003, CHD
caused 1 of every 5 deaths, amounting to 1 dealty eninute and in 2006 amounted
to an estimated direct and indirect cost of $14@l®n (2).

The etiology of CHD is primarily atherosclerosistine epicardial coronary
arteries. It is now believed that the majorityttoid more severe acute coronary
syndromes associated with CHD, including acute ragaial infarction (Ml), are the
result of a catastrophic rupture of an unstalypédrich atherosclerotic plaque (3, 4).
Subsequent thrombus formation at the site of plagpgire blocks blood flow to the
myocardium, leading to myocardial ischemia. If gEhemia persists, myocardial
necrosis and apoptosis ensue, ultimately leadimgdwersible cell death (5).

Current strategies for treating an acute Ml invalstoring the balance
between myocardial oxygen supply and demand. &tdrideatments to reduce

oxygen demand include bedrest, pain managemeitbt@tkers, and nitrates.



However, it is the timely restoration of blood slyplpy reperfusion strategies
developed within the last few decades that hasashadfound effect on reducing
infarct size and long term outcomes including mdyté6). Thrombolytic drugs, such
as streptokinase and recombinant tissue-type ptag@an activator (tPA), and
mechanical revascularization and stenting have bbeewn to reduce infarct size and
improve left ventricular (LV) function and survivé). Early reperfusion of the
compromised myocardium is essential, as the sitkeoénsuing infarct is directly
related to the length of time between the ons&tatfemia and reperfusion (i.e., “time
is muscle”) (8). Although reperfusion clearly reds infarct size and mortality, its
benefit is limited by reperfusion injury (9). Refussion injury is defined as the death
of additional myocytes after blood flow is restosad is distinct from and additional
to the injury associated with the initial ischeraient. Reperfusion injury is an
intensely studied but incompletely understood phestwon that likely involves the
generation of reactive oxygen species (ROS), iethalar calcium overload,
activation of proteases, and numerous other fagthish ultimately lead to the
dysfunction and death of cells that were still \@ait the time of restoration of blood
flow (9).

In many patients who experience an Ml, both thartted region and the
remote myocardium are subjected to altered mecabstiesses that can promote
adverse ventricular remodeling (10). Remodelinthefheart post-MI can result in
infarct expansion, chamber dilatation, and comp@mngdnypertrophy and fibrosis of

the non-infarcted myocardium. These changes cea piefound effects on the



functional status of the heart and, thus, the pdsigorognosis. The process of
remodeling is influenced by infarct size, infaretaling, and ventricular wall stress
and involves alterations in myocyte structural,tcactile, and signaling proteins as
well as alterations in the extracelllular matrixJ). Clearly, the best way to address
adverse remodeling is by reducing infarct sizenanfirst place. However, for those
patients who are at risk for post-MI remodelingggarving or improving the
mechanical properties of the heart is an appealiragegy for improving patient
outcomes.

Thus, the management of reperfusion injury andattenuation of adverse
post-MI ventricular remodeling are currently twopartant goals. The identification
and characterization of novel therapeutics to tatgEse processes is an important step
toward improving patient outcomes. This dissestapresents data demonstrating the
potential utility of the tetracyclines in managibgth myocardial reperfusion injury

and remodeling.

1.2. Introduction to the Tetracyclines

1.2.1. Bacteriologic Uses

The tetracyclines are an aging family of broadespen antibiotics. The
parent compound, aureomycin, was first isolatethf8reptomyces aureofaciens in
1947 (11). Soon after, other natural tetracysliwere isolated, including tetracycline
(TET), for which the family of molecules is name8lince then, the modification of

naturally-occurring tetracyclines and the totalthgsis of novel compounds within



the tetracycline family have generated thousand®wfpounds. Two of the more
common semi-synthetic tetracyclines used clinicafiyantibiotics are doxycycline
(DOX) and minocycline (MIN). Due to its broad-speen antibiotic efficacy, DOX

is indicated for the treatment of a variety of ctfens, including anthrax, Chlamydial
infections, community-acquired pneumonia, Lyme a&s malaria, cholera, syphilis,
Yersinia pestis (plague), periodontal infections, and others. Misb displays broad-
spectrum efficacy and is most often used clinicaillthe treatment of severe acne, but
it is also indicated for many of the same infecsias DOX.

The tetracyclines exert their antibiotic effectnparily by binding to the
bacterial ribosome and halting protein synthes?.(Bacterial ribosomes have a
high-affinity binding site located on the 30S suband multiple low-affinity sites on
both the 30S and 50S subunits (13). Upon bindwegibosome, the tetracyclines
allosterically inhibit binding of the amino acylHWR at the acceptor site (A-site).
Following inhibition of the A-site, the peptidylinaferase site (P-site) lacks the tRNA-
amino acid substrate needed for the amino acy$feameaction, and protein synthesis
ceases (14).

The use of tetracyclines has declined in receridiex due to the emergence of
resistant strains of bacteria. The primary medmarof resistance is mediated by
increased drug efflux out of the cell by a famifyl@t proteins located on the
cytoplasmic surface of the cell membrane (15). Téeprotein is encoded by a
transposon and functions as an antiporter, extguditetracycline-magnesium

complex, [TC-MgJ, in exchange for a proton (16). Expression offtaeprotein is



tightly regulated by the tetracycline repressotR)€17). In the absence of
tetracycline, the TetR binds to its operator sitd mhibits the expression of the Tet
protein. Upon binding [TC-Md] the TetR undergoes a conformational change and
dissociates from its operator, thereby allowingregpion of the Tet protein. While an
understanding of the mechanisms of bacterial 1@%ist to the tetracyclines is
important clinically, it also has led to the deyaitent of the Tet regulatory system, an
important transcriptional regulation tool that &ed extensively for targeted gene
regulation in eukaryotes (18).
1.2.2. Chemical Properties

While the complex chemistry of the tetracycline®éyond the scope of this
dissertation, a basic understanding of the impofeatures of these compounds is
necessary to appreciate their ability to interaith wuch a wide variety of
biomolecules. TET, DOX, and MIN are all composéd dour ring core to which are
attached various side groups (Figure 1-The dimethylamino group at the C4 carbon
on the upper half of the molecule has been shovire toecessary for antimicrobial
activity. 4-dedimethylamino tetracyclines, also called chemicailydified
tetracyclines (CMTSs), lack antimicrobial activityvivo presumably due to the
inability of the molecule to adapt a zwitterionarrin necessary for activity (19).
However, CMTs do retain the ability to bind othenmicrobial targets, such as
matrix metalloproteinases (MMPSs), facilitating these in the treatment of other

disease processes (20).



The oxygen-rich lower half of the molecule is @ati for binding to both
prokaryotic and eukaryotic targets, and interfeeanéh this region reduces or
eliminates the effectiveness of the drug (21). €@aeon this region is important for
binding is that it is an important site for metah ichelation. It has been shown that
binding of tetracyclines to proteins, including Retnay be greatly enhanced when
the tetracycline is complexed with divalent metais such as Gaand Md"* (22).

The binding of the tetracyclines to MMPs is thoutghbe mediated by the chelation of
structural and catalytic Zhions within the enzyme (21, 23). In addition,diirg to

the bacterial ribosome involves binding to RNA-bdWig®* (24). The strength of
tetracycline-metal interaction is dependent on bbg¢htetracycline and the metal ion
present. In general, the affinity of the tetracyes$ for different divalent metals is, in
order of decreasing affinity: Gu> Cd* = F&* > zrf* > Mr?* > Mg?* > C&* (25).

The relative affinities of different tetracyclinés a given metal also differ and are
highly dependent on pH and the presence of oth&lness (26-28). It is believed
that the relative superiority of DOX as an MMP initor is due to its increased

affinity for Zn** compared with TET or MIN (29).

Tetracyclines also show varying degrees of lipbgity. In general, there is a
direct relationship between lipophilicity and adtnagainst Gram-positive bacteria.
The lipophilicity of TET, DOX, and MIN, as deterngid by partitioning between
octanol and aqueous buffer, has been determiniee 0025, 0.600, and 1.1,
respectively (30), and the minimum inhibitory comization agains&aphyl ococcus

aureusis 0.21, 0.19, and 0.1y/ml, respectively (31). This difference in lipoldity



also affects tissue distribution. MIN is able toss the blood-brain barrier much
more readily than DOX or TET. MIN attains levatsthe brain nearly 3-fold higher
than DOX, and TET is undetectable in the brain .(32)

Interestingly, tetracyclines have also been shtmaactively accumulate within
certain tissues. One study found that culturedigal fibroblasts accumulated MIN
to a concentration >60-fold above the extracellatancentration within minutes
despite a relatively low affinity of transport, Wi K, and Vnax of 219uM and 14.2
ng/minjug protein, respectively (33). DOX and TET weredtsund to accumulate,
however much more slowly, with a of 2.5 and 1.8 ng/mipg protein,
respectively (33). A subsequent study found thatrate of transport of MIN, DOX,
and TET into gingival fibroblasts increased follogiincubation with various growth
factors and cytokines, including FGF-2, PDGF, TRlAL-1[3, and phorbol myristate
acetate (34). Recently, accumulation of tetraagdiinto cultured quiescent
neutrophils was also demonstrated (35). MIN, D@xd TET accumulated to levels
64, 7.5, and 1.8-fold above the extracellular cahegion, respectively (35). Thus,
these studies suggest that tetracyclines may &ctieeumulate in tissues at sites of
inflammation, thereby enhancing both the antimi@bénd non-antimicrobial actions
of these drugs at these sites and also servingsasvoirs for drug release.

TET has also been found to accumulate within mgaiabinfarcts, and this
property was exploited in the 1960s and 1970s liging technetium-labeled TET
(99mTc-TET) for localizing and sizing Mis radiolaegily. 99mTc-TET achieved

levels 5- to 8-fold higher within the infarct regicompared with the uninfarcted



region in dogs subjected to permanent coronarysan for 24 hours (36). Using an
organ culture of intact beating mouse hearts, & sf@wn that 99mTC-TET
accumulated in irreversibly injured hearts butin@versibly injured hearts (37).
Taken together, these studies suggest that TETadates in infarcted myocardium
but only following disruption of the cell membraard the onset of irreversible injury.
The mechanism for accumulation is uncertain but maglve chelation of
intracellular calcium and calcium-binding proteina/hether the more lipophilic DOX

and MIN also concentrate at sites of infarction iaisbeen reported.

1.3 Matrix Metalloproteinase Inhibition

As already alluded to, the tetracyclines have &@mwn to have effects on
numerous biological processes by mechanisms indep¢f their antimicrobial
properties. Probably the best characterized noimamobial property of the
tetracyclines is their ability to inhibit memberstioe MMP family of endopeptidases.
1.3.1. Introduction to the Matrix Metalloproteinases

The MMPs are a family of zinc-dependent extracaflpiroteases that are
involved in many physiological and pathophysiol@dprocesses including
embryogenesis, tissue remodeling, inflammation,tantbr invasion (38). MMPs can
be subdivided based on crude substrate specifigiite the collagenases, gelatinases,
stromelysins, and membrane-type MMPs (MT-MMPs) (3Bhe collagenase group
includes MMP-1 (interstitial collagenase), MMP-&@trophil collagenase), and

MMP-13 (collageanase-3), all of which possess thktato cleave fibrillar collagens



(types I, 11, and Ill). The collagenases cleawe tiiiple-helical fibrillar collagens at a
recognition site located % of the length of the esale from the N-terminus,
producing ¥ and Y4 fragments. These triple-hefiregments subsequently denature
into singlea-chains, termed gelatins. The gelatinases, winclude MMP-2
(gelatinase A) and MMP-9 (gelatinase B), proteolyregelatins into smaller
fragments. The gelatinases also degrade basenesmbrane collagen (type V)
directly. The stromelysin group includes MMP-3d¢shelysin-1), MMP-7
(matrilysin), MMP-10 (stromelysin-2), and MMP-11r(amelysin-3). The
stromelysins have a broad substrate specificityaaadcapable of degrading many
ECM components, including proteoglycans, laminior,dnectin, collagen type IV,
and others. The MT-MMPs include 6 different MMBSwhich MMP-14 (MT1-
MMP) is the best characterized, that contain eithernsmembrane domain or GPI
anchor that localizes them to the cell membraneeyTare capable of activating other
MMPs in addition to proteolyzing several ECM coments (40). It is important to
note that these categories are based on crudeaebspecificities, and it is becoming
increasingly apparent that there is considerabézlap in substrate specificity
between different MMPs. This has made the invattg of specific MMP activities
in the physiological mix of MMPs present boativivo and in cell culture quite
difficult, in part due to the inability to generagebstrate probes with adequate
specificity for a single MMP.

MMP activity is tightly controlled at the level e&fanscription, activation of the

latent enzyme, and by endogenous MMP inhibitorddRviranscription is modulated
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by a range of cytokines, pro-inflammatory mediatgrswth factors, and hormones,
such as IL-1, IL-6, TNF¢, EGF, PDGF, TG, IFN-y, and bFGF (41, 42). The
effect of these factors on MMP transcription, eitimeluction or inhibition, appears to
be cell type specific and also differs dependingrughe MMP. MMPs are secreted as
inactive zymogens (pro-MMPs), and they generaliytam an autoinhibitory pro-
domain, a catalytic zinc-binding domain, and a salbs-binding hemopexin domain
(388). They also contain additional structural zamel calcium ions distinct from the
active site which serve to stabilize tertiary stawe. Coordination of the active site
zinc by a cysteine moiety in the pro-domain bloaksess of substrates to the active
site cleft (43). Activation of the latent enzymanoccur by proteolytic removal of the
pro-domain by other proteases, such as the semategse plasmin (38). Proteolytic
activation may also be mediated by MT-MMPs andgiy38, 43). Non-proteolytic
activation can also occur by sulfhydryl-group oxida of the pro-domain cysteine
moiety under conditions of oxidative stress (43pon release of the catalytic zinc by
the pro-domain, the active site is unmasked, fodidwy autocleavage of the pro-
peptide and generation of a fully active MMP (43).

It is interesting that, while serine proteases aagplasmin and trypsin can
activate MMPs, MMP activity can also lead to in@@@ serine protease activity.
MMPs are able to proteolytically inactivate senpretease inhibitors, such ag
antitrypsin andx;-antichymotrypsin, thereby disinhibiting the actserine proteases
(44, 45). Thus, there may exist a positive feellb@op in which serine proteases

activate MMPs and MMPs further increase serinegarse activity.
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The MMPs are inhibited endogenously by the tissinéitors of MMPs
(TIMPs) and by nonspecific serum proteinase inbisitsuch as;,-macroglobulin
(46). The TIMPs, which include TIMPs-1, -2, -3da#, act by non-covalently
binding MMPs with 1:1 stoichiometry. In gener&etTIMPs can inhibit all MMPs
except MT1-MMP. An interesting exception is thatding of TIMP-2 to MT1-MMP
may actually facilitate MMP-2 activation (38).

1.3.2 Mechanisms of Matrix Metalloproteinase Inhilition by Tetracyclines

Inhibition of MMPs has been shown to be benefiziahany pathological
conditions in which MMP-mediated proteolysis of #hdracellular matrix (ECM)
contributes to the pathogenesis, such as heartdeding, tumor invasion, and
inflammation (38, 47). MMP inhibitor developmenasy for a considerable period of
time, an intense area of investigation (48). Stheeinitiation of MMP inhibitor
development in the 1980s, numerous synthetic comgewith potent and specifin
vitro MMP inhibitory activities have been developed, amahy have entered clinical
trials, including Marimastat (British Biotech), Romastat (Agouron), Rebimastat
(Bristol-Myers Squib), Tanomastat (Bayer), MMI-2{fovartis), RS-130830
(Hoffman-La Roche), and others (48). However, @ulack of efficacy and serious
musculoskeletal side effects, none of these MMBbitdrs have been developed past
phase lll clinical trials.

Currently, the only clinically available MMP inhtbr is doxycycline, which is
marketed as Periostat (CollaGenex Pharmaceuti@add)it is indicated only for the

treatment of periodontitis (48). Following the seah experiment by Golub et al.
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showing that MIN inhibited collagenase derived froanhgingiva (49), the
tetracyclines became increasingly studied for takility to inhibit MMPs.

The mechanism by which tetracyclines inhibit MMRs Imot been completely
elucidated. It is believed that they exert thati-proteolytic effects by both direct
inhibition of MMPs and by inhibiting MMP expressioi he direct inhibition of
MMPs appears to be mediated by an interaction ketwiee tetracycline molecule and
the metal ions within the MMP. MMP inhibition cée reversed by the addition of
millimolar amounts of C& (49) or micromolar amounts of Zn(50). In addition,
CMT-5, a pyrazole derivative of tetracycline wigduced affinity for C& and Zi*
due to removal of the carbonyl oxygen at C11 ardtdwyl group at C12, does not
effectively inhibit MMP activity (21). Interestig it appears that the mechanism of
inhibition is dependent on chelation of the strugtmetals rather than chelation of the
active site Zf". The catalytic domain of recombinant MMP-8 wasweh to be less
sensitive to inhibition by DOX than the full-lengthMP-8 (51), suggesting regions of
the MMP other than the catalytic site are importantinhibition by tetracyclines. In
addition, it was recently shown by deuterium exgjgamass spectrometry that DOX
binds to MMP-7 near the structuralZrand C&" ions and does not bind to the
catalytic Zi* (52).

The effectiveness of tetracycline inhibition agawverious MMPs depends on
the tetracycline species, MMP species, and the IpHas been shown that DOX is
more potent than MIN or TET against collagenasesigd from rabbit corneas, with

ICsp values of 15uM, 190uM, and 350uM, respectively, and this trend may be
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explained by the relatively high affinity of DOX @uow affinity of TET for Zrf*

(29). The 1@ values for DOX against the collagenases MMP-8, MM and

MMP-1 is 1-10uM, 5-30uM, and >20QuM, respectively (53-55); the reasons for the
differences in inhibition of the various MMPs am@ clear. The pH of the system also
affects inhibition as evidenced by the ability dDR to inhibit MMP-8 at pH > 7.1

and inability to inhibit at pH < 7.1 (56).

In addition to inhibiting MMPs directly, tetracyoks also inhibit MMP
activity by inhibiting MMP synthesis. DOX inhibiieT NF--induced MMP-8 RNA
and protein accumulation in cultured rat synoviaidblasts (57). In addition, in
cultured human skin fibroblasts, TET inhibited IB-lhduced MMP-3 expression
(58). By using an MMP-3 promoter coupled to a Q&porter construct, these
authors demonstrated that the inhibition was ateawel of MMP-3 transcription and
had an 1Gy of 1 uM. The mechanisms by which the tetracyclines initMP
expression are not entirely understood. Since MiMRscription is induced by a host
of pro-inflammatory cytokines and other growth &st including IL-1, IL-6, TNF,
PDGF, EGF, VEGF, and others (59), it is likely tHase upstream signaling cascades
leading to MMP expression are important targetetvacyclines.

An interesting consequence of MMP inhibition is theirect inhibition of
serine proteases. As previously mentioned, MMPsirtactivate serine protease
inhibitors (44, 45). Accordingly, MMP inhibitionith DOX or CMTs has been
shown to preserve serine protease inhibitors, biyarénibiting serine proteases

activity (60-64).
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1.3.3 Matrix Metalloproteinase Inhibition in Myocardial Infarction and
Ischemia/Reperfusion Injury

MMP activity is upregulated early following an Miuggesting an important
role in mediating the acute healing and remodepiragesses of the heart, including
inflammation, angiogenesis, and scar formationr@antbdeling. However, early
MMP activity may be a double-edged sword, leadilsg & early damage of the
cardiac ECM. It has been shown that MMP activitgreases within minutes of
ischemia, reflecting activation of pre-formed lat&tMPs within the myocardium
(65-67). The simultaneous appearance of typelageh fragments in serum indicates
that this early MMP activity contributes to sign#éint collagen proteolysis (68). This
early damage may set the stage for long term agversodeling. The role of MMP
activity during these early time periods have baédressed primarily using
genetically engineered mice. These studies han®udstrated that reduced MMP
activity attenuates adverse remodeling post-Mldte inhibits healing of the infarct.
Thus, controversy exists in the literature abouetivar early MMP inhibition exerts a
beneficial or detrimental effect on long term caodstructure and function.

Using a genetic approach, Heymans et al. showédvihP-9-deficient mice
but not MMP-3- or MMP-12-deficient mice showed redd LV rupture post-Ml as
did TIMP-1-overexpressing mice (69). This suggésas MMP-9 and possibly other
MMPs play a role in compromising the early struatuntegrity of the heart.
However, MMP-9-deficient mice also displayed impdisvound healing, with

reduced leukocyte infiltration into the infarct i@gand larger residual necrotic areas
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(69). In a similar study, Ducharme et al. showeat MMP-9-deficient mice had
reduced LV dilation post-MI but also reduced matw@ge infiltration into the infarct
region and reduced collagen content within the igneg scar (70). MMP-2-
deficient mice also showed reduced LV dilation aradence of cardiac rupture post-
MI but also inhibited phagocytic removal of neccaliebris from the infarct (71, 72).
In addition to their role in mediating post-MI hieg and remodeling, there is
emerging evidence that the MMPs may actually cbuate to myocyte death and
dysfunction following ischemia/reperfusion (I/Rjury. MMP-2 activity is increased
in isolated, perfused rat hearts following I/R, arehtment with an MMP-2
neutralizing antibody or with DOX attenuated therease in MMP-2 activity upon
reperfusion and improved the recovery of contradtihction (73). In follow-up
studies this group showed that MMP-2 activatioiofeing I/R resulted in proteolysis
of troponin | and myosin light chain, and that imtion of MMP-2 activity with DOX
prevented their proteolysis (74, 75). Iniawvivo mouse model, Romanic et al.
showed that MMP-9-deficient mice subjected to I& heduced infarct sizes and
reduced neutrophil infiltration into the infarcigien compared with wild-type controls
(76). These studies suggest that MMPs may conéitaul/R injury, but the
mechanisms underlying the injury are not entirddac It is also possible that MMP-
mediated disruption of the normal myocyte-matrighatecture leads to myocyte cell
death, since disruption of normal cell-ECM inteiag$ has been shown to contribute

to the induction of myocyte apoptosis bathvitro (77) andn vivo (78).
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These previous studies demonstrate that inhibafdiMP activity holds
promise for salvaging myocytes and preserving earsiructure and function post-
MI. However, for pharmacologic MMP inhibition te tbeneficial, the timing of
MMP inhibition will likely be important. For exanig early short-term MMP
inhibition post-MI (<48 hours) may block the eadigmage to the ECM while still
allowing later events (>48 hours), such as inflammmeand wound healing, to
proceed normally. However, it remains to be deteechwhether the potentially
beneficial and detrimental effects of MMP inhibitioan be separated by the

appropriate timing of pharmacologic MMP inhibition.

1.4 Reactive Oxygen Species Scavenging

1.4.1 Mechanisms of Reactive Oxygen Species Scayiag by Tetracyclines
Another well-characterized non-antimicrobial prdgef the tetracyclines is
their ability to scavenge reactive oxygen spedi®3%). ROS are produced under
many pathological conditions, including myocardi&l injury and inflammatory
processes, and can lead to the oxidative destruatialysfunction of many cellular
constituents. ROS are highly reactive and inclirdefree radicals superoxide {Q
and hydroxyl radical (OH and the non-free radicals hydrogen peroxidgdgiand
hypochloride (HOCI) (9). Superoxide £{Q can be formed by several cellular
processes, including the xanthine oxidase-catalyzédction of molecular oxygen
(O2), NADPH oxidase during the oxidative burst in @ated neutrophils, and as

byproducts of lipoxygenase/cyclooxygenase and hdaadrial electron transport (79,
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80). Q" can be converted to,B, by superoxide dismutase (SOD)®4 can then
suffer one of three fates: 1) react witlf F® form OH + OH via the Fenton reaction,
2) react with another molecule of'Cto form HO + OH + OH via the Haber-Weiss
reaction, or 3) be detoxified to,8 + O, by catalase or glutathione peroxidase. In the
neutrophil, myeloperoxidase (MPO) generates HO@hfthe reaction D, with CI.
0O, can also react with nitric oxide (NO) to form tte&active nitrogen species
peroxynitrite (ONOQ (9, 81).

Regardless of the source or ROS species, ROS cae callular injury when
they overwhelm cellular antioxidant systems, sue&@D, catalase, glutathione
peroxidase, and antioxidant vitamins, such as EGn&OS mediate injury by
formation of lipid peroxides and protein carborgfgl by causing DNA and RNA
strand breaks. This can lead to compromised cathibnane integrity and necrosis, or
it can activate apoptotic cascades.

DOX, MIN, and TET all have a multiply-substitutetigmol ring, similar to
vitamin E. The phenol ring is key to the ROS-scameg abilities of these
compounds. The reaction of the phenol ring wiffea radical generates a phenolic
radical that becomes relatively stable and unreactue to resonance stabilization and
steric hindrance by the phenol ring side group3$. (82N was recently shown to
directly scavenge ROS in several cell-free mixatiea assays with a potency
comparable to vitamin E, and its scavenging abilias not dependent on chelation of
Fe?* (i.e., inhibition of the Fenton reaction) (82)ef@nding on the assay used, MIN

had an 1Gy of 3-40uM and was 9-250 times more potent of a scavenger BFOX
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and 200-300 times more potent and TET. The autmmsluded that the superior
scavenging ability of MIN is likely due to the peege of the diethyamino group on
the phenolic carbon, which is unique to MIN andviies improved steric hindrance
(82). Other groups have shown DOX to be an eifed®OS scavenger. DOX was
shown to inhibit both HOCI and a mixture of neutndqlerived ROSn vitro, with an
ICs0 Of ~2uM (83). In addition, DOX was shown to inhibit HO@lediated
activation of MMP-1 from osteosarcoma cells, withl&s of ~50uM (84).
1.4.2 Reactive Oxygen Species Scavenging in Myodiat Ischemia/Reperfusion
Injury

The generation of ROS upon reperfusion of ischenmyocardium is thought to
be one of the primary mediators of reperfusionrpjuA major source of ROS
generation during reperfusion is the myocyte redpiy chain. During ischemia,
redox components of the respiratory chain are redland inappropriately donate
electrons to @to form Q™ (85). While residual oxygen can generate sonie O
during ischemia, the reintroduction of @uring reperfusion leads to a burst of O
(and other ROS) within seconds (86). Another padésource of ROS is in the heart
is xanthine oxidase, present primarily in the cgtag endothelial cells (87).
Xanthine oxidase is an important enzyme in puriggaimolism, catalyzing the
conversion of hypoxanthine or xanthine angt®uric acid and generating,Oin the
process. During ischemia, the degradation of A Bdenosine and finally
hypoxanthine provides a rich substrate for xantloixidase; however, the lack 0O

limits the activity of the enzyme. Upon restorata O, during reperfusion, xanthine
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oxidase activity resumes, and’'Gs formed (88). A third potential source of ROS i
the reperfused heart is infiltrating neutrophil®)(8In activated neutrophils, NADPH
oxidase reduces Qo O,", and MPO can convert,B, to HOCI. Given the time
course of neutrophil infiltration into the reperalsmyocardium, it is unlikely that
they constitute a significant source of early RG&wever, neutrophils likely
constitute a continual source of oxidative stragsng the inflammatory response.
Several studies have investigated the protectieets of scavenging ROS or
inhibiting ROS production in myocardial I/R injunging both genetic and
pharmacologic approaches. Overexpression of SQflutathione peroxidase in mice
has been shown to reduce infarct size and impres@very of function following I/R
in isolated, perfused hearts (89-91) amgivo (89). It has also been shown that
administration of exogenous SOD and/or catalasecesdthe extent of I/R injury in
canine (92, 93) and porcine (94) models. Sevdratmpacological antioxidants have
also been shown to attenuate I/R injury. N-2-met@aropionyl glycine (MPG) (95),
edaravone (96), tempol (97), and vitamin E (98)ext@mples of antioxidants that
have been shown to reduce the extent of myocdr&ahjury in animal models.
While antioxidant treatment has been shown tbdareficial in animal models
of I/R, clinical use of antioxidants have given guikresults. Administration of
exogenous SOD to patients undergoing angioplastgrfacute Ml did not reduce the
degree of myocardial stunning (99). On one studigmin E was found to improve
contractile function and reduce cardiac enzymeasgldollowing coronary artery

bypass graft (CABG) surgery (100). However, intheo study vitamin E had no
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effect on the extent of myocardial injury followil@ABG or valve repair (101). The
reasons for the discrepancy between animal and ingtndies may be related to
species difference or to the fact that animal ssidre generally performed with

healthy hearts while human studies generally inevaliseased hearts.

1.5 Anti-Apoptotic Effects

1.5.1 Introduction to the Apoptotic Cascade

A key event in the execution of apoptotic casdadbe activation of caspases,
a family of cysteine proteases. Caspases carnvimediinto upstream “initiator”
caspases, which function to activate downstreamesas, and the downstream
“executioner” caspases that are responsible foptbeolytic destruction of the cell
(102). Caspases may be activated by either thaggixt (death receptor) pathway or
the intrinsic (mitochondrial) pathway. In the emsic pathway (reviewed in (103)),
death signal proteins such as TMFEnd Fas ligand bind to their cell surface receptor
and, through signal transduction cascades, letltetactivation of an initiator caspase,
caspase-8. Caspase-8 in turn activates downstragppases, such as caspases-3.

In the intrinsic pathway (reviewed in (104)), aiety of extracellular and
intracellular stress stimuli converge on the mitmadiria to destabilize it and cause the
release of pro-apoptotic factors into the cytogbkey factor mediating mitochondrial
destabilization is opening of the mitochondrialmpeability transition pore (MPTP), a
large, high-conductance pore that spans both thex mnd outer mitochondrial

membranes. Opening of the MPTP occurs in respion€e’, ROS, inorganic
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phosphate, and alkaline pH (105). Once the MPTdhgpthere is an influx of water,
which leads to swelling of the mitochondrial mataixd eventually rupture of the outer
mitochondrial membrane. Cytochrome ¢ and othergmaptotic proteins, such as
Smac/DIABLO and apoptosis-inducing factor (AIF) aeeeased from the
intermembrane space into the cytosol. Cytochrommiads the cytosolic adapter
protein Apaf-1 which allows the recruitment andation of an initiator caspase,
caspase-9, which then activates downstream cas(&s Smac/DIABLO binds

and inhibits caspase inhibitor proteins therebyntlibiting caspase activity (107).

AIF translocates to the nucleus and induces chriarnandensation and DNA
fragmentation in a caspase-independent manner.(108)

The mitochondrial apoptosis pathway is also padtulated by the Bcl-2
family of proteins (109). Bcl-2 family members miagr pro-apoptotic (Bax, Bad, Bid)
or anti-apoptotic (Bcl-2, Bcl-xL). In responsedpoptotic stimuli, the pro-apoptotic
Bcl-2 proteins undergo a conformational changeésliccate from the cytosol to the
mitochondria, insert into the outer mitochondriambrane, and trigger the release of
cytochrome c. The anti-apoptotic Bcl-2 proteins lacalized to the outer
mitochondrial membrane and inhibit cytochrome eask by sequestering pro-
apoptotic Bcl-2 proteins.

1.5.2 Mechanisms Underlying the Anti-Apoptotic Effets of Tetracyclines

There is an increasing body of evidence thateétra¢yclines possess anti-

apoptotic properties. In a seminal study by Yrjakikieet al., it was found that MIN

and DOX increased the survival of hippocampal nesifollowing global brain
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ischemia in gerbils, and this protection was asdediwith reduced caspase-1
expression (110). MIN was subsequently evaluatestveral other models of

neuronal injury and found to also be protectiveirgaHuntington disease (111),
traumatic brain injury (112), and Parkinson’s dg=é113). In each of these cases, the
neuroprotection by MIN was associated with a redadn caspase-1 and/or caspase-3
expression, suggesting MIN was protective by irtingithe expression of key factors
within the apoptotic cascade.

In addition to inhibiting caspase expression, M also been shown to
inhibit caspase activity by blocking activationhwzet al. demonstrated that MIN
inhibits cytochrome c release and caspase-3 aictivat mice with amyotrophic
lateral sclerosis (114). Using isolated mitochamdihey also showed that MIN
inhibited C&*- and Bid-induced mitochondrial swelling and cytauhe c release,
indicating that the mitochondria, and perhaps th&T®, were direct targets of MIN
(114). In a follow-up study, the same group shotted MIN inhibited mitochondrial
release of cytochrome ¢, Smac/DIABLO, and apoptiosiacing factor (AIF) in both
a culture model and an vivo mouse model of Huntington disease, indicating MIN
inhibits both caspase-dependent (cytochrome ¢ amat®IABLO) and caspase-
independent (AlIF) mitochondrial death pathways §118IN also protected cultured
renal epithelial cells from I/R injury and inhibitenitochondrial cytochrome c release
(116). Interestingly, this group found that prot@e by MIN was dependent on MIN-
induced upregulation of Bcl-2, as antisense-medidtavnregulation of Bcl-2

abolished the protective effects of MIN (116). &akogether, these studies
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demonstrate that MIN, and possibly also DOX, passesi-apoptotic effects mediated
by inhibition of caspase expression and by mitodniahstabilization.

1.5.3 Inhibition of the Apoptotic Cascade in Myocddial Ischemia/Reperfusion
Injury

Both necrosis and apoptosis have been observée ineart the settings of Ml
and I/R injury, and strategies aimed at reducimgektent of apoptosis or necrosis
have been shown to reduce infarct size. In bothans and rodents, up to 30% of the
myocytes within the infarct region and border zdigplay evidence of apoptosis
following MI (117-120). It is thought that apopi®snay predominate early after the
onset of ischemia (<6 hours), while necrosis magpminate later (> 6 hours) (118).
In culture, myocytes undergo apoptosis in respomsevariety of stimuli, including
hypoxia (121), hypoxia followed by reoxygenatior22), acidosis (123), oxidative
stress (124), stretch (125), disruption of cellsimahteractions (77, 78, 126), TNd-
(127), and Fas ligand (128).

Given the complexity of the apoptotic process dmdmultiple potential
initiating factors, it is not surprising that nuroas strategies aimed at attenuating
apoptosis have been investigated. One strategyindibit the downstream players in
the apoptotic cascade, the caspases, and indep@seanhibition with tetrapeptide-
based competitive inhibitors has been shown tmadtie apoptosis and reduce infarct
size in ratsn vivo (129, 130). Other strategies have focused omitg the release
of pro-apoptotic factors from the mitochondria. ci®gporin A, a direct inhibitor of

MPTP opening, was found to improve the functioeabvery of isolated, perfused rat
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hearts subjected to I/R (131) and to reduce infsizet in mican vivo (132). It has
also been postulated that the cardioprotectivetsffef Na/H* exchanger inhibitors,
such as amiloride and cariporide, are mediatectyaing calcium loading during
ischemia and slowing the return of the intracetlplEl to normal during reperfusion,
thereby inhibiting MPTP opening (105). Overexpi@s®f Bcl-2 in mice also

inhibits apoptosis and reduces infarct sizgivo (133). In addition, MIN has recently
been shown to improve myocyte survival and redotact size, and this was
correlated with reduced caspase expression angedduitochondrial release of
cytochrome ¢ and Smac/DIABLO (134).

These previous studies demonstrate that blockiogtagis by directly
inhibiting factors within the apoptotic cascade salvage myocytes and reduce
infarct size. MIN has been shown to effectivelgdi apoptosis in models of neuronal
injury, and there is at least preliminary evidetiza MIN can reduce infarct size by
blocking apoptosis in the heart. Additional stsdaee needed to clarify this

potentially important role of tetracyclines in theart.

1.6 Objectives of the Dissertation

As described above, the tetracyclines have rerbfrkaverse non-
antimicrobial properties. They have been showintidbit MMPs, scavenge ROS, and
inhibit apoptosis in various disease states. Simese same processes have all

previously been shown to contribute to the pathegmsnof MI, myocardial I/R injury,
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and adverse cardiac remodeling, the tetracyclippsar to potentially be an attractive
tool for the treatment of myocardial ischemic ipj@and warrant further investigation.
The goals at the outset of the work presentedisndissertation are to 1) assess
the ability of DOX to inhibit MMPs post-MI and atteate adverse ventricular
remodeling (described in Chapter 2), 2) determihether MMPs contribute to I/R
injury and the potential for MMP inhibition by DOB improve myocyte survival
(described in Chapter 3), and 3) explore the amtax and anti-apoptotic capacity of
DOX and MIN in the settings of myocardial I/R angianardial stunning (described in

Chapter 4). A summary and discussion of the dapsrasented in Chapter 5.
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Chapter 2. Modulation of post-infarction left venticular remodeling
via MMP inhibition by doxycycline, and evaluation d new ZBGs for

development into novel MMP inhibitors

2.1. Abstract

MI is associated with early MMP activation and E@kgradation. It was
previously shown that early short-term DOX treathy@eserves cardiac structure and
function. In this study, the effect of DOX on mywdial MMP activity was
investigated to assess whether the observed antideling effects of DOX were due
inhibition of MMPs. Rats treated daily with or imtut DOX beginning 48 hours prior
to experimentation were subjected to coronary aaafufor either 1 hour or 24 hours.
Using nonspecific and MMP-2/9-specific fluorogeM&1P peptide substrates, it was
found that DOX treatment preserved tissue MMP atlboth 1 hour and 24 hours
post-Ml in rats. Assessment of MMP-2 and MMP-Q\atst by zymography revealed
only MMP-2 activity, indicating that the resultstamed with the MMP-2/9 substrate
likely reflected only MMP-2 activity. When DOX wasipplemented to the samples
to a concentration expected 4 hours after treatmemvo (35uM), MMP activity was
reduced by 25%. These results suggest that shdyt-term treatment with DOX
inhibits MMP activation and release in the settfig/l. In an effort to develop
improved MMP inhibitors (MPIs) over DOX and hydramate-based MPIs, recently
developed new zinc-binding groups (ZBGs) were itigasted for their capacity to

inhibit MMPs in culture. MMPs secreted by culturebnatal rat ventricular
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fibroblasts (NRVFs) were activated by the additidmplasminogen to the culture, and
the MMP activity was assessed in the presenceragfusconcentrations of new
ZBGs. All of the new ZBGs showed greater potemayard inhibiting MMP activity
than acetohydroxamic acid (AHA), with d&values ranging from 86M to 3.2 mM
compared with 8.7 mM for AHA. These results dentaais that potent, nontoxic, and
biocompatible alternatives to the hydroxamic aant zhelator are available for use in
MPIs, with the potential to generate inhibitors mpotent and specific than DOX and

hydroxamic acid-based MPIs.

2.2. Introduction

Many patients who experience a Ml may undergo earcemodeling (10).
Post-MI remodeling can result in chamber dilataasrwell as hypertrophy and
fibrosis of noninfarcted myocardium. Severe degi@&ecardiac remodeling are
associated with increased risk for the developroéheart failure.

Accompanying cardiac myocyte cell death in theimgivf Ml is damage to the
existing ECM of the heart, in particular to collagg135, 136). The cardiac ECM
provides structural support and integrity to theogardium (137) and facilitates the
conversion of myocyte contraction into pump funetiol' he integrity of the original
ECM is thought to play and important role in detering the extent of remodeling
after Ml (138). It has been shown that physicedistricting the heart during the

development of MI attenuates remodeling and imps@agdiac function (139). These
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results support the concept that preserving thggrai ECM reduces the degree of
remodeling and improves the function of the scgroreand normal myocardium.

Degradation of ECM follows the activation of MMPBIMPs are a family of
zinc-binding endoproteinases that are secretegrasgens (38). Reports have
documented the time-dependent activation of MMRBar agchemia or MI. MMP
activation can occur within minutes after ischernwidh significant increases
occurring as early as 15 minutes and peaking 1day2 after Ml (65, 66, 140). Itis
believed that early (<48-hour) MMP activation is@sated with zymogen activation,
whereas subsequent (>48-hour) increases are agsbaith inflammation (65, 66).
Chronic inflammation is largely derived from machage infiltration (141) and is
associated with enhanced expression and activigMPs (66). Macrophages
modulate wound healing, including the activatiorilofoblasts and angiogenesis
(142, 143). Angiogenesis is dependent on MMP #gt{@9, 144). Indeed, the
inhibition of macrophage function in the settingpafstinjury chronic inflammation
can compromise wound healing (143). The sequeeseritbed above of early events
after ischemic injury suggest that early, shorrat@harmacological inhibition of
MMP activity (<48 hours) may preserve the origie@M matrix without
compromising chronic inflammation-associated wobedling and scarring.

DOX, a member of the tetracyclines, has been shovattenuate MMP
expression and activity (145-148). Results fromlabpratory demonstrated that rats
treated with DOX from 48 hours before MI to 36 h®post-MI show significantly

preserved wall thickness in the infarct region ammleased LV compliance compared
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with untreated control rats at 2 weeks post-MI (148t 4 weeks post-MI, DOX-
treated rats continued to show significantly presédrinfarct wall thickness and
increased LV compliance, in addition to reducedteaight to body weight ratio,
inner LV diameter, and myocyte cross-sectional §14Q). Analysis of 2D epicardial
LV strains showed that DOX-treated animals hadagial strain patterns more
closely resembling that of a normal LV wall comghreth untreated animals (149).
These results demonstrate that DOX treatment atteswentricular remodeling by
preserving wall thickness and decreasing compenshypertrophy and dilatation.

In addition to inhibiting MMPs, DOX can also inhila wider range of other
proteases, including cysteine and serine protdéggs DOX has also been shown to
inhibit the activity and/or expression of INOS (}5phospholipase A(151), and
TNF-a (152), in addition to scavenging reactive oxygeecses (153). DOX has also
been shown to upregulate COX-2 expression andamiastdin k& levels (154).
Because of these pleiotropic effects of DOX, it agm to be determined whether the
attenuation of post-MI LV remodeling by DOX is digeits MMP inhibitory
properties.

DOX is currently the only available clinically-apgwed MMP inhibitor (MPI)
and is marketed under the name Periostat (Collageéharmaceuticals) for treatment
of periodontitis (48). Given the pleiotropic effeof DOXin vivo, the development
of biocompatible MPIs with increased specificity wleb provide a valuable research
tool for investigation of MMP-dependent processas pathologies. However, the

development of more specific MPIs for clinical ws®lin vivo research use has
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proven disappointing. Most MPIs have been devael@yeund a peptidomimetic
backbone designed to interact with the MMP actitee @mbined with a hydroxamic
acid-based zinc binding group (ZBG) designed tadimate with the catalytic zinc
ion, thereby inactivating the MMP (155). These doyémic acid-based MPIs have
failed in clinical trials due to poor bioavailalbyliand musculoskeletal-related side
effects (48). Recently, novel ZBGs based on hygogxdinones,
hydroxypyridinethiones, pyrones, and thiopyronesnbgeveloped for incorporation
into MPIs (156). These new ZBGs have shown impdgy@&ency and stabilityn
vitro compared with hydroxamate. However, the biocorhpgy and efficacy of
these ZBGs in a more physiologic environment akgawn and must be examined
prior to their development into MPIs.

The purpose of the current study was twofold: 1)nkestigate the effects of
DOX treatment on early myocardial MMP activity metsetting of Ml, and 2) To

assess the potency of new ZBGs in cultured cafdiemblasts.

2.3. Experimental Methods

2.3.1. In vivo experiments
2.3.1.1. Doxycycline treatment
Male Sprague-Dawley rats (Harlan, Indianapolis, Wére used. DOX
(Sigma, St. Louis, MO) was administered orally iddses at 30 mg/kg per day, a dose
known to attain an effectivi@ vivo inhibition of MMP activity (148). Treatment

began 48 hr before thoracotomy and continued th@ibnimal was sacrificed. All
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procedures were approved by the Institutional Ahi@are and Use Committee and
conform to published NIH guidelines for animal raxsxd.
2.3.1.2. Surgery

Animals were anesthetized with ketamine (100 mgé) xylazine (5 mg/kg)
intramuscularly, intubated, and positive-pressumetlated with room air (Kent
Scientific, Torrington, CT). A left thoracotomy waerformed, the pericardium
opened, the heart exposed, and the left antergeteing coronary artery occluded.
Sham animals were treated identically, exceptigaure was not tightened. In one
set of experiments, after 1 hour of ischemia trertheas rapidly excised, rinsed in
PBS, flash frozen, and stored at -80°C. In anagbepf experiments, the chest was
closed in layers, and the animal was extubatechlodied to recover. After 24 hours
the animal was anesthetized as before, the chstmed, and the heart excised as
described above.
2.3.1.3. Tissue processing

Flash-frozen ischemic or infarcted LV (excludingtsen) and RV tissue was
homogenized on ice in 100 volumes of buffer (50 Mg pH 7.4, 150 mM NaCl, 5
mM CaC}, 0.2 mM Nal, 0.1% Triton X-100), yielding a 100X diluted sampl
Lysates were cleared by centrifugation at 12,0@fr 40 min at 4°C. Protein
concentrations of the tissue extracts were detednirsing the Bio-Rad Protein Assay
(Bio-Rad, Hercules, CA).
2.3.1.4. MMP activity

2.3.1.4.1. Fluorogenic substrates
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Fluorescence-quenched peptide substrate probesusede Cleavage of the
peptide results in release of the quencher and@ease in fluorescence. To assess
global MMP activity, lysate was reacted with 18 OmniMMP substrate (Mca-Pro-
Leu-Gly-Leu-Dpa-Ala-Arg, BIOMOL Research Laboratsj Plymouth Meeting,

PA). To assess MMP-2 activity, Mca-Pro-Leu-Ala-NYAP[DNP]-Ala-Arg (Sigma)
was used. Fluorescence (340 nm excitation, 408mrasion) was kinetically
assessed using a fluorescence microplate readefT @i Instruments, Winooski, VT).
The MMP inhibitor phenanthroline was used to caonfihat substrate cleavage was
attributable to MMPs.

2.3.1.4.2. Gelatin zymography

Gelatin zymography was performed as previously rilesd (157). The
samples were diluted 1:1 in 2X non-reducing sarbpker (125 mM Tris pH 6.8, 4%
SDS, 20% glycerol) and electrophoresed on 7.5%-aotylamide gels copolymerized
with 0.1% gelatin. An internal control (purifieditman MMP-2/MMP-9, Chemicon,
Temecula, CA) was loaded to normalize activitiesvieen gels. Gels were washed in
renaturation buffer (2.5% Triton X-100) and therdeveloping buffer (50 mM Tris
pH 7.4, 200 mM NaCl, 5 mM Cag;10.02% Brij 35) for 30 min each. Gels were then
incubated in fresh developing buffer overnight Z&#Gwith shaking. Following
incubation, the gels were stained with 0.1% Coomedie G-250, and bands of
gelatinolytic activity were digitally quantified g Kodak 1D (Eastman-Kodak,
Rochester, NY).

2.3.2. Cell culture experiments
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2.3.2.1. Neonatal rat ventricular fibroblast (NRVH isolation and culture

NRVFs were prepared as previously described (1%8g hearts of 1-2 day
old Sprague-Dawley rats were excised, minced, ayasted with collagenase type 2
(80 U/ml, Worthington, Lakewood, NJ) and pancrefi® mg/ml, Sigma). The
dispersed cells were applied to a discontinuousqgtiedtensity gradient, and the
myocytes and NRVFs were separated. The NRVFs plated on tissue culture
dishes in media (DMEM + 10% FBS). After 30 min thehes were washed with
media to remove non-adherent cells, and the rengenherent NRVFs were
incubated in fresh media at 37°C in a 5%,@0midified environment. Cells were
passaged upon reaching 90% confluence. Cells tinerfirst or second passages were
used in the experiments. The NRVFs were serumeddry replacing the media with
serum-free DMEM for 24 hours prior to experimerdati
2.3.2.2. Inhibition of NRVF-derived MMPs by ZBGs

To activate NRVF MMPs, cells were treated with pia®gen (6Qug/ml,
Sigma) for 16 hours. MMP activity was determingdréacting culture media with 10
uM OmniMMP substrate as described above in the poesef ZBGs. Aprotinin (8
ug/ml) was also included to neutralize residual mimsactivity. The data were fit to
the sigmoidal Hill equation: Y = [DOX)([DOX]"™+k" (Prism, GraphPad Software,
San Diego, CA). Y is the rate of substrate hydsslas a fraction of maximal
substrate hydrolysis, n is the Hill coefficientddnis the DOX concentration at which

activity is half maximal (1G).
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2.4 Results

2.4.1. Doxycycline preserved LV MMP activity postMI
Global MMP activity was significantly preservedlahour post-Ml in the
ischemic or infarcted tissue in rats treated witbXO(Figure 2-1A). The use of the
MMP-2/9 substrate yielded comparable results (led+1B). Addition of 2 mM
phenanthroline to homogenates eliminated any ddiescMMP activity.
Measurement of global MMP activity at 24 hours pdstrevealed an even
greater loss of MMP activity in the control MI gqmaompared with the 1 hour post-
MI data, and DOX treatment significantly presergéabal MMP activity (Figure 2-
2A). MMP-2/9 activity was also reduced at 24 hguost-MI. DOX treatment tended
toward preserved MMP-2/9 activity, but this did ne&ch statistical significance
given the small sample size € 0.17, n = 2 per group) (Figure 2-2B).
Supplementation of DOX (3bM) to tissue homogenates (given the 100X
dilution after homogenization) of animals treatethwhe drug resulted in ~25%
inhibition of MMP activity (749+60 RFU/min contrek. 562+109 RFU/min DOXp
<0.05), indicating the actual MMP activity vivo was suppressed by DOX treatment.
Gelatin zymography experiments of 1 hour post-Mirteyielded only MMP-
2 activity and no detectable MMP-9 activity (Fig@-), indicating that the results
obtained with the MMP-2/9 substrate likely reflectly MMP-2 activity. No
differences in MMP-2 zymographic activity were oh®&el between control and DOX
treated hearts.

2.4.2. ZBG potency against NRVF-derived MMPs
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New ZBGs (Figure 2-4) were analyzed for the abti@ynhibit plasmin-
activated MMPs produced by NRVFs in culture. Altlre ZBGs showed greater
potency than acetohydroxamic acid (AHA), with 9 destrating the strongest
inhibition (IC50 = 86uM) (Figure 2-5A). Compound 3 had not been tesigsitd

poor aqueous solubility.

2.5. Discussion

The capacity of MMP inhibition to preserve post-Miart structure as well as
passive and contractile function is an emerging afeesearch (39, 59). Cheung et
al. (73) demonstrated using isolated perfused si¢laat after 20 min of no-flow
ischemia, there was an early increase in MMP-2Z/iagiin the coronary effluent after
reperfusion. MMP-2 release was enhanced with loisghemia and reduced
recovery of mechanical function during reperfusidine authors noted that use of
DOX improved recovery of mechanical function durnegerfusion, supporting the
concept that myocardial ischemia can induce adtimaif MMPs. In addition, their
data support the idea that MMP activation is asgediwith induction of contractile
dysfunction. Another report showed an inversealation between the release of
MMP-2 into the coronary effluent and LV MMP activiin the setting of ischemia
(140). In this study, preconditioning of the isohe heart preserved LV function,
leading to decreased MMP-2 release into the coyosffluent while increasing LV
MMP activity by ~18%. These results compare fakbravith my observations that

MMP activity was reduced by 1 hour post-Ml and th&@X treatment preserved LV
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MMP activity (16% greater versus control Ml) to éd& similar in shams. Taken
together, these results suggest that activatididPs during ischemia causes their
release from the myocardium, leading to increas&tPMctivity in the coronary
effluent and decreased activity in the myocardiBfocking MMP activity prevents
their release.

During homogenization of the tissue, the sample®wéduted 100X in
homogenization buffer. To determine if this 100Kitibn resulted in reduced MMP
inhibition by DOX, DOX was supplemented to theussamples to levels anticipated
4 hours after treatment vivo (35uM). DOX supplementation yielded ~25%
inhibition in global MMP activity. Therefore, tleectual MMP activityin vivo was
reduced by DOX treatment, and the preservation P\Vactivity seen in the substrate
hydrolysis assays reflected a preservation of MMB/me levels in the tissue.

Analysis of MMP activity using a MMP-2/9 substrag®be gave similar
results to the nonspecific OmniMMP probe. Whenghmples were assayed by
zymography, the lack of any detectable MMP-9 sugggkthat the activity detected
with the MMP-2/9 probed was due to MMP-2 activityowever, no difference in
MMP-2 activity between control Ml and MI+DOX waseseby gelatin zymography.
One possible explanation for this discrepancyas gymography lacked sufficient
sensitivity to detect the ~10% loss in MMP-2/9 atyi detected with the peptide
substrate in Ml rats. Analysis of MMP activity Withe substrate probe is a kinetic
assay in which degradation of substrate is mordtareeal time. Gelatin zymography

is an older technique in which the gel must be tbgezl for an empirically
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determined amount of time to provide desirable lcggm of the bands. Therefore,
the MMP-2/9 substrate probe data showing a cham®@MP activity are likely more
accurate and reliable than the gelatin zymograitg showing no change. Another
possibility for the discrepancy is that the MMP-2(fbstrate probe is amenable to
cleavage by another MMP not detected by zymogragihys could be investigated by
determining whether MMP-2/9 activity is diminishiegd an MMP-2 neutralizing
antibody, but these experiments were not doneisnstiady.

Interestingly, in the rats treated with DOX from H&urs before Ml to 36
hours post-MI, DOX treatment did not alter theaaif muscle to scar in the infarct
region compared with untreated rats (149). Theegfgiven that the DOX-treated rats
also had thicker LV walls, DOX treatment actualgulted in a net preservation of
both muscle and scar compared with untreated kftsether this apparent
preservation of muscle (i.e., myocyte salvage) egsto the MMP inhibitory effects
of DOX or some other mechanism is unclear. Furitinegstigation into the
cardioprotective (i.e., myocyte salvage) action®0X was subsequently studied in a
model of myocardial I/R, and the results are preeseim Chapter 3.

My results show that short-term MMP inhibition bypBX was correlated with
attenuated ventricular remodeling seen at 2 andeks/post-MI and with myocyte
salvage. However, although DOX reduced MMP adbveand release, the
possibility remains that DOX elicited these effdayssome other mechanism
independent of MMP inhibition. In light of the piéropic effects of DOX, |

investigated the potency of new ZBGs as an ingti@p in screening these compounds
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for development into more specific MPIs. MPI desand synthesis have yielded a
vast number of compounds with a variety of backbarestituents that are designed to
interact with specific MMP subsites. In comparigslittie progress has been made on
improving the ZBG of the inhibitor that binds ditdo the ubiquitous active-site
Zn** jon. With the limitations of hydroxamic acidsa&BG clearly established, it is
increasingly apparent that improved ligands musidesloped for second-generation
MPIs (159, 160). The promising inhibitory potehbé&these new ZBGs against
recombinant MMPs (155, 156) led us to examine taeiivities in a cellular assay.
NRVF cultures were selected for evaluating new ZBGshe basis of two primary
reasons. First, cardiac fibroblasts have a wealldwented capacity to produce and
secrete a variety of MMPs into culture media in agen form, including MMP-2 and
MMP-9 (161). The fibroblast-secreted MMPs are aadato activation by several
mechanisms, including protease-mediated cleavagsmbymes such as plasminogen
(162). Addition of plasminogen activates MMPs bigtfitself being cleaved by
urokinase plasminogen activator present on thesoelhce and then cleaving the
prodomain of the MMP (163). The second reasomu$img NRVFs was to select a
system that would secrete a mixture of MMPs that vepresentative of the MMPs
present in the heam vivo.

The new ZBGs showed greater potency than AHA, bhadtder of potency
largely paralleled that seemvitro using purified MMPs (155). Of notable exception,
5 demonstrated significantly greater potency, whikhowed markedly reduced

potency in NRVF culture. These discrepancies neagu®e to interactions of these
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compounds with other components of the cellulariemedt the concentrations of
ZBG used to inhibit these enzymes these compouiitisomplex loosely bound
metal ions in the culture medium and may inhibitalleenzymes other than MMPs,
which might perturb the observed efficacy in trésay. Therefore, assessing the
MMP inhibitory capacity of the new compounds intavé provides additional
information regarding the efficacy toward a “physgical’ mix of MMPs that might
remain concealed by vitro assessment alone. Subsequent experiments deatedstr
that the ZBGs inhibited cell invasion of HT1080rbbarcoma cells, and that the
ability to inhibit invasion correlated well withelr ability to inhibit MMPs (155). In
addition, all of the ZBGs showed low toxicity atno@ntrations up to 100M (with

the exception of 7), and compounds 1-6 were conpta AHA (155). These results
demonstrate that potent, nontoxic, and biocompasalikernatives to the hydroxamic
acid chelator are available for use in MPIs, wité potential to generate inhibitors
more potent and specific than DOX.

In conclusion, | provide correlative evidence tti attenuation of ventricular
remodeling and myocyte salvage seen with DOX treatrwas due to MMP
inhibition. However, given the pleiotropic natuwthe DOX, other actions of the
drug may have contributed to its observed effegtsibchanisms that were not
investigated in this study. The screening and ldgveent of new ZBGs into MPIs
may provide more specific and useful tools for stigation of MMP-dependent

processes, such as remodeling, and for treatmeévilii?-dependent pathologies.
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Chapter 3. Reduction of myocardial infarct size va plasmin

inhibition by doxycycline

3.1. Abstract

Myocardial I/R injury is associated with the actiga of MMPs and serine
proteases. | hypothesized that activation of MMRd the serine protease plasmin
contribute to early cardiac myocyte death followirfg and that broad-spectrum
protease inhibition with DOX preserves myocyte iligh DOX pretreatment
reduced infarct size by 37% in rats subjected ton80of coronary occlusion and 2
days of reperfusion. DOX attenuated increasesMPM and plasmin levels as
determined by gelatin zymography and immunoblapeetively. Neutrophil
extravasation was unaltered by DOX as assessed/blpperoxidase activity.
Hemodynamic and morphometric analyses after 4 wekkeperfusion showed that
DOX pretreatment did not compromise left ventricaucture or function and did
not alter scar size. To examine the contributibhIbIPs and plasmin to myocyte
injury, cultures of neonatal rat ventricular myaeyt{{NRVMs) were treated for 48
hours with MMP-2, -3, or -9 or plasminogen in thregence or absence of DOX.
MMP treatment did not affect myocyte viability. aBBminogen treatment led to
increased plasmin activity, resulting in losgef-integrin, NRVM detachment, and
apoptosis. DOX co-treatment inhibited plasminmatgtiand preserved NRVM
attachment, whereas co-treatment with the broadtispa MMP inhibitor GM6001

had no effect. Enzyme activity assays showed D@ectly inhibited plasminn vitro
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in the presence of calcium. Infusion of the plasmhibitor tranexamic acid into
isolated, perfused hearts subjected to I/R didaffect the recovery of function likely
due to the absence of plasminogen in the perfugatesion of purified plasmin into
isolated perfused hearts did not exacerbate IRynhowever the concentration of
plasmin infused was sub-physiological. These tesndlicate that plasmin causes
disruption of myocyte attachment and viability ipdaedently of MMP activatiom
vitro and that inhibition of plasmin by DOX may redude-induced myocyte death

vivo through the inhibition of plasmin.

3.2. Introduction

Reperfusion of the myocardium following acute c@gnocclusion has been
shown to salvage myocytes and reduce infarct 3igehGwever, its benefit is limited
due to reperfusion injury (9). Upon reperfusidre extravasation of neutrophils and
monocytes, release of inflammatory cytokines, gatian of reactive oxygen species,
and release of proteolytic enzymes contribute thtmshal myocyte dysfunction and
death beyond that generated by ischemia aloneR@perfusion injury consists of
both necrotic and apoptotic forms of cell death8)1and strategies aimed at reducing
the extent of apoptosis or necrosis have been denaded to reduce infarct size (164-
166). In adherent cell types, apoptotic cell deat be induced by disrupting
interactions with the underlying ECM. Disruptiohrmrmal cell-ECM interactions
has been shown to contribute to the induction adeygte apoptosis botim vitro (77)

andin vivo (78).
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It has been demonstrated that ECM degradation saettinin minutes of
myocardial ischemia and may be mediated in patheyearly activation of MMPs
(65, 68). MMPs are a family of zinc-dependent grefitidases that are expressed as
inactive zymogens and activated through proteotexessing by other proteases
(38). In studies using isolated perfused rat lsed#MP inhibition reduces I/R-
induced troponin | degradation and improves recpeémechanical function (73).
However, other ECM-degrading proteases are activattin the ischemic
myocardium, including serine proteases of the pilasgen/plasmin system (167). In
addition to its well-known role in clot lysis, plas also mediates pericellular
proteolysis of ECM proteins both directly and thgbuhe activation of MMPs (167).
Increased plasmin levels have been observed folpworonary occlusion (69). The
inactive plasminogen zymogen is proteolyticallyhated to plasmin by plasminogen
activators. Urokinase-type plasminogen activagargregulated following coronary
occlusion in the pig (168) and in the mouse premlisg the heart to rupture following
coronary occlusion (69). Broad-spectrum seringgage inhibition with aprotinin
attenuates creatine kinase release following I/Riaxproves recovery of mechanical
function in the rat (169) and dog (170). Whilegheesults suggest that MMPs and/or
plasmin may have a role in mediating early myoadrdchemic injury, their effects
on myocardial infarct size following I/R have n@dn investigateth vivo.

DOX, a member of the tetracycline family of antitis, has been shown to
inhibit MMP expression and activity (145) and tegerve cardiac function following

I/R injury (73). However, recent reports indic&@©X also directly inhibits cysteine
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protease activity (171) and indirectly inhibitsiserprotease activity via inhibition of
MMP-mediated degradation of endogenous serine @setahibitors (60, 64).

In this study | hypothesized that DOX reduces icifaizein vivo following I/R
injury by inhibiting MMPs or plasmin. The resufisesented here show that DOX
treatment attenuated increases in plasmin and MMEt9ities following myocardial
I/R injury and reduced infarct size vivo. Using a myocyte culture system, plasmin
but not MMP-9 induced myocyte death by detachmeamd, this was inhibited by
DOX. Invitro enzyme activity assays showed a specific andtdinbdition of
plasmin by DOX. These results suggest that DOX redyce myocyte death vivo,

at least in part, through the inhibition of plasmin

3.3. Experimental Methods

3.3.1. In vivo rat study
3.3.1.1. Doxycycline treatment

Adult male Sprague-Dawley rats (Harlan, IndianagdN) weighing 250-300
g were used. DOX (30 mg/kg per day; Sigma, Stit,ddO) or water was
administered orally beginning 48 hours before styrged continuing 48 hours post-
surgery. This DOX dose effectively blocks MMP aitti in models of tissue injury
and healing in the rat (172, 173). All procedusese approved by the Institutional
Animal Care and Use Committee and conform to phetisNIH guidelines for animal
research.

3.3.1.2. Surgery
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Animals were anesthetized by intraperitoneal inggcof ketamine (100
mg/kg) and xylazine (10 mg/kg), intubated, and {pasipressure ventilated with room
air using a pressure-controlled ventilator (Kenie8fic, Torrington, CT). Following
a left thoracotomy, the pericardium was opened. [&fieanterior descending coronary
artery (LAD) was ligated by silk suture for 30 mieJeased, and the suture left in
place as a point of reference. The chest wasaloskayers, and the animal was
extubated and allowed to recover. Successful smoitand reperfusion were verified
by visual inspection of left ventricle (LV) coloSham animals were treated
identically, except the ligature was not tightened.
3.3.1.3. Determination of infarct size

At 48 hours post-I/R, the animals were anesthetazedescribed above. The
carotid artery was cannulated, and cold cardioplé4i0 g/L NaCl, 4.48 g/L KCI, 1.0
g/L NaHCQ;, 2.0 g/L glucose) was infused to induce cardiaestr A median
sternotomy was performed, and the LAD was re-o&dud the same location as
before. Trypan blue (0.4%) was infused via thetdrartery cannula to delineate the
area-at-risk. The heart was then excised, slicgd2-mm short-axis rings, and
stained with triphenyltetrazolium chloride (TTCQ%) to identify viable myocardium
within the area-at-risk. Apical and basal surfagksach slice were photographed.
The areas-at-risk and infarct areas were deternbgedblinded observer using
computer-assisted planimetry (NIH Image).

3.3.1.4. Tissue collection
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At 48 hours post-I/R, the hearts were rapidly eeetiand perfused with cold
cardioplegia to remove blood. LV freewall (ischemegion) and septum (non-
ischemic region) were separated, flash frozen,sémieéd at -80°C until assayed.
Except where noted otherwise, tissue samples war®benized on ice in lysis buffer
(50 mM Tris pH 7.4, 150 mM NaCl, 5 mM Caf0.2 mM NaN, 0.1% Triton X-100).
Lysates were cleared by centrifugation at 12,0@fr 40 min at 4°C. Protein
concentrations of the tissue extracts were deteunirsing the Bio-Rad Protein Assay
(Bio-Rad, Hercules, CA) or the BCA Assay (Pierceckord, IL) with a BSA
standard.
3.3.1.5. Myeloperoxidase (MPO) assay

The MPO assay was performed as previously desc(it@dwith
modifications. Tissue samples were homogenizédR® lysis buffer (50 mM
KH,PQO, pH 6.0, 0.5% hexadecyltrimethylammonium bromidgit&) and incubated
on ice for 30 min. Lysates were cleared by camgation at 12,000 g for 10 min at
4°C and the supernatants reacted with 0.4 mM tettayhenzidine (Sigma) and
0.006% HO; in 50 mM KH,PQO, at pH 6.0. Absorbance at 655 nm was continuously
monitored.
3.3.1.6. Nitrotyrosine quantification

Nitrotyrosine content in the heart samples wasrdeteed using the
Nitrotyrosine ELISA kit per manufacturer instrugtg(Hycult Biotechnology, Uden,
The Netherlands) with modifications. A nitrotynesistandard curve was generated

per manufacturer instructions. Tissue samples Wwensogenized in “Dilution Buffer”
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and cleared by centrifugation at 12,000 g for 10 ati4°C. To each well of the
ELISA plate was added 2Q0 sample, and the plate was incubated overnight@t
After washing 4 times with “Wash Buffer”, biotinykd anti-nitrotyrosine antibody
tracer was added and the plate incubated for Zhatitnoom temperature. After
washing 4 times, streptavidin-peroxidase was adiiet] hour at room temperature.
After washing 4 times, TMB substrate was addedthadlate incubated for 1 hour at
room temperature. “Stop solution” was then addetitae absorbance at 405 nm was
determined.
3.3.1.7. Hemodynamics

Hemodynamic measurements were performed as préyidescribed (68).
LV and aortic pressures were measured at 4 weekd/pdin anesthetized, closed-
chest rats using a Millar pressure transducer @vilthstruments, Houston, TX)
inserted via the carotid artery. Data were difyitedcorded (DataQ Instruments,
Akron, OH).
3.3.1.8. LV morphology

LV morphology was assessed as previously desc(#d At 4 weeks post-
I/R, the hearts were rapidly excised and perfusitll @old cardioplegia to remove
blood. The LV was fixed in formalin, embedded iaxyand sectioned (10m) from
the base of the LV, spanning the length of the.s&actions that most clearly
transversed the infarct region were stained withigdin’s trichrome. Measurements
included scar size, internal and external LV disargtand LV freewall and septal

wall thicknesses. Ventricular diameters were astifrom exterior and interior LV
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circumferences, whereas wall thickness measurenaetite center of the infarct and
opposing (septal) wall were made in triplicate.aHg with scar sizes of less than 5%
of the LV were not included in the analysis.

3.3.2. Neonatal rat ventricular myocyte (NRVM) andfibroblast (NRVF) cultures
3.3.2.1. NRVM and NRVF isolation and culture

NRVMs were prepared as previously described (174 hearts of 1-2 day
old Sprague-Dawley rats were excised, minced, aygsted with collagenase type 2
(80 U/ml, Worthington, Lakewood, NJ) and pancreéif® mg/ml, Sigma). The
dispersed cells were applied to a discontinuousqgtiedtensity gradient, and the
NRVMs and NRVFs were separated.

The NRVMs were plated on 1% gelatin-coated tissueie dishes to a
density of 2.5x19cells/cnf in plating media (68% DMEM, 17% M199, 10% horse
serum, 5% FBS) and incubated at 37°C in a 5% I@nidified environment. The
NRVMs were cultured for 2 days in plating media,vidyich time the cells were
spontaneously contracting. This purification pomtiaresulted in cultures of >95%
myocytes as assessed by visual inspection of lgeegitts and morphological
characteristics. The media was then replaced seithm-free maintenance media
(80% DMEM, 20% M199) until experimentation (1-2 day

The NRVFs were plated on tissue culture dishedating media. After 1 hour
the dishes were washed with plating media to renmaveadherent cells, and the

remaining adherent NRVFs were incubated in frealipy media at 37°C in a 5%
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CO, humidified environment. Upon reaching 80% conficethe media was replaced
with serum-free maintenance media for 24 hours poi@xperimentation.
3.3.2.2. Plasminogen and MMP treatments

NRVMs or NRVFs were stimulated with bovine plasngea (Sigma), porcine
or human plasmin (Sigma), human recombinant adfiv-9 (Calbiochem, La Jolla,
CA), human recombinant proMMP-3 (Calbiochem), oman fibroblast-derived
proMMP-2/active MMP-2 mix (Sigma) for 16-48 hoursthe presence or absence of
protease inhibitors.

In studies involving DOX, the broad-spectrum hydraate-based MMP
inhibitors GM6001 (Sigma) and MMP Inhibitor 11l (Beochem), or the serine
protease inhibitor aprotinin (Calbiochem), the dwas added 1 hour prior to
stimulation with plasminogen or MMPs.
3.3.2.3. Cell detachment assay

Cell detachment was assessed as previously des¢fiBB). Following
treatment, the wells were rinsed with PBS, and ¢neaining viable adherent cells
were assessed using a methylthiazoletetrazoliumr)Mbasedn vitro toxicology
assay kit (Sigma) per manufacturer instructions.
3.3.2.4. Annexin V labeling

NRVMs were grown on gelatin-coated coverslips. éxin V and propidium
iodide labeling were performed using the BD ApoAlennexin V kit per

manufacturer instructions (BD Biosciences, San Dj&€gA). The cells were then
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fixed with 3.4% formaldehyde and counterstainedwit6-diamidino-2-phenylindole
dihydrochloride (DAPI, Sigma).

3.3.3. Isolated, perfused rat hearts

3.3.3.1. Langendorff method

Male Sprague-Dawley rats (Harlan) weighing 200-82%ere used. The
animals were anesthetized by intraperitoneal ilgaadf ketamine (100 mg/kg) and
xylazine (10 mg/kg) coadministered with heparinQQ®@/kg), intubated, and
positive-pressure ventilated with room air usingre@ssure-controlled ventilator (Kent
Scientific). The heart was quickly excised anctpthinto a dish of ice-cold Krebs-
Henseleit (K-H) buffer (118 mM NaCl, 4.7 mM KCIl,2LmM KH,PQy, 1.2 mM
MgSQ,, 2.5 mM CaCJ, 0.5 mM EDTA, 11 mM glucose, 25 mM NaH@O The aorta
was quickly cannulated to a 14-gauge IV cathetaneoted to a Langendorff
perfusion system. After cannulation, the heart rea®gradely perfused at a constant
pressure of 80 mmHg with K-H buffer. The K-H buffeas prefiltered to 0.2@m,
continuously bubbled with 95%5% CQ, and maintained at 37°C. The time from
removal of the heart to perfusion was 1-2 min.

The left atrium was removed, and a water-filleddzz connected to a
pressure transducer (Grass-Telefactor, West Wanibkwas inserted into the LV
through the mitral valve. The balloon volume wdgisted to achieve an end-diastolic
pressure of 8-12 mmHg. Pacing leads attached &deatrical stimulator (Grass-
Telefactor) were placed on the right atrium, areltibart was paced at 300 beats/min.

Pacing was stopped during ischemia and resumedglteperfusion. LV pressure
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was digitally acquired (DataQ Instruments) throughbe experiment. At various
times coronary effluent was collected for 1 min determination of coronary flow
rate. At the end of the protocol the hearts wereaved, flash frozen, and stored at -
80°C.
3.3.3.2. Ischemia-reperfusion protocol
3.3.3.2.1. Tranexamic acid (TEA) treatment

After 45 min of aerobic perfusion, hearts were satgd to 25 min of global,
no-flow ischemia (GNFI) by clamping the perfusiamel The clamp was then
released and the hearts reperfused for 80 miner A min of aerobic perfusion, the
plasmin inhibitor TEA (200 mg/L, Sigma) or vehi¢leater) was infused into hearts
for the remainder of the experiment (Figure 3-1A).
3.3.3.2.2. Plasmin treatment

After 25 min of aerobic perfusion, hearts were satgd to 20 min of GNFI
and 75 min reperfusion. After 20 min of aerobicfpgion, human plasmin (2.1
ug/ml; Sigma) or vehicle (water) was infused intaie for the last 5 min of aerobic
perfusion and the first 10 min of reperfusion (FgG3-1B).
3.3.3.3. Creatine kinase (CK) release

Coronary effluent was collected on ice for measainof CK activity before
ischemia and during reperfusion. To each well ofierotiter plate was added 100
of coronary effluent and 20@ of CK reagent (Pointe Scientific, Canton, MI)heél

rate of change in absorbance of NADH was determapedtrophotometrically at 340
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nm for 15 min at 25°C. The enzyme activity wasgkited using the molar extinction
coefficient of NADH € = 6.22).
3.3.4. Plasmin activity
3.3.4.1. Plasmin peptide substrate hydrolysis

A chromogenic peptide substrate was used to aptessin activity. The
sample was reacted with 0.5 mM N-p-tosyl-gly-pre-pNA (Sigma) in Tris buffer
(50 mM, pH 7.5). The rate of change in absorbate)5 nm was continuously
monitored.
3.3.4.2. Fibrin zymography

Fibrin zymography was performed as previous desdr{i76). The samples
were diluted 1:1 in 2X non-reducing sample buffE2§ mM Tris pH 6.8, 4% SDS,
20% glycerol) and electrophoresed on 10% poly-aonydie gels copolymerized with
1.2 mg/ml fibrinogen (Sigma) and 0.01 NIH unitstimombin (Sigma). Gels were
washed in renaturation buffer (2.5% Triton X-100) @hen in developing buffer (50
mM Tris pH 7.4, 200 mM NaCl, 5 mM Ca£200.02% Brij 35) for 30 min each. Gels
were then incubated in fresh developing buffer niggt at 37°C with shaking.
Following incubation, the gels were stained with%.Coomassie Blue G-250, and
bands of gelatinolytic activity were digitally quéied using Kodak 1D (Eastman
Kodak, Rochester, NY).
3.3.5. MMP activity

3.3.5.1. Gelatin zymography
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Gelatin zymography was performed as previously rilesd (157). The
samples were diluted 1:1 in 2X non-reducing sarbpker (125 mM Tris pH 6.8, 4%
SDS, 20% glycerol) and electrophoresed on 7.5%-aotylamide gels copolymerized
with 0.1% gelatin. An internal control (purifieditman MMP-2/MMP-9, Chemicon,
Temecula, CA) was loaded to normalize activitiesvieen gels. Gels were washed in
renaturation buffer (2.5% Triton X-100) and therdeveloping buffer (50 mM Tris
pH 7.4, 200 mM NaCl, 5 mM Cag;10.02% Brij 35) for 30 min each. Gels were then
incubated in fresh developing buffer overnight Z&#Gwith shaking. Following
incubation, the gels were stained with 0.1% Coomedie G-250, and bands of
gelatinolytic activity were digitally quantified @dak 1D).
3.3.5.2. OmniMMP assay

A fluorescence-quenched peptide substrate probeusetsto assess global
MMP activity. Cleavage of the peptide resultsatease of the quencher and an
increase in fluorescence. The samples were readted 0 uM OmniMMP substrate
(Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg, BIOMOL Researchlhoratories, Plymouth
Meeting, PA) in assay buffer (50 mM Tris pH 7.5018M NaCl, 5 mM CaG).
Fluorescence (335 nm excitation, 405 nm emissiasg monitored continuously at
37°C for 30 min using a fluorescence microplateleedBio-Tek Instruments,
Winooski, VT).

3.3.6. Immunoblots
Immunoblotting was performed as previously descri®). The samples

were diluted 1:1 with 2X reducing sample buffer¥d glycerol, 8.7%3-ME, 5.2%
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SDS, 109 mM Tris pH 6.8), electrophoresed on 7.9%-pcrylamide gels, and
transferred to PVDF membranes (Millipore, Bedfdvth). Blots were probed with a
rabbit polyclonal anti-plasminogen antibody (1:2Bi@genesis Ltd., Kingston, NH), a
mouse monoclonal anti-plasminogen antibody (17720@), a mouse monoclonal
anti-o-actinin antibody (1:400, Upstate U.S.A., Charletitte, VA), or a rabbit
polyclonal antig;p-integrin antibody (178) (1:10,000) followed by appriate
horseradish peroxidase-conjugated secondary am#¢tt5000, Santa Cruz
Biotechnology, Santa Cruz, CA or Chemicon). Thenimoreactive proteins were
detected using an enhanced chemiluminesence ne&adtilAmersham Biosciences,
Piscataway, NJ). Blots were digitally scanned bawdd intensities were quantified
(Kodak 1D).
3.3.7. In vitro plasmin inhibition by DOX

Human plasmin (100 nM; Sigma) was incubated wittiouss concentrations
of DOX in assay buffer (50 mM Tris pH 7.5, 150 mM®l, 5 mM CaCJ) for 1 hour
at room temperature. N-p-tosyl-gly-pro-lys-pNA vthen added to a final
concentration of 0.5 mM and the increase in absudat 405 nm was continuously
monitored. The data were fit to the sigmoidal ldduation: Y =
[DOX]"([DOX]"+k™ (Prism, GraphPad Software, San Diego, CA). thésrate of
substrate hydrolysis as a fraction of maximal sabsthydrolysis, n is the Hill
coefficient, and k is the DOX concentration at whactivity is half maximal (16).

To assess the mode of inhibition of plasmin by D@Ksmin (100 nM) was

incubated with various concentrations of DOX inagskuffer for 1 hour at room
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temperature. N-p-tosyl-gly-pro-lys-pNA was thered to a final concentration of 20
uM to 1 mM. Data were analyzed using the Linewed@ak model with linear
regression.

To assess the calcium-dependence of the inhikatignlasmin by DOX,
plasmin (100 nM) was incubated with 100 DOX, 100uM minocycline (Sigma), or
100 uM tetracycline (Sigma) in buffer (50 mM Tris pH 750 mM NaCl) containing
5 mM CaC}, 5 mM MgSQ, 5 mM Ba(OH), or 5 mM ZnCj for 1 hour at room
temperature. Plasmin activity was then determumgdg N-p-tosyl-gly-pro-lys-pNA
as described above.

3.3.8. Statistical analysis

Results are expressed as meantSEM except whermrk nGtemparisons
between means were analyzed, as appropriate, thgrdts t-test or one-way ANOVA
followed by Bonferroni t-test. A value pf< 0.05 was considered statistically

significant.

3.4. Results

3.4.1. In vivo rat study
3.4.1.1. Doxycycline reduced infarct size

To assess the effects of DOX on infarct size foifgumyocardial I/R injury,
rats were subjected to 30 min of coronary occlusidiowed by 48 hours of
reperfusion. Inthe vehicle group, the mean ateslawas 46.0+1.6% of the LV, and

the infarct area was 39.91£5.0% of the area at riskhe DOX-treated group, the
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mean area at risk was comparable (50.0+£3.1% of bii)the infarct area was
significantly reduced to 25.2+4.9% of the areask (Figure 3-2).
3.4.1.2. Doxycycline attenuated MMP-9 upregulatiom the ischemic region

Gelatin zymography of 48 hours post-I/R tissue hgemates from the
ischemic region and septum revealed bands corrdsmpto 92 kDa MMP-9 and 72
and 75 kDa MMP-2 (Figure 3-3A). Densitometric as@ revealed MMP-9 levels
were increased 3-fold in the ischemic region ofltRegroup compared with Sham,
and this increase was attenuated in the I/R+DOXig(&igure 3-3B). MMP-9 levels
in the septum remained unchanged between groupiffacences in MMP-2 levels
were observed in any group.
3.4.1.3. Doxycycline had no effect on global MMPcévity in the ischemic region

Since gelatin zymography allows only the detecatbMMP-2 and MMP-9,
MMP activity was measured using a broad-spectrumPVMptide substrate to assess
the global MMP activity present in the hearts ahé8rs post-I/R. MMP activity was
significantly higher in the ischemic region of tfi@ group compared to the Sham
group (Figure 3-4). DOX treatment did not redudel®activity in the ischemic
region of I/R+DOX compared with I/R. Although tB&éam+DOX group also had
higher MMP activity compared with Sham, it did meach statistical significance. No
significant differences in MMP activity were obsedvbetween groups in the septum.
3.4.1.4. Doxycycline did not inhibit the inflammabry response

Since MMP-9 is associated with neutrophil infilicat in other models of Mi

(76, 179), | assessed the capacity of DOX to immbutrophil accumulation in the
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myocardium by measuring MPO activity. MPO is amyane located within the
primary granules of neutrophils and has commongnhgsed as a marker of tissue
neutrophil content (180). At 48 hours post-I/R, ™Bctivity in the ischemic region in
both the I/R and I/R+DOX groups was significantigtrer compared to septum,
indicating infiltration of neutrophils into the isemic region (Figure 3-5). No
significant difference in MPO activity in the iseh& region was observed between
the I/R and I/R+DOX groups, indicating DOX treatrhdid not inhibit neutrophil
infiltration into the ischemic region.
3.4.1.5. I/R did not generate nitrotyrosine

Peroxynitrite formed under conditions of oxidatsteess can react with
tyrosine residues on proteins to form nitrotyrosifiderefore, nitrotyrosine was
assayed at 48 hours post-I/R using a commerciadljfable ELISA kit as a marker of
oxidative stress. The reliable limit of detectmfrthis kit was found to be ~25 nM
(Figure 3-6). However, in all heart samples the@soeed concentration of
nitrotyrosine was below this limit, suggesting eklaf peroxynitrite generation.
3.4.1.6. Doxycycline reduced plasmin levels in thechemic region

Since DOX has inhibitory effects on proteases othan MMPs, | assessed the
effects of DOX on plasminogen and plasmin levelh&l/R hearts. Immunoblots
revealed a significant increase in plasminogeménischemic region compared to
septum in both the I/R group and the I/R+DOX gréleigures 3-7A and B). DOX

treatment tended toward reduced plasminogen lavélte ischemic region compared
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with the untreated I/R group, but this did not teatatistical significance (Figure 3-
7B).

An immunoreactive band of 68 kDa also appearetendchemic region of the
I/R and I/R+DOX groups, consistent with the acipl@smin form of the protease
(Figure 3-7A). Plasmin levels were significantigieased in the ischemic region
compared to septum in I/R and I/R+DOX. DOX treattr&gnificantly reduced
plasmin levels in the ischemic region of I/R+DOXhqmared with I/R (Figure 3-7C).
3.4.1.7. Hemodynamic function was not compromisdaly I/R

Hemodynamic function was measured at 4 weeks pRast-The results are
summarized in Table 3-1. No significant differeneeere observed between Sham
and I/R or among any groups in left ventricular -elestolic pressure, peak systolic
pressure, developed pressure, or max +dP/dt. diti@a, no differences were
observed among any groups in aortic systolic pressliastolic pressure, or mean
arterial pressure.
3.4.1.8. LV dimensions and scar size were not afted by I/R

LV morphometry was performed at 4 weeks post-IlRRe results are
summarized in Table 3-2. Heart weights and heargkt to body weight ratios were
similar for all groups. A significant increasetire LV weight to body weight ratio
was observed in the I/R+DOX group compared withlfRegroup. The Sham+DOX
group also showed a slight increase in the LV wetighbody weight ratio compared
with the Sham group, but this did not reach sta@issignificance. No significant

differences were observed between Sham and I/Rnratger or inner LV diameters,
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and DOX treatment did not result in a significaharge in LV diameters. No
significant differences were observed between Shiadnl/R rats in ischemic and
septal wall thicknesses, and DOX treatment didrestilt in a significant change in
wall thicknesses. In addition, no significant drince in scar area was observed

between I/R and I/R+DOX.

3.4.2. NRVM & NRVF cultures
3.4.2.1. MMPs did not cause NRVM detachment or déa

Given the enhanced levels of MMP-9 observed wihitjuryin vivo, |
investigated the effects of recombinant, 83 kDaad¥iMP-9 on NRVMsin vitro.
MMP-9 was added to NRVMs up to a concentration o2 which corresponds to
serum concentrations of MMP-9 reported in humars-pd (181). DOX co-
treatment resulted in a dose-dependent inhibitidiMP activity, and the broad-
spectrum MMP inhibitor GM6001 completely inhibittfMP activity by 1uM
(Figures 3-8A and B). Interestingly, media from ®@eated cells showed a dose-
dependent loss of MMP zymographic activity, wher@d46001-treated cells retained
MMP zymographic activity (Figure 3-8B).

MMP-9 did not cause cell detachment nor induceaedith at any
concentration tested (Figure 3-8C). A slight bghsicant decrease in the number of
viable adherent cells was observed with 25 andM@GM6001, likely due to
cytotoxicity at high concentrations. The smallrgese in the number of viable

adherent cells with 50 and 1081 DOX compared to controls (Figure 3-8C) suggests
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that DOX may reduce NRVM detachment that occurseundrmal, untreated culture
conditions.

The effects of stimulation of NRVMs with proMMP-8@a proMMP-2/active
MMP-2 mixture for 48 hours were also assessed (Ei§Q). Addition of proMMP-3
(20 nM) did not lead to increased MMP activity Iretculture as assessed by
hydrolysis of a peptide substrate. However, thadministration of a low, catalytic
concentration of plasminogen g/ml) with proMMP-3 resulted in a 51% increase in
MMP activity. Addition of a mixture of proMMP-2 dractive MMP-2 (20 nM)
resulted in a 45% increase in MMP activity in thidtare, and co-administration of 5
ug/ml plasminogen with this MMP-2 mixture resultedai 108% increase in MMP
activity (Figure 3-9A). Although addition of MMP-@ MMP-3 with plasminogen for
48 hours resulted in increased MMP activity, no NlRd¥letachment was noted when
the cells were observed by microscopy (Figure 3-9B)contrast, 6@uig/ml
plasminogen led to an obvious loss of NRVM attachinaad viability (Figure 3-9B).
3.4.2.2. NRVMs and NRVFs convert plasminogen to @smin

Addition of plasminogen to NRVMs for 48 hours leda dose-dependent and
time-dependent increase in plasmin activity assseseby hydrolysis of a plasmin-
specific peptide substrate (Figures 3-10A and &Ajdition of plasminogen to NRVFs
also led to a time-dependent increase in plasniiniyFigure 3-10B).
3.4.2.3. Plasmin induced NRVM, but not NRVF, detdument and death

The addition of 6Qug/ml plasminogen to NRVMs for 48 hours resultedet

rounding and a loss of cell-cell and cell-matriteiractions (Figure 3-11A). MTT
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assay results showed that ~50% of the NRVMs wetacted by 48 hours of
stimulation with 6Qug/ml plasminogen (Figures 3-11B and C). Intergdyin60

ug/ml plasminogen did not result in NRVF detachmamd death (Figure 3-11C). To
verify that NRVM detachment was due to plasmin\aigti the cells were stimulated
with 60 ug/ml purified plasmin. Cell detachment occurreden@pidly with plasmin
than plasminogen, as 92% of the NRVMs were detablyelb hours of stimulation.
Immunoblots of cell lysate again’ip-integrin revealed an immunoreactive doublet of
~125 kDa, corresponding to the mature and precudosors of the protein as
previously described (178). Plasmin stimulatiosuteed in the loss of matufap-
integrin (Figure 3-11D), the primafj-integrin isoform expressed in the postnatal
heart (182).

Plasminogen-treated NRVMs showed increased memistameng with
annexin V and increased nuclear fragmentation (€i@ul1E). The cells did not stain
with propidium iodide, indicating maintenance ofmi@ane integrity. Surprisingly,
many of the detached NRVMs continued to spontarigdnest, also indicating
membrane integrity. Thus, these data are consmstimearly apoptotic cell death.
3.4.2.4. Doxycycline inhibited plasmin activity inculture and preserved NRVM
attachment

| assessed the effects of DOX on plasminogen-tiddf®vVMs. DOX co-
treatment resulted in a dose-dependent decregdasimin activity as assessed by
hydrolysis of a peptide substrate, with an appa@stof ~36uM (Figure 3-12A).

DOX also resulted in a time-dependent decreas&asnpn activity as assessed by
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fibrin zymography (Figure 3-12B). DOX preserved W attachment in the
presence of 6Qg/ml plasminogen in a dose-dependent manner, \itlo\b
completely preserving attachment (Figure 3-12Cpwelver, the broad-spectrum
MMP inhibitor GM6001 did not inhibit plasmin actiyi(Figure 3-12A) nor did it
preserve myocyte attachment (Figure 3-12C). DQX¥ abmpletely preserved levels
of matureB;p-integrin while GM6001 did so to a much lesser ek{&igure 3-11D).

To verify that the reduction in plasmin activity DY X was due to the direct
inhibition of plasmin rather than inhibition of tlkenversion of plasminogen to
plasmin, NRVMs were stimulated with purified plasn®0ug/ml) for 16 hours in the
presence or absence of DOX. 10@ DOX inhibited plasmin activity by 72%
(Figure 3-12A), demonstrating plasmin to be a ditaget of DOX.

Media from NRVMs treated for 16 hours with G@/ml plasmin or
plasminogen revealed a diffuse immunoreactive dawdilthe approximate molecular
weight of pure plasmin (Figure 3-12D). InteresindOX co-treatment reduced
plasmin levels in the media of both the plasmimted (lane 3) and plasminogen-
treated cells (lane 5).
3.4.2.5. Plasmin did not activate myocyte-derivedMPs but did activate co-
culture-derived MMPs

Since plasmin is a known activator of MMPs, | alseasured MMP activity
following 48 hours of plasminogen (6@/ml) stimulation using the OmniMMP
substrate. No increase in MMP activity was obsgimeNRVMs (Figure 3-13A).

However, treatment of NRVM and NRVF co-cultureshaplasminogen yielded a 2.2-
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fold increase in MMP activity (Figure 3-13B), imgditing fibroblasts as the primary
source of plasmin-activated MMPs in the heart. t@atment with DOX, the plasmin
inhibitor aprotinin, or the broad-spectrum MMP ipihors GM6001 and Inhibitor Il

attenuated the increase in MMP activity inducegblagminogen (Figure 3-13B).

3.4.3. In vitro plasmin inhibition

The addition of DOX to plasmin (100 nM) in buffesritaining 5 mM C&'
resulted in a dose-dependent inhibition of plasaativity with an 1Go of 18.4uM as
determined by hydrolysis of a peptide substratguife 3-14A).

The presence of Ca2+ in the buffer was necessaiglidition of plasmin by
DOX. To determine whether other divalent metakiamould allow for the inhibition
of plasmin by DOX, | assayed plasmin activity ie firesence of Mg or B&€*. DOX
did not inhibit plasmin in the presence of Mgr B&* (Figure 3-14B). Inhibition of
plasmin was specific to DOX, as neither MIN nor Tiafibited plasmin in the
presence of G4, Mg®*, or B&" (Figure 3-14B). The addition of Zhcompletely
eliminated plasmin activity even in the absencarof of the tetracyclines, likely due
to a toxic fixative effect of Zfi on the protease.

The mode of inhibition of plasmin by DOX (ie, conipge, nhoncompetitive,
uncompetitive, or mixed) was assessed by holdiegtimcentration of DOX constant
at a series of fixed values and measuring the tedfieiocreasing the substrate on the
initial reaction rate in the presence ofCaSigmoidal enzyme kinetic plots showed

that Vinax decreased with increasing concentrations of DQgesting either a
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noncompetitive or uncompetitive mode of inhibitifigure 3-15A). A Lineweaver-
Burk plot yielded straight lines for DOX that didtnntersect on either the X-axis or
Y-axis, indicating the inhibition of plasmin by DOMas likely mixed inhibition

(Figure 3-15B).

3.4.4. |solated hearts
3.4.4.1. Plasmin inhibition did not protect againsl/R injury

To more specifically investigate the role for plasmmhibition in protection
against I/R injury, the plasmin inhibitor tranexanaicid (TEA, 1.3 mM) was tested in
isolated, perfused rat hearts subjected to 25 inghodal, no-flow ischemia and 80
min of reperfusion. TEA has an affinity for thesilye binding sites of plasmin(ogen)
and prevents plasmin(ogen) binding to lysine-cormgi substrates, with an §gof 20
uM (183). Therefore, TEA was infused into hearta abncentration higher than its
ICso to ensure adequate inhibition of plasmin in tystem. The recovery of
mechanical function, as measured by LV developedsure, was similar in both the
control and TEA-treated groups (Figure 3-16A). didiion, the release of creatine
kinase (CK) was similar in both groups (Figure B},6as were the coronary flow
rates (Figure 3-16C).
3.4.4.2. Plasmin addition did not worsen I/R injuy

Since the crystalloid perfusion buffer lacked tlhesminogen that would be
found in blood, | examined the effects of addingsphin to the perfusion buffer in

isolated, perfused rat hearts subjected to 20 miaNF-1 and 75 min of reperfusion.
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Hearts were infused with plasmin (Z1&/ml) during the last 5 min of aerobic
perfusion and the first 10 min of reperfusion. diiferences were seen between
control and plasmin-treated hearts in LV developesssure (Figure 3-17A), CK
release (Figure 3-17B), or coronary flow rate (Feg8-17C). The infusion of plasmin
resulted in a measurable increase in plasmin &ciivithe effluent during the time of
infusion (Figure 3-18A). MMP activity in the efftmt increased ~6-fold immediately
upon reperfusion. However, plasmin treatment didrasult in a further increase in
MMP activity compared with control hearts (Figurd8B). Plasmin treatment also
did not increase MMP activity in the heart homodesaat the end of the experiment
(Figure 3-18C).

Since plasmin treatment resulted in the loss otinedd; p-integrin in cultured
NRVMs (Figure 3-11D)B;p-integrin levels were also assessed in the isolated
perfused rat hearts treated with plasmin. Immurtsldf heart homogenates against
Bip-integrin revealed an immunoreactive doublet of5-kPa, corresponding to the
mature and precursor forms of the protein as prsiodescribed (178). Plasmin
treatment tended toward reduced mafukgintegrin levels in the plasmin-treated

group (Figure 3-19), but this did not reach statagtsignificance (p = 0.13).

3.5. Discussion
The unique observations from this study were tHaXDpretreatment
significantly reduced infarct size 2 days post-liRhe rat hearin vivo. The smaller

infarct size correlated with reduced MMP-9 and piaslevels in the ischemic region,
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suggesting a possible role for these protease&thating I/R injury. The assessment
of MMPs and plasmin effects on cultured NRVMs destaated that physiological
concentrations of plasmin, but not MMPs, were cépabinducing cell death by
detachment. DOX inhibited plasmin activity in cut# and preserved NRVM
attachment, suggesting that DOX may reduce myadbsgéthin vivo, at least in part,
through the inhibition of plasmin.

Previous studies demonstrated latent (92 kDa) etikea(83 kDa) MMP-9 are
upregulated within hours of I/R and are primarigristed from neutrophils (76, 179).
| observed increases in 92 kDa MMP-9 in the iscleeegion 48 hours post-I/R
correlating with increased neutrophil content. ldwer, increases in 83 kDa active
MMP-9 were not observed. A plausible explanatmmldck of increased 83 kDa
MMP-9 is that MMP-9 activation and subsequent @deae from the myocardium may
occur within the first 48 hours following I/R, se@eutrophil accumulation peaks
within the first 24 hours of reperfusion in the (a84).

| found that pretreatment of rats with DOX redutisdue levels of 92 kDa
MMP-9 within the ischemic region but did not altexutrophil content, suggesting that
MMP-9 levels may not necessarily follow neutrophflltration. Reductions in
MMP-9 levels without a concomitant reduction inlamhmatory cell infiltrate have
also been reported with DOX treatment in a mousdahof abdominal aortic
aneurysm (185). Furthermore, MMP-9-deficient nsabjected to I/R showed only

slight reductions in neutrophil infiltration intbé I/R region (69). Thus, my results



72

indicate that although DOX reduced 92 kDa MMP-%lsyit did not appear to affect
the acute inflammatory response following I/R.

Although DOX treatment reduced 92 kDa MMP-9 levglsbal MMP activity
within the ischemic region was not reduced by D@&Xassessed by OmniMMP
substrate hydrolysis. Since the 92 kDa form of M8 the inactive zymogen form
of the protease, the increase in 92 kDa MMP-9 WiRhand attenuation by DOX may
not affect global MMP activity within the heart.efatin zymography detects only
MMP-2 and MMP-9, and it is likely that the change$/MP activity within the
hearts post-I/R reflect changes in the activitiestber MMPs. MMP-1, -3, -13, and -
14 have also been identified within the mammaligecardium (39) and may account
for the observed changes in activity. Howeveis difficult to quantify the activity of
a given MMP isoform due to overlapping substraicgities and a lack of isoform-
specific substrate probes.

Since DOX has been shown to have antioxidant ptesegil53), | assessed its
ability to reduce oxidative stress in the I/R heartt/nder conditions of oxidative
stress, including inflammation and reperfusionrpjyperoxynitrite can form when
superoxide reacts with nitric oxide (186). Perattybe can modify proteins by
interacting with and nitrating tyrosine residued$don nitrotyrosine (187). Increased
nitrotyrosine levels have been observed with I/salated, perfused rat hearts (81)
and after 5 hours reperfusion iniarnvivo rat model (188). In contrast to these
previous studies (81, 188), | did not observe aneiase in nitrotyrosine levels above

the limit of detection for the ELISA assay. Howewdetection of nitrotyrosine may
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depend on the model of I/R used and the lengtepdnfusion. In my study
nitrotyrosine levels were assayed inianivo model after 48 hours reperfusion, much
later than in previous studies (81, 188). It ispble that nitrotyrosine levels were
increased before 48 hours of reperfusion, butezditne points were not tested in this
study.

To determine whether the protective effects of D&2¥n at 48 hours post-I/R
translated into long-term benefits in myocardialsture and function, | assessed
contractile function and LV structure at 4 weekstpdR. LV function was
comparable between Sham and I/R groups in all petersimeasured, suggesting that
30 min of ischemia did not cause sufficient injtmycompromise function after 4
weeks of reperfusion in the rat. Nonetheless, itnportant to note that no differences
were seen in DOX-treated versus untreated aninmaligating DOX treatment did not
compromise contractile function at 4 weeks. Likeayianalysis of heart sizes and
dimensions revealed no significant differences betwSham and I/R groups. The
I/R+DOX group revealed a small, but significantrease in the LV wt/BW ratio
compared with I/R. However, the difference in LYBW ratios between I/R+DOX
and I/R is likely of little importance given therslar LV diameters and wall
thicknesses between these groups and the compadiatdasions between Sham and
I/R groups. The lack of a reduction in scar sizgn\WOX treatment was surprising in
light of the reduced infarct size at 48 hours géRtand our previously published
studies using a permanent occlusion model of M8)J14rhus, although DOX exerted

an early cardioprotective effect, it may only defayocyte death and the pathogenic
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processes involved in I/R injury. Whether DOX treant beyond 48 hours post-I/R
would confer protection at later time points rensaim be determined.

The integrity of cell-matrix interactions is necagsfor myocyte survival both
invitro (77, 126) andn vivo (78). To investigate whether reduced infarct sias
due to reduced MMP-9 activity with DOX, | investigd the effects of MMP-9 on cell
survival in cultures of NRVMs. Addition of physadical concentrations of MMP-9
did not alter NRVM attachment or viability, suggagtMMP-9 alone is not sufficient
to directly disrupt myocyte-matrix interactions.OR and GM6001 both effectively
inhibited global MMP activity. Interestingly, wheas GM6001 did not inhibit MMP-
2 or MMP-9 zymographic activity due to dissociatmirthe inhibitor during
electrophoresis, DOX reduced MMP-2 and MMP-9 zyrapgic activity. This
suggests DOX treatment causes a loss of functidivé®-2 and MMP-9 protein or
that DOX does not dissociate from the MMP duringhagraphy. Therefore, MMP
inhibition by DOX appears to occur by different rhanisms than GM6001.

The effects of additional MMPs on NRVMs were algplered. Although the
addition of MMP-2 and MMP-3 with a small, catalyamount of plasminogen
increased MMP activity in the NRVM cultures, it didt cause cell detachment.
These results in combination with the MMP-9 respitsvide evidence against a
cytotoxic role of MMPs against myocytes in cultutdowever, it is possible that
MMPs contribute to myocardial injury under the Waslifferent conditions preseim

vivo during I/R.
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Increases in the serine protease plasmin andmt®ggn, plasminogen, were
also noted within the ischemic region 2 days folliyi/R. A study by Heymans et
al. (69) showed similar increases in plasminogeh@asmin levels within the infarct
region of mice. Plasminogen is produced primanhthe liver and is maintained in
plasma at a high concentration of ~2&fml in rats (189). The increased
plasminogen levels observed following I/R suggeakage of plasminogen into the
myocardium due to increased microvascular permeabiliPA expression has been
shown to be increased in the ischemic heart (1&8)y promoting activation of
extravasated and endogenous plasminogen and imggdasmin levels within the
myocardium

Studies using knockout mice have suggested a teokedor plasmin in
mediating inflammatory, wound healing, and remadgfpirocesses post-Mi either
directly or by activation of MMPs (69, 190). uPAdckout mice subjected to M
show reduced plasmin levels and impaired leukoicyiieration, reduced incidence of
cardiac rupture, reduced MMP-2 and MMP-9 activjteasd impaired healing and scar
formation (69). These observations suggest tlzasnph activation may mediate ECM
degradation, allowing infiltration of inflammatoand wound-healing cells, but also
potentially reducing the tensile strength of tHaioted myocardium. Myocyte death
occursinvivo as a result of disruption of normal myocyte anelger(78), suggesting
ECM proteolysis by plasmin or subsequent activatibkIMPs could disrupt

myocyte-matrix interactions and lead to cell death.
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To determine whether plasmin could degrade myony#ix attachments and
whether DOX had any effect on this process, | asskthe effects of plasmin with or
without DOX co-treatment on cultured NRVMs. Plasns a serine protease with
trypsin-like specificity capable of degrading varsoadhesive glycoproteins, such as
fibronectin, laminin, and vitronectin (175, 191hdaindirectly degrading collagen via
activation of MMPs (167). Previous studies havendestrated plasmin-mediated
disruption of cell-matrix interactions in severdharent cell types: cultured vascular
smooth muscle cells convert plasminogen to plasresylting in fibronectin
proteolysis and cell detachment and death (178 ptasminogen stimulation of CHO
cells causes fibronectin and laminin degradatiotucing detachment and death
(192). In addition, stimulation of human keratigt@s with plasminogen results in
proteolysis of vitronectin and cell detachment (191

In agreement with previous studies (175, 191, 19@served that stimulation
of NRVMs or NRVFs with plasminogen led to dose- éinte-dependent increases in
plasmin activity and that the conversion of plasmgien to plasmin occurred via
endogenous plasminogen activators. In NRVMs, aed plasmin activity yielded
morphological changes, such as cell rounding assl dd intercellular contacts, and
loss ofBip-integrin leading to cell detachment. InteresynddNRVFs did not detach in
the presence of plasminogen despite a high levelasimin activity, suggesting a
myocyte-specific phenomenon. Evidence of nuclegrhentation and annexin V
labeling in NRVMs confirmed an apoptotic mode of death. | did not observe

MMP activation in NRVMs stimulated with plasminogesuggesting that MMPs did
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not contribute to NRVM detachment. This was furtspported by the inability of
the broad-spectrum MMP inhibitor GM6001 to preseéiugintegrin and cell
attachment. These data suggest that the diretdglytic degradation of cell-matrix
attachments by plasmin induces NRVM detachmentagagbtosis.

Pretreatment of the NRVM cultures with DOX priorglasminogen
stimulation preserved NRVM attachment and resuttexdldose-dependent inhibition
of plasmin activity, with an 1€ of ~36uM. The inhibition of plasmin activity upon
stimulation with purified plasmin (as opposed tagphinogen) demonstrated the
inhibitory effect of DOX was subsequent to plasng@o activation, however
inhibition of plasminogen activators by DOX was tedted. Similar to the gelatin
zymography results, fibrin zymography also showéidha-dependent reduction in
fibrinolytic activity in NRVMs co-treated with DOXAgain it was surprising that
DOX reduced zymographic activity since it was expddhat DOX would dissociate
from plasmin during electrophoresis. Sorsa ef68l) suggest an indirect inhibition of
serine proteases by DOX via inhibition of MMP-medddegradation of the serine
protease inhibitoe;-antitrypsin. Grenier et al. (64) showed DOX preesa;-
antitrypsin levels and inhibits the trypsin-liketiaty of periodontal pathoge.
denticola. Contrary to these previous studies (60, 64hplsed that MMP inhibition
by DOX played no role in inhibiting plasmin activiih culture since GM6001
treatment had no effect on plasmin activity despitmplete inhibition of MMP
activity. Therefore, the ability of DOX to inhibitlasmin and preserve NRVM

attachment was specific and independent of MMPoitibn.
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Similar to my zymography data showing that DOX matment reduced MMP
protein levels in NRVMs stimulated with MMP-9, immablot analysis showed DOX
co-treatment also reduced the amount of plasmiRNMs stimulated with
plasminogen or plasmin. The mechanism by which DEQ&rts this effect is
uncertain. Autoproteolysis of plasmin is knowrottwur (193), and it is possible that
DOX accelerates this process. Also, cellular uptakd degradation of plasmin is
known to be mediated by LDL receptor-related prit€il94), and it is possible that
DOX may promote this process. The reduction ismia levels in culture by DOX
correlates well with my observations of a 76% reéuncin plasmin levels with DOX
treatment in the rat post-IR. Whether the mectmartug which plasmin is eliminated
in culture contributes to the loss of plasnmrvivo post-1/R remains to be determined.
These unique, and as of yet undescribed, capabiliti DOX offer tempting
possibilities for treatment of pathologies wheretpase activation underlies the
disease process.

Enzyme kinetic assaya vitro showed that DOX directly inhibited plasmin,
and the mode of inhibition was mixed. The curggantadigm for inhibition of MMPs
by DOX involves chelation of the catalytic and/tustural zinc ions within the MMP
(48). However, since plasminogen lacks any knowtahbinding sites, the
mechanism of inhibition by DOX must be differenathfor the MMPs. All of the
tetracyclines contain a large hydrophobic core &ty the aromatic groups with a
number of hydrophilic sidegroups giving the molesudmphiphilic character. They

have been shown to bind proteins through combiryeldophobic and electrostatic
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interactions and induce conformational changebkeaptrotein (195, 196). This
amphiphilic nature of DOX may facilitate its bindito plasmin and disruption of the
protein structure.

Interestingly, the inhibition of plasmin by DOX wdependent on the presence
of C&*. This finding is interesting given a previousdstshowing divalent metals
ions are required for binding of tetracycline te TET repressor protein (22). In that
study, binding was greatest in the presence dfMgllowed by C4&" and then BZ.

My finding that C&" and not B&" or Mg facilitated plasmin inhibition by DOX
indicates that, although divalent metal ions acpiired, the specific metal needed for
formation of the tetracycline-cation-protein comptiepends on both the tetracycline
species and the protein species present. Sinceah& MIN did not inhibit plasmin in
the presence of any of the divalent cations, théition was specific to DOX and not
a broad effect of the tetracycline class of drugs.

To further investigate the role of plasmin in Ifigury, isolated rat hearts were
subjected to I/R in the presence plasmin or thenpila inhibitor TEA. The finding
that TEA did not reduce injury was not unexpectesdthe crystalloid perfusion buffer
lacked the plasminogen that would be found in blobdleed, assessment of plasmin
activity in untreated hearts subjected to I/R réa@&o plasmin activity in the
coronary effluent. It was more unexpected thasmpla addition did not exacerbate
I/R injury, as assessed by the recovery of conteaftinction and CK release. The
plasmin-treated hearts tended toward a reductiomaituref;p-integrin levels, but this

was not statistically significant. Although thepma concentration of plasminogen is
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~220ug/ml in rats (189), | exposed the isolated, pedusearts to 2.1g/ml plasmin
from 5 min before ischemia to 10 min after the ¢ideeperfusion due to the cost and
availability of commercial plasmin. Based on thiensities of the plasmin and
plasminogen bands in the immunoblots fromithevo I/R hearts, the ratio of plasmin
to plasminogen was ~1:3 at 48 hours post-I/R. dJdwe normal circulating
concentration of 22Qg/ml plasminogen in rats, the calculated plasmimceatration

in thein vivo I/R hearts was ~5pg/ml. Therefore, the concentration of plasmin
infused into the isolated hearts was much lowen thauld be expecteih vivo post-
I/R. Incubation of papillary muscles in 0.64 U/pthsmin (~ 2131g/ml assuming 3
U/mg) for 4 hours was shown to increase MMP agtiwisrupt the collagen ECM,
and decrease systolic performance (197), demomsgjridiat higher levels of plasmin
are detrimental to myocardial structure and cofiteaftinction. It is likely that the
addition of 55ug/ml plasmin, rather than 2,idg/ml plasmin, to the isolated, perfused
hearts throughout reperfusion would exacerbatenijiRy, but this remains to be
determined.

Although | demonstrated that plasmin induced NRV@dadhment and
apoptosisn vitro, one limitation of this study is that | have natedtly demonstrated
that this occursn vivo following I/R injury. My determination of infarctize using
TTC only discriminates between viable and nonvidisieue irrespective of whether
cell death occurred by apoptosis or necrosis. Wewaiven the high levels of
plasminogen present in the bloodstream and tigsise,easonable to expect that

plasmin activation plays and important role in ioghg cell death during I/R.
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Secondly, the reduction of plasmin levels by DOX aeduced infarct sizia vivo
coupled with the potent inhibition of plasmin by B@n vitro suggest that the
inhibition of plasmin by DOX contributed to the tedion in infarct size. However, it
is also possible that the reduced plasmin levedsimed secondarily to reduced infarct
Size via an alternate cardioprotective mechanis®@X that was not explored in this
study. Thirdly, the response of neonatal myocttgdasmin may not completely
parallel the response of adult myocytesivo. NRVMs were selected as the model of
choice rather than adult myocytes due to the xeaiability of NRVMs in culture
over several days. Whereas adult myocyte cultare$raught with loss of cylindrical
morphology and detachment of calcium-intoleranisaedrly in primary culture,
NRVMs are routinely cultured for days to weeksiforestigation of myocyte
morphology, function, and viability and the effeofsexperimental agents on these
parameters. Therefore, NRVMs are a robust andldaitmodel to study the effects of
protease-induced myocyte injury.

In conclusion, DOX treatment reduced infarct sizgivo, possibly by
inhibiting plasmin, a serine protease capable gfaling myocyte-matrix
attachments. Further exploration of the pathomtygical role of plasmin in

mediating myocardial I/R injury is thus warranted.
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Figure 3-1. Langendorff perfusion protocol. Green depiatsetiof aerobic perfusn,
and red depicts time of global, no-flow ischemia.
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Figure 3-2. Reduction of myocardial infarct size with DOX peBatment. A,
Representative control (I/R) and DQbeated (I/R+DOX) infarcted hearts stained
trypan blue and triphenyltetrazolium chloride fanfarct size determination. B,
Morphometric analysis of infarct size in I/R (n ¥ @&d I/R+DOX (n = 8). Values ¢
mean=SEM. *p < 0.05.
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Figure 3-3. Reduction of 92 kDa MM-9 levels in the ischemic region with D(
pretreatment.A, Representative gelatin zymograms of myocardial fMMand MMP9
levels in control (I/R) and DOX-treated R#FDOX) infarcted hearts and sham hearts
and ‘S’ indicate ischemic region and septum, rebygely. ‘Std’ indicates human MMP-
2/MMP-9 standard.B, Densitometric analysis of 92 kDa MMPPzymographic activi
in I/R (n = 11), I/R+DOX (n = 12), Sham & 5), and Sham+DOX (n = 5). Values
mean+SEM.
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Figure 3-4. Myocardial global MMP activity in control (I/R, s 11) and DO:-treatet
(IR+DOX, n = 12) infarcted hearts and control (®han = 5) and DOXreate:
(Sham+DOX, n = 5) sham hearts. MMP activity waseased by hydrolysis of a pept
substrate. Activities are expressed as the pexgendf maximal activity. Values ¢
mean+SEM.n.s. = not significant.
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Figure 3-5. Myocardial myeloperoxidase (MPO) activity in cmit(l/R, n = 11) an
DOX-treated (I/R+DOX, n = 12) ischemic hearts aodtool (Sham, n = 5) and DOX-
treated (Sham+DOX, n = 5) sham hearts. No sigmficdifference was obser\
between I/R and I/R+DOX ischemic regions. Values aream¥SEM. n.s. = not
significant.
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Figure 3-6. Standard curve for the nitrotyrosine ELISA. Thadiable limit of
detection was determined to be ~25 nM as indichiethe dashed red line. In all
heart samples the measured concentration of nmitsitye was below this limit.
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Figure 3-7. Reduction of plasmin levels in the ischemic ragigith DOX pre
treatment. A, Representative immunoblots of myocardial plasg@moand plasmin
levels in control (I/R) and DOX-treated (I/R+DOX)farcted hearts. ‘I' and ‘S’
indicate ischemic region and septum, respectiv@yandC, Densitometric analysis
of plasminogen and plasmin levels in I/R (n = 1dd #R+DOX (n = 12). Values are
mean+SEM.n.s. = not significant.
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Table 3-1. Hemodynamic data at 4 weeks |-I/R. EDP = en-diastolic pressure, PSP = p
systolic pressurey\P = developed pressure, MAP = mean arterial presdData are mean+SD.

Sham Sham+DOX IIR I/IR+DOX
n 6 6 6 4
Heart Rate, bpm 305 + 41 331+ 47 299 + 45 288 + 33
LV
EDP, mmHg 3.3+1.3 3.0+238 48+44 3.8+13
PSP, mmHg 116 + 26 95+ 12 108 + 27 113+ 5.6
AP, mmHg 112 + 26 92 + 11 103+ 24 109+ 5.2
Max +dP/dt, mmHg/s 7725 + 2362 6547 £ 1737 6283 + 2692 6859 + 555
Max -dP/dt, mmHg/s -5851 + 2087 -4314 + 1051 -4817 + 1999 -4670 + 463
Aorta
n 6 6 6 5
Systolic, mmHg 117 + 24 94 + 12 107 £ 23 104 + 23
Diastolic, mmHg 8322 66 + 10 77 £ 22 75+ 22
MAP, mmHg 94 + 22 76 + 11 87 + 23 84 + 22

Table 3-2. Histomorphometric data at 4 weeks I/R. BW = body weight, HW = heart weig
Data are meanzSD. F< 0.05 between I/R and I/R+DOX.

Sham Sham+DOX I/R I/R+DOX

n 6 6 6 5
BW, g 392+ 18 388 + 38 382+ 14 383 £ 20
HW/BW, mg/g 3.68£0.16 3.75+0.12 3.67 £0.29 4.08 +0.40
LV wt/BW, mg/g 2.60+0.21 2.81+0.12 2.56 +0.27* 3.09 £0.28*
LV outer dia, mm 7.72+0.33 7.96 £0.29 7.84 £0.69 8.18 £ 0.37
LV inner dia, mm 4.08+0.52 419+0.55 4.93+0.79 5.02+£0.60
Wall thickness, mm

Ischemic 1.57 £ 0.05 1.80+£0.23 1.12 + 0.61 1.23+0.34

Septum  1.77 £0.23 1.74 £ 0.11 1.69+0.23 1.77 £0.12
Scar area, %LV - - 16.1 £ 8.6 23.0+£10.0
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Figure 3-8. Effects of DOX c-treatment on MMP activity and cell detacent in cultures ¢
NRVMs stimulated with 83 kDa active MMP-9 for 48 hA, Dosedependent increase in MI
activity and inhibition by DOX and GM6001 as assesby hydrolysis of a peptide substr
Activities are expressed as the percentage of naxmctivity. B, Representative gela
zymogram following stimulation of NRVMs with 83 kDMMP-9 in the presence or absenc
inhibitors. Gel lanes correspond to column#&inC, Remaining viable adherent cells as asst
by reduction of MTT. Valeus areormalized to unstimulated cells. Data are exprbss
mean+SEM from experiments performed at least plitate from two different cell preparatio
* p<0.05 vs. unstimulated contrdl.p < 0.05 vs. 2 nM active MMP-9 stimulated only.
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Figure 3-9. Effects of MMP stimulation on MMP activ and cell detachment in cultures
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Chapter 4. Reduction of myocardial infarct size ad stunning by

minocycline

4.1. Abstract

It has previously been shown in isolated, perfussaits subjected to I/R
injury that MIN reduces myocardial infarct size inhibiting the release of pro-
apoptotic factors from the mitochondria and thabO®@duces stunning by inhibiting
MMP-mediated proteolysis of troponin | (Tnl). Img study, | investigated the ability
of both MIN and DOX to protect the myocardium fréfR injury and stunning using
an isolated, perfused heart model and myocytecadtlires. In isolated, perfused rat
hearts subjected to I/R, MIN treatment significamdduced infarct size, reduced
creatine kinase (CK) release, and improved thevexgoof mechanical function
compared with untreated controls. In contrast, Di@&tment had no protective
effect. To examine whether DOX and MIN inhibitegening of the mitochondrial
permeability transition pore (MPTP), isolated re¢tt mitochondria were treated with
calcium to induce opening of the MPTP in the presesr absence of DOX or MIN.
Both MIN and DOX reduced MPTP opening as eviderimeteduced mitochondrial
swelling, and DOX was a more potent inhibitor af MPTP than MIN. MIN
treatment also reduced the extent of stunning coadpaith untreated controls in
isolated, perfused rat hearts subjected to bfitBE measured by improved recovery
of mechanical function and increased coronary flowthese hearts, MIN treatment

had no significant effect on MMP activity but teddeward reduced Tnl release.
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MIN treatment did not alter protein carbonyl corttenmeasure of oxidative stress, in
heart homogenates at the end of the stunning phtaed MIN significantly
increased nitrotyrosine content, a measure ofik@anttrogen species production, in
the heart homogenates. To further examine the amesim of the potential protective
effects of DOX and MIN directly on myocytes, cuktsrof neonatal rat ventricular
myocytes were subjected to hypoxia-reoxygenatibangcal hypoxia with
deoxyglucose and cyanide, or oxidative stress ytirogen peroxide. Neither DOX
nor MIN showed cytoprotection under these cond#ias evidenced by no effect on
cell viability or CK release. Likewise, culturesamlult rat ventricular myocytes
subjected to hypoxia-reoxygenation were not precktty DOX or MIN. These
results suggest that MIN, but not DOX, attenuagésall I/R injury by acting directly
on the myocardium and that MIN attenuates myochstiienning independent of its
ability to inhibit MMPs. In addition, the lack efficacy of DOX and MIN in
protecting myocyte cell cultures from hypoxic injiauggests that cell culture
conditions may alter the expression and/or funatibeellular targets of the

tetracyclines, an important consideration for fatstudies.

4.2. Introduction

The tetracyclines are a family of broad-spectrutibatics that inhibit
bacterial protein synthesis. In recent years, nembf the tetracycline family, DOX
and MIN, have been shown to have additional biaalgéffects independent of their

antimicrobial action (145). These effects appedrd mediated by several
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mechanisms including inhibition of reactive oxyggaecies (ROS) (153), INOS
activity (150), apoptotic cell death pathways (1134), proteases such as the MMPs
and plasmin (149, 198), and mitochondrial permégl{iL14). Numerous studies in
rodents have demonstrated that MIN is protectiaares cerebral ischemic injury,
such as global brain ischemia (110) and focal cateébchemia (199), and it is also
protective against neurodegenerative diseases,asuelintington’s disease (115),
amyotrophic lateral sclerosis (114), and Parkinsalisease (113). A single study has
also reported a protective effect of MIN in a modemyocardial ischemic injury
(134), and | and several others have demonstrattdqgbive effects of DOX in models
of myocardial I/R injury (198), stunning (73-75ndaremodeling following infarction
(68, 149, 200). While the tetracyclines have destraed efficacy in protecting the
brain and heart from ischemic injury, the mechasigywhich these drugs exert their
protective effects have not been completely eluedla

The pathogenesis of myocardial I/R injury is incdetgly understood and
likely involves the interplay of several factonscluding ROS, inflammation, protease
activity, and other factors that ultimately leachexrotic death or activation of the
apoptosis cascade (9). | have previously demasstiarole, at least in part, for the
serine protease plasmin in mediating I/R injuryhia heart (198). Plasmin circulates
in the blood in its zymogen form, plasminogen, Bedomes activated during
thrombolysis. DOX treatment reduces infarct sizéhe ratin vivo and protects
cultured myocytes from plasmin-mediated cell damagahibiting plasmin activity

(198). However, whether DOX protects the heannfii(R injury via additional
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mechanisms is unknown. Recently, it was demorestridtat MIN reduces infarct size
in the isolated perfused rat heart, an I/R modebdkof blood, by attenuating the
release of pro-apoptotic factors from the mitoch@ndnd by reducing caspase
expression and activity (134). Whether DOX is alapable of reducing infarct size
in the blood-free isolated, perfused heart by tlaekbtional mechanisms remains to
be determined.

Depending upon the length and severity of the isstig@eriod, I/R can lead to
infarction or reversible contractile dysfunctiontire absence of cell death, termed
myocardial stunning. Reduced contractility durgdgnning has been shown to be
due, at least in part, to intracellular MMP-2-meedhproteolysis of the sarcomeric
proteins troponin | (Tnl) and myosin light chairf74, 75). DOX treatment has been
shown to inhibit MMP-2 activity and preserve sareoiti structure and function in an
isolated, perfused rat heart model of stunning 784, Like DOX, MIN is also
capable of inhibiting MMPs (145). However, MINdpproximately twice as lipid
soluble as DOX (32). Given the increased lipidubdity of MIN compared with
DOX and its capacity to also inhibit MMPs, | hypesized that MIN would have
better access to the intracellular compartment B@X and would therefore be a
superior intracellular MMP inhibitor during myocaatistunning.

Therefore, the objectives of the present study welg evaluate the
cardioprotective effects of MIN and DOX on isolateerfused rat hearts and cultured

myocytes subjected to lethal I/R injury, and (8sass the effectiveness of MIN on
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reducing injury and contractile dysfunction in st&d, perfused rat hearts subjected to

stunning.

4.3. Experimental Methods

4.3.1. Isolated hearts
4.3.1.1. Langendorff method

Male Sprague-Dawley rats (Harlan, Indianapolis, Wéighing 225-250 g
were used. The animals were anesthetized by gttitapeal injection of ketamine
(100 mg/kg) and xylazine (10 mg/kg) coadministendtth heparin (1000 U/kg),
intubated, and positive-pressure ventilated withmair using a pressure-controlled
ventilator (Kent Scientific, Torrington, CT). Tlmeart was quickly excised and placed
into a dish of ice-cold Krebs-Henseleit (K-H) buf{@18 mM NaCl, 4.7 mM KClI, 1.2
mM KH2PQOq, 1.2 mM MgSQ, 2.5 mM CaC, 0.5 mM EDTA, 11 mM glucose, 25
mM NaHCQ). The aorta was quickly cannulated to a 14-gduvgmatheter connected
to a Langendorff perfusion system. After cannolatithe heart was retrogradely
perfused at a constant flow rate of 10 ml/min vidtk buffer, except the stunning
experiments testing MIN were performed on heaids Were perfused at a constant
pressure of 80 mmHg with K-H buffer. The K-H buffeas pre-filtered to 0.2@m,
continuously bubbled with 95%{5% CQ, and maintained at 37°C. The time from
removal of the heart to perfusion was 1-2 min.

The left atrium was removed, and a water-filleddzzl connected to a

pressure transducer (Grass-Telefactor, West Wanibkwas inserted into the LV
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through the mitral valve. The balloon volume wdgisted to achieve an end-diastolic
pressure of 8-12 mmHg. Pacing leads attached &beatrical stimulator (Grass-
Telefactor) were placed on the right atrium, areltibart was paced at 300 beats/min,
except the stunning experiments testing MIN wemrgopmed on hearts that were not
paced. Pacing was stopped during ischemia andnexbsduring reperfusion. LV
pressure was digitally acquired (DataQ Instrumehikson, OH) throughout the
experiment. At various times coronary effluent wallected for determination of
coronary flow rate. At the end of the protocol Hearts were removed and processed
immediately for infarct size determination (seeowél or flash frozen and stored at -
80°C. Frozen tissue was homogenized on ice is lysifer (50 mM Tris pH 7.4, 150
mM NacCl, 5 mM CaGl 0.2 mM NaN, 0.1% Triton X-100), except where indicated.
Lysates were cleared by centrifugation at 12,0@fr 40 min at 4°C. Protein
concentrations of the tissue extracts were deteanirsing the Bio-Rad Protein Assay
(Bio-Rad, Hercules, CA) with a BSA standard.
4.3.1.2. Minocycline treatment

For myocardial infarction studies, hearts were ysél under constant flow.
Rats were pretreated with MIN or vehicle (water)3adays (90 mg/kg on day 1 and
45 mg/kg on days 2 and 3) by intraperitoneal imgect In addition, hearts were
infused with MIN (1uM) or vehicle (DMSO) throughout the experiment. ate were
subjected to 35 min of global, no-flow ischemia ([@Nby stopping the perfusion

pump. The pump was then restarted and the hegmésfused for 120 min.
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For myocardial stunning studies, hearts were pedusder constant pressure.
Hearts were subjected to 25 min of GNFI by clampghegperfusion line. The clamp
was then released and the hearts reperfused imirBOMIN (0.5uM) or vehicle
(DMSO) was infused into hearts throughout the expent.
4.3.1.3. Doxycycline treatment

For myocardial infarction studies, hearts were ymafl under constant flow.
Rats were pretreated with DOX or vehicle (water)3aays (30 mg/kg per day) by
intraperitoneal injection. In addition, hearts e@rfused with DOX (5QM) or
vehicle (water) throughout the experiment. Hearsge subjected to 30 min of GNFI
and 120 min of reperfusion.

In a separate group of hearts ischemic precondigowas used as a positive
control for cardioprotection. After 15 min of abro perfusion, hearts were subjected
to 2 cycles of 5 min of GNFI and 5 min reperfusfollowed by 30 min of GNFI and
120 min of reperfusion.
4.3.1.4. Creatine kinase (CK) release

Coronary effluent was collected on ice for measaanof CK activity before
ischemia and during reperfusion. To each well ofierotiter plate was added 100
of coronary effluent and 20@ of CK reagent (Pointe Scientific, Canton, MI)hél
rate of change in absorbance of NADH was determspedtrophotometrically at 340
nm for 15 min. The enzyme activity was calculatethg the molar extinction
coefficient of NADH € = 6.22).

4.3.1.5. Determination of infarct size
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The heart was sliced into 2-mm short-axis rings stathed with
triphenyltetrazolium chloride (1%, Sigma) to idéntriable myocardium. Apical and
basal surfaces of each slice were photographed.inféwrct area was determined by a
blinded observer using computer-assisted planin{éthy Image).
4.3.1.6. Troponin I (Tnl) release

Coronary effluent was analyzed for Tnl content gsrtroponin | ELISA kit
(Life Diagnostics, West Chester, PA) accordingh® manufacturer instructions.
4.3.1.7. MMP activity

A fluorescence-quenched peptide substrate probeusexsto assess global
MMP activity. Cleavage of the peptide resultsatease of the quencher and an
increase in fluorescence. Tissue lysates or @ledia were reacted with i/
OmniMMP substrate (Mca-Pro-Leu-Gly-Leu-Dpa-Ala-ABJOMOL Research
Laboratories, Plymouth Meeting, PA) in assay buf& mM Tris pH 7.5, 150 mM
NaCl, 5 mM CaG)). Fluorescence (335 nm excitation, 405 nm engsiras
monitored continuously at 37°C for 30 min usinduarfescence microplate reader
(Bio-Tek Instruments, Winooski, VT).
4.3.1.8. Protein carbonyl assay

Protein carbonyl content within the tissue was mesusing the Protein
Carbonyl Assay kit per manufacturer instructionay@an Chemical, Ann Arbor,
MI). This kit utilizes the reaction between 2,sitliophenylhydrazine and protein
carbonyls, which can be measured spectrophotoratyret 360 nm.

4.3.1.9. Nitrotyrosine immunoblot
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Immunoblotting was performed as previously descrifa6). Tissue lysates
were diluted 1:1 with 2X reducing sample buffer¥d glycerol, 8.7%3-ME, 5.2%
SDS, 109 mM Tris pH 6.8), electrophoresed on 7.9%-pcrylamide gels, and
transferred to PVDF membranes (Millipore, Bedfdvth). Blots were probed with a
rabbit polyclonal anti-nitrotyrosine antibody (18I Calbiochem, San Diego, CA)
followed by a horseradish peroxidase-conjugatedrsiary antibody (1:5000, Santa
Cruz Biotechnology, Santa Cruz, CA). The immunotiea proteins were detected
using an enhanced chemiluminesence reaction kiefdham Biosciences,
Piscataway, NJ). Blots were digitally scanned lbadd intensities were quantified
(NIH Image).
4.3.2. Neonatal rat ventricular myocyte (NRVM) culures
4.3.2.1. Isolation and culture

NRVMs were prepared as previously described (174 hearts of 1-2 day
old Sprague-Dawley rats were excised, minced, aygsted with collagenase type 2
(80 U/ml, Worthington, Lakewood, NJ) and pancreéif® mg/ml, Sigma). The
dispersed cells were applied to a discontinuousqgtiedtensity gradient, and the
NRVMs and NRVFs were separated. The NRVMs wertedlan 1% gelatin-coated
tissue culture dishes to a density of 2.5xdélIs/cnf in plating media (68% DMEM,
17% M199, 10% horse serum, 5% FBS) and incubat8d’& in a 5% C®
humidified environment. The NRVMs were cultured #days in plating media, by
which time the cells were spontaneously contractihbis purification protocol

resulted in cultures of >95% myocytes as assdsg@dual inspection of beating
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cells and morphological characteristics. The media then replaced with serum-free
maintenance media (80% DMEM, 20% M199) until expemntation (1-2 days).
4.3.2.2. Hypoxia-reoxygenation

NRVMs were pretreated with DOX or MIN for 24 hounsmaintenance
media. The cells were made hypoxic by replacimgntiedia with glucose-free
DMEM containing DOX or MIN and using the BD GasHak Anaerobic Chamber
(BD Diagnostics, Franklin Lakes, NJ). This systerovides an atmosphere of <1% O
within 2.5 hours. After 12 hours the cells wermoeed from the hypoxic chamber,
the media replaced with maintenance media con@giD@X or MIN, and the cells
returned to the incubator for 24 hours.
4.3.2.3. Chemical hypoxia

NRVMs were pretreated with DOX or MIN for 24 hounsmaintenance
media. The cells were subjected to chemical hypasgipreviously described (201).
Chemical hypoxia was induced by placing the celis hypoxia buffer (106 mM
NaCl, 4.4 mM KCI, 1.0 mM MgG| 38 mM NaHCQ, 2.5 mM CaCJ, 20 mM 2-
deoxyglucose, 1.0 mM NaCHlt pH 6.6) containing DOX or MIN for 4 hours.
Preliminary experiments established that 4 houhemmical hypoxia resulted in ~50-
60% cell viability when assessed 24 hours latesntfol cells were incubated in the
same buffer without 2-deoxyglucose or NaCN. Theim&as then replaced with
maintenance media and the cells allowed to redoveZ4 hours.

4.3.2.4. Oxidative stress
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NRVMs were pretreated with DOX or MIN for 24 hounsmaintenance
media. The cells were then subjected to acuteatixiel stress by the addition of 100
uM H,0O; for 24 hours. Preliminary experiments establistied 100uM H20-
resulted in ~50-60% cell viability after 24 hours.
4.3.2.5. Cell viability

Cell viability was assessed using a methylthiazaflium (MTT)-basedn
vitro toxicology assay kit (Sigma) per manufacturerrinsions. Following treatment,
cells were reacted with 0.5 mg/ml MTT for 2 houiidhe reaction was stopped by the
addition of solubilization solution (0.1 M HCI, 10%iton X-100, 90% isopropanol).
After mixing, the absorbance at 570 nm was measured
4.3.2.6. CKrelease

Following treatment, culture media was removed @mtrifuged at 200 g for 5
min to clear the media of any cells. CK activilythe media was determined as
described above for coronary effluent.

4.3.3. Adult rat ventricular myocyte (ARVM) cultur es
4.3.3.1. Isolation and culture

The isolation of calcium-tolerant adult rat ventitax myocytes was performed
as previously described (202) with modificatiomiefly, adult male Sprague-
Dawley rats weighing 225-250 g were anesthetize¢ld katamine (100 mg/kg) and
xylazine (10 mg/kg) coadministered with heparinQQ@/kg). The heart was quickly
excised and mounted on a modified Langendorff pafusystem. The heart was

perfused (10 ml/min) with a Gafree modified Tyrode’s solution (126 mM NaCl, 4.4
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mM KCI, 1.0 mM MgSQ, 0.12 mM NaHPQ,, 10 mM HEPES, 5.5 mM glucose, 1.8
mM sodium pyruvate, 5.0 mM taurine, 4.0 mM NaH{ 80 mM 2,3-butanedione
monoxime [BDM], pH 7.3) at 37°C, bubbled with oxygeAfter several minutes, the
perfusate was switched to @M C&* Tyrode’s solution containing collagenase type
[l (200 U/ml; Worthington Biochemical, Lakewood, Nidr another 20 min. The
ventricles were dissected free and minced. Thedisgas then incubated in 25 mM
Cd* Tyrode’s solution containing collagenase type2dq U/ml) and BSA (20
mg/ml) for an additional 20 min. The myocytes wgeatly dispersed and then passed
through a 10Qum cell strainer to remove undigested tissue. QGaloivas slowly
reintroduced to the cells by serial washes witho@ig’'s solution containing 1QM
cd*, 200puM C&*, and 60QuM Ca*. Myocytes were plated onto laminin-coated
dishes (ug/cnf) at a concentration of 20,000 cellsfcim modified Opti-MEM media
(60% Opti-MEM [Invitrogen, Carlsbad, CA], 37% €dree Tyrodes solution without
BDM, 3% FBS). After 2 hours the media was replaaed the myocytes used for
experimentation.
4.3.3.2. Hypoxia-reoxygenation

ARVMs were pretreated with DOX or MIN for 1 hourmodified Opti-MEM
media. The cells were made hypoxic by replacimgntiedia with glucose-free
DMEM containing DOX or MIN and placing the cellganthe BD GasPak EZ
Anaerobic Chamber. The cells were reoxygenateeimpving them from the hypoxic
chamber and replacing the media with fresh modifdi-MEM containing DOX or

MIN.
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4.3.3.3. Apoptotic agents

Some ARVMs were treated with staurosporingfd) in modified Opti-MEM
for up to 24 hours. Additional ARVMs were exposeda germicidal UV light at a
distance of 3 cm for 3 min. Both treatments resuih microscopic evidence of
membrane blebbing and cell shrinkage.
4.3.3.4. Viability assays

Cell viability was assessed by reaction with MTTdascribed above.
4.3.3.5. CK assay

CK release into the media was assessed as desatbed.
4.3.4. Mitochondria isolation and permeability asays

Mitochondria were isolated from rat livers by diéatial centrifugation.
Briefly, rat livers were minced and then homogedingth a tissue tearer in buffer
(250 mM sucrose, 5 mM HEPES pH 7.2, 1 mM EDTA) I0rsec on ice. The
homogenate was centrifuged at 500 g for 10 mirf@t 4r'he supernatant containing
the mitochondria was collected and centrifuged,40® g for 15 min at 4°C. The
pellet containing the mitochondria was resuspemaéxdiffer without EDTA and
centrifuged at 9,400 g as before and repeated 8 tmes. The final mitochondria
pellet was stored on ice until experimentationot®n concentration of the
preparation was determined using the Bio-Rad Rrétesay. Mitochondria (50Q)
were resuspended in 2Q0swelling buffer (120 mM KCI, 10 mM Tris, 20 mM
MOPS, 5 mM KHPQO,, pH 7.4) in the presence or absence of DOX or siikbom

temperature for 5 min. Mitochondrial swelling waduced by the addition of CaCl
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The amount of swelling was determined by monitotimg decrease in absorbance at
520 nm.
4.3.5. In vitro MMP inhibition by MIN

Human recombinant active MMP-9 (1u®1; Calbiochem) or MMP-7 (1.7
uM; Calbiochem) was incubated with various conceing of MIN in assay buffer
(50 mM Tris pH 7.5, 150 mM NaCl, 5 mM Cafth min at room temperature.
OmniMMP substrate was then added to a final comagah of 10uM and MMP
activity determined as described above. The data Wit tot the sigmoidal Hill
equation: Y = [MIN]/([MIN] "+k") (Prism, GraphPad Software, San Diego, CA). Y is
the rate of substrate hydrolysis as a fraction aximal substrate hydrolysis, n is the
Hill coefficient, and k is the MIN concentrationwhich activity is half maximal
(ICs0).
4.3.6. Statistical analysis

Results are expressed as meantSEM. Comparisomsdeineans were
analyzed by student’s t-test. A valuepaf 0.05 was considered statistically

significant.

4.4. Results

4.4.1. Minocycline, but not doxycycline, reducedifarct size following I/R injury
MIN and DOX were assessed for their abilities totpct against I/R injury in
the isolated, perfused rat heart. In one expertymats were pretreated for 3 days with

MIN (90 mg/kg on day 1 and 45 mg/kg on days 2 andr3ehicle (water). This dose
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of MIN was previously shown to protect isolatede&om I/R injury (134). Hearts
were then subjected to 35 min of ischemia and 1@0ofreperfusion. MIN (LuM)

or vehicle (DMSO) was also infused through the tioughout the experiment.
MIN treatment resulted in a significant improvemanthe recovery of contractile
function as assessed by LV developed pressure Riall @Figures 4-1A and B). MIN
also reduced the amount of CK released during fieggien (Figure 4-1C) and reduced
infarct size by ~35% (Figure 4-1D).

In a second experiment, rats were pretreated €ay8 with DOX (30 mg/kg
per day) or vehicle (water). This dose of DOX waaviously shown to reduce infarct
size in ratsn vivo (198). Hearts were then subjected to 30 minafasnia and 120
min of reperfusion. DOX (5QM) or vehicle (water) was also infused throughdnat t
experiment. In this set of hearts, 35 min of isolzeresulted in no recovery of
function, so the time of ischemia was reduced ton80 DOX treated hearts showed
no difference in the recovery of LV developed puessor dP/dt compared with
controls (Figures 4-2A and B). Also, no differeneas seen in the amount of CK
released (Figure 4-2C). Ischemic preconditiongycles of 5 min ischemia and 5
min reperfusion prior to the 30 min of ischemia)swesed as a positive control, and
these hearts showed improved recovery of funchagufes 4-2A and B) and reduced
CK release (Figure 4-2C).

4.4.2. Minocycline and doxycycline inhibited opemig of the mitochondrial

permeability transition pore
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Since MIN has been shown to attenuate myocardiatyinat least in part, by
inhibiting the release of pro-apoptotic factoranfrthe mitochondria (134), |
investigated the capacity of DOX and MIN to inhibgiening of the mitochondrial
permeability transition pore (MPTP) in isolated ecthiondria. MPTP opening was
induced by the addition of calcium. The additidnngreasing concentrations of
calcium resulted in a dose-dependent increasetochondrial swelling, an indicator
of MPTP opening, as measured by a decrease inlabsm at 520 nm (Figure 4-3A).
Pretreatment with DOX resulted in a dose-dependgenuation of swelling upon
calcium stimulation (Figure 4-3B). PretreatmenthwWIIN reduced swelling only at a
concentration of 20QM (Figure 4-3C). Therefore, both DOX and MIN intéul
C&*-induced mitochondrial swelling, but surprisingDX showed a greater potency
than MIN at inhibiting swelling.

4.4.3. Minocycline reduced myocardial stunning whout inhibiting MMP
activity

Since DOX has previously been shown to attenuatecargial stunning via
inhibition of intracellular MMP-mediated cleavagetmponin | (75), | also examined
the capacity of MIN to reduce myocardial stunnimgeg its increased lipophilicity
compared with DOX and ability to penetrate cell rbeames. Isolated, perfused rat
hearts were subjected to 25 min of ischemia anchiB0of reperfusion in the presence
or absence of MIN (0.pM) infused throughout the experiment. In contreahs
mechanical function recovered to ~60% of the pceeasia values as determined by

the rate-pressure product. MIN treatment resuttedsignificant increase in the
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recovery of mechanical function compared with colst(Figure 4-4A). MIN also led
to increased coronary flow rates during reperfusiadicating improved vascular
integrity (Figure 4-4B).

To determine if the protective effect of MIN wasléed due to MMP
inhibition, MMP activity in the heart homogenateasameasured at the end of the
perfusion protocol. No difference in MMP activitwas observed between the MIN-
treated and the control hearts (Figure 4-5). Funtore, the addition of MIN to
purified MMP-9 (1.3uM) or MMP-7 (1.7uM) in buffer resulted in a dose-dependent
inhibition of MMP activity with an 1G, of 135£35uM for MMP-9 and 120+341M
for MMP-7 as determined by hydrolysis of a pepsdéstrate. Therefore, the
concentration of MIN infused into the isolated,fpsed hearts (0.6M) was much
lower than would be needed to inhibit MMPs.

Release of troponin | from the heart into the cargreffluent was also
assessed. MIN-treated hearts tended toward redrggashin | release, and this nearly
reached statistical significange € 0.06) (Figure 4-6).

4.4.4. Minocycline increased peroxynitrite generabn in stunned hearts

Since antioxidants have been shown to attenuateangi@l stunning by
scavenging reactive oxygen species (79), stunnadsheere assessed for markers of
oxidative stress. Tissue protein carbonyl conbast previously been used as a marker
of oxidative stress in isolated hearts (203). & €nd of reperfusion, heart lysates
were analyzed for protein carbonyl levels usinglammetric kit. No significant

difference in protein carbonyl content was seewéeh control and MIN-treated
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hearts (Figure 4-7). Tissue nitrotyrosine conteas measured by immunoblot as a
second marker of oxidative stress. Peroxynitorened under conditions of oxidative
stress can react with tyrosine residues on proteif&m nitrotyrosine. Several bands
were observed on the immunoblot corresponding ateprs containing nitrotyrosine.
Densitometric analysis of the sum of all bands adack a significant increase in
nitrotyrosine content within the MIN treated heartsnpared with controls (Figure 4-
8).
4.4.5. Minocycline and doxycycline did not preseer NRVM viability following
hypoxia-reoxygenation

In order to further investigate mechanisms of axtiof DOX and MIN in the
protection against I/R injury, the drugs were assésn cultures of NRVMs. NRVMs
in the presence or absence of DOX or MIN were plact a hypoxic chamber for 12
hours and then reoxygenated for 12 hours as a nedd@& injury. This procedure
resulted in a 60% reduction in cell viability inteeated controls. Neither DOX nor
MIN treatment resulted in improved cell survivalassessed by reduction of MTT,
and 100uM MIN actually worsened cell survival (Figure 4-9AAnalysis of CK
release into the culture media revealed an increaS& after hypoxia but no increase
in CK after reperfusion compared with normoxic ¢of#t (Figures 4-9B and C).
These data indicate that hypoxia/reoxygenatioménNRVMs induced hypoxic injury
but not reoxygenation injury. DOX and MIN did neduce CK release, and 10M

MIN actually increased CK release (Figures 4-9B @nd
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NRVMs were also subjected to chemical hypoxia fo#d by recovery as
another model of I/R injury. Cells treated withrieas concentrations of DOX or
MIN were incubated in 2-deoxyglucose and cyanidetfbours to inhibit oxidative
respiration and then allowed to recover in normadlia for 24 hours. This protocol
resulted in ~40% reduction in cell viability. Negr DOX nor MIN improved cell
survival under these conditions (Figure 4-10).

4.4.6. Minocycline and doxycycline did not preseer NRVM viability following
oxidative stress

Since the generation of reactive oxygen speciegibates to myocardial I/R
injury (9), DOX and MIN were investigated for thaibilities to protect NRVMs
challenged with oxidative stress. NRVMs were irated in 10QuM H,O; for 24
hours in the presence of varying concentratiorl3@X or MIN. In the absence of
any drug, HO, resulted in a 40% loss of cell viability as assddsy reduction of
MTT. Neither DOX nor MIN improved cell survivalnd 100uM DOX or MIN
actually worsened survival (Figure 4-11).

4.4.7. Minocycline and doxycycline did not presee ARVM viability following
hypoxia-reoxygenation

Due to the lack of reperfusion injury with NRVMgJudt rat ventricular
myocytes (ARVMs) were also tested to determin&eftwere a more suitable model
of I/R injury. ARVMs were placed into a hypoxicashber for 1 to 3 hours and then
reoxygenated for up to 24 hours. CK release imtomedia increased upon

reoxygenation, indicating additional injury to AR\8Mipon reoxygenation.
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Therefore, unlike NRVMs, reoxygenation injury waes in ARVMs. CK release
peaked at ~1 hour of reoxygenation and remainagigd for 8 hours (Figure 4-12).
Viability in ARVMs pretreated with DOX or MIN wasiéen assessed after 3 hours
hypoxia and 2 hours reoxygenation. Hypoxia-reoxygien resulted in ~60% loss in
ARVM viability (Figure 4-13A) and ~4-fold increase CK release into the media
(Figure 4-13B). Neither DOX nor MIN protected aggstithe loss of viability or
release of CK. Cyclosporine A was used as a pesitbntrol for protection against
reoxygenation injury since it has been shown taqmtoARVMs from reoxygenation
injury by preventing mitochondrial permeability pavpening (105). However, in this

set of experiments cyclosporine A did not proteBMMSs (Figures 4-13A and B).

4.5. Discussion

In this study | demonstrated that MIN, but not DGXproved the recovery of
mechanical function and reduced infarct size ihaisal, perfused rat hearts subjected
to lethal I/R injury. The observed reduction ifewrct size corroborate a recent report
by Scarabelli et al. showing reduced infarct sizesolated, perfused rat hearts
subjected to regional I/R (134), supporting thecamt that MIN may be a novel
cardioprotective agent. The cytoprotective capaxitMIN is an emerging area of
research. MIN has previously been shown to impsawgival in several models of
neuronal cell injury (110-114). The mechanism Wyol MIN protects cells is
thought to be due to its ability to inhibit caspagpression or to inhibit the

mitochondrial apoptotic cascade. Zhu et al. demmates! that MIN inhibits Cd-
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induced mitochondrial swelling and cytochrome eask in isolated mitochondria,
indicating that the mitochondria, and perhaps th&lM, are direct targets of MIN
(114). The finding by Scarabelli et al. that Midbuced cytochrome c translocation
from the mitochondria to the cytosol in intact hedollowing I/R (134) supports the
idea that MIN causes mitochondrial stabilizatiorthia heart.

The finding that DOX did not reduce infarct singsolated hearts was
somewhat surprising given that | have previoustwain DOX to reduce infarct size
vivo (198). To explore the possibility that DOX lackiég mitochondrial-stabilizing
properties of MIN, | compared the abilities of thdw/o tetracyclines to inhibit MPTP
opening in isolated mitochondria. | found thattbBOX and MIN inhibited the C&
induced opening of the MPTP in a dose-dependennararHowever, DOX appeared
a more potent inhibitor of the MPTP, displaying MPihhibition at 5QuM, whereas
200uM MIN was required for inhibition. The concent@tiof MIN needed for
inhibition is in agreement with the study by Zhuak{114). Thus, these data show
that DOX is an effective MPTP inhibitor and supeto MIN in vitro.

| propose that the disparity in protection by DOXIaMIN in the isolated heart
could be due to differences in subcellular distiidou MIN is a more lipophilic
molecule, capable of penetrating tissues and ¢rgpssll membranes as evidenced by
its ability to cross the blood-brain barrier (32)OX is of intermediate lipophilicity,
and TET is the least lipophilic of the three andhie to penetrate the blood-brain
barrier (32). Three previous studies supportdea iof tissue penetration affecting

their protective abilities. Yrjanheikki et al. shed that, in amn vivo model of brain



124

ischemia, MIN treatment resulted in the greatedticgon in infarct size, DOX
showed an intermediate reduction, and TET had featefl10). Baptiste et al.
showed that MIN, but not TET, increased cell sua/im retinal cell cultures subjected
to cytotoxic stimuli (204). Finally, Scarabelli@t showed that MIN, but not TET,
reduced infarct size in isolated hearts (134). sTllthough DOX may be a superior
inhibitor of MPTP opening compared with MIN vitro, the ability of MIN to
penetrate the cell membrane and reach the mitocizomay underlie its superior
cytoprotective ability in intact cells.

| have previously reported that the ability of D@Xreduce infarct sizen vivo
may be due to its ability to inhibit plasmin (198h the current study, DOX was not
protective using an isolated, perfused heart modibe lack of protection in this ex
vivo, blood-free system supports the idea that Didects the heart against a toxic
blood-derived factor, which | believe to be plasmirhe ability of MIN to protect the
heart in this model suggests that MIN is protechye different mechanism than
DOX, possibly by inhibiting MPTP opening. Takemé&bher, these data suggest that
DOX may exert its cardioprotective effect agaiiBtihjuryin vivo by targeting an
extracellular, blood-derived factor (i.e., plasmimvhile MIN protects by inhibiting
MPTP-mediated apoptosis.

While MIN may in fact protect myocytes against chth by inhibiting
MPTP opening, MIN also has other effects, includisgability to inhibit MMPs (145)
and scavenge ROS (82), that could protect agdRshjury. While a role for MMPs

in contributing to adverse post-MI ventricular redebng has been clearly established,
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there remains some controversy as to whether MMd@saiso contribute to myocyte
death following I/R. In aim vivo rat model, Romanic et al. showed that MMP-9-
deficient mice subjected to I/R had reduced infaiots compared with wild-type
controls, suggesting MMP-9 contributes to myocwiary (76). A previous study
from my lab showed that DOX treatment reduced ctfaize, and this correlated with
reduced MMP-9 activity (198). However, when | asssl the ability of MMPs to
directly compromise myocyte viability in culturefound that physiological
concentrations of MMPs were not cytotoxic (198).

Because of the potential, but uncertain, role féiR4 in inducing cell death in
the heart, | decided to evaluate the capacity dfl kdl inhibit MMPs in the heart using
a model of myocardial stunning. In contrast tartbhacertain role in mediating lethal
I/R injury, MMPs, and MMP-2 in particular, have Ibeglearly demonstrated to
contribute to the loss of myocardial contractilé\aty following I/R (i.e., stunning)
(73-75). It has been shown that MMP-2 activitynisreased in isolated, perfused rat
hearts following I/R, and inhibiting MMP-2 activityith an MMP-2 neutralizing
antibody or with DOX improves the recovery of caatile function (73). It appears
MMP-2 contributes to stunning by proteolyzing trapol and myosin light chain
intracellularly (74, 75). It is unclear how MMPeRters the myocyte during I/R. It
has been shown that myocytes can undergo reversdmebrane wounding, with
transient cytosolic uptake of albumin in respomsadute pressure overload (205).
Therefore, one can speculate that myocyte membeaeagversibly wounded during

I/R, allowing entry of MMPs.
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Since Cheung et al. showed that DOX inhibited MM&eflvity during
myocardial stunning and improved functional recg@?3), | decided to use this
model to test for the capacity of MIN to protece tieart by inhibiting MMPs. |
infused the hearts with 0\8M MIN, the same concentration that reduced infaizg
during lethal I/R. My results showed that MIN didprove the recovery of
mechanical function during the first 30 minutesegerfusion, and this was associated
with improved coronary blood flow during reperfusioHowever, MIN had no effect
on MMP activity within the heart homogenates atehd of the 30 minute reperfusion
period. Since | found the kgvalues for inhibition of MMP-9 and MMP-7 by MIM
vitro to be 135uM and 120uM, respectively, it is not surprising that the centration
of MIN infused into the heart (048M) did not inhibit MMP activity. Thus, these data
suggest that MIN attenuated stunning by a mechamdependent of MMP
inhibition.

| also evaluated the effect of MIN on markers oiflative stress in the hearts
following the stunning protocol. The generatiorR®S during I/R is thought to be an
important mediator of stunning (206), and MIN hagst shown to be an effective
ROS scavenger (82). Although MIN had no effecpastein carbonyl content, MIN
actually increased protein nitrotyrosine conterthim heart homogenates.
Nitrotyrosine forms as a consequence of peroxyaiggeneration from superoxide and
nitric oxide (NO). Controversy exists within theetature as to whether peroxynitrite
is cytotoxic or cytoprotective (207). The cytotoxffects of peroxynitrite observed in

some studies are attributed to oxidation of prateipids, and DNA, leading to
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interference of critical cellular functions. Thgaprotective effects of peroxynitrite
observed in other studies are attributed to itbtglo react with thiols, such as
glutathione, and form NO-donor compounds (208febd, infusion of peroxynitrite
reduces infarct size and preserves coronary vastuiation following I/R in cats
(209). Therefore, it appears that MIN may atteauayocardial stunning by
augmenting peroxynitrite formation following I/Rs andicated by the increased
nitrotyrosine content, leading to improved coronatery flow via the formation of
NO donor compounds.

In order to further explore the possibilities thitN may protect the
myocardium from I/R injury via inhibition of the MIFP or modulation of oxidative
stress and NO, | explored the effects of DOX anéiMh cultured NRVMs subjected
to hypoxia-reoxygenation injury. Surprisingly,duind that neither DOX nor MIN
improved myocyte survival or reduced CK releaskisTs in contrast to the study by
Scarabelli et al. showing MIN reduced apoptosis ectosis of cultured NRVMs
following hypoxia-reoxygenation (134). This dissamcy may be explained by
inability of my culture conditions and hypoxia-rg@enation protocol to induce
reoxygenation injury in the NRVMs. | determine@tieoxygenation injury was not
occurring with this protocol due to the lack of adshal CK release upon
reoxygenation; CK was released only following thghemic period. NRVMs were
also subjected to two other insults, chemical hygpogoxygenation and oxidative

stress with HO,. However, neither drug was cytoprotective usiiigee of these
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insults. Thus, these data show that, in my hab@s and MIN do not directly
protect NRVMs from hypoxia-reoxygenation injury axidative stress.

| also assessed DOX and MIN in cultures of adulbayyes subjected to
hypoxia-reoxygenation. Cultured ARVMs are moreeatetent upon oxidative
respiration than NRVMs and, therefore, are a clospresentation of the myocytes
present within intact heart. ARVMs were appro@iaimore sensitive to hypoxia
than NRVMs, with ~50% cell death within 1 hour gfdoxia versus 12 hours for
NRVMs. In addition, ARVMs released additional O#a the media upon
reoxygenation, demonstrating that reoxygenatiaurymjvas occurring. The amount
of CK release upon reoxygenation was directly propoal to the time of ischemia.
Therefore, cultured ARVM death in response to hygaogoxygenation paralleled
what is commonly observed in the intact organ, estigg the ARVM culture model
was an appropriate representation of the intaat.heldowever, again, DOX and MIN
elicited no cytoprotection during hypoxia-reoxygema. In addition, cyclosporine A,
which has been shown to reduce infarct size iratedl hearts by inhibiting MPTP
opening (131), did not improve survival.

It is interesting that MIN did not improve survivalthe NRVM and ARVM
cultures despite showing a clear reduction in mg@cell death in the isolated,
perfused heart. Cultures of NRVMs and ARVMs aredusxtensively as simplified
models for investigating the effects of hypoxia d&ygoxia-reoxygenation on the
heart. However, it must be remembered that cuktakeronment is profoundly

different from the environment of the intact hearhe lack of three-dimensional



129

structure, supporting fibroblasts, mechanical straad electrical activity in addition
to the altered extracellular matrix and cell-celtlacell-matrix interactions likely has
significant effects on the expression and/or fuorchf cellular targets of the
tetracyclines. Thus, the lack of cytoprotectiondgyX and MIN in culture does not
take away from or invalidate the protective effembserved both in the isolated heart
andin vivo.

In conclusion, MIN, but not DOX, reduced infarctesiin isolated, perfused rat
hearts subjected to I/R injury. The lack of promt by DOX supports my previous
study demonstrating that DOX is cardioprotectivatbyability to inhibit plasmin, a
blood-borne protease. The protection by MIN inabsence of blood indicates acts
by a different mechanism, likely inhibition of tMPTP given its ability to penetrate
into the cell. MIN may also preserve coronaryfanction via increasing NO
levels. Taken together, these studies providglmsnto the mechanisms by which
the tetracyclines protect the heart from I/R injutythering our understanding of a

potentially useful class of novel cardioprotectagents.



130

= 1201 201
L _ IR Control
< GNFI —=— Control =
O 100 g o MIN IS I MIN
S e Q 15+
® 804 d
g o7 2
o ©
60 «n 104
8 o
% 40-. x X *,,,,; z i‘ & 5+
& 201 §§ S
0+——Tr—T—pibr——t T [0} - - : -
0 20 40 60 80 100 120 140 160 180 Pre-ischemia Post-ischemia
Time (min)
B D P
5000 —=— Control 1001 (‘i“ .
@ 4000 ~4-- MIN —~ N
[) = 80+
T 3000 o2
€ 4 ]
2000 N = ]
£ 23 60
= 1000 o® 1
E g2 404 *
° 0 =< ——
& -1000 s i
s 20
-2000 ]
-3000+—FTrT1T"T"T1T""T"T"T"TTTT"T—TT7
0 20 40 60 80 100 120 140 160 180 Control MIN

Time (min)

Figure 4-1. Effects of MIN treatment on isolated, perfused rat hearts sudgjeict 5 min of global
no-flow ischemia (GNFI) and 120 min of reperfusioRats were pretreated with MI{90 mg/kg ol
day 1 and 45 mg/kg on days 2 & 3) prior to experitagon. MIN (1uM) was also infused duri
the perfusion. Recovery of LV developed presséeand maximum dP/dB) during reperfusia
were greater in the MIN-treated animals compardt wontrols. C, CK released during the 15 r
before ischem (Pre-ischemia) and the 15 min after ischemia (Ro$temia). D, Infarct size i
control and MIN-treated hearts. Images above thplgare representative TTStained sections us
in the analysis of infarct size. Data are exprssemean+SEM for control (n = 4) and Mtitate(
(n =4) hearts. p<0.05.
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Figure 4-2. Effects of DOX treatment on isolated, perfused rearts subjected tcO min ol
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and maximum dP/dtB) during reperfusion were similar between the D®eated and contr
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Figure 4-3. Effects of DOX and MIN on mitochondrial swellingnde
conditions associated with permeability transiti@mre opening in diluted t
liver mitochondria. A, Decrease in light absorbance following a puls
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Decrease in light absorbance following a pulse 80 &M C&* in the
presence of varying MIN concentrations. Absorbaneere normalized
the absorbance immediately prior to thé'Gaulse. Traces are the meai
experiments performed from two different mitochoadghreparations.
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Figure 4-5. MMP activity in heart homogenatfrom control (n = &
and MIN-treated (n = 8) hearts after 25 min of glomoflow ischemi
and 30min of reperfusion as assessed by hydrolysis qfeptide
substrate. Data are mean=SEM.
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Figure 4-6. Effects of MN on troponin | release following 25 min
global, no-flow ischemia.Troponin | released into the effluent dur
the first 15 min of reperfusion was collected anebsured by ELIS/
Data are mean=SEM for 8 hearts per group.
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Figure 4-8. Nitrotyrosine content in the homogenates of adnin =
8) and MIN-treated (n = 8) hearts following 25 naohglobal, noflow
ischemia and 30 min of reperfusion. Data are m8&h& *p < 0.05.
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Figure 4-9. Effects 0 DOX and MIN on neonatal rat ventricular myocytevéeal following 12
hr of hypoxia and 24 hr reoxygenatioi, Cell viability as assessed by reduction of MTTek
reoxygenation. Values are normalized to normogittiols. B, CK activity in the mediaf cells
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Figure 4-1C. Effects of DOX and MIN on neonatal rat ventriai
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recovery. Values are normalized to normoxic cdatroData ar
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Figure 4-11. Effects of DOX and MIN on neonatal rat ventriai
myocyte survival following incubation in 100M H,O, for 24ht
Values are normalized to normoxic controls. Dataraean+SEMor

at least 6 replicates. p'< 0.05 versus @M drug.
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Chapter 5. Summary and Future Directions

The overall goal of this work was to examine thgty of the tetracyclines for
use as novel cardioprotective agents in the settimgyocardial ischemic injury and
to explore the potential mechanisms for their prtote effects. Tetracyclines had
previously been shown in other disease procesdesvio properties that held the
potential to target important processes in thequehesis of adverse post-Mi
ventricular remodeling and I/R injury. In partiaul the tetracyclines were known to
inhibit MMPs, scavenge ROS, and inhibit the apaptodscade, all of which were
known to contribute to cardiac remodeling or I/Rirg. Thus, | undertook a
systematic approach to examine these putative ginteactions in the heart.

First, | demonstrated that DOX inhibited MMP actiga and release post-Ml,
clarifying the mechanism by which DOX attenuateel éldverse post-Ml ventricular
remodeling seen in a previous study from our latowya The concept of inhibiting
MMPs to prevent remodeling was not new, howevehg@roxamate-based drugs
utilized in many of these previous studies havenlmaluated in clinical trials and
found to be either ineffective or discontinued tluétolerable side effects. My
finding that DOX was an effective MMP inhibitor ihe heart shed light upon a new
class of MMP inhibitors with a long history of safee in humans. Along these lines,
| also evaluated the potency of novel zinc-bindingups developed by my colleagues
for development into another new class of MMP iitbits. | found that several
members of this new class of compounds were u@@efdld more potent than

hydroxamate at inhibiting MMP activity in culturedrdiac fibroblasts. Therefore,
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these new compounds hold promise for developmémtamovel class MMP

inhibitors with the potential to be orders of magde more potent than hydroxamate-
based MMP inhibitors. However, whether these camgs can be developed into
MMP inhibitors with the same safety profile in humsaas the tetracyclines or whether
they follow in the footsteps of so many hydroxamaased inhibitors before them
remains to be seen.

Secondly, | demonstrated that DOX reduced infaeet ®llowing I/R in the
ratin vivo. While | initially thought that DOX would be exerg this effect again by
MMP inhibition, the results proved surprising.ouhd that MMPs did not
compromise myocyte viability, but rather the plastiiat was being used to activate
the MMPs was in fact killing myocytes, likely bygteolyzingBip-integrin and
disrupting myocyte-matrix interactions. Througlpexments performed both in
culture andn vitro, | found that DOX, but not MIN or TET, was capablenhibiting
plasmin and preserving myocyte viability. It hadyously been shown that
tetracyclines could inhibit serine protease agtiwidirectly by preventing the MMP-
mediated destruction of serine protease inhibitétewever, | found that the
inhibition of plasmin by DOX was independent ofatsility to inhibit MMPs and was
actually due to direct inhibition of the plasmirzgme. Thus, these experiments not
only demonstrated a novel non-antimicrobial actmmDOX but also set forth the
possibility that plasmin can contribute to I/R inju

To specifically examine the role of plasmin in ifffury, | attempted to

demonstrate that the addition of exogenous plasmianced injury in isolated,
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perfused hearts subjected to I/R. However, giterhigh concentration of
endogenous plasmin/plasminogen in the blood, itmeaeconomically feasible to
perform the experiments with a physiological coticion of plasmin. Therefore,
while | did not observe any additional injury wihsub-physiological concentration of
plasmin, these results do not rule out a role fasmin in I/R injury. Thus, continued
investigation into this potential role of plasm&warranted. Two approaches could
be used to explore this: 1) infusion of physiol@di@mounts of plasmin into isolated,
perfused hearts (i.e., break the bank), an2jvo I/R studies using a myocyte-specific
anti-plasmin-overexpressing mouse.

Thirdly, 1 showed that MIN, but not DOX, reducedarct size and improved
the recovery of contractile function in isolatedrfpsed hearts subjected to I/R injury.
The protective effect of MIN could be attributedindibition of the mitochondrial
apoptosis pathway, since MIN directly inhibited MP®pening. However, DOX was
a more potent inhibitor of the MPTP, suggestind tither differences between these
two tetracyclines must contribute to the discregandheir protective effects. |
propose that the greater lipophilicity of MIN comed with DOX gives it greater
ability to penetrate into tissues and cross cefhim@nes, thereby achieving higher
intracellular concentrations. Future studies ottar&zing the subcellular distributions
of DOX and MIN would help clarify this issue.

Fourthly, | demonstrated that MIN reduced the degyf myocardial stunning
in isolated, perfused hearts as evidenced by ingaregcovery of contractile function

and improved coronary artery flow. MMP-mediatedtpolysis of intracellular
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sarcomeric proteins was previously shown to comtetto myocardial stunning in
isolated hearts, and, therefore, it provided a gnodel to examine whether a
component of the cardioprotective action of MINahxed MMP inhibition. Results
from these experiments showed that the reductietuinning by MIN was not
associated with a reduction in MMP activity. Itsydowever, associated with an
increase in peroxynitrite generation. The rolp@foxynitrite is a controversial in the
literature, with some studies showing it is a aatahkic compound and others showing
it is a cardioprotective compound. The cardiopotive actions are thought to be due
to its ability to interact with thiols, such as tthione, and generate NO-donor
compounds. The elevated NO production causes fasod or contributes to the
preconditioning effect. Since | observed improeedonary artery flow in the MIN-
treated hearts, it is likely that MIN increases @mation in the hearts, thereby
causing vasodilation and improving post-ischemiivdey of oxygen. Additional
studies are needed to validate this mechanismtminacSpecifically, quantification of
NO production in a similar set of experiments wowddify that the MIN-induced
increase in peroxynitrite does in fact generate NO.

Taken together, these studies demonstrate thiaough the tetracyclines share
many properties, they are sufficiently differentaoget different biochemical process
involved in the pathogenesis of myocardial I/R igjand remodeling. The lipophilic
nature of MIN allows it to have greater impact otracellular processes, such as

inhibiting MPTP opening and increasing peroxynggieneration. The less lipophilic
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nature of DOX confines its actions to the extradafl environment, with plasmin and
MMP inhibition among its major effects.

In conclusion, the tetracyclines have a proveatgatcord in humans, are
well tolerated, and possess disease-modifying it These characteristics
justify continued research into their potentialitytias adjuvant therapies in the

treatment of myocardial I/R injury and post-MI reseding.
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