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The inflammatory response in myocardia infarction

Nikolaos G. Frangogiannis®, C. Wayne Smith°, Mark L. Entman®*

“Section of Cardiovascular Sciences, Department of Medicine, Baylor College of Medicine and the DeBakey Heart Center,
One Baylor Plaza M/S F-602, Houston, TX 77030, USA
PSection of Leukocyte Biology, Department of Pediatrics, Baylor College of Medicine, One Baylor Plaza, Houston, TX 77030, USA

Received 20 April 2001; accepted 18 July 2001

Abstract

One of the major therapeutic goals of modern cardiology is to design strategies aimed at minimizing myocardia necrosis and
optimizing cardiac repair following myocardial infarction. However, a sound understanding of the biology is necessary before a specific
intervention is pursued on a therapeutic basis. This review summarizes our current understanding of the cellular and molecular
mechanisms regulating the inflammatory response following myocardia ischemia and reperfusion. Myocardia necrosis induces
complement activation and free radical generation, triggering a cytokine cascade initiated by Tumor Necrosis Factor (TNF)-a release. If
reperfusion of the infarcted area is initiated, it is attended by an intense inflammatory reaction. Interleukin (IL)-8 synthesis and C5a
activation have a crucial role in recruiting neutrophils in the ischemic and reperfused myocardium. Neutrophil infiltration is regulated
through a complex sequence of molecular steps involving the selectins and the integrins, which mediate leukocyte rolling and adhesion to
the endothelium. Marginated neutrophils exert potent cytotoxic effects through the release of proteolytic enzymes and the adhesion with
Intercellular Adhesion Molecule (ICAM)-1 expressing cardiomyocytes. Despite this potential injury, substantial evidence suggests that
reperfusion enhances cardiac repair improving patient survival; this effect may be in part related to the inflammatory response. Monocyte
Chemoattractant Protein (MCP)-1 is also markedly upregulated in the infarcted myocardium inducing recruitment of mononuclear cellsin
the injured areas. Monocyte-derived macrophages and mast cells may produce cytokines and growth factors necessary for fibroblast
proliferation and neovascularization, leading to effective repair and scar formation. At this stage expression of inhibitory cytokines such as
IL-10 may have a role in suppressing the acute inflammatory response and in regulating extracellular matrix metabolism. Fibroblasts in
the healing scar undergo phenotypic changes expressing smooth muscle cell markers. Our previous review in this journal focused almost
exclusively on reduction of the inflammatory injury. The current update is prompted by the potential therapeutic opportunity that the open
vessel offers. By promoting more effective tissue repair, it may be possible to reduce the deleterious remodeling, that is the leading cause
of heart failure and death. Elucidating the complex interactions and regulatory mechanisms responsible for cardiac repair may alow us to
design effective inflammation-related interventions for the treatment of myocardia infarction. O 2002 Elsevier Science BV. All rights
reserved.
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1. Introduction

Myocardial infarction is associated with an inflamma-
tory reaction, which is a prerequisite for healing and scar
formation [1-4]. Coronary artery occlusion critically re-
duces blood flow to the portion of the myocardium
subserved, markedly impairing the energy metabolism. In
occlusions of the coronary arteries as short as 5 min,
functional abnormalities of the reperfused myocardium are
observed for as long as 24—48 h. These abnormalities are
not attended by lethal injury and the ischemic myocardium
ultimately recovers. This transient functional abnormality
(‘stunned myocardium’) is related to reactive oxygen
formation [5,6] but shows little if any evidence of an
inflammatory reaction. However, ischemia of significant
duration to induce infarction does result in an inflamma-
tory response; this response is both accelerated and aug-
mented if the ischemic tissue is reperfused.

The first experimental evidence that inflammation can
extend myocardia injury came as the result of implement-
ing anti-inflammatory strategies in animal models of
myocardial ischemia and reperfusion. The systemic ad-
ministration of corticosteroids was shown to decrease
infarct size in a canine model of experimental myocardial
infarction [7]. This early evidence led to a clinical study
using methylprednisolone in patients with acute myocar-
dia infarction, which resulted in catastrophic results,
increasing the incidence of ventricular arrhythmias and
extending infarct size [8]. Subsequent investigations sug-
gested that corticosteroids inhibit the inflammatory process
decreasing the number of infiltrating leukocytes, but also
delay healing and collagen deposition [9]. This observation
has been augmented by substantial evidence that reperfu-
sion improves tissue repair and that this effect is mediated
by enhancement of the inflammatory response [10-14].
Thus, there is a need for a better understanding of the
cellular and molecular events associated with myocardia
ischemia and reperfusion in order to develop more site-
specific interventions that could mitigate inflammatory
injury during early reperfusion without interfering with
myocardial healing.

Subsequent experimental studies used various ap-
proaches to inhibit the inflammatory response in myocar-
dial infarcts: reducing the generation of chemotactic
factors by complement depletion [15], or administration of
lipoxygenase inhibitors [16] and leukotriene B, (LTB4)
antagonists were successful in limiting infarct size. Ap-
proaches that reduced neutrophil number such as anti-
neutrophil antibodies [17], neutrophil depleting an-
timetabolites [18] or neutrophil filters [19] were aso
successful in reducing ischemiarelated injury in some
models. Finaly, free radical scavengers, expected to
protect against neutrophil-derived reactive oxygen species
were also effective in reducing infarct size or sensitivity to
ischemia [20].

This review highlights the mechanisms responsible for

the regulation of the inflammatory response following
experimental myocardial infarction. This process is depen-
dent on a complex interaction between a variety of
pleiotropic inflammatory mediators. Understanding of the
basic mechanisms regulating the reaction to injury is
crucial for the development of site-specific cell biological
strategies of intervention to both reduce injury and pro-
mote repair.

2. Humoral inflammatory response
2.1. Initiation of the inflammatory process

2.1.1. Complement activation

Hill and Ward [21] were the first to demonstrate that
ischemic myocardial injury can activate the complement
cascade in a rat model of myocardial infarction. Sub-
sequently Pinckard and colleagues [22] suggested that
myocardial cell necrosis results in the release of subcellu-
lar membrane constituents rich in mitochondria, which are
capable of triggering the early acting components (C1, C4,
C2 and C3) of the complement cascade. Rossen and
colleagues [23] have suggested that during myocardia
ischemia, mitochondria, extruded through breaks in the
sarcolemma, unfold and release membrane fragments rich
in cardiolipin and protein. By binding C1 and supplying
sites for the assembly of later acting complement com-
ponents, these subcellular fragments provide the means to
disseminate the complement-mediated inflammatory re-
sponse to ischemic injury. mRNA and proteins for all the
components of the classical complement pathway are
upregulated in areas of myocardia infarcts [24,25]. Com-
plement activation may have an important role in mediat-
ing neutrophil and monocyte recruitment in the injured
myocardium. Dreyer and coworkers [26] showed that
postischemic cardiac lymph contains leukocyte chemotac-
tic activity, which is maxima during the first hour of
reperfusion with washout within the next 3 h. Neutralizing
antibodies to Cha added in vitro completely inhibited the
chemotactic activity of postischemic cardiac lymph during
that period. Other studies demonstrated that monocyte
chemotactic activity in cardiac lymph collected in the first
hour of reperfusion is wholly attributable to C5a [27].

Blocking activation of the complement system can be
achieved by consumptive depletion (such as with cobra
venom factor injection), by antibody-induced inhibition of
individual complement components (e.g. C5), or by infu-
sion of the soluble form of complement receptor type 1
(sCR1) [28]. Complement depletion using cobra venom
factor injection at the time of experimental coronary artery
occlusion has been shown to attenuate myocardial necrosis
in a variety of animal models [15,29]. However, conclu-
sions derived from these studies with a focus on comple-
ment depletion overlook the prior systemic activation that
may result in deactivation of neutrophils. Weisman and
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coworkers have demonstrated that infusion of soluble
human complement receptor type 1 (sSCR1) significantly
decreased infarct size in a rat model of myocardia
ischemia and reperfusion [30]. This study raises the
possibility that interference with precisely targeted prod-
ucts of the complement system may reduce myocardia
injury [31,32].

2.1.2. Reactive oxygen species

Reactive oxygen species (ROS) are molecules with
unpaired electrons in their outer orbit. They have the
potential to directly injure cardiac myocytes and vascular
cells and may be involved in triggering inflammatory
cascades through the induction of cytokines [33,34].
Reactive oxygen species have been shown to exert a direct
inhibitory effect on myocardial function in vivo and have a
critical role in the pathogenesis of myocardial stunning [5].
In addition, Granger and colleagues [35] have provided
evidence for a potential role of reactive oxygen in
leukocyte chemotaxis. Potential mechanisms through
which reactive oxygen intermediates may generate a
leukotactic stimulus include complement activation [36],
induction of P-selectin expression [37,38], chemokine
upregulation [39,40], and increase in the ability of endo-
thelial ICAM-1 to bind to neutrophils [41].

Most of the evidence implicating ROS in the patho-
physiology of myocardial infarction is derived from in-
vestigations using free radical scavengers. Jolly and co-
workers [20] demonstrated that the combination of the
antioxidant enzymes superoxide dismutase and catalase
significantly reduced infarct size in dogs undergoing
experimental myocardial ischemia and reperfusion. Other
investigators found similar beneficial effects of antioxidant
interventions in experimental models of myocardial infarc-
tion. However, there is a significant number of studies
describing a failure of antioxidants to prevent injury or
demonstrating an early protective effect, that waned with
increased duration of reperfusion [42—44]. Recently, trans-
genic mice that overexpress copper, zinc superoxide
dismutase (SOD1) showed significant protection from
postischemic injury [45]. In addition, mice overexpressing
MnSOD demonstrated a significant decrease in infarct size
in Langendorf-perfused hearts undergoing left coronary
artery ligation [46]. Unfortunately, two clinical studies
using recombinant human superoxide dismutase in patients
with acute myocardia infarction undergoing thrombolysis
[47] or baloon angioplasty [48] demonstrated no signifi-
cant improvement in left ventricular function. Both studies
had a small sample size. In addition, prolonged coronary
occlusion (>2 h) is usualy present in the clinical setting of
reperfused myocardial infarction and may cause extensive
irreversible myocardial damage, leaving fewer myocytes to
be affected by free radical-mediated injury [33,49].

2.1.3. The cytokine cascade
Experimental myocardia infarction is associated with

the coordinated activation of a series of cytokine and
adhesion molecule genes. A critical element in the regula-
tion of these genes involves the complex formed by NF-xB
and Ikp [50]. NF-«kB is activated by a vast number of
agents, including cytokines (such as TNF-a and IL-1B)
and free radicals. The genes regulated by the NF-«B
family of transcription factors are diverse and include
those involved in the inflammatory response, cell adhesion
and growth control [51]. NF-xB activation has been
demonstrated in various models of experimental myocar-
dial ischemia and reperfusion [52—54]. Recently, in vivo
transfer of NF-kB decoy oligodeoxynucleotides to bind the
transcriptiona factor, blocking inflammatory gene activa
tion, reduced the extent of myocardial infarction following
reperfusion [55].

The mechanisms responsible for triggering the cytokine
cascade in the infarcted myocardium have only recently
been investigated. Studies from our laboratory [56—58]
indicated a role for preformed mast cell-derived mediators
in initiating the cytokine cascade ultimately responsible for
ICAM-1 induction in the reperfused canine myocardium.
Mast cells have been recognized as an important source of
preformed and newly synthesized cytokines, chemokines
and growth factors. Gordon and Galli [59,60] identified
mouse peritoneal mast cells as an important source of both
preformed and immunologically-induced TNF-a. The con-
gtitutive presence of TNF-« in canine cardiac mast cells
led us to postulate that mast cell-derived TNF-a may be
released following myocardial ischemia, representing an
‘upstream’ cytokine responsible for initiating the inflam-
matory cascade.

We used a canine model of circumflex coronary occlu-
sion and reperfusion, developed in our laboratory [61] that
allows collection of cardiac lymph from chronicaly in-
strumented animals, in which inflammatory sequelae of the
instrumentation surgery have dissipated. Our experiments
demonstrated a rapid release of histamine and TNF-«
bioactivity in the early post-ischemic cardiac lymph [56].
In addition, histochemical studies indicated mast cell
degranulation in ischemic, but not in control sections of
canine myocardium. These findings suggested rapid mast
cell degranulation and mediator release following myocar-
dial ischemia. C5a, adenosine and reactive oxygen may
represent the stimuli responsible for initiation of mast cell
degranulation. Furthermore, in vitro experiments showed
that early post-ischemic cardiac lymph is capable of
inducing IL-6 expression in canine mononuclear cells.
Incubation with a neutralizing antibody to TNF-« in part
inhibited 1L-6 upregulation suggesting an important role
for TNF-a as the upstream cytokine inducer. Mast cell
degranulation appears to be confined in the ischemic area
and results in rapid release of TNF-«, inducing IL-6 in
infiltrating mononuclear cells.

Obviously, the role of TNF-« in myocardia infarction is
much more complex than simply serving as a trigger of a
cytokine cascade [62,63]. Recent experiments investigated
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the role of TNF-a signaling in the infarcted myocardium
using mice lacking TNF receptors [64]. TNFR1/TNFR2
double receptor knockout mice undergoing left coronary
artery ligation had significantly higher infarct size and
increased myocyte apoptosis when compared with wild-
type controls [64]. These findings suggested that TNF-a
may induce a cytoprotective signal capable of preventing
or delaying the development of myocyte apoptosis follow-
ing myocardial infarction.

Other studies have documented the persistent expression
of TNF-a in a model of left anterior descending artery
coronary occlusion in the rat [65]. TNF-a expression
during the healing phase was not confined to the infarct or
peri-infarct zone, but was also localized in the normal
non-infarcted myocardium, in which remodeling was
ongoing. Sustained TNF-a expression may have a role in
the reparative process following myocardial infarction
[66].

3. Cdl-mediated inflammatory response

3.1. Neutrophil infiltration in reperfused myocardial
infarcts

Neutrophil depletion in animals undergoing reperfused
myocardial infarction led to a marked decrease in infarct
size [17] suggesting that a significant amount of myocar-
dial injury induced by coronary artery occlusion followed
by reperfusion may be neutrophil-dependent [67,68]. Neu-
trophils may release oxidants and proteases and possibly
express mediators capable of amplifying cell recruitment
[69-71].

One of the earliest sequelae of reperfusion involves
neutrophil trapping in the microvasculature. Engler and
coworkers [19,72] demonstrated that entrapment of
leukocytes in the microcirculation precedes their role in an
inflammatory reaction. Neutrophils are large and stiff cells
and may adhere to capillary endothelium preventing
reperfusion of capillaries following coronary ischemia. The
mechanism by which neutrophil trapping occurs in the
microvessels is likely to be multifactorial. Chemotactic
factors rapidly induce neutrophils to change shape and to
become less deformable. Neutrophils also release a variety
of autacoids, which induce vasoconstriction and platelet
aggregation, such as thromboxane B, and LTB,. Neutro-
phil interaction with endothelial cells via specific adhesion
molecules results in their margination and adhesion to the
endothelium. The most dramatic and pathologically signifi-
cant microvascular abnormality is known as the no reflow
phenomenon and has aso been directly linked to neutro-
phil localization. Ambrosio and coworkers [73,74] demon-
strated in a canine model that the occurrence of areas of
markedly impaired perfusion in postischemic myocardium
is related only in part to an inability to reperfuse certain
areas on reflow. The delayed, progressive fall in flow to

areas that initially received adequate reperfusion appeared
to be a more important factor. This phenomenon develops
in regions receiving no collateral flow during ischemia and
is associated with neutrophil accumulation and capillary
plugging during late reperfusion.

While changes in cell shape and deformability, and
vasoconstriction are important mechanisms for neutrophil
accumulation in the ischemic and reperfused myocardium,
the bulk of evidence suggests that the more specific
interactions between adhesion molecules are the most
critical factors in control of neutrophil-induced
pathophysiological changes.

3.2, Neutrophil—endothelial interactions and neutrophil
transmigration following myocardial ischemia and
reperfusion

A better understanding of the molecular interactions
between leukocytes and endothelium has given rise to a
consensus model of how leukocyte recruitment into tissues
is regulated [75,76]. There is increasing evidence that
leukocyte—endothelial interactions are regulated by a cas-
cade of molecular steps that correspond to the morphologi-
cal changes that accompany adhesion. This adhesion
cascade has been divided into sequential steps based on
visual assessment of the post-capillary venules during the
early stages of acute inflammation. In the absence of
inflammation, leukocytes are rarely seen to interact with
the vessel wall. After the inflammatory stimulus is applied,
leukocytes roll aong the post-capillary venules (but not
arterioles or small arteries) at velocities distinctly below
that of flowing blood. Some rolling cells can be seen to
arrest and after a few minutes change shape in apparent
response to local chemotactic stimuli. Extravasation into
the extravascular tissue follows (Fig. 1). Each of these
steps requires either upregulation or activation of distinct
sets of adhesion molecules (Fig. 2).

3.2.1. Neutrophil rolling. the role of the selectins

The selectin family of adhesion molecules mediates the
initial capture of leukocytes from the rapidly flowing
bloodstream to the blood vessel, before their firm adhesion
and diapedesis at sites of tissue injury and inflammation
[77-79]. The sdlectin family consists of three closely
related cell-surface molecules: L-selectin (CD62L), E-
selectin (CD62E), and P-selectin (GMP-140, CD62P). The
individual members of the selectin group were designated
by prefixes, which were chosen according to the cell type
where the molecule was first identified. L-selectin expres-
sion is limited to hematopoietic cells, with most classes of
leukocytes congtitutively expressing L-selectin at some
stage of differentiation. The majority of circulating neutro-
phils, monocytes, eosinophils, T cells and B cells express
L-selectin, which is rapidly shed from the surface of these
cells following their activation. The broad expression of
L-selectin alows it to play a role in the trafficking of all
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Fig. 1. Diagram illustrating the sequential steps of the adhesion cascade regulating neutrophil localization in post-capillary venules during the early stages
of acute inflammation. (A) After the inflammatory stimulus is applied, leukocytes roll aong the post-capillary venules at velocities distinctly below that of
flowing blood. (B) Some rolling cells can be seen to arrest and after a few minutes change shape (C) in apparent response to local chemotactic stimuli.
Extravasation into the extravascular tissue follows (D). Each of these steps requires either upregulation or activation of distinct sets of adhesion molecules.
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Fig. 2. Endothelial—neutrophil interactions leading to neutrophil transmigration into the injured myocardium. (A) The initial tethering of neutrophils to the
endothelial cell surface is mediated by the selectins. (B) This enables the leukocyte to roll along the venular wall and to ‘sense’ activating factors (such as
IL-8 and C5a). These interactions lead to neutrophil integrin activation. (C) Firm adhesion of the leukocyte is mediated through binding of neutrophil
integrins to members of the immunoglobulin superfamily expressed in stimulated endothelial cells. Abbreviations: P-Selectin Glycoprotein Ligand-1,
PSGL-1; E-Selectin Ligand-1, ESL-1; Reactive oxygen species, ROS; Platelet Activating Factor, PAF; Interleukin-8, IL-8; Intercellular Adhesion
Molecule, ICAM.
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leukocyte lineages. In contrast, E-selectin is expressed only
following de novo synthesis 4—-6 h after activation of
endothelial cells by cytokines (such as TNF-«, IL-1B) or
by bacterial endotoxin [80,81]. P-Selectin is constitutively
found in Weibel —Palade bodies of endothelial cells and in
o granules of platelets. Within minutes after activation by
thrombogenic and inflammatory mediators, P-selectin is
mobilized to the cell surface without the need for new
protein synthesis. Inducing agents include thrombin, his-
tamine, complement fragments, oxygen-derived free radi-
cals, LTC4/D4 and cytokines. In addition to its regulation
through transport to the cell surface, P-selectin is aso
inducible by cytokines and endotoxin both in vitro [82]
and in vivo [83].

One important property of the selectins is that they
promote leukocyte attachment and rolling at shear stresses
characteristic of post-capillary venules. All three selectins
are involved in leukocyte entry into tissues [84—86].
Recently, studies using transgenic mice have improved our
understanding of the role of selectins in leukocyte traffick-
ing. L-Selectin-deficient mice have shown a significant
reduction in lymphocyte homing to peripheral lymph nodes
and leukocyte infiltration to sites of inflammation [87,88].
P-Selectin-deficient mice demonstrated virtually total ab-
sence of rolling in mesenteric venules and delayed neutro-
phil recruitment to the peritoneal cavity upon experimen-
tally-induced inflammation [89]. In contrast to P- and
L-selectin mutants, E-selectin-deficient mice have no obvi-
ous abnormalities of the inflammatory response [90].
However, P-selectin blocking by treatment of the E-selec-
tin-deficient animals with an anti-murine P-selectin anti-
body significantly inhibited neutrophil emigration in two
distinct models of inflammation [90]. These findings
suggest that P- and E-selectin may share overlapping
functions [78].

The role of selectins in ischemia and reperfusion is not
well defined at present and represents an area of active
investigation. L-Selectin is congtitutively expressed in
neutrophils in a highly specific distribution and its shed-
ding upon activation may be important for leukocyte
recruitment [91,92]. P-Selectin surface expression occurs
rapidly on endothelial cells under circumstances likely to
be seen during ischemia and reperfusion. It is stored in the
Weibel—Palade bodies and is rapidly translocated to the
endothelial surface in response to thrombin and/or oxida-
tive stress, both of which would be likely to be found upon
reperfusion and initiated by thrombolytic agents, and to
histamine, which is rapidly released in the ischemic and
reperfused myocardium by degranulating mast cells. Ex-
perimental studies have suggested that monoclona anti-
bodies against L-selectin [93] and P-selectin [94] were
effective in reducing myocardial necrosis, preserving cor-
onary endothelial function and attenuating neutrophil
accumulation in ischemic myocardial tissue in a feline
model of ischemia/reperfusion.

Unlike most other cell adhesion molecules that bind to

their ligands on the basis of protein—protein interactions,
the ligands of the selectins are composed of a scaffold
protein, or a lipid carrier molecule, which is modified by
certain carbohydrates [95]. Numerous reports have docu-
mented that glycolipids bind specifically to the selectins.
Sialyl Lewis*-carrying glycolipids and sialyl Lewis®-carry-
ing neoglycolipids were shown to support rolling of E-
selectin-transfected cells and of L-selectin-expressing
leukocytes [96]. P-Selectin glycoprotein ligand-1 (PSGL-
1) is the best-characterized selectin ligand to date, fulfilling
al criteria for a physiologicaly relevant ligand [97]. It is
the major ligand for P-selectin on human neutrophils as the
monoclona antibody PL-1 to PSGL-1 completely inhibits
neutrophil rolling on P-selectin [98]. Recently, peptide
analogs of PSGL-1 have been constructed. A soluble form
of PSGL-1 has been found to be protective in experimental
renal ischemia and reperfusion in rats decreasing renal
necrosis due to neutrophil infiltration [99]. Furthermore, a
recombinant analog of sPSGL-1 significantly reduced
myocardial necrosis in a feline model of coronary occlu-
sion and reperfusion [100].

Recent experiments suggested that P-selectin-deficient
mice show decreased infarct size after 30 min of coronary
occlusion and 2 h of reperfusion [101]. In contrast, no
difference in infarct size was noted after a 60-min ischemic
period [101]. In addition, mice with a combined P-selectin
and ICAM-1 deficiency demonstrated impaired neutrophil
trafficking without a difference in infarct size due to
myocardial ischemia and reperfusion [102].

Thus, current concepts suggest a role for selectins in
supporting margination under shear stress following ex-
perimental myocardial ischemia and reperfusion. The
transient nature of this adhesive interaction is important
since it alows leukocytes to ‘sample’ the local endo-
thelium for the presence of specific trigger factors that can
activate leukocyte integrins and alow the cascade to
proceed.

322 CD18 and the leukocyte beta 2 integrins

Although rolling appears to be a prerequisite for eventu-
a firm adherence to blood vessels under conditions of
flow, selectin-dependent adhesion of leukocytes does not
lead to firm adhesion and transmigration unless another set
of adhesion molecules, the integrins, is engaged. Integrins
are a family of heterodimeric membrane glycoproteins that
consist of an « and a B subunit; these subunits are
associated through noncovalent bonds and transported to
the cell surface as a complex [103]. For neutrophils, firm
adhesion requires activation of the B2 (CD18) integrins,
which share the beta chain CD18 paired with CD1la
(LFA-1), CD11b (Mac-1), or CD1llc (p150,95). This
results in binding to one of the intercellular adhesion
molecules on the surfaces of endothelial cells. LFA-1,
Mac-1 and p150,95 have different and yet overlapping
roles in adhesion, in part due to their characteristics of
expression on leukocytes.
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Stationary neutrophils adherent to the luminal endotheli-
al surface frequently change shape and assume the charac-
teristic bipolar configuration of motile cells [104,105]. This
event may result from interaction with surface-bound
chemokines [106]. Transendothelial migration follows and
leads to neutrophil infiltration in the inflamed tissues.
Antibodies that inhibit LFA-1 adhesion are effective in
blocking transmigration [107] and LFA-1-deficient mice
show dramatically decreased neutrophil extravasation at
sites of inflammation [108]. In contrast, antibodies that
block Mac-1 adhesion are marginaly effective [107] and
Mac-1-deficient mice demonstrate no deficit in neutrophil
emigration [109]. These findings suggest that LFA-1 and
not Mac-1 is critical for neutrophil extravasation in sites of
inflammation.

Integrin-related strategies have been used to mitigate the
inflammatory process by numerous investigators. Simpson
and colleagues showed in a canine model that a mono-
clonal antibody against CD11b substantially reduced
myocardial necrosis after 90 min of coronary ischemia and
6 h of reperfusion [110]. Later experiments suggested that
inhibition of Mac-1-mediated neutrophil adhesion may
provide sustained limitation of myocardial necrosis by
demonstrating substantial benefit in a canine model of 90
min of coronary ischemia and 72 h of reperfusion when an
F(ab")2 fragment of a monoclonal antibody against CD11b
was tested [111]. In a canine model of experimental
myocardial infarction, anti-CD18 antibodies have been
shown to reduce infarct size and preserve left ventricular
function [112]. Additional studies suggested that the
effectiveness of different anti-CD18 antibodies in prevent-
ing injury is highly dependent on the specific antibody
employed [113]. In addition, CD18-deficient mice demon-
strated a significant reduction in neutrophil accumulation
and myocardia necrosis following ischemia and reperfu-
sion [114].

3.2.3. Neutrophil chemotaxis in myocardial infarction:
the role of chemokines

Complement activation has an important role in neutro-
phil chemotaxis in the infarcted myocardium. Over the
past decade, a superfamily of polypeptide leukocyte
chemoattractants, known as chemokines, have been dem-
onstrated to induce rapid and selective leukocyte trans-
migration [115-117]. Four chemokine subfamilies (CXC,
CC, C and CX3C) are classified based on their primary
aminoacid sequences. The CXC chemokine Interleukin-8
(IL-8) appears to have a fundamental role in regulating
neutrophil localization in ischemic tissues. Sekido and
coworkers [118] demonstrated that reperfusion of ischemic
lung caused neutrophil infiltration and destruction of
pulmonary structure, as well as local production of IL-8.
Furthermore, the administration of a neutralizing mono-
clonal antibody against IL-8 prevented neutrophil infiltra-
tion and tissue injury, proving a crucia role of locally
produced IL-8 in this model.

In reperfused myocardial infarcts, IL-8 is markedly and
consistently induced after 1 h of reperfusion and persists at
high levels beyond 24 h [119]. In addition, recombinant
canine 1L-8 markedly increased adhesion of neutrophils to
isolated canine cardiac myocytes. This adhesion resulted in
direct cytotoxicity for cardiac myocytes [119].

Other studies [120] using a rabbit model of myocardial
infarction suggested a sequential release of chemoattrac-
tants: the first, C5a is generated in interstitial fluid,
followed by IL-8 predominantly synthesized by infiltrating
neutrophils.

Lipid-derived mediators may aso be important factors
in regulating neutrophil accumulation following myocar-
dial infarction. In many species, activated neutrophils
release LTB4, which functions as a potent chemotactic
agent. Platelet Activating Factor (PAF) is a phospholipid
mediator that belongs to a family of biologically active,
structurally related alkyl phosphoglycerides [121]. PAF is
formed by endothelial cells in response to thrombin and
acts as a potent chemotactic agent promoting neutrophil
adhesion to endothelial cells [122]. A recent study showed
that inhibition of PAF through enzymatic hydrolysis with
PAF acetylhydrolase (PAF-AH) significantly decreased
neutrophil infiltration in a rabbit model of experimental
myocardial infarction, improving systolic function [123].

4. Mechanisms of neutrophil-induced myocardial
injury

The focus of the previous sections of this review has
been the mechanism by which neutrophils are attracted to
and activated in the ischemic and reperfused myocardium.
The mechanism by which neutrophil-induced myocardia
injury occurs has only recently been investigated. In
addition to the potential role of neutrophil-mediated mi-
crovascular obstruction cited above, there is also substan-
tial evidence suggesting that neutrophils may directly
injure parenchymal cells through release of specific toxic
products [124]. Obviously, neutrophils accumulating in the
ischemic and reperfused areas might release proteolytic
enzymes or reactive oxygen species to injure surrounding
myocytes. However, under conditions found in vivo, these
toxic products are amost exclusively secreted by adherent
neutrophils. Thus, it appears that a ligand-specific adhesion
of the neutrophils to the cardiac myocytes may be critical
for the mediation of ischemia-induced myocyte injury.

4.1. Adhesion-dependent cytotoxicity

ICAM-1 is one of the primary ligands for the CD18
integrins [125]. However, in contrast to the restricted
cellular distribution of the B2 integrins, ICAM-1 can be
expressed by many cell types under certain circumstances.
Studies from our laboratory examined the potential mecha-
nisms of neutrophil adhesion to isolated adult canine
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cardiac myocytes. Intercellular adhesion occurred only if
the myocytes were stimulated with cytokines inducing
ICAM-1 expression and when the neutrophils were stimu-
lated to show Mac-1 activation. In vitro, myocyte ICAM-1
induction could be effected by the cytokines IL-1, TNF-«
and IL-6; neutrophil activation could be effected by
zymosan-activated serum (a source of C5a) PAF and IL-8.
The binding of neutrophils to activated cardiac myocytes
was found to be specific for Mac-1-ICAM-1 interaction,
and was completely blocked by antibodies to ICAM-1,
CD11b and CD18. This interaction was unaffected by
antibodies to CD11a, which are capable of blocking
neutrophil adhesion to an endothelial cell monolayer.
Adhering neutrophils were apparently cytotoxic, as indi-
cated by the sustained contraction often observed in
myocytes after neutrophil adhesion.

In other experiments, the mechanisms of neutrophil-
induced cytotoxicity were studied [126]. Either neutrophils
or cardiac myocytes were loaded with 2’,7'-dichloro-
fluorescein (DCFH), and the adherence-dependent oxida
tion of this marker to DCF was monitored under fluores-
cence microscopy. Using zymosan-activated serum to
activate the neutrophils in the presence of cytokine-stimu-
lated cardiac myocytes, neutrophil—-myocyte adhesion en-
sued as described above. When neutrophils were loaded
with DCFH, fluorescence appeared amost immediately
upon adhesion of the neutrophil to a myocyte suggesting a
rapid adhesion-dependent activation of the NADP oxidase
system of the neutrophil. In contrast, fluorescence of the
cardiac myocytes appeared after several minutes and was
rapidly followed by irreversible myocyte contracture. The
iron chelator desferrioxamine and the hydroxyl radica
scavenger, dimethylthiourea, did not inhibit neutrophil
adherence, but completely inhibited the fluorescence and
contracture seen in the cardiac myocyte, preventing the
neutrophil-mediated injury. In contrast, extracellular oxy-
gen radical scavengers such as superoxide dismutase and
catalase or extracellular iron chelators such as starch-
immobilized desferrioxamine did not inhibit fluorescence,
adhesion or cytotoxicity. Under these experimental con-
ditions, no superoxide production could be detected in the
extracellular medium during the neutrophil—myocyte adhe-
sion. These data suggest that Mac-1/ICAM-1 adherence
activates the neutrophil respiratory burst resulting in a
highly compartmented iron-dependent myocyte oxidative
injury.

4.2, Inflammatory myocardial injury in vivo — Possible
role of ICAM-1

The pertinence of the in vitro neutrophil-mediated
myocyte injury to ischemia/reperfusion injury was sug-
gested by experiments with postischemic cardiac lymph
which demonstrate the appearance of C5a activity present
during the first 4 h of reperfusion along with neutrophils
showing upregulation of Mac-1 on their surface. Post-
ischemic cardiac lymph also contained cytokine activity

that upregulated ICAM-1 in isolated cardiac myocytes; this
latter activity was neutralized by antibodies to human IL-6
[127]. Further studies were designed to directly evaluate
the role of ICAM-1 in myocardia inflammation associated
with ischemia and reperfusion.

Using a canine model of reperfused myocardial infarc-
tion, Kukielka and coworkers [128] demonstrated ICAM-1
MRNA expression in ischemic myocardia segments as
early as 1 h after reperfusion, with marked elevations after
longer time intervals. No detectable ICAM-1 mRNA was
found in segments with norma blood flow while in the
previoudly ischemic areas, ICAM-1 mRNA appeared as an
inverse function of coronary blood flow. At later time
points such as 24 h, however, mRNA was found in all
myocardial samples (although tissue expression of protein
remains confined to the viable border zone), suggesting
that circulating cytokines are inducing ICAM-1 mRNA in
normal as well as in ischemic areas. The actual expression
of ICAM-1 protein was not seen until 3-6 h and was
amost exclusively seen in the ischemic area at all time
points, implying the possibility of a posttranscriptional
regulation of ICAM-1 expression in cardiac myocytes, or,
more likely, proteolytic solubilization of surface ICAM-1
on normal cells that may be defective in the jeopardized
zone alowing the presence of surface ICAM-1.

Using in situ hybridization techniques, substantial mes-
sage for ICAM-1 was detected in much of the reperfused
viable myocardium by 1 h of reperfusion, adjacent to areas
of contraction band necrosis [129]. At 3 h, ICAM-1
MRNA expression occurred in cells in the jeopardized area
that appeared viable histologically. In contrast, under
circumstances where reperfusion did not occur, ischemic
segments did not express ICAM-1 mRNA or ICAM-1
protein in areas of occlusion for periods up to 24 h. It is
important to point out that the layers of myocardial cells
directly adjacent to the endocardium are spared injury,
conserve glycogen and do not express ICAM-1 mRNA in
early reperfusion, probably as a result of diffusion across
the endocardium from the left ventricular chamber. In
addition, this area of induction of ICAM-1 mRNA on the
viable border zone region of the infarct is the area where
the most intense neutrophil margination and infiltration
occur.

Based on these observations, it is reasonable to propose
that ICAM-1 facilitates both the emigration of neutrophils
in reperfused myocardium and their adherence-dependent
cytotoxic behavior. Constitutive levels of ICAM-1 on
endothelial cells may be sufficient to support CD18-depen-
dent adhesion and subsequent transendothelial migration in
response to chemotactic stimuli, whereas newly expressed
ICAM-1 may participate in the myocardial injury associ-
ated with reperfusion only under circumstances where a
leukotactic gradient and neutrophil activation are present.

4.3. Mechanism of ICAM-1 induction

Because of the capacity of IL-6, present in postischemic
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cardiac lymph, to induce myocyte ICAM-1 expression, the
expression of IL-6 mMRNA in the ischemic and reperfused
myocardium was investigated. In these experiments it was
demonstrated that IL-6 was rapidly expressed in the same
ischemic segments in which ICAM-1 mRNA was found
with a peak preceding that of ICAM-1 mRNA [130]. As
with ICAM-1 the expression of IL-6 mRNA appeared to
be dependent upon reperfusion.

These observations are consistent with the hypothesis
that reperfusion initiates a cascade of cytokine-related
events leading to IL-6 expression and subsequent induction
of ICAM-1 mRNA in the ischemic and reperfused myocar-
dium. It appears that 1L-6 synthesis is rapidly induced in
cells found within the ischemic and reperfused areas.
Mononuclear cells and myocytes in the border zone of
myocardial infarcts exhibit reperfusion-dependent expres-
sion of IL-6 mMRNA within 1 h after reperfusion [131].
TNF-a of mast cell origin may be a crucia factor in
upregulating IL-6 in infiltrating cells and initiating the
cytokine cascade responsible for myocyte ICAM-1 induc-
tion and subsequent neutrophil-induced injury [56].

In addition, IL-6 effects may extend beyond the induc-
tion of ligand-specific adhesion of neutrophils to cardiac
myocytes. Finkel and coworkers [132,133], have demon-
strated that 1L-6 may act as a nitric oxide-dependent
cardiac depressant and may be associated with stunned
myocardium. Furthermore, recent experiments indicated
that IL-6 knockout mice demonstrate significantly delayed
cutaneous wound healing suggesting a significant role for
IL-6 in tissue repair [134].

5. The role of the inflammatory response in the
healing myocardial infarction

The potentia dangers of anti-inflammatory strategies
described above have prompted extensive studies on the
role of inflammation in cardiac repair. Both experimental
and clinical evidence demonstrate that an open infarct
vessel promotes repair even when reperfusion occurs when
no myocardial tissue can be salvaged [11,12,135]. The role
of reperfusion-induced inflammation in the repair process
has been suggested in several experimental models
[10,136]. Infiltrating mononuclear cells and mast cells
appear to orchestrate the cardiac repair process through a
complex cascade involving cytokines and growth factors
(Fig. 3). The remainder of this review will focus on this
aspect of the inflammatory response.

5.1. Mononuclear cdll infiltration

Mononuclear cells infiltrate the infarcted myocardium in
the first few hours of reperfusion. The mechanisms respon-
sible for monocyte recruitment have recently been eluci-
dated. Monocyte chemotactic activity in the first hour after
reperfusion was wholly attributable to Cba [27]. Trans-
forming growth factor (TGF)-B1 contributed significantly

to this chemotactic activity after 60—180 min, and after
180 min, monocyte chemotactic activity in lymph was
largely dependent on monocyte chemoattractant protein
(MCP)-1 acting in concert with TGF-g1. MCP-1 was
rapidly upregulated in the venular endothelium of ischemic
myocardial segments. In the absence of reperfusion, no
significant MCP-1 induction was noted [137]. Increased
monocyte recruitment may lead to more effective healing,
explaining the beneficial effects of late reperfusion, when
no myocardial tissue can be salvaged.

A recent investigation examined the monocyte—tissue
matrix interactions responsible for monocyte accumulation
in the infarcted areas demonstrating that reperfusion of
ischemic myocardium released diverse fibronectin frag-
ments into cardiac extracellular fluids [138]. Cell-binding
fibronectin fragments released under these circumstances
induced the proteolysis of monocyte cell-surface Very Late
Antigen (VLA)-5. This process appeared to be mediated by
serine proteases activated in the course of the response to
myocardial injury.

After recruitment in the infarcted territory monocytes
differentiate into macrophages. Local upregulation of
Macrophage Colony-Stimulating Factor (M-CSF) may
have an important role in this process providing the milieu
necessary for monocyte maturation [2]. The exact role of
the macrophages in the healing scar has not been fully
investigated, however they may serve as an important
source of cytokines and growth factors [139]. In addition,
they may regulate extracellular matrix metabolism through
the synthesis of matrix metalloproteinases and their in-
hibitors [14,140].

5.2 IL-10 as a modulator of the inflammatory response

The inflammatory response ultimately leads to healing
and repair of the injured territory. Thus, the molecular
signals induced following myocardia infarction may medi-
ate suppression of tissue injury and regulate scar forma-
tion. Interleukin-10 (IL-10), a cytokine initialy described
as cytokine synthesis inhibitory factor (CSIF) is primarily
a product of activated Th2 cells and endotoxin-stimul ated
monocytes [141]. Among the different cell types affected
by 1L-10, monocyte-macrophages appear to be particularly
modified in regard to their function, morphology and
phenotype. 1L-10 inhibits the production of IL-1a, IL-18,
TNF-a, IL-6 and IL-8 by LPS-activated monocytes, sup-
pressing the inflammatory response. IL-10 also suppresses
expression of IL-12, a cytokine primarily produced by
activated monocytes and a dominant factor in directing
Thl type responses [141]. Furthermore IL-10 may have a
significant role in extracellular matrix formation by modu-
lating expression of metalloproteinases and their inhibitors
[142]. The potential role of 1L-10 in experimental myocar-
dial infarction has recently been investigated [14,143].
IL-10 mRNA and protein upregulation was demonstrated
in the reperfused infarcted myocardium using a canine
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Fig. 3. Schematic diagram illustrating the cellular events associated with the inflammatory response in reperfused myocardial infarcts. (A) In the first 24 h
of reperfusion the injured myocardium is infiltrated by neutrophils (gray), monocytes (yellow) and lymphocytes (cyan). Leukocyte recruitment is regulated
by complement activation, release of bioactive TGF-$, and induction of chemokines (such as MCP-1 and IL-8). Resident mast cells (green) release
preformed mediators (such as histamine and TNF-g) initiating the cytokine cascade, which leads to IL-6 synthesis in mononuclear cells and myocytes
(brown). Subsequently, cytokine-stimulated myocytes in the ischemic border zone express ICAM-1 and may be susceptible to neutrophil-mediated
cytotoxic injury. At this stage, both angiogenic (such as VEGF, IL-8, MCP-1) and angiostatic factors (such as |P-10) are released; thus the angiogenic
process may be delayed until the wound is debrided and a fibrin-based provisional matrix is formed. (B) During the healing phase, infiltrating monocytes
differentiate into macrophages (orange). The maturation process may be regulated by local synthesis of M-CSF. Macrophages and mast cells accumulate in
the healing scar and secrete a variety of growth factors and cytokines, inducing fibroblast proliferation. Lymphocytes and a subset of the macrophages
produce the macrophage-modulating cytokine 1L-10, which may have a role in suppressing the inflammatory response and in tissue remodeling by
regulating expression of metalloproteinases and their inhibitors. Fibroblasts undergo phenotypic changes expressing a-smooth muscle actin and produce
collagen and other extracellular matrix components. At this stage, suppression of the angiostatic chemokine IP-10 may lead to active angiogenesis regul ated
by avariety of factors, such asVEGF, basic FGF and the angiopoetins. Abbreviations: Transforming Growth Factor-B, TGF-8; IL, Interleukin; Intercellular
Adhesion Molecule-1, ICAM-1; Monocyte Chemoattractant Protein-1, MCP-1; Interferon-y Inducible Protein-10, |P-10; Tumor Necrosis Factor-a, TNF-q;
Vascular Endothelial Growth Factor, VEGF; Macrophage Colony-Stimulating Factor, M-CSF; Matrix Metalloproteinases, MMPs; Tissue Inhibitor of
Metalloproteinases-1, TIMP-1; Osteopontin-1, OPN-1; Fibroblast Growth Factors, FGFs.

collagen

OPN-1
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model of myocardial infarction. 1L-10 expression was first
detected at 5 h and pesked following 96-120 h of
reperfusion. In contrast, 1L-4 and IL-13, also associated
with suppression of acute inflammation and macrophage
deactivation, were not expressed. In the ischemic canine
heart, CD5 positive lymphocytes were the predominant
source of 1L-10 in the myocardial infarct. In the absence of
reperfusion, no significant induction of IL-10 mRNA was
noted. In addition, 1L-12, a Thl related cytokine associated
with macrophage activation, was not detected in the
ischemic myocardium [14]. In vitro experiments demon-
strated that late postischemic cardiac lymph induced Tissue
Inhibitor of Metalloproteinases (TIMP)-1 mRNA expres-
sion in isolated canine mononuclear cells. This effect was
inhibited when the incubation contained a neutralizing
antibody to 1L-10. These findings suggest that lymphocytes
infiltrating the ischemic and reperfused myocardium ex-
press IL-10 and may have a significant role in healing by
modulating mononuclear cell phenotype and inducing
TIMP-1 expression. Furthermore, IL-10 was found to have
arole in regulation of the angiogenic in human lymphoid
malignancies [144] and in a model of ischemia-induced
angiogenesis in mice hindlimb [145]. These studies under-
score the importance of IL-10 in the healing process.

Additiona investigations indicated that 1L-10-deficient
mice show an enhanced inflammatory response following
experimental myocardia infarction, demonstrated by in-
creased neutrophil recruitment, elevated plasma levels of
TNF-a and high tissue expression of ICAM-1 [143]. Thus,
IL-10 may have a protective role after myocardiad is
chemia/reperfusion through the suppression of the acute
inflammatory process.

5.3 Mast cell accumulation in the healing scar

As described above, mast cell degranulation is an early
source of preformed histamine and TNF-«,, modulating the
inflammatory response. In later stages, thereis alikely role
for mast cells in the superbly orchestrated interaction of
cells, cytokines, growth factors and extracellular matrix
proteins mediating myocardial repair. Macrophages and
mast cells provide a rich source of cytokines and growth
factors necessary to support fibroblast proliferation and
neovessel formation. There is significant evidence that
mast cells participate in the fibrotic process [146,147].
Recent studies demonstrated that mast cell numbers in-
crease in the healing phase of reperfused canine myocar-
dial infarcts [148]. The increase in mast cell density was
first noted after 72 h of reperfusion. Following 5—7 days of
reperfusion, mast cell numbers in fibrotic areas, in which
myocytes were fully replaced by scar were markedly
higher than the numbers from areas of the same section
showing intact myocardium. These experiments failed to
demonstrate significant numbers of proliferating mast cells
in the healing heart. Although the contribution of mast cell
proliferation cannot be ruled out, chemotaxis of circulating

mast cell precursors in the healing myocardium may be the
predominant mechanism responsible for mast cell accumu-
lation in the ischemic myocardium. Mast cells originate
from CD34+ hematopoietic stem cells and circulate as
immature precursors in the periphera blood. Rodewald
and colleagues [149] identified a cell population in murine
fetal blood that fulfills the criteria of progenitor mas-
tocytes. It is defined by the phenotype Thy-1 (lo) c-kit (hi),
expresses RNAs encoding mast cell associated proteases,
but lacks expression of the high-affinity immunoglobulin E
receptor.

The factors responsible for mast cell accumulation in
areas of fibrosis remain to be defined. Stem Cell Factor
(SCF) is a potent mast cell chemoattractant that stimulates
directional motility of both mucosal- and connective tissue
type-mast cells [150]. In addition, several angiogenic
factors, such as Platelet-Derived Growth factor (PDGF),
Vascular Endothelia Growth Factor (VEGF) and basic
Fibroblast Growth Factor (bFGF) have been demonstrated
to promote murine mast cell chemotaxis in vitro. However,
SCF aong with the anaphylatoxins C3a and C5a are the
only factors shown to induce migration of human mast
cells. Subcutaneous administration of recombinant human
SCF to baboons produced a marked expansion of the mast
cell population, which was reversed when the cytokine was
discontinued [66], providing the first direct evidence that a
specific factor can regulate mast cell development in vivo.
In a canine model of myocardia infarction, SCF mRNA
expression was markedly upregulated in ischemic myocar-
dial segments following 1 h of ischemia and 72 h of
reperfusion. At the same time point, an increase in mast
cell numbers was noted in the healing myocardium.
Immunohistochemical studies showed that SCF immuno-
reactivity in the healing myocardial scar was predominant-
ly localized in a subset of macrophages. In addition to
being a mast cell chemoattractant, SCF critically regulates
the maturation and survival of mast cells by suppressing
mast cell apoptosis, enhancing mast cell maturation and
inducing mast cell adhesion to fibronectin. Furthermore,
SCF is capable of inducing substantial mast cell histamine
release and can promote the functiona activation of mast
cells in vivo. All these actions may be important in
regulating mast cell growth and activity after myocardia
ischemia. Recently, Patella and colleagues [151] demon-
strated increased mast cell density and stem cell factor
expression in patients with idiopathic and ischemic car-
diomyopathy, suggesting that sustained mast cell hyper-
plasia in cardiomyopathic hearts may contribute to col-
lagen accumulation and fibrosis.

The potential role of mast cells in the healing process
remains to be elucidated.

Mast cell degranulation products induce fibroblast pro-
liferation. When activated mast cells were cocultured with
fibroblasts they were found to increase collagen synthesis
and stimulate fibroblast proliferation, indicating a direct
involvement of mast cells in the fibrotic process. Many
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mast cell-derived mediators may potentially influence
fibroblast growth and function. Histamine has been shown
to stimulate fibroblast growth and collagen synthesis in
vitro. Tryptase, the most abundant of the proteases found
in mast cell granules, induces fibroblast proliferation,
stimulates fibroblast chemotaxis and upregulates type |
collagen production. Furthermore, mast cells are important
sources of TGF-B, bFGF and VEGF, factors that can
regulate fibroblast growth, modulate extracellular matrix
metabolism and stimulate angiogenesis. Finally, mast cells
may influence healing and tissue remodeling by expressing
gelatinases A and B, which are implicated in extracellular
matrix degradation and angiogenesis [152].

5.4. Fibroblasts and extracellular matrix remodeling

Macrophages, mast cells and lymphocytes create an
environment rich in inflammatory cells, capable of regulat-
ing neovessel formation, fibroblast proliferation and ex-
tracellular matrix metabolism, through the production of a
variety of cytokines and growth factors. Fibroblasts
produce the extracellular matrix constituents needed to
support cell ingrowth and newly formed blood vessels
carry oxygen and nutrients necessary to sustain cell
metabolism. Willems and colleagues [153] have previously
identified and characterized the interstitial nonvascular o-
smooth muscle actin («-SMAC) positive cells, which were
present in human myocardia scars 4-6 days after an
infarction. These cells are phenotypically modulated fi-
broblasts termed myofibroblasts [154] that develop ultra-
structural and phenotypic characteristics of smooth muscle
cells. They are the predominant source of collagen mRNA
in healing myocardial infarcts. Myofibroblasts transiently
appear during granulation tissue formation and become
apoptotic when the scar matures. TGF-B appears to have
an important role in myofibroblast differentiation during
wound healing by regulating a-SMAC expression in these
cells [155]. Persistent expression of a-SMAc by fibroblasts
has been described for at least 8 weeks after a nonreper-
fused myocardia infarct in the rat [156,157]. Cardiac
myofibroblasts stain positive for vimentin, but do not
express smooth muscle myosin, calponin and desmin
[158]. Recent experiments have shown that myofibroblasts
in the healing scar express a homologue of the Drosophila
tissue polarity gene frizzled (fz2), when migrating into the
granulation tissue, which may be involved in the spatia
control of cardiac wound repair after infarction [159]. In
addition, expression of the embryona isoform of smooth
muscle myosin heavy chain (SMemb) has been demon-
strated in reperfused canine myocardia infarcts [10].
SMemb expression may reflect the dedifferentiation and
phenotypic plasticity of myofibroblasts following cardiac
injury, which may facilitate wound repair. Myofibroblasts
are undifferentiated cells that may be capable of assuming
a variety of different roles, such as extracellular matrix

metabolism, neovessel formation and contractile activity
[160-162].

The reparative phase of healing involves activation of
proteinases, which are critical for cell migration and
extracellular matrix remodeling. Recent studies have dem-
onstrated that deficiency of urokinase-type plasminogen
activator (UPA) protected mice undergoing left coronary
artery ligation against myocardial rupture [163]. However,
UPA -/- mice aso showed impaired scar formation and
infarct neovascularization. Furthermore, plasminogen-de-
ficient mice showed a profound disturbance in healing
suggesting a crucia role for the proteolytic system in
regulating cardiac repair [164]. Matrix metalloproteinase
(MMP) expression is upregulated in the infarcted myocar-
dium [165,166] and may have a prominent role in extracel-
lular matrix remodeling. Administration of MMP inhibitors
[167] and targeted deletion of MMP-9 [168] attenuated left
ventricular enlargement in murine myocardial infarction.

5.5. Temporal regulation of angiogenesis in the evolving
and healing infarct

Formation of new blood vessels is critical for supplying
the healing infarcted myocardium with oxygen and nu-
trients necessary to sustain metabolism. Angiogenesis is
dependent on a complex interaction between extracellular
matrix, endothelial cells and pericytes in response to an
imbalance in the presence of angiogenic compared to
angiostatic factors in the local environment [169-173].
Myocardial infarction is associated with an early release of
angiogenic factors in the injured areas. Numerous in-
vestigations have indicated that VEGF, 1L-8 and bFGF, all
potent angiogenic agents, are rapidly induced in the
ischemic myocardium [119,174,175] and may have a role
in enhancing infarct neovascularization. Recently, we
hypothesized that expression of angiostatic factors in the
early stages of reperfusion may inhibit onset of angio-
genesis until the injured myocardium has been cleared
from dead cells and debris by infiltrating phagocytes and a
fibrin-rich provisional matrix is formed in order to support
ingrowth of new blood vessels [176]. Thus, we examined
regulation of the angiostatic CXC chemokine Interferon-y
inducible Protein (1P)-10 [177-180]. IP-10 mRNA expres-
sion peaked after 1-3 h of reperfusion and was markedly
decreased by 10 h of reperfusion. IP-10 mRNA and protein
were localized in the venular endothelium of ischemic
myocardial segments. By 24 h of reperfusion, neither IP-10
MRNA nor protein were detected. The earliest histological
indication of angiogenesis began at 24 h. Isolated canine
jugular vein endothelial cells expressed high levels of
IP-10 and IL-8 message upon stimulation with TNF-o. and
endotoxin. TGF-B but not IL-10 decreased TNF-a-me-
diated 1P-10 expression in canine endothelial cells [176].
In contrast, TNF-a-mediated IL-8 induction was not
affected by incubation with 1L-10 or TGF-B. We suggest
that IP-10 downregulation after an early dramatic peak
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following myocardial ischemia and reperfusion may allow
unopposed VEGF and IL-8-mediated angiogenic activity.
TGF-B may have an important indirect role in promoting
angiogenesis following experimental myocardial infarction
by suppressing expression of 1P-10 [176].

6. Anti-inflammatory strategies following myocardial
infarction. Are they doomed to fail?

The importance of the inflammatory cascade in myocar-
dial infarction has been recognized and thoroughly investi-
gated for the last 25 years. A vast body of evidence
suggested arole for a variety of inflammatory mediators in
myocardial infarction. In addition, numerous experimental
studies have shown a dramatic reduction in infarct size
with the use of specific anti-inflammatory strategies.
However, attempts to mitigate inflammatory injury in
clinical practice have, in general, been unsuccessful. The
catastrophic experience of the methylprednisolone tria
emphasized the need for a better understanding of the
cellular and molecular events associated with the inflam-
matory response to achieve effective suppression of injuri-
ous processes without interfering with healing and cardiac
repair. Recently, the disappointing results of the phase 11
anti-CD18 trials [181] led to criticism regarding the
usefulness of strategies targeting the inflammatory cascade
in myocardial infarction. It has been suggested that these
failures may represent the inherent risk of using animal
models, which may have fundamenta differences from the
respective human disease process. Although species-spe-
cific effects may be significant in some cases, the most
important lesson we have learned from studying ex-
perimental myocardial infarction is that a sound under-
standing of the biology is necessary before a specific
intervention is pursued on a therapeutic basis. The in-
flammatory cascade is based on a complex network of
molecular steps mediated by molecules with pleiotropic
effects, dictated by critical cellular, spatia and tempora
variables. Typical properties of cytokines in networks are
redundancy, pleiotropy, synergistic activity and antago-
nistic effects upon each other. Thus, cytokines and other
inflammatory mediators, which may appear reasonable
therapeutic targets considering their injurious role in the
early stages of the inflammatory response may aso be
necessary as regulators of cardiac repair. For example,
TNF-a and IL-6 may have arole in the initial inflamma-
tory injury associated with myocardial ischemia [56,131],
however they may also represent important regulators of
myocyte apoptosis and cardiac repair [64,134]. We are only
beginning to elucidate the role and significance of various
cytokines and growth factors in healing of a myocardia
infarction. Successful application of inflammation-related
interventions in the treatment of myocardial infarction will
require a more complete understanding of the specific

molecular steps involved in the regulation of ischemic
cardiac injury and repair.
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