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Abstract
Myocardial infarction is the most common cause of cardiac injury and results in acute loss of a large
number of myocardial cells. Because the heart has negligible regenerative capacity, cardiomyocyte
death triggers a reparative response that ultimately results in formation of a scar and is associated
with dilative remodeling of the ventricle. Cardiac injury activates innate immune mechanisms
initiating an inflammatory reaction. Toll Like Receptor-mediated pathways, the complement cascade
and reactive oxygen generation induce Nuclear Factor (NF)-κB activation and upregulate chemokine
and cytokine synthesis in the infarcted heart. Chemokines stimulate the chemotactic recruitment of
inflammatory leukocytes into the infarct, while cytokines promote adhesive interactions between
leukocytes and endothelial cells, resulting in transmigration of inflammatory cells into the site of
injury. Monocyte subsets play distinct roles in phagocytosis of dead cardiomyocytes and in
granulation tissue formation through the release of growth factors. Clearance of dead cells and matrix
debris may be essential for resolution of inflammation and transition into the reparative phase.
Transforming Growth Factor (TGF)-β plays a crucial role in cardiac repair by suppressing
inflammation while promoting myofibroblast phenotypic modulation and extracellular matrix
deposition. Myofibroblast proliferation and angiogenesis result in formation of highly vascularized
granulation tissue. As the healing infarct matures, fibroblasts become apoptotic and a collagen-based
matrix is formed, while many infarct neovessels acquire a muscular coat and uncoated vessels regress.
Timely resolution of the inflammatory infiltrate and spatial containment of the inflammatory and
reparative response into the infarcted area are essential for optimal infarct healing. Targeting
inflammatory pathways following infarction may reduce cardiomyocyte injury and attenuate adverse
remodeling. In addition, understanding the role of the immune system in cardiac repair is necessary
in order to design optimal strategies for cardiac regeneration.
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1. INTRODUCTION
Because the human heart has negligible regenerative capacity, cardiac injury poses a great
challenge for the reparative mechanisms of the body, ultimately resulting in formation of a
scar. Myocardial infarction is the most common and clinically significant form of acute cardiac
injury and results in ischemic death of a large number of cardiomyocytes. Other injurious
processes (such as chronic pressure or volume overload and chronic cardiomyopathic
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conditions) may cause more sporadic loss of cardiac muscle and activate hypertrophic and pro-
fibrotic responses. Despite recent declines in the incidence of myocardial infarction, more than
1.5 million Americans suffer an acute infarct every year; approximately one fourth of all deaths
are due to acute myocardial infarction [1]. Most myocardial infarcts result from coronary
atherosclerosis, complicated by acute rupture of an atherosclerotic plaque and subsequent
formation of a coronary thrombus. Sudden induction of ischemia by coronary artery occlusion
triggers a series of events that culminates in the death of ischemic cardiomyocytes throughout
the anatomic region supplied by this artery [2]. The necrotic muscle elicits an inflammatory
cascade that serves to clear the infarct from dead cells and matrix debris, and ultimately results
in healing and replacement of the damaged tissue with scar. Thus, cardiac repair following
myocardial infarction is dependent on activation of inflammatory pathways. Infarct healing
results in profound changes in ventricular architecture and geometry, also referred to as
“ventricular remodeling” [3], [4]. The molecular and cellular changes associated with
ventricular remodeling affect both the necrotic zone and the non-infarcted segments of the
ventricle and manifest clinically as chamber dilation, cardiac hypertrophy, increased sphericity
of the ventricle and worsened cardiac function [5]. Remodeling is linked to heart failure
progression and is associated with poor prognosis following myocardial infarction. Ventricular
dilation following myocardial infarction is an important predictor of mortality [6] and adverse
cardiac events [7], including the development of heart failure and ventricular arrhythmias [8],
[9]. The extent of adverse remodeling depends on the size of the infarct but is also directly
affected by the pathologic and structural changes associated with infarct healing. In addition,
defects in the healing process may be directly involved in the development of serious and
potentially lethal complications, such as cardiac rupture and ventricular aneurysm formation.
The cardiac rupture syndromes involve tearing of acutely infarcted tissue and result from
mechanical weakening that occurs in the necrotic and inflamed myocardium. Rupture of the
ventricular free wall results in cardiac tamponade and is usually fatal, whereas rupture of the
ventricular septum leads to a left-to-right shunt and papillary muscle rupture results in acute
mitral regurgitation. Formation of a ventricular aneurysm on the other hand is a late
complication associated with a large transmural infarct that heals into a large region of thin
scar tissue and paradoxically bulges during systole.

Although recent advances in cardiovascular therapy have resulted in the development of novel
strategies that salvage myocardium and improve early mortality in patients with myocardial
infarction through early reperfusion, approaches directly targeting the healing process are
lacking. Because of the essential role of immunoinflammatory pathways in cardiac injury and
repair, the inflammatory cascade may provide unique opportunities for interventions aimed at
reducing cardiomyocyte injury, while optimizing the healing response and attenuating adverse
remodeling. The current review examines the role of the immune system in activating
reparative pathways following acute myocardial infarction and explores the inflammatory
mechanisms of cardiac injury and repair.

2. THE PATHOLOGY OF MYOCARDIAL INFARCTION: AN OVERVIEW
Because the mammalian heart cannot produce enough energy under anaerobic conditions to
maintain essential cellular processes, a constant supply of oxygen is indispensable to sustain
cardiac function and viability. Ischemic myocardial injury results in decreased oxygen tension
within the cell, subsequent loss of oxidative phosphorylation and decreased generation of high
energy phosphates. Adenosine triphosphate (ATP) depletion leads to failure of the sodium
pump, loss of potassium, influx of sodium and water, and cell swelling. Cessation of aerobic
metabolism, ATP depletion and accumulation of products of anoxic metabolism (such as lactic
acid) occur within ten seconds of occlusion. Striking loss of contractility occurs almost
simultaneously and is evident within sixty seconds. Minutes after the onset of ischemia
reversible ultrastructural cardiomyocyte changes appear, including cellular and mitochondrial
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swelling and glycogen depletion. Irreversible cardiomyocyte injury, evidenced by sarcolemmal
disruption and the presence of small amorphous densities in the mitochondria, develops after
20–40 minutes of sustained severe ischemia [2]. The predominant mechanism of
cardiomyocyte death in the infarcted heart is coagulation necrosis, although apoptosis is also
likely to contribute to cardiomyocyte loss. Dying cells trigger an inflammatory reaction,
activating reparative pathways that ultimately result in formation of a scar. Infarct healing can
be divided into three overlapping phases: the inflammatory phase, the proliferative phase and
the maturation phase [10] (Figure 1). During the inflammatory phase activation of chemokine
and cytokine cascades results in recruitment of leukocytes into the infarcted area. Neutrophils
and macrophages clear the wound from dead cells and matrix debris. Activated macrophages
release cytokines and growth factors leading to formation of highly-vascularized granulation
tissue. At this stage expression of pro-inflammatory mediators is suppressed, while fibroblasts
and endothelial cells proliferate. During the proliferative phase of healing, activated
myofibroblasts produce extracellular matrix proteins and an extensive microvascular network
is formed. Maturation of the scar follows: fibroblasts and vascular cells undergo apoptosis and
a collagen-based scar is formed. Several factors determine the time course of the cellular events
associated with infarct healing. Reperfusion of the coronary vessel accentuates the
inflammatory reaction and greatly accelerates the healing response. In addition, larger infarcts
may not heal as readily as smaller ones. Finally, species-specific differences affect the time
course of the inflammatory and reparative response following infarction. Rodents exhibit
accelerated replacement of dead cardiomyocytes with granulation tissue in comparison to dogs
and humans [11], [12], [13].

3. INITIATION OF THE POST-INFARCTION INFLAMMATORY RESPONSE. THE
ROLE OF INNATE IMMUNITY

Cells dying by necrosis release their intracellular contents and initiate an intense inflammatory
response by activating innate immune mechanisms. Cell surface receptors sense endogenous
ligands released upon tissue injury as “danger signals” and activate inflammatory pathways.
Evidence suggests that Toll-like receptor (TLR)-mediated pathways, the complement cascade
and reactive oxygen species (ROS) play a significant role in triggering the post-infarction
inflammatory response by activating the Nuclear factor (NF)-κB system.

TLR-mediated pathways
The TLRs represent a family of pattern recognition receptors that serve to recognize molecular
patterns associated with pathogens and, upon binding of their ligands, induce activation of
several kinases and NF-κB. Endogenous ligands from damaged tissues, including heat shock
proteins, hyaluronan and fibronectin fragments serve as “danger signals” and are capable of
activating TLRs [14]. Thus, even in the absence of microbial pathogens, alterations of the
extracellular matrix due to tissue destruction can activate the innate immune system through
TLR-mediated pathways [15]. To date, 12 members of the TLR family have been identified in
mammals; however, their role in cardiac pathology remains poorly understood. TLR4 is
expressed in the heart and is markedly induced in mouse and rat infarcts and in samples obtained
from cardiomyopathic hearts [16]. Recent investigations demonstrated that TLR4 deficient
mice have decreased infarct size and suppressed inflammation [17], and exhibit attenuated
adverse remodeling following myocardial infarction [18], identifying TLR4 as a key
component of the innate immune response in the infarcted heart. In contrast, TLR2 null animals
had similar infarct size and comparable inflammatory leukocyte infiltration with their wildtype
littermates, but exhibited decreased fibrosis in the non-infarcted area and attenuated post-
infarction ventricular remodeling [19]. These findings suggested that TLR2 signaling may not
critically affect the inflammatory response but may (directly or indirectly) modulate fibrous
tissue deposition.
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TLR engagement may also activate members of the pentraxin group, a superfamily of
multimeric pattern-recognition proteins with an essential role in inflammatory processes.
Pentraxins are divided into two groups: the short and long pentraxin families. C-reactive Protein
(CRP) and Serum Amyloid P (SAP) Component are the prototypes of the short pentraxin family
and are mainly produced by the liver as acute phase proteins in response to inflammatory signals
[20]. It has been suggested that CRP deposition in the infarct may locally activate the
complement cascade accentuating cardiomyocyte injury [21], [22]. On the other hand the
prototypical long pentraxin PTX3 is a multifunctional protein at the crossroads between
immunity and inflammation. PTX3 is induced in myocardial infarction and appears to play an
important cardioprotective role possibly due to modulation of the complement cascade [23].
The diverse effects of the pentraxins in myocardial infarction highlight their complex role in
the ischemic heart.

The complement cascade
The complement system is an important component of the innate immune response and a major
effector in a variety of immunopathological diseases. The complement cascade is activated
through three distinct mechanisms designated the classical, alternative and lectin pathways
[24], [25]. Numerous studies have indicated that ischemic myocardial injury activates the
complement cascade [26]. Hill and Ward [27] were the first to demonstrate that leukotactic
activity in rat myocardial infarcts was in part due to C3 cleavage products. Subsequently
Pinckard and colleagues [28] showed evidence of C1, C3 and C4 consumption in patients with
acute myocardial infarction, suggesting that myocardial cell necrosis results in the release of
subcellular membrane constituents capable of activating the complement cascade. Further
studies [26,29] have suggested that during myocardial 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
components, these subcellular fragments provide the means to disseminate the complement-
mediated inflammatory response to ischemic injury. mRNA and proteins for all the components
of the classical complement pathway are upregulated in myocardial infarcts [30]. Complement
activation may play an important role in mediating neutrophil and monocyte recruitment in the
injured myocardium [31]. The contribution of complement activation in mononuclear cell
recruitment appears to be particularly important during the first hour of reperfusion [32].

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 infusion of modified native complement components
that block complement activation, such as the soluble form of complement receptor type 1
(sCR1) [33], [34]. 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 [35]. However, conclusions derived from studies with a focus on
complement depletion overlook the prior systemic activation that may result in deactivation
of neutrophils. Administration of C1-esterase inhibitor decreased infarct size in several
experimental models of coronary occlusion and reperfusion [36,37], [38–40]; however, high
doses were detrimental, possibly due to pro-coagulant effects mediated through inactivation
of the fibrinolytic system [38]. In addition, infusion of soluble human complement receptor
type 1 (sCR1) significantly decreased infarct size in a rat model of myocardial ischemia and
reperfusion [41]. These studies raised the possibility that interference with precisely targeted
products of the complement system may reduce myocardial injury [42], [43].

Despite the promising experimental evidence, recent clinical trials testing the effects of
complement inhibition in patients with acute myocardial infarction produced rather
disappointing results. In the Complement Inhibition in Myocardial Infarction Treated with
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Angioplasty (COMMA) trial, administration of the humanized anti-C5 monoclonal antibody
pexelizumab in patients with ST-elevation myocardial infarction undergoing primary
angioplasty, did not affect infarct size, but decreased the ninety-day mortality rate when
administered as a bolus plus infusion [44] (1.8% versus 5.9% with placebo); the bolus-only
group had an intermediate mortality rate (4.2%). In contrast, when used in patients receiving
thrombolytics, pexelizumab blocked complement activity but neither reduced infarct size, nor
improved the clinical outcome [45]. In the Assessment of Pexelizumab in Acute Myocardial
Infarction (APEX-AMI) trial, treatment with pexelizumab (bolus plus infusion) as an adjunct
to percutaneous intervention had no effect on mortality and on the composite endpoint of death,
shock and heart failure in patients with ST-elevation myocardial infarction [46].

Generation of reactive oxygen species (ROS) and the post-infarction inflammatory response
ROS are atoms or molecules with unpaired electrons in their outer orbit. They are highly
reactive entities and can participate in a variety of biochemical reactions [47]. ROS react
directly with cellular lipids, proteins and DNA, causing cell injury and death, and are critically
involved in the oxidative burst reaction, which is essential for phagocyte function. In addition,
ROS trigger cytokine and chemokine cascades through NF-κB activation [48], [49], [50].
Granger and colleagues [51] have provided evidence suggesting a role for reactive oxygen in
leukocyte chemotaxis. Potential mechanisms through which ROS may generate a leukotactic
stimulus include complement activation [52,53], induction of P-selectin expression [54],
chemokine upregulation [55–57] and increased ability of endothelial Intercellular Adhesion
Molecule (ICAM)-1 to bind to neutrophils [58].

The normal heart possesses substantial ability to counterbalance the generation of ROS through
enzymatic pathways (such as catalase, glutathione peroxidase and the superoxide dismutases)
and through intracellular antioxidants. However, in the infarcted myocardium the antioxidant
defenses are overwhelmed, resulting in generation of oxygen-related free radicals. ROS have
been shown to exert a direct inhibitory effect on myocardial function in vivo and play a critical
role in the pathogenesis of myocardial stunning [59,60], [61]. Most of the evidence implicating
ROS in the pathophysiology of myocardial infarction is derived from investigations using free
radical scavengers. Jolly and coworkers [62] demonstrated that the combination of the
antioxidant enzymes superoxide dismutase (SOD) and catalase significantly reduced infarct
size in dogs undergoing experimental coronary occlusion and reperfusion, when the infusion
started before ischemia or 15 min prior to reperfusion. In contrast, no effect was noted when
antioxidant infusion was started 40 min after reperfusion, suggesting that free radical-mediated
injury is an early event [62]. Other investigators found similar beneficial effects of antioxidant
interventions in experimental models of myocardial infarction. 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 [63,64]. Transgenic
mice that overexpress copper, zinc superoxide dismutase (SOD1) exhibited significant
protection from postischemic injury [65]. In addition, mice overexpressing manganese SOD
(MnSOD) demonstrated a significant decrease in infarct size in Langendorff-perfused hearts
undergoing left coronary artery ligation [66]. Therapeutic strategies targeting free radical
generation have not been successful in clinical practice: two small clinical studies using
recombinant human SOD in patients with acute myocardial infarction undergoing thrombolysis
[67] or balloon angioplasty [68] demonstrated no significant improvement in left ventricular
function. Unfortunately, prolonged coronary occlusion (more than 2h) is usually 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
[69], [70]. Furthermore, ROS-mediated actions are not always harmful. Although at high
concentrations ROS are detrimental to cells, increasing evidence suggests that at lower
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concentrations they exert beneficial effects and are involved in the protection afforded by
ischemic preconditioning [71], [72].

Activation of the NF-κB system
Activation of the NF-κB system plays an essential role in induction of proinflammatory
mediators in the ischemic myocardium [73]. NF-κB is activated by a large number of agents,
including cytokines (such as Tumor Necrosis Factor (TNF)-α and Interleukin (IL)-1β) and
ROS. The most prevalent activated form of NF-κB is a heterodimer consisting of a p50 or p52
subunit and p65, which contains transactivation domains necessary for gene induction [74].
The genes regulated by NF-κB are diverse and include those involved in the inflammatory
response, cell adhesion and growth control [75]. In resting cells, NF-κB dimers reside in the
cytoplasm in an inactive form, associated to regulatory proteins called inhibitors of κB (IκB),
of which the most important are IκBα, IκBβ, and IκBε. Upon stimulation, IκB is
phosphorylated, ubiquitinylated, and ultimately degraded by proteolytic cleavage by the
proteasome system. Phosphorylation of IκB, a key step in NF-κB activation, is mediated by
the IκB kinase (IKK). Release of the NF-κB dimers from the NF-κB–IκB complex results in
activation of NF-κB, which translocates to the nucleus and binds to promoters or enhancer
regions of target genes, initiating their transcription. NF-κB activation has been demonstrated
in various models of experimental myocardial ischemia and reperfusion [76], [77]. In vivo
transfer of NF-κB decoy oligodeoxynucleotides to bind the transcriptional factor blocking
inflammatory gene activation, reduced the extent of myocardial infarction following
reperfusion suggesting a crucial role for NF-κB in the regulation of the post-infarction
inflammatory response [78]. In addition, treatment with an IKKβ inhibitor attenuated IκBα
phosphorylation reduced infarct size, improved cardiac function and decreased pro-
inflammatory cytokine levels in a model of reperfused infarction [79]. Furthermore, transgenic
mice with cardiac-specific expression of a dominant-negative IκBα resulting in inhibition of
cardiomyocyte NF-κB activation, exhibited significantly decreased infarct size in a model of
reperfused infarction [80], and NF-κB p50 null mice had improved early survival and reduced
left ventricular dilatation after non-reperfused infarction [81]. Although these studies
demonstrated an injurious role of NF-κB activation in the infarcted heart, other investigations
have suggested that the NF-κB pathway may also mediate cytoprotective responses [82].
Transgenic mice harboring cardiac-restricted expression of a mutated IκBα protein that
prevents nuclear translocation of NF-κB in cardiac myocytes had larger infarcts and
significantly enhanced myocyte apoptosis in a model of permanent coronary occlusion [83].

The contradictory findings on the role of NF-κB signaling in myocardial infarction reflect the
diversity of cellular processes and molecular pathways affected by the NF-κB system. NF-κB
is clearly one of the most important regulators of pro-inflammatory gene expression. However,
it has also been suggested that NF-κB activation in leukocytes during the resolution phase of
the inflammatory process results in upregulation of anti-inflammatory genes and induces
leukocyte apoptosis [84] NF-κB activation is also involved in regulation of cell survival,
mediates proliferative effects and modulates matrix metabolism by regulating Matrix
Metalloproteinase (MMP) synthesis [85]. Thus, activation of the NF-κB signaling cascade in
the infarcted heart involves various cell types and affects multiple parallel processes with an
essential role in cardiac injury and repair.

4. THE CHEMOKINE FAMILY IN MYOCARDIAL INFARCTION
The chemokines comprise a family of small (8–14kDa) highly basic proteins with a strikingly
similar tertiary structure [86]. They are divided into subfamilies on the basis of the number and
sequential relationship of their conserved cysteine residues (CXC, CC, XC and CX3C
subfamilies). Most chemokines contain at least four cysteines that form two disulfide bonds,
one between the first and the third and one between the second and the fourth cysteine. In the
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CXC chemokine subfamily one aminoacid separates the first two cysteine residues, whereas
in the CC chemokines the first two cysteines are adjacent to each other. Lymphotactin (XCL1)
contains only two cysteines corresponding to the second and fourth cysteines of other classes
and represents the XC subfamily. Fractalkine, on the other hand, has three aminoacids
separating the first two cysteines (CX3C). CC chemokines are the largest and most diverse
subfamily, including at least 28 ligands in humans. CXC chemokines are further classified
according to the presence of the tripeptide motif glutamate-leucine-arginine (ELR) in the
aminoterminal region [87].

Chemokines play a critical role in basal and inflammatory leukocyte locomotion and trafficking
[88,89] and their principal targets are bone marrow-derived cells. In addition to effects on cell
locomotion, certain chemokines are capable of eliciting a variety of other responses affecting
leukocyte activation, degranulation and apoptosis. Emerging evidence suggests that
chemokines also exert important actions on many cell types beyond the immune system,
including endothelial cells (resulting in angiogenic, or angiostatic effects) [90], smooth muscle
cells, neurons and epithelial cells. Chemokines can be divided broadly into two categories:
homeostatic chemokines are constitutively expressed in certain tissues and may be responsible
for basal leukocyte trafficking and lymphoid organ formation, and inducible chemokines which
are markedly upregulated by inflammatory or immune stimuli, actively participating in the
inflammatory reactions by inducing leukocyte recruitment [88], [91,92]. Although this
approach is oversimplified, it offers valuable insight into the role of certain chemokines in
pathological states. A wide variety of stimuli, such as ROS generation, activation of
complement, TLR-mediated pathways, and activation of the NF-κB system can upregulate
inducible chemokines, leading to a rapid increase in their local concentration followed by
leukocyte infiltration and an inflammatory response.

Chemokine induction is a prominent feature of the post-infarction inflammatory response
[93], [94], [95] (Figure 2). Recent investigations using experimental models of myocardial
infarction demonstrated strong induction of several members of the chemokine family in the
ischemic heart supporting their role in leukocyte recruitment [32], infarct angiogenesis and
fibrous tissue deposition [96].

CXC chemokines in healing infarction
Members of the CXC chemokine subfamily that contain the ELR motif, such as IL-8, Epithelial
Neutrophil-Activating peptide (ENA)-78, Growth-Regulated Oncogene (GRO)-α, GRO-β,
GRO-γ and Neutrophil-Activating Peptide (NAP)-2, induce neutrophil chemotaxis and
activation [86,97] and have angiogenic properties. In contrast with ELR-containing
chemokines, the CXC chemokines lacking the ELR motif, (such as platelet factor 4 (PF4/
CXCL4), Interferon-γ-inducible Protein (IP)-10/CXCL10, and monokine induced by γ-
interferon (MIG/CXCL9)) do not induce neutrophil chemotaxis and not only fail to stimulate
angiogenesis, but were found to be potent angiostatic factors in the presence of either ELR-
CXC chemokines or the unrelated angiogenic factor, basic fibroblast growth factor (bFGF)
[90,98].

The prototypic CXC chemokine is IL-8/CXCL8, a critical regulator of neutrophil influx and
activation [99,100] with angiogenic properties [101]. IL-8 upregulation has been documented
in canine [102] and rabbit [103] models of experimental myocardial infarction. Elucidation of
the role of IL-8 in cardiac injury has been hampered by the absence of an IL-8 homologue in
mice. IL-8, and possibly other neutrophil chemoattractant chemokines synthesized by
microvascular endothelial cells, may play an important role in granulocyte recruitment in the
infarcted myocardium. IL-8 induces the neutrophil respiratory burst and granule release, and
enhances cellular adhesion, a β2 integrin-dependent event. IL-8-induced β2 integrin activation
may be mediated through Mitogen-activated protein kinase (MAPK) and Protein Kinase C
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(PKC) signaling [104]. It appears that neutrophils may need to sample immobilized IL-8
molecules presented by the vessel wall before forming a sufficient number of high avidity β2
integrin bonds for firm adhesion [105]. In addition, IL-8 may also have effects beyond its
neutrophil chemotactic properties [104]. IL-8 neutralization significantly reduces the degree
of necrosis in a rabbit model of myocardial ischemia-reperfusion injury without affecting
neutrophil infiltration [106].

Even less is known about the expression and potential role of other ELR-containing CXC
chemokines in myocardial infarction. In rodents several ELR positive CXC chemokines,
including GRO-α/KC, Macrophage Inflammatory Protein (MIP)-2 and Lipopolysaccharide-
Induced CXC chemokine (LIX), induce neutrophil chemotaxis and activation through binding
to their main receptor, CXCR2. Experiments in a rat model of infarction demonstrated that,
although KC and MIP-2 are upregulated in the injured heart, neutrophil recruitment in
reperfused rat infarcts appeared to be mainly due to expression of LIX [107]. Deficiency of
CXCR2, the main receptor for the ELR-containing CXC chemokines, resulted in significantly
decreased inflammatory leukocyte recruitment in murine infarcts, suggesting a crucial role for
these chemokines in inflammatory cell infiltration [108]. However, experiments using a
Langendorff preparation indicated protective effects of CXCR2 signaling on myocardial
viability [108]. The molecular basis for the presumed direct effects of CXCR2 signaling on
cardiomyocytes remains unclear.

The role of the ELR-negative CXC chemokines in the healing infarct is an area of active
investigation. We have demonstrated a marked transient upregulation of IP-10 in reperfused
canine myocardial infarcts [96]; whether MIG and I-TAC are also induced remains unknown.
IP-10 mRNA expression is downregulated following 24 h of reperfusion, whereas IL-8
message levels remain high. The exact role of IP-10 upregulation in the infarcted myocardium
remains unclear. IP-10 is critically involved in effector T cell trafficking [109], has angiostatic
effects [110] and may exert direct antifibrotic actions [111], [112]. It is tempting to hypothesize
that the early transient induction of IP-10 in the ischemic myocardium may serve to prevent
premature wound angiogenesis and fibrous tissue deposition in the infarct, 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 granulation tissue. Subsequent
suppression of IP-10 through TGF-β-mediated actions may allow unopposed angiogenic and
fibrogenic activity facilitating the reparative process. Thus, IP-10 may orchestrate infarct
healing through its effects on angiogenesis and fibrous tissue deposition.

Stromal cell-Derived Factor (SDF)-1/CXCL12 is a non-ELR containing CXC chemokine with
chemotactic effects for CD34+ progenitors [113] and primitive hematopoietic cells [114].
SDF-1α induction was recently reported in a rat model of non-reperfused myocardial infarction
[115]; however, the role of this chemokine in regulating the post-infarction inflammatory
response is unknown. SDF-1 may regulate the recruitment, maturation and function of CXCR4-
expressing progenitor cells in ischemic tissues [116], [117]. Transplantation of cells engineered
to express SDF-1 into the peri-infarct zone following coronary occlusion in the rat resulted in
attenuated adverse remodeling [116]. The beneficial effects of SDF-1 may be due to therapeutic
stem cell homing into the injured myocardium resulting in neovascularization and enhanced
preservation of cardiomyocytes [118]. Local delivery of SDF-1 in the infarct may exert
beneficial actions by augmenting vasculogenesis and by protecting ischemic cardiomyocytes
from apoptosis without inducing cardiomyocyte regeneration. These findings suggest that
enhanced recruitment of CXCR4+ blood-derived progenitors through activation of chemokine-
mediated pathways may be a promising therapeutic approach in patients with myocardial
infarction.
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CC chemokines in myocardial infarction
CC chemokines are functionally diverse and their names more often reflect historical accidents
of their cloning or isolation than their predominant functions [119]. One of the best-studied
CC chemokines, Monocyte Chemoattractant Protein (MCP)-1/CCL2, has been implicated in
a variety of diseases characterized by monocyte-rich infiltrates [120,121]. In addition to its
critical role in mononuclear cell recruitment, MCP-1 exerts important actions on non-
hematopoietic cells, inducing angiogenic and arteriogenic effects [122] and modulating
fibroblast phenotype and activity by increasing collagen expression and by regulating MMP
synthesis [123]. MCP-1 upregulation has been demonstrated in a canine [124], a rat [125,
126] and a mouse model [127] of experimental myocardial infarction. Studies from our
laboratory demonstrated that MCP-1 −/− mice had decreased and delayed macrophage
infiltration in the healing infarct and exhibited delayed replacement of injured cardiomyocytes
with granulation tissue. MCP-1 −/− infarcts had decreased mRNA expression of the cytokines
TNF-α, IL-1β, Transforming Growth Factor (TGF)-β, and IL-10 and showed defective
macrophage differentiation [128]. MCP-1 deficiency diminished myofibroblast accumulation
but did not significantly affect infarct angiogenesis. Despite showing delayed phagocytotic
removal of dead cardiomyocytes, MCP-1 −/− mice had attenuated left ventricular remodeling,
but similar infarct size when compared with wildtype animals. MCP-1 antibody inhibition
resulted in defects comparable with the pathological findings noted in infarcted MCP-1 −/−
animals without an effect on macrophage recruitment [128].

Our findings indicated that MCP-1 has important effects on macrophage recruitment and
activation, cytokine synthesis and myofibroblast accumulation in healing infarcts. The role of
MCP-1 extends beyond its monocyte chemoattractant effects: MCP-1 inhibition with a
neutralizing antibody results in defects comparable with the pathological findings noted in
infarcted MCP-1 −/− animals in the absence of an impairment in monocyte recruitment.
Absence of MCP-1 results in attenuated post-infarction left ventricular remodeling at the
expense of a prolonged inflammatory phase and delayed replacement of injured
cardiomyocytes with granulation tissue [129].

Thus, MCP-1 may mediate its effects on the healing infarct through several distinct pathways:

1. Recruitment of monocytes in the ischemic myocardium appears to be critically
regulated by MCP-1. However, loss of MCP-1 may result in markedly decreased
recruitment of specific subsets of monocytes. Peripheral blood monocytes are a
heterogeneous population. In mice, two distinct subpopulations have been identified
that circulate in approximately equal numbers [130]: a CCR2 positive subset with low
expression of the fractalkine receptor CX3CR1 (CX3CR1 lo), preferentially recruited
in inflammatory processes, and a CCR2 negative subpopulation comprised of cells
with high level CX3CR1 expression (CX3CR1 hi), that home to normal tissues and
become resident macrophages. In the absence of MCP-1, the “selection advantage”
of the CCR2-expressing population may be lost, resulting in decreased and delayed
infiltration of the infarct with both subsets of monocytes in equal numbers. CX3CR1
hi monocytes may exhibit decreased cytokine expression and/or phagocytic activity
upon stimulation with pro-inflammatory mediators. Recent experiments
demonstrated that infarcted mouse hearts sequentially recruit Ly-6C hi and Ly-6C lo
monocytes through CCR2 and CX3CR1 respectively. The Ly-6C hi subset appears
to exhibit phagocytic, proteolytic and pro-inflammatory functions, whereas Ly-6C lo
cells promote healing and have profibrotic and angiogenic properties [131]. These
concepts appear to be highly relevant in human pathobiology. Subsets of human
peripheral blood monocytes with distinct chemokine receptor profiles have been
identified. CD14+CD16+ monocytes express lower CCR2 but higher CCR5 levels;
in contrast CD14++ monocytes exhibit high CCR2 and low CCR5 expression [132].
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Polarized CCR2 expression is accompanied by differential chemotactic
responsiveness to MCP-1 [132].

2. In addition to its chemotactic properties, MCP-1 may also directly modulate
macrophage differentiation, phagocytic activity and cytokine expression. Previous
investigations indicated that MCP-1 induces monocyte IL-1 [133] and IL-6 synthesis
[134] and that it may be involved in differentiation of monocytes into foam
macrophages [135].

3. The reduced myofibroblast density in MCP-1 null infarcts may result from decreased
proliferative activity of resident fibroblasts or impaired recruitment of fibroblast
progenitor cells, capable of differentiating into fibroblasts. The significance of these
cells in the infarcted myocardium remains unknown.

The key role of MCP-1 signaling in the pathogenesis of post-infarction remodeling was also
suggested by experiments using mice with genetic disruption of CCR2, the primary receptor
for MCP-1 [136]. CCR2 null mice had decreased infiltration with macrophages and exhibited
attenuated ventricular dilation following myocardial infarction. CCR2 absence was associated
with markedly decreased MMP expression and lower gelatinolytic activity in the infarcted
ventricle. Attenuated matrix degradation may explain, at least in part, the protection from the
development of adverse remodeling noted in CCR2 null animals.

MCP-3, another potent mononuclear cell chemoattractant, is also transiently induced in mouse
myocardial infarcts [137]. Transplantation of MCP-3-expressing cardiac fibroblasts into the
infarct border zone one month after coronary ligation resulted in enhanced homing of injected
mesenchymal stem cells in the infarcted myocardium [137]. However, the exact role of MCP-3-
mediated interactions in ischemic tissues remains poorly understood. Macrophage
Inflammatory Protein (MIP)-1α and MIP-1β are also mononuclear cell chemoattractants,
although less efficient than MCP-1 [138]. A robust induction of MIP-1α and MIP-1β is noted
in murine infarcts [11]; however, their importance in myocardial injury and repair has not been
investigated. In addition, increased serum levels of RANTES (Regulated upon Activation,
Normal T-cell Expressed and Secreted), a CC chemokine that induces chemotaxis of
monocytes, eosinophils, and specific subsets of T-cells, were found in patients with acute
myocardial infarction [139]. Whether these findings reflect upregulation of RANTES
expression in the infarct is not known.

A recently published investigation demonstrated reduced functional impairment and attenuated
structural remodeling after myocardial infarction in mice with genetic absence of CCR1, a
promiscuous CC chemokine receptor primarily activated by MIP-1α and RANTES [140].
Protection of the infracted heart in CCR1 null mice was associated with abrogated early
recruitment of neutrophils and improved infarct healing. Translation of these findings into
human infarction is hampered by species differences in CCR1 biology. The CCR1 ligand
MIP-1α is a potent chemoattractant for mouse, but not for human neutrophils [141].

5. PRO-INFLAMMATORY CYTOKINES IN MYOCARDIAL INFARCTION
Numerous studies have demonstrated activation of cytokine cascades in the infarcted
myocardium [142], [143], [144]. Induction and release of the pro-inflammatory cytokines
TNF-α, IL-1β and IL-6 is consistently found in experimental models of myocardial infarction
[144], [145], [11]. Complement activation, ROS generation and NF-κB activation potently
stimulate cytokine mRNA synthesis in both resident and blood-derived cells, resulting in
marked cytokine upregulation in the infarcted area. One of the characteristic features of
cytokines is their functional pleiotropy and redundancy: one cytokine exhibits a wide range of
biological effects on various cell types and several cytokines exert similar and overlapping
actions on the same cell type [146]. The multifunctional, overlapping and often contradictory
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effects of the cytokines have hampered understanding of their functional role in cardiac injury
and repair.

TNF-α
TNF-α is capable of exerting diverse effects on all cell types involved in cardiac injury and
repair. TNF-α suppresses cardiac contractility [147], [148] and enhances cardiomyocyte
apoptosis [149]. In addition, TNF-α stimulates expression of proinflammatory cytokines,
chemokines and adhesion molecules by leukocytes and endothelial cells and regulates
extracellular matrix metabolism by reducing collagen synthesis and by enhancing MMP
activity in cardiac fibroblasts [150]. Despite extensive research, the relative significance of
these diverse effects in the infarcted myocardium remains poorly understood. Sun and co-
workers demonstrated that TNF-α null mice were protected from cardiac rupture and chronic
dysfunction following infarction, and exhibited suppressed inflammation and attenuated MMP
activity in comparison with wildtype animals [151]. Several other investigations have
suggested an essential role for TNF-α in mediating inflammatory injury following infarction
[152], [145]. Inhibition studies have produced contradictory findings regarding the effects of
TNF-α neutralization on the infarcted heart. Several studies demonstrated injurious effects of
TNF-α signaling in mediating infarct expansion [153], and cardiac dysfunction [154]. On the
other hand, other investigations indicated protective effects of TNF-α signaling in the infarcted
myocardium. TNF-α inhibition using gene therapy with soluble TNF receptor had deleterious
effects in a mouse infarction model promoting cardiac rupture and enhancing adverse
remodeling [155]. In addition, TNFR1/TNFR2 double receptor knockout mice undergoing left
coronary artery ligation had significantly higher infarct size and increased myocyte apoptosis
when compared with wildtype controls [156]. These findings suggested that TNF-α may induce
cytoprotective signals capable of preventing or delaying the development of myocyte apoptosis
following myocardial infarction. It has been suggested that TNF-α may exert distinct biological
effects through the TNFR1 and TNFR2 receptor. A recent investigation suggested that effects
mediated through TNFR1 are deleterious, inducing cardiac dysfunction, whereas TNFR2-
mediated actions may be protective by attenuating adverse remodeling [157]. The contradictory
findings of the investigations exploring the role of TNF-α in myocardial infarction highlight
the complex and pleiotropic actions of the cytokines in biological processes and may explain
the unpredictable effects of cytokine-targeted therapeutic strategies in clinical trials.

The IL-1 family
The IL-1 gene family consists of three members: IL-1α, IL-1β and IL-1 receptor antagonist
(IL-1Ra). IL-1α and IL-1β are agonists, whereas IL-1Ra is a specific receptor antagonist
[158]. Both Il-1α and IL-1β are capable of inducing the expression of other cytokines,
chemokines, growth factors, and adhesion molecules. Marked IL-1 upregulation has been
reported in experimental models of myocardial infarction [142], [11]. In addition, a significant
increase in IL-1β plasma levels has been documented in patients with acute myocardial
infarction [159]. However, despite extensive descriptive evidence suggesting involvement of
IL-1 in infarct healing, information regarding its biological role in myocardial infarction is
limited. Cardiac transfection with human IL-1Ra significantly decreased infarct size, reduced
apoptosis, and attenuated the inflammatory response in rat hearts undergoing ischemia/
reperfusion protocols [160], suggesting an injurious role for IL-1 in the ischemic myocardium.
In contrast, another investigation suggested a protective role for IL-1 demonstrating that
IL-1β neutralization in the acute phase of myocardial infarction resulted in increased
occurrence of cardiac rupture and enhanced adverse remodeling [161]. Because IL-1 signals
exclusively through the IL-1 receptor type I (IL-1RI) we have recently examined the effects
of disrupted IL-1 signaling on infarct healing and cardiac remodeling using IL-1RI −/− mice
[162]. Following reperfused infarction IL-1RI null mice exhibited decreased infiltration of the
infarcted myocardium with neutrophils and macrophages and reduced chemokine and cytokine
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expression. In the absence of IL-1 signaling, suppressed inflammation was followed by an
attenuated fibrotic response. Infarcted IL-1RI −/− mice had attenuated fibrosis of the infarcted
and remodeling myocardium. IL-1RI deficiency protected from the development of adverse
remodeling; however, infarct size was comparable between groups suggesting that the
beneficial effects of IL-1RI gene disruption were not due to decreased cardiomyocyte injury.
Reduced chamber dilation in IL-1RI null animals was associated with decreased collagen
deposition and attenuated MMP-2 and MMP-3 expression in the peri-infarct area, suggesting
decreased fibrotic remodeling of the non-infarcted heart. IL-1β stimulated MMP mRNA
synthesis in wildtype, but not in IL-1RI null cardiac fibroblasts. The findings suggested that
IL-1 signaling is essential for activation of inflammatory and fibrogenic pathways in the healing
infarct and may play an essential role in the pathogenesis of post-infarction remodeling
[162].

IL-18 shares with IL-1β three-dimensional structural similarities, the same family of receptors
and several identical signal transduction pathways [163]. It has potent pro-inflammatory
properties inducing cytokine and chemokine synthesis and activating NF-κB. IL-18
upregulation was noted in the non-infarcted remodeling myocardium, while IL-18 infusion
decreased left ventricular contractility in vivo [164]. However, the role of endogenous IL-18
in cardiac injury and repair has not been investigated.

The IL-6 family of cytokines
IL-6 is a member of a larger family of structurally related cytokines with overlapping biological
effects. The family includes IL-11, Leukemia Inhibitory Factor (LIF), Oncostatin-M,
Cardiotrophin-1 (CT-1), Ciliary Neurotrophic Factor (CNTF) and neurotrophin-1/B-cell
stimulating factor-3 (NNT-1/BSF-3). All IL-6-related cytokines signal through multisubunit
receptors that share the transmembrane glycoprotein (gp)130. Extensive experimental evidence
demonstrated induction of members of the IL-6 family in healing infarcts [165]. IL-6 synthesis
is rapidly induced in mononuclear cells and cardiomyocytes of the ischemic myocardium
[145,166,167]. CT-1 is upregulated in fibroblasts and surviving cardiomyocytes and shows a
prolonged time course of expression [165], [168], whereas LIF [11] and oncostatin-M [169]
are induced during the inflammatory phase of healing. However, the functional role of these
cytokines in infarct healing remains unknown. Members of the IL-6 family have profound
effects on cardiac myocytes by promoting cardiac hypertrophy, but also by protecting them
from apoptosis [170]. CT-1 administration resulted in decreased infarct size and reduced
cardiomyocyte apoptosis in a rat model of myocardial ischemia and reperfusion [171].
However, CT-1 absence did not affect infarct size in a mouse model of reperfused infarction
suggesting that endogenous CT-1 does not play an essential role in acute ischemic cardiac
injury [172]. Prolonged CT-1 upregulation in the infracted myocardium may modulate the
fibrotic response through effects on fibroblast proliferation [173]. Although the role of
endogenous LIF expression in the infarct remains unknown, gene therapy with LIF cDNA
prevented cardiomyocyte death and induced angiogenesis, enhancing recruitment of bone
marrow-derived cells into the heart [174]. IL-6 is capable of modulating the phenotypic
characteristics and gene expression of many cell types involved in infarct healing. IL-6 null
mice demonstrated significantly delayed cutaneous wound healing suggesting a significant role
for IL-6 in tissue repair [175]. However, Fuchs and co-workers [176] found that the absence
of IL-6 did not affect infarct size, left ventricular function and post-infarction remodeling in
non-reperfused infarcts. Although these findings do not preclude biologically significant
actions of IL-6 in healing infarcts, it appears that in mice lacking IL-6, other mediators may
act in a compensatory manner to activate the JAK/STAT pathway, thereby maintaining STAT3
phosphorylation, which is crucial for the cellular effects of IL-6-related cytokines.
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6. THE CELLULAR BASIS OF THE POST-INFARCTION INFLAMMATORY
RESPONSE

Activation of the inflammatory response in the infarcted myocardium is associated with
induction of endothelial adhesion molecules and enhanced permeability of the
microvasculature. Upregulation of chemokines and cytokines results in extravasation of
activated blood-derived cells into the infarcted area. Platelets are the first cells recruited in the
site of injury [177]. Subsequently various subsets of leukocytes infiltrate the myocardium and
clear the wound from dead cells and matrix debris. Blood-derived cells play an important role
in regulation of the reparative process following cardiac injury (Figure 3).

Platelets
Beyond their eminent role in hemostasis and thrombosis, platelets modulate inflammatory
responses and represent an important linkage between tissue injury and repair [178]. In the
healing wound activated platelets may play multiple roles by aggregating in areas of injury,
by contributing to the formation of a fibrin-based provisional matrix and by releasing a variety
of chemokines (such as RANTES and PF4), cytokines (such as IL-1β) and growth factors (such
as Platelet-Derived Growth Factor (PDGF) and TGF-β) [179]. In addition, platelets are capable
of initiating complement activation and may play a role in localizing the inflammatory response
into the area of injury [180]. Despite the ability of platelets to modulate the inflammatory and
reparative response, thrombocytopenic mice did not exhibit defects in wound
reepithelialization, angiogenesis and collagen deposition following cutaneous injury [181].
Whether activated platelets play an important role in inflammation and repair following cardiac
injury has not been investigated.

The neutrophils
Neutrophils are recruited very early after cardiac injury. Neutrophil transmigration in the
infarcted myocardium requires adhesive interactions with activated vascular endothelial cells
and involves a cascade of molecular steps that correspond to the morphological changes that
accompany adhesion (Figure 4). The selectin family of adhesion molecules mediates the initial
capture of leukocytes from the rapidly flowing bloodstream to the blood vessel. Selectins
promote leukocyte attachment and rolling at shear stresses characteristic of post-capillary
venules. The selectin family consists of three closely related cell-surface molecules: L-selectin
(CD62L), E-selectin (CD62E), and P-selectin (GMP-140, CD62P). All three selectins are
involved in leukocyte entry into tissues.

The role of the selectins in cardiac injury is not well defined at present. L-selectin is
constitutively expressed in neutrophils in a highly specific distribution and its shedding upon
activation may be important in regulating leukocyte rolling velocity and recruitment [182]. P-
selectin surface expression occurs rapidly on endothelial cells under circumstances likely to
be seen during cardiac injury. It is stored in the Weibel- Palade bodies and is rapidly
translocated to the endothelial surface in response to thrombin and/or oxidative stress, both of
which would be likely to be found in the ischemic myocardium, and to histamine, which is
rapidly released in the injured myocardium by degranulating mast cells. Experimental studies
have suggested that monoclonal antibodies against L-selectin and P-selectin [183,184] reduced
myocardial necrosis, preserving coronary endothelial function and attenuating neutrophil
accumulation in the ischemic and reperfused feline myocardium. In addition, P-selectin
deficient mice showed decreased infarct size after 30 min of coronary occlusion and 2 h of
reperfusion [185]. In contrast, no difference in infarct size was noted after a 60 min ischemic
period [185]. 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 [186]. Although current concepts suggest a role for the
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selectins in supporting leukocyte margination under shear stress, the effects of selectin-related
interventions in experimental models of myocardial ischemia have been inconsistent [187,
188]. Peptide analogs of the soluble selectin ligand P-selectin glycoprotein ligand-1 (PSGL-1)
have been constructed and may represent a promising approach in targeting selectin-dependent
interactions. A recombinant analog of sPSGL-1 significantly reduced cardiac injury in a feline
model of coronary occlusion and reperfusion [189].

Although rolling appears to be a prerequisite for eventual 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 α and a β subunit;
these subunits are associated through noncovalent bonds and transported to the cell surface as
a complex [190]. For neutrophils, firm adhesion requires activation of the β2 (CD18) integrins,
which share the beta chain CD18 paired with CD11a (LFA-1), CD11b (Mac-1), or CD11c
(p150,95). This results in binding to one of the intercellular adhesion molecules (ICAM) on
the surface 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. Stationary
neutrophils adherent to the luminal endothelial surface frequently change shape and assume
the characteristic bipolar configuration of motile cells [191,192]. This event may result from
interaction with surface-bound chemokines. Transendothelial migration follows and leads to
neutrophil infiltration in the inflamed tissues. Antibodies that inhibit LFA-1 adhesion are
effective in blocking transmigration [193] and LFA-1 deficient mice show dramatically
decreased neutrophil extravasation at sites of inflammation [194]. In contrast, antibodies that
block Mac-1 adhesion are marginally effective [193], and Mac-1 deficient mice demonstrate
no deficit in neutrophil emigration [195]. These findings suggest that LFA-1 and not Mac-1 is
critical for neutrophil extravasation in sites of inflammation.

Integrin-related strategies have been utilized to mitigate post-reperfusion inflammation in
various experimental models. Inhibition of CD11/CD18 integrin resulted in significant
reduction of infarct size in rat [196], feline [197], canine [198], and primate [199] models of
experimental myocardial infarction. However, despite the promising results of the
experimental studies, leukocyte integrin inhibition in clinical studies has led to disappointment
[200]. A multicenter clinical trial [201] demonstrated that patients undergoing primary
angioplasty for acute myocardial infarction had no difference in events and no reduction in
infarct size upon administration of a humanized anti-CD11/CD18 antibody (Hu23F2G). It
appears that the effectiveness of different anti-CD18 antibodies in preventing injury is highly
dependent on the specific antibody employed [202]. Experiments using genetically targeted
animals have contributed to our understanding of the role of integrins in experimental
myocardial infarction. CD18 deficient mice demonstrated significant reduction in neutrophil
accumulation following myocardial ischemia and reperfusion [203]. Furthermore, treatment
with an antibody to Vascular Cell Adhesion Molecule (VCAM)-1 significantly attenuated
neutrophil emigration in the infarcted myocardium of CD18-null mice, but did not diminish
myocardial injury [204].

Integrin-mediated neutrophil adhesion is followed by infiltration of the leukocytes into the
underlying tissue. However, very little is known regarding the mechanisms responsible for
neutrophil diapedesis through the vessel wall. The major route for a leukocyte to pass the
endothelial barrier is through the cleft between adjacent cells. Endothelial cells possess a
number of junctions that maintain vascular integrity and regulate permeability. Endothelial
cells are not just passive participants in diapedesis and besides expressing key adhesion
molecules they actively downregulate their inter-endothelial junctions and contract to allow
leukocyte transmigration. Junctional adhesion molecules (JAMs) of tight junctions are
regulated by phosphorylation [177] and play an essential role in Transendothelial migration
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[205]. Corada and co-workers suggested an important role for the Junctional Adhesion
Molecule (JAM)-A in regulating neutrophil infiltration into the ischemic myocardium [206].
JAM-A −/− mice exhibited impaired neutrophil diapedesis following myocardial ischemia/
reperfusion. Microscopic examination of the heart microvasculature showed large numbers of
neutrophils adherent on the endothelium, or entrapped between endothelial cells and the
basement membrane. These defects were associated with enhanced cardiomyocyte injury in
JAM-A null infarcts, perhaps due to impaired blood flow caused by prolonged entrapment of
neutrophils in the microcirculation [206].

The concept of neutrophil-mediated cardiomyocyte injury
Infiltrating neutrophils generate free radicals and release enzymes contributing to the clearance
of the infarct from dead cells and debris. In addition, they may express mediators capable of
amplifying cell recruitment. Over the last twenty years, experimental evidence suggested that
neutrophils may directly injure parenchymal cells through release of specific toxic products
[207]. Obviously, neutrophils accumulating in the injured areas might release proteolytic
enzymes, or reactive oxygen species to injure surrounding myocytes. Under conditions found
in vivo these toxic products are almost 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. In vitro experiments suggested
that the mechanism of neutrophil-cardiomyocyte adhesion is dependent on CD18 integrin
activation on neutrophils and on expression of ICAM-1, one of the primary ligands for the
CD18 integrins [208], by injured cardiomyocytes. However, the in vivo significance of
neutrophil-induced cardiomyocyte injury remains unknown [209]. Neutrophil depletion in
animals undergoing reperfused myocardial infarction led to a marked decrease in infarct size
[210,211] suggesting that a significant amount of myocardial injury induced by coronary artery
occlusion followed by reperfusion may be neutrophil-dependent [212]. Although ICAM-1
deficient mice exhibited less myocardial injury at an early stage, they showed no significant
difference in infarct size and scar formation after 1–3 weeks of reperfusion [213]. In addition,
mice with a combined deficiency in both ICAM-1 and P-selectin showed no difference in
infarct size due to myocardial ischemia and reperfusion despite exhibiting impaired neutrophil
trafficking [186].

It has been suggested that, in addition to clearing the wound from dead cells and debris, the
neutrophils may play a direct role in wound healing by secreting cytokines and growth factors.
Although the contribution of the neutrophil to fibrous tissue deposition in the healing infarct
cannot be excluded; it is unlikely that this cell type plays a critical role in the events leading
to formation of a scar. In a study performed more than thirty years ago, Simpson and Ross
demonstrated that depletion of circulating neutrophils in guinea pigs treated with anti-
neutrophil serum had no effects on granulation tissue formation in a model of cutaneous
healing, suggesting that the neutrophil response may not be essential in the repair process
[214]. Neutrophils may contribute to the healing response through their apoptosis and
subsequent clearance by macrophages; this process, as will be discussed later, releases TGF-
β, resulting in resolution of inflammation and transition to fibrosis.

The mononuclear cells
Activation of inflammatory pathways rapidly triggers infiltration of the infarcted myocardium
with mononuclear cells. As discussed previously, CCL2/MCP-1 plays an important role in
monocyte recruitment in the infarcted myocardium. Other mediators including complement,
TGF-β, free radicals and other CC chemokines may also play a role in regulating monocyte
infiltration. Various monocyte chemoattractants are likely to play distinct roles through the
recruitment of monocyte and lymphocyte subpopulations with distinct properties.
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Recruitment of monocytes in the infarcted myocardium is followed by maturation and
differentiation of these blood-derived cells into mature macrophages. This is a complex and
poorly understood process that is likely to involve growth factors such as Macrophage-Colony
Stimulating Factor (M-CSF) and Granulocyte Macrophage-Colony Stimulating Factor (GM-
CSF). M-CSF is induced in healing canine infarcts and its expression is associated with
macrophage accumulation and proliferation [215]. The effects of M-CSF on macrophage
phenotype and activity are not fully understood; however, it appears to be crucial for survival
of macrophages permitting them to respond to internal and external cues for their differentiation
[216]. Differentiated macrophages play multiple roles in the healing infarct. First, they are
responsible for phagocytosis of dead cells and debris and for clearance of apoptotic neutrophils
and cardiomyocytes. Second, they serve as a source of cytokines and growth factors regulating
fibroblast growth and angiogenesis. Third, they contribute to extracellular matrix remodeling
by producing MMPs and their inhibitors. The gene expression profile of infiltrating
macrophages may change during the healing process; these dynamic alterations may have a
profound effect on cardiac repair.

The mast cells
Mast cells are multifunctional resident cells, capable of secreting a wide range of inflammatory
and pro-fibrotic mediators. The mammalian heart contains a significant number of resident
mast cells predominantly located in close proximity to vessels [217]. A possible role for mast
cells in mediating cardiac injury was suggested in a porcine model of C5a-induced myocardial
ischemia [218]. Our studies [145] indicated a role for mast cell-derived mediators in initiating
the cytokine cascade in the reperfused canine myocardium. We found that resident cardiac
mast cells rapidly degranulate following infarction releasing large amounts of histamine and
TNF-α. Histamine may induce surface expression of P-selectin in endothelial cells, whereas
mast cell-derived TNF-α played an important role in stimulating cytokine expression by
infiltrating mononuclear cells. There is significant evidence that mast cells may also participate
in the fibrotic process. We have demonstrated a striking accumulation of mast cells during the
proliferative phase of healing, predominantly in areas of collagen deposition and cell
proliferation [219]. 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. Our
studies demonstrated significant upregulation of SCF mRNA expression in the infarcted canine
myocardium after 72h of reperfusion [219]. At the same time point, an increase in mast cell
numbers is noted in the healing myocardium and immature mast cell progenitors are found in
the infarcted area. 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 accumulation in the ischemic heart. The role
of SCF in infarct healing may not be limited to its effects on mast cells. Experimental evidence
suggested that SCF may promote recruitment and homing of primitive bone marrow-derived
cells delivered into the infarct [220]. These progenitor cells may be capable of differentiating
into cardiomyocytes and vascular cells [221]; thus, SCF may be a promising mediator for
cardiac regeneration.

Mast cells can produce and release a wide variety of preformed and newly-synthesized
mediators with pleiotropic actions. Mast cell-derived histamine may critically affect leukocyte-
endothelial interactions by increasing endothelial P-selectin expression and by facilitating
recruitment of rolling leukocytes [222]. Tryptase, the most abundant protease found in mast
cell granules stimulates granulocyte recruitment [223], and upregulates cytokine and
chemokine synthesis [224], [225]. Mast cell-derived cytokines, such as TNF-α may trigger the
cytokine cascade in the infarct, regulating adhesion molecule expression and leukocyte
recruitment. In addition, many mast cell-derived mediators may influence fibroblast growth
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and function. Histamine has been shown to stimulate fibroblast growth and collagen synthesis
in vitro [226]. Tryptase induces fibroblast proliferation [227] and chemotaxis and upregulates
type I collagen production [228]. Furthermore, mast cells are important sources of TGF-β
[229], bFGF [230], and Vascular Endothelial Growth Factor (VEGF) [231], factors that can
regulate fibroblast growth, modulate extracellular matrix metabolism and stimulate
angiogenesis [232]. Mast cells may also influence healing and tissue remodeling by expressing
gelatinases A and B [233–235] which are implicated in extracellular matrix metabolism.
Finally, an important role for the chymase pathway in promoting angiotensin II generation and
cardiac fibrosis has been suggested [236].

Although many mast cell-derived mediators are capable of modulating cellular events critical
to the healing infarct, the role of mast cells and their secretory products in cardiac injury and
repair remain poorly understood. Experiments in a canine model of reperfused infarction
demonstrated that mast cell stabilization using lodoxamide significantly reduced infarct size
[237]. However, the specific mediators responsible for the injurious effects of mast cell
activation in the infarct were not investigated. In addition, elucidation of the role of mast cell-
derived cytokines and growth factors in myocardial infarction is difficult because many of
these secretory products are produced by other cell types involved in cardiac repair. On the
other hand, the proteases chymase and tryptase are specific mast cell products may play unique
roles in infarct healing. Chymase inhibition in a rat model of non-reperfused myocardial
infarction attenuated left ventricular interstitial fibrosis and diastolic dysfunction without
affecting the dilative pattern of cardiac remodeling [238]

The myofibroblasts
Inflammatory leukocytes secrete a variety of cytokines and growth factors with angiogenic and
fibrogenic properties. This environment promotes the proliferation and activation of
fibroblasts, the main source of extracellular matrix protein synthesis in the infarct, and
stimulates the formation of neovessels, which are necessary to carry oxygen and nutrients in
order to sustain cell metabolism. Willems and colleagues [239] have identified and
characterized the interstitial nonvascular α-smooth muscle actin (α-SMA) positive cells, which
were present in human myocardial scars 4–6 days after an infarction. These phenotypically
modulated fibroblasts, termed myofibroblasts [240–242] develop ultrastructural and
phenotypic characteristics of smooth muscle cells and possess a contractile apparatus that
contains bundles of actin myofilaments with associated contractile proteins, such as non-
muscle myosin [243]. Myofibroblasts are the predominant source of collagen mRNA in healing
myocardial infarcts [244–246], [247]. They transiently appear during granulation tissue
formation and become apoptotic when the scar matures [248].

The origin of the fibroblasts infiltrating the healing wound is one of the oldest and most
controversial concepts in cell biology and has been debated for over 100 years [249]. [250].
Early studies have documented differentiation of leukocytes into fibroblasts and have cultured
connective tissue-producing cells from the buffy coat [251], [252]. Although it is widely
recognized that fibroblasts proliferate in the healing wound; the extent to which connective
tissue is the result of an ingrowth of adjacent mesenchymal or fibroblast-like cells versus the
hematogenous entry of circulating fibroblast precursors is debated. Early studies of connective
tissue repair in implanted polyvinyl sponges and granulating wounds supported the local origin
of fibroblasts [250]. More recently, Bucala and co-workers described and characterized a
circulating population of leukocytes that traffic to fibrotic tissues and sites of injury and
differentiate to fibroblasts [253]. The recruitment of blood borne fibroblast precursors is
mediated through chemokine-dependent mechanisms and appears to be important in the
development of pulmonary fibrosis [254]. The origin of fibroblasts in healing infarcts remains
unclear. Although numerous studies have documented active proliferation of resident
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fibroblasts [255], [219], [256] the possibility that at least a subset of infarct fibroblasts may be
derived from blood-borne precursors should be considered.

Fibroblasts infiltrating the infarct undergo myofibroblast differentiation, developing a
microfilamentous apparatus that expresses α-SMA. They are predominantly localized in the
border zone area, and exhibit intense proliferative activity [257], [255]. The mechanisms
responsible for myofibroblast differentiation in the infarcted heart remain poorly understood;
however, the modulation of a fibroblast toward myofibroblast likely results from the combined
action of several distinct factors:

a. TGF-β is critically involved in myofibroblast differentiation in healing wounds by
regulating α-SMA expression [258], and is likely to play an important role in
modulating fibroblast phenotype in infarcts.

b. Alterations in the composition of the extracellular matrix may dictate phenotypic
changes in infarct fibroblasts. The splice variant ED-A of cellular fibronectin is crucial
for myofibroblastic phenotype induction by TGF-β [259].

c. Mechanical tension induces myofibroblast differentiation but also modulates
fibroblast behavior by activating various signal transduction pathways [260].

d. In reperfused infarcts, the return to normoxic pO2 after a hypoxic period is perceived
as “relative hyperoxia”. Perceived hyperoxia induces fibroblast alterations that
resemble TGF-β1-induced morphological changes, including myofibroblast
differentiation [261], [262].

Fibroblast gene expression is modulated by microenvironmental factors. In normal hearts
resident fibroblasts are responsible for homeostatic maintenance of the extracellular matrix
network. Although their contribution in the inflammatory phase of healing is unclear,
fibroblasts are capable of producing large amounts of chemokines and cytokines upon
stimulation with inflammatory mediators [263]. The cytokine milieu during the inflammatory
phase of healing promotes a matrix-degrading fibroblast phenotype. Stimulation of cardiac
fibroblasts with IL-1β and TNF-α, mediators induced and released in the early stages of infarct
healing, results in decreased collagen expression and enhanced MMP activity [150]. In
contrast, during the proliferative phase of healing, signals that promote extracellular matrix
synthesis are activated. FGF-2 is released in the infarcted myocardium and may induce
fibroblast proliferation [264]. TGF-β markedly increases extracellular matrix protein synthesis
and enhances Tissue Inhibitor of Metalloproteinases (TIMP) expression promoting matrix
preservation. Angiotensin II may play an important role in fibroblast proliferation and matrix
synthesis, mediating effects transduced by AT1 receptors [265]. The effects of angiotensin II
may be mediated, at least in part, through induction of fibrogenic growth factors, such as TGF-
β.

During the maturation phase, infarct myofibroblasts undergo apoptosis and the highly cellular
granulation tissue is replaced by a collagen-based scar. The mechanisms responsible for
apoptotic death and clearance of the fibroblasts have not been investigated.

Vascular cells and pericytes
Angiogenesis is an integral part of wound healing. Neovessels are important components of
granulation tissue and are required to provide oxygen and nutrients to the highly dynamic and
metabolically active cells of the healing wound. Angiogenic growth factors, such as bFGF and
VEGF, are induced and released during the first few hours following myocardial ischemia
[266], [267] resulting in neovessel growth [96]. During the proliferative phase of healing, a
rich network of capillaries is formed along with enlarged pericyte-poor “mother
vessels” [268]. As the vasculature matures, some infarct neovessels are coated with pericytes,
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whereas uncoated vessels regress [269]. Although the time course of neovessel formation is
well-described, the mechanisms responsible for infarct angiogenesis remain poorly
understood. Hypoxia-Inducible Factor (HIF)-1α is exquisitely sensitive to hypoxic conditions
making it one of the earliest effectors of the response to ischemia. HIF-1α activation results in
VEGF induction and release, playing an important role in mediating endothelial sprouting in
the healing infarct [270]. VEGF induces endothelial cell migration and proliferation resulting
in the formation of hyperpermeable neovessels. VEGF acts in concert with the angiopoietins.
Angiopoietin (Ang)-1 and Ang-2 are ligands for the Tie2 receptor tyrosine kinase, which is
present on endothelial cells and endothelial progenitor cells. Ang-1 is widely expressed in the
quiescent vasculature. Ang1-Tie2 signaling serves to inhibit endothelial cell activation and
thus may impede the efficient initiation of the angiogenic response in the face of hypoxia or
tissue injury. Ang-2 is an endogenous antagonist of Tie2 and inhibits Ang1–Tie2 signaling,
facilitating endothelial activation in response to inducers of angiogenesis, such as VEGF
[271], [272]. In healing infarcts Ang-2 is markedly induced in the early stages of healing,
whereas Ang-1 expression is decreased [273]. Thus, Ang-2 may act in concert with VEGF as
a permissive factor in the earliest stages of infarct angiogenesis by releasing endothelial cells
from the inhibitory actions of Ang-1. Several other mediators, such as FGFs, TGF-β and the
chemokines MCP-1, IL-8 and IP-10, are capable of modulating angiogenesis, and may
participate in the complex process of neovessel formation following myocardial infarction.
The composition of the extracellular matrix is also critical for neovascular growth and should
be viewed as a dynamic player in the process.

During the maturation phase of infarct healing, granulation tissue is replaced by a collagen-
rich scar, which exhibits a relatively low capillary density, but contains a large number of
vessels coated with mural cells (Figure 5). Mature coated vessels show decreased angiogenic
potential and are protected from regression, whereas uncoated endothelial cells undergo
apoptosis. Acquisition of a muscular coat is a dynamic process that appears to involve PDGF-
BB-PDGF-Rβ interactions [274]. Our recent experiments [275] identified perivascular cells
expressing phosphorylated-PDGF-Rβ in healing mouse infarcts indicating activation of the
PDGF-BB/PDGF-Rβ pathway. PDGF-Rβ blockade resulted in impaired maturation of the
infarct vasculature, enhanced capillary density, and formation of a significant number of dilated
uncoated vessels. Defective vascular maturation in antibody-treated mice was associated with
increased and prolonged extravasation of red blood cells and monocyte/macrophages,
suggesting increased permeability. These defects were associated with decreased collagen
content in the healing infarct. In contrast, PDGFR-α inhibition did not affect vascular
maturation, but significantly decreased collagen deposition in the infarct. These findings
suggested that PDGF signaling plays a crucial role in regulating post-infarction repair. Both
PDGFR-β and PDGFR-α-mediated pathways promote extracellular matrix deposition in the
infarct. However, activation of the PDGF-B/PDGFR-β pathway is also involved in recruitment
of mural cells by neovessels, regulating maturation of the infarct vasculature. Acquisition of
a mural coat and maturation of the vasculature is an important step for suppression of
granulation tissue formation following myocardial infarction, and promotes resolution of
inflammation and stabilization of the scar [275].

7. RESOLUTION OF THE POST-INFARCTION INFLAMMATORY RESPONSE
Induction of pro-inflammatory mediators and leukocyte infiltration play a crucial role in
phagocytotic removal of dead cells and matrix debris from the infarcted myocardium.
However, this acute localized inflammatory response is transient, and is followed by resolution
of the inflammatory infiltrate and fibrous tissue deposition [11]. A crucial commitment is made
during the late stages of the inflammatory phase to convert the response from phagocytosis
and clearance of dead cells and debris, to a mode that promotes tissue repair and scar formation
[276]. Inhibition of chemokine and cytokine synthesis after a dramatic early peak is crucial for
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the repair process, preventing prolonged expression of inflammatory mediators in the healing
infarct, and suppressing continuous leukocyte recruitment and injury. Thus, optimal healing
requires mechanisms inhibiting chemokine and cytokine synthesis resulting in resolution of
the inflammatory infiltrate and transition to fibrous tissue deposition. These mechanisms
involve: a) clearance of the neutrophilic infiltrate and removal of matrix debris, b) inhibition
of cytokine and chemokine synthesis, c) removal of the fibrin-based provisional matrix, and
d) activation of fibroblasts and collagen deposition. Although very few studies have dealt with
the process of resolution of inflammation in the healing infarct, understanding these concepts
is crucial for planning strategies targeting the reparative response.

Clearance of apoptotic neutrophils and removal of matrix debris
Clearance of the granulocytic infiltrate by professional phagocytes is a prerequisite for
resolution of the inflammatory process. Apoptosis is the predominant mechanism that
determines the functional longevity of neutrophils in inflamed and infarcted tissues [277].
Ingestion of apoptotic cells by macrophages results in powerful anti-inflammatory and
immunosuppressive effects [278]. TGF-β released by macrophages that are ingesting apoptotic
cells exerts potent anti-inflammatory effects in the inflamed peritoneum and the endotoxin-
stimulated lung [279]. In contrast, cellular necrosis is a pro-inflammatory stimulus in most
tissues, perhaps because dying cells disintegrate releasing contents before the debris is ingested
by phagocytes [280]. Recognition and phagocytosis of apoptotic cells by macrophages is a
complex process that involves several distinct molecular pathways [278]. The importance of
apoptotic cell removal in myocardial infarction has not been investigated. However, timely
clearance of the leukocytic infiltrate may play an essential role in suppression of the post-
infarction inflammatory response.

Removal of matrix debris may also be essential for resolution of the post-infarction
inflammatory response. Increased turnover of extracellular matrix is a hallmark of tissue injury
and results in generation of degradation products. Hyaluronan, a ubiquitously present
constituent of the extracellular matrix [281], exists as a high molecular weight polymer under
physiologic conditions, but undergoes degradation resulting in accumulation of lower
molecular weight species after tissue injury. Hyaluronan fragments induce the expression of a
variety of inflammatory genes by endothelial cells and macrophages [282], including
chemokines and cytokines, and may play an important role in regulating inflammatory
processes. Furthermore, clearance of hyaluronan fragments from the injured tissue is crucial
for resolution of chronic inflammation [283]. Hyaluronan modulates the inflammatory
response through interactions with the transmembrane adhesion molecule CD44 [284], a
ubiquitously distributed glycoprotein that mediates a wide variety of cell-cell and cell-matrix
interactions. A growing body of evidence suggests that CD44 serves as a key factor in
resolution of inflammation through removal of matrix breakdown products and clearance of
apoptotic neutrophils [283]. CD44 also exerts fibrogenic actions mediating fibroblast migration
and invasion in the wound provisional matrix [285]. Recent experiments from our laboratory
tested the hypothesis that CD44 may play an essential role in infarct healing by regulating the
inflammatory and fibrotic response [286]. We found that CD44 null mice exhibit enhanced
and prolonged inflammation in the infarcted heart followed by reduced myofibroblast
infiltration. In CD44 null infarcts the enhanced inflammatory phase was followed by decreased
fibroblast infiltration, reduced collagen deposition and diminished proliferative activity.
Isolated CD44 null cardiac fibroblasts had reduced proliferation upon stimulation with serum
and decreased collagen synthesis in response to TGF-β in comparison to wildtype fibroblasts.
The healing defects in CD44 −/− mice were associated with enhanced dilative remodeling of
the infarcted ventricle, without affecting the size of the infarct. Thus, the role of CD44 in the
injured myocardium extends beyond its significance in resolution of inflammation and involves
regulation of fibrogenic responses.
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The potential role of IL-10 in resolution of inflammation
IL-10, a cytokine predominantly expressed by activated Th2 lymphocytes and stimulated
monocytes, possesses potent anti-inflammatory properties [287,288]. Among the different cell
types affected by IL-10, monocyte-macrophages appear to be particularly modified in regard
to their function, morphology and phenotype. IL-10 inhibits the production of IL1α, IL1β,
TNF-α, IL-6 and IL-8 by lipopolysaccharide-activated monocytes, suppressing the
inflammatory response. Furthermore, IL-10 may play a significant role in extracellular matrix
remodeling by promoting TIMP-1 synthesis, leading to stabilization of the matrix [289].

We have previously demonstrated IL-10 mRNA and protein upregulation in reperfused canine
infarction. IL-10 expression was first detected at 5 hours and peaked following 96–120 hours
of reperfusion. In contrast, IL-12, a Th1 related cytokine associated with macrophage
activation, was not detected in the infarct. IL-10 induction was associated with decreased
synthesis of the proinflammatory cytokine IL-6. In vitro experiments demonstrated that late
postischemic cardiac lymph induced TIMP-1 mRNA expression by isolated canine
mononuclear cells. This effect was inhibited when the incubation contained a neutralizing anti-
IL-10 antibody [290]. The findings suggested that IL-10 may regulate extracellular matrix
metabolism following myocardial infarction.

The role of IL-10 in resolution of post-infarction inflammation remains controversial. Yang
and co-workers suggested that IL-10 −/− mice had markedly increased mortality and exhibited
an enhanced inflammatory response following reperfused myocardial infarction showing
accentuated neutrophil recruitment, elevated plasma levels of TNF-α and higher tissue
expression of ICAM-1 [291]. The study did not examine the effects of IL-10 deficiency on
resolution of the inflammatory response and on remodeling of the infarcted heart. In contrast,
our recent investigation exploring the role of IL-10 in cardiac repair following reperfused
infarction showed only subtle differences between IL-10 null and wildtype animals [292].
Infarcted IL-10 −/− mice exhibited comparable mortality rates with their wildtype littermates.
Although IL-10 −/− mice had higher peak TNF-α and MCP-1 mRNA levels in the infracted
heart than wildtype animals, both groups demonstrated timely repression of pro-inflammatory
cytokine and chemokine mRNA synthesis after 24h of reperfusion and exhibited a similar time
course of resolution of the neutrophil infiltrate. IL-10 gene disruption did not alter fibrous tissue
deposition and dilative remodeling of the infarcted heart [292]. These findings suggested that
IL-10 signaling plays a non-critical role in suppression of inflammatory mediators, resolution
of the inflammatory response and fibrous tissue deposition following myocardial infarction.
This may be due to the relative selectivity of IL-10-mediated anti-inflammatory actions, with
respect to cell type and stimulus. Resolution of post-infarction inflammation is likely to involve
multiple overlapping regulatory mechanisms controlling various proinflammatory pathways
activated in the infarcted myocardium.

8. TGF-β: A KEY REGULATOR IN CARDIAC REPAIR
The biology of TGF-β

The TGF-βs are pleiotropic, multifunctional cytokines with a wide range of biological effects
regulating cell proliferation, differentiation, and apoptosis and modulating the immune
response. The complexity and diversity of TGF-β–mediated effects is demonstrated by its
multiple roles in immune system suppression, wound healing, and fibrosis. In mammalian
species TGF-β is found in three isoforms (TGF-β1, 2 and 3), encoded by three distinct genes.
[293]. These isoforms signal through the same cell surface receptors and have similar cellular
targets, although each isoform is expressed in a distinct pattern under control of a unique
promoter [294]. TGF-β1 is the prevalent isoform and is found almost ubiquitously, whereas
the other isoforms are expressed in a more limited spectrum of cells and tissues. Because of
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its anti-inflammatory and fibrogenic properties TGF-β may be an essential mediator for cardiac
repair by mediating the transition from inflammation to fibrosis.

TGF-β is produced by many cell types as a latent complex, unable to associate with its receptors.
The extracellular concentration of TGF-β activity is primarily regulated by conversion of latent
TGF-β to active TGF-β. Most tissues contain significant amounts of latent TGF-β; activation
of only a small fraction of this latent TGF-β generates maximal cellular response [295]. Mature
TGF-β is secreted as a homodimer of two 12.5 kD polypeptides joined by a disulfide bond.
This latent dimeric complex contains the C-terminal mature TGF-β and its N-terminal pro-
domain, LAP (TGF-β Latency Associated Peptide) [296]. Upon secretion it is covalently bound
to one of the four Latent TGF-β Binding Proteins (LTBPs). LTBP is covalently associated with
the extracellular matrix and serves to localize the complex in specific areas [297].

As part of the large latent complex (LLC), TGF-β cannot interact with its receptors, because
the LAP functions as an inhibitor due a non-covalent high affinity association with TGF-β.
After proteolytic cleavage of TGF-β from its propeptide, the LAP propeptide dimer remains
associated with the TGF-β dimer by noncovalent interactions forming the small latent TGF-
β; this LAP:TGF-β interaction is sufficient to inhibit TGF-β bioactivity. Activation of TGF-
β involves liberation of active TGF-β from the activation-competent LAP:TGF-β complex.

A variety of molecules have been described as TGF-β activators. Proteases including plasmin,
MMP-2 and MMP-9 are capable of activating TGF-β, coupling matrix degradation with
activation of a molecule that has a primary role in maintaining matrix integrity and stability
[295], [298], [299]. The matricellular protein Thrombospondin (TSP)-1 is a key TGF-β
activator which acts by disrupting the non-covalent interactions between LAP and the TGF-
β molecule [300]. Binding of TSP-1 to the sequence LSKL in the LAP alters the conformation
of TGF-β making it accessible to its receptor. The αvβ6 integrin appears to be important in
epithelial TGF-β activation through a direct interaction with the RGD sequence of the LAP
molecule [301]. ROS generation [302] and a mildly acidic environment [303] are also capable
of inducing TGF-β activation.

TGF-β induction and activation in cardiac injury
TGF-β is markedly upregulated in experimental models of myocardial infarction [304]. TGF-
β isoforms demonstrate distinct patterns of expression in the infarct: TGF-β1 and -β2 are
induced early, whereas TGF-β3 shows delayed and prolonged upregulation [305], [11]. TGF-
β expression in the infarcted heart is attenuated by angiotensin-converting enzyme inhibitors
and angiotensin receptor blockers [306], [307], [308], suggesting that angiotensin II signaling
plays an important role in stimulating TGF-β synthesis in the infarct [309]. TGF-β expression
is predominantly localized in the infarct border zone, associated with expression of Smad2, 3
and 4 [310] and phosphorylation of Smad1 and Smad2 [311]. Although evidence suggests that
bioactive TGF-β is released in the cardiac extracellular fluids 3–5h following reperfused
infarction [32], the mechanisms responsible for TGF-β activation in the infarcted heart are
poorly understood. Our recent experiments suggested that TSP-1 induction in the infarct border
zone may play an important role in activation of TGF-β signaling pathways in mouse and
canine infarcts [312].

The role of TGF-β in myocardial infarction
Through its pleiotropic effects, TGF-β is ideally suited as a key mediator in the transition from
inflammation to fibrosis [313] (Figure 6). TGF-β suppresses cytokine and chemokine
expression by stimulated mononuclear and endothelial cells. TGF-β also inhibits proliferation
of most cells, and modulates fibroblast behavior by stimulating the synthesis of various
extracellular matrix proteins including collagens, fibronectin, tenascin and proteoglycans
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[314], and by suppressing matrix degradation through decreased expression of proteinases,
such as plasminogen activators and collagenases, and increased synthesis of proteinase
inhibitors, such as Plasminogen Activator Inhibitor (PAI)-1 and TIMP-1 [315], [316]. In the
healing infarct TGF-β may play a dual role suppressing cytokine and chemokine synthesis by
endothelial cells and leukocytes, while promoting extracellular matrix deposition.
Unfortunately, the complex biology of TGF-β activation and its pleiotropic actions have
hampered our efforts to understand its role in infarct healing.

TGF-β injection during the inflammatory phase of healing significantly reduced ischemic
myocardial injury, presumably by attenuating the deleterious effects of pro-inflammatory
cytokines such as TNF-α [317]. Two recent studies showed that inhibition of TGF-β signaling
by injection of an adenovirus harboring soluble TGF-β type II receptor in the hindlimb muscles
resulted in attenuated left ventricular remodeling by modulating cardiac fibrosis [318], [319].
However, early TGF-β inhibition significantly increased mortality and exacerbated left
ventricular dilation enhancing cytokine synthesis, suggesting that during the phase of
resolution of the inflammatory response, TGF-β signaling plays an important role in
suppression of inflammatory mediator synthesis [318].

TGF-β signaling pathways in cardiac injury
Active TGF-β binds to the constitutively active type II receptor (TβRII) at the cell surface. The
complex subsequently interacts with, and transphosphorylates the cytoplasmic domain of the
type I receptor (TβRI). Phosphorylation of the TβRI propagates downstream intracellular
signals, through the Smad proteins, essential components of the TGF-β signaling pathway
[320]. There are eight vertebrate Smads: Smad1 to Smad8. The receptor-activated Smads (R-
Smads, Smad1, Smad2, Smad3, Smad5, Smad8) are released from the receptor complex to
form a heterotrimeric complex of two R-Smads and the common Smad, Smad4, and translocate
to the nucleus where they regulate gene transcription together with nuclear transcription
factors, co-activators, or co-repressors. In contrast, the structurally divergent Smad6 and
Smad7 inhibit TGF-β signaling (inhibitory Smads). Recently, it has become increasingly
apparent that TGF-β not only activates Smads, but also signals through Smad-independent
pathways [321] that may involve c-Abl [322], p21-activated kinase-2 (PAK2) [323], TGF-β
Activated Kinase (TAK)-1 [324], and p38 MAPK [325].

Because of the pleiotropic effects of TGF-β, dissection of the signaling pathways responsible
for its actions in the infarcted myocardium is essential for identification of therapeutic targets.
Extensive evidence suggests that Smad3 signaling plays an essential role in fibrotic processes
[326]. Furthermore, a growing body of evidence suggests that TGF-β-mediated suppression
of inflammatory mediator synthesis may be, at least in part, Smad3-dependent [327]
Accordingly, we examined the effects of Smad3 gene disruption on infarct healing and the
pathogenesis of cardiac remodeling. Smad3 null animals had suppressed peak chemokine
expression and decreased neutrophil recruitment in the infarcted myocardium but showed
timely repression of inflammatory gene synthesis and resolution of the inflammatory infiltrate.
Although myofibroblast density was higher in Smad3 null infarcts, interstitial deposition of
collagen and the matricellular protein tenascin-C, a marker of active interstitial remodeling
[328], in the peri-infarct zone and the non-infarcted myocardium was markedly reduced. TGF-
β-mediated induction of procollagen type III and tenascin-C in isolated cardiac fibroblasts was
dependent on Smad3, suggesting that decreased fibrotic remodeling in infarcted Smad3 null
hearts may be due to abrogation of the pro-fibrotic TGF-β responses. On the other hand the
increased myofibroblast density in Smad3 −/− infarcts may reflect a partial resistance of Smad3
null fibroblasts to the antiproliferative actions of TGF-β [329]. Thus, in the absence of Smad3
signaling the infarct was filled with a large number of dysfunctional fibroblasts. Attenuated
fibrosis on the non-infarcted heart in Smad3 −/− mice was associated with reduced dilative
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remodeling and improved diastolic function; however infarct size was comparable between
groups [311]. Our findings suggested that Smad3 loss does not alter the time course of
resolution of inflammation in healing infarcts, but prevents interstitial fibrosis in the non-
infarcted myocardium and attenuates cardiac remodeling. Thus, the Smad3 cascade may be a
promising therapeutic target for the treatment of myocardial infarction [330]. The role of the
Smad1/5 and Smad-independent pathways in cardiac repair is an area of active investigation.

9. THE INFARCT BORDER ZONE AS A BARRIER PREVENTING EXPANSION
OF THE INFLAMMATORY REACTION

Optimal cardiac repair requires containment of the inflammatory response into the infarcted
area. Extension of the inflammatory reaction into the non-infarcted area could result in
expansion of the leukocyte infiltrate leading to matrix degradation and worse adverse
remodeling. Thus, it is tempting to hypothesize that endogenous protective mechanisms may
be activated in the infarct border zone and the peri-infarct area, preventing expansion of the
inflammatory reaction into the viable myocardium. Recent evidence from our laboratory
suggested that, through its unique extracellular matrix composition, the infarct border zone
may serve as a “barrier” that protects the non-infarcted area from expansion of the inflammatory
reaction (Figure 7) [312]. Using a canine model of reperfused infarction we demonstrated a
strikingly selective localization of TSP-1, a matricellular protein with potent angiostatic
properties and a crucial role in TGF-β activation [331], in the extracellular matrix and
microvascular endothelium of the ischemic border zone. Murine infarcts also had marked
TSP-1 deposition in the border zone. Infarcted TSP-1 knockout mice exhibited sustained
upregulation of the chemokines MCP-1, MIP-1α and IP-10 and the cytokines IL-1β, IL-6 and
TGF-β, suggesting an enhanced and prolonged post-infarction inflammatory response. In
addition, TSP-1 knockouts had markedly increased macrophage and myofibroblast density in
infarcts and in remodeling non-infarcted myocardial areas neighboring the myocardial scar,
suggesting expansion of granulation tissue formation into the non-infarcted territory. TSP-1
deficient animals had more extensive post-infarction remodeling than wildtype mice, although
infarct size was similar in both groups [312]. Our findings suggested that the selective
endogenous expression of TSP-1 in the infarct border zone may protect the non-infarcted
myocardium from inflammatory cell infiltration and fibrotic remodeling. Several distinct
TSP-1-mediated actions may be responsible for its protective effects [332]. First, enhanced
TGF-β activation in the border zone may locally suppress inflammatory mediator synthesis.
When compared with wildtype animals, TSP-1 null mice exhibited a trend towards reduced
Smad2 phosphorylation in the infarcted heart, suggesting that impaired TGF-β activation may
explain, at least in part, the healing defects observed in the absence of TSP-1. Second, reduced
angiogenesis may prevent extension of the inflammatory reaction. Third, direct anti-
inflammatory actions of the TSP-1 molecule, mediated through CD47 [333], may suppress the
inflammatory response.

10. TARGETING THE IMMUNE RESPONSE TO OPTIMIZE CARDIAC REPAIR
A vast body of evidence suggests an essential role for the immune response in the reparative
process following myocardial infarction [334]. Although no specific immunomodulatory
approach is currently part of our therapeutic armamentarium for patients with myocardial
infarction, established therapeutic strategies, such as β-adrenergic blockade and ACE
inhibition, may exert their beneficial effects in part by interfering with the inflammatory
cascade. β-adrenergic blockade attenuated TNF-α and IL-1β expression in failing hearts
[335] and decreased IL-1 expression levels in the infarcted myocardium [336]. Several studies
have demonstrated that ACE inhibition and angiotensin receptor blockade result in decreased
TGF-β expression in healing infarcts [306], [308], [309], [307]. However, the contribution of
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TGF-β signaling inhibition in mediating the salutary effects of ACE inhibitors remains
unknown.

Over the past thirty years numerous experimental studies have shown dramatic reduction in
infarct size, or attenuation of adverse remodeling, with the use of specific strategies that
modulate the inflammatory response. Initially the main concept guiding these interventions
was the notion that inflammatory cells and mediators may induce injury of viable
cardiomyocytes. As the role of the inflammatory cascade in cardiac repair was recognized,
attempts to optimize the healing response were introduced, aimed at attenuating adverse
remodeling. Recently, the concept of cell-based cardiac repair has evolved and strategies
enhancing the regenerative capacity of the heart have been tested in both experimental animal
models and in clinical settings. In order to identify suitable therapeutic targets for patients with
myocardial infarction several important questions need to be answered:

Do anti-inflammatory approaches reduce cardiomyocyte injury?
Although extensive experimental evidence suggested that infiltrating leukocytes and
inflammatory mediators may induce injurious effects on viable cardiomyocytes in the infarcted
heart, attempts to mitigate inflammatory injury in clinical practice have been in general
unsuccessful. The catastrophic experience of the methylprednisolone trial [337] emphasized
the need for better understanding of the cellular and molecular events associated with the
inflammatory response in order to achieve effective suppression of injurious processes without
interfering with healing and cardiac repair. Recently, the disappointing results of the anti-CD18
trials led to criticism regarding the usefulness of strategies targeting the inflammatory cascade
in myocardial infarction [201]. It has been suggested that these failures may represent the
inherent risk of using animal models, which may have fundamental differences from the
respective human disease process. Although species-specific effects may be in some cases
significant, the most important lesson we have learned from studying experimental myocardial
infarction is that a sound understanding of the biology is necessary before a specific
intervention is pursued on a therapeutic basis. So, why did anti-inflammatory strategies fail in
reducing cardiac injury?

First, the significance of inflammatory cardiomyocyte injury may have been overstated.
Although many published experimental studies demonstrated an impressive reduction in
infarct size upon inhibition of specific inflammatory mediators, these findings may not
adequately represent our collective experience. In contrast to clinical trials, experimental
studies may not be published when the data do not reveal an effect of the intervention. This
bias against “negative” findings may have prevented publication of reports that showed no
significant effects of anti-inflammatory strategies.

Second, one has to consider that the inflammatory cascade is based on a complex network of
molecular mediators with pleiotropic effects, dictated by critical cellular, spatial and temporal
variables. Typical properties of cytokines in networks are redundancy, pleiotropic, synergistic
activity and antagonistic effects upon each other. Thus, cytokines and other inflammatory
mediators that may appear reasonable therapeutic targets considering their injurious role in the
early stages of the inflammatory response may also be essential regulators of cardiac repair.
Interventions attenuating early inflammatory injury may also result in impaired healing,
leading to accentuated adverse remodeling through alterations in the qualitative characteristics
of the scar. For many anti-inflammatory interventions, the possible benefit from reduction of
inflammatory cardiomyocyte injury may not outweigh the detrimental effects on the reparative
response.

Third, the complexity of the clinical scenario cannot be adequately simulated in experimental
studies. Variables such as age, gender, the presence of comorbid conditions such as diabetes,
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obesity and hyperlipidemia, the timing of reperfusion and genetic variations between
individuals greatly complicate prediction of the potential effects of a therapeutic intervention.
Our recent investigation on the effects of aging on infarct healing provides insight into the
challenges of predicting the effects of a therapeutic intervention on the basis of experimental
animal studies [338]. We demonstrated that enhanced post-infarction remodeling in senescent
mice is associated with suppressed inflammation, delayed granulation tissue formation and
markedly reduced collagen deposition, in part due to blunted responses of senescent fibroblasts
to growth factors. In contrast, young animals exhibit a robust post-infarction inflammatory
response and form dense collagenous scars. Animal studies are almost always performed in
young adult animals and, although they provide valuable insight into the mechanisms involved
in cardiac injury and repair, they may not accurately reflect the pathology of myocardial
infarction in middle aged or elderly human populations. Thus, the injurious potential of
inflammatory mediators in patients with myocardial infarction may have been overstated due
to extrapolation from young animals to human patients. In addition, senescent ischemic hearts
show impairment of important cardioprotective pathways involving TNF-α [339] and PDGF-
AB [340] and have a decreased anti-apoptotic response to administration of Granulocyte-
Colony Stimulating Factor (G-CSF) and SCF [341] in comparison with young animals.

Does modulation of the inflammatory response attenuate adverse remodeling?
Even if interventions targeting the inflammatory response do not reduce cardiomyocyte death,
modulation of the reparative process in order to optimize the mechanical and functional
properties of the infarcted heart remains an interesting direction. Experimental evidence
suggests that inhibition of chemokine signaling, modulation of extracellular matrix
remodeling, and enhancement of the endogenous protective mechanisms that contribute to
resolution and containment of the inflammatory response may be promising therapeutic
strategies [334]. Timing and topography are key determinants of the success of a specific
approach. Effective healing is dependent on a well-orchestrated cellular response and on timely
induction and suppression of specific mediators in a locally restricted manner. Thus,
interventions targeting inflammatory mediators should take into account both topographic and
temporal parameters. An approach that may have favorable effects if locally applied in the
center of the infarct may result in deleterious changes in the border zone or the non-infarcted
remodeling myocardium. For example, a strategy that decreases the collagen content in the
infarcted heart may attenuate interstitial fibrosis in the non-infarcted areas, but may also result
in enhanced remodeling by suppressing collagen deposition in the center of the infarct, leading
to decreased tensile strength and subsequent left ventricular dilation.

Is cardiac regeneration a realistic therapeutic target?
Cardiac myocytes are thought to be terminally differentiated cells unable to regenerate and
replace damaged myocardium. This concept was challenged by recent evidence suggesting
that a fraction of cardiomyocytes may be able to re-enter the cell cycle, and that limited cardiac
regeneration may occur through recruitment of resident and circulating stem cells [342,343].
Although the issue of cardiomyocyte regeneration remains highly controversial [344], [345],
[346] these concepts led to basic and clinical studies exploring the effects of cell-therapy
strategies in cardiac repair following infarction [345], [346]. Cell-based therapy began with
the transplantation of autologous skeletal myoblasts; these cells did not appear to
transdifferentiate into cardiomyocytes after cardiac grafting [347] and remained functionally
isolated from their host [348]. Several groups have independently studied the potential of bone
marrow-derived cells to promote cardiac regeneration. Orlic and co-workers suggested that
hematopoietic stem cells can transdifferentiate into cardiomyocytes when injected into the
infarcted myocardium resulting in extensive cardiac regeneration and improved function
[221]. Unfortunately several other groups could not reproduce these findings and concluded
that there was no significant cardiac differentiation of bone marrow-derived cells [349,350],
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although endogenously derived circulating cells were noted to fuse with host myocytes in the
infarct border zone. Thus, the ability of injected bone marrow-derived cells to give rise to
cardiac myocytes after myocardial infarction remains controversial [345], [346]. Mesenchymal
stem cells have recently attracted significant interest as a promising cell-based therapeutic
strategy for patients with myocardial infarction [351]. Enthusiasm from the early experimental
findings fueled numerous small clinical studies examining the effects of cell therapy in patients
with acute myocardial infarction [342,352,353]. Although some of these studies have reported
beneficial effects of progenitor cell transfer in the infarcted heart [354], [355], the mechanisms
responsible for these actions remain poorly understood [356]. Carefully conducted clinical
trials will clarify the role of cell therapy in the treatment of patients with myocardial infarction.

The discovery of the beneficial effects of marrow-derived progenitors in cardiac repair led to
attempts to mobilize these cells using cytokines and growth factors. Inflammatory mediators
play an important role in mobilizing progenitor cells and may regulate their homing into the
infarcted myocardium [357]. Several studies demonstrated that treatment with SCF and G-CSF
results in improved function and attenuated left ventricular remodeling following myocardial
infarction [220,342]. Whether these beneficial effects are mediated through enhanced
recruitment of progenitor cells remains unclear. Growth factors are pleiotropic and
multifunctional and induce a diverse range of effects on a variety of cell types involved in
infarct healing. In addition to its actions on progenitor cell recruitment, G-CSF may prevent
post-infarction remodeling by exerting direct anti-apoptotic effects on cardiomyocytes [358].
Thus, the potential beneficial actions of growth factor therapy in the infarcted myocardium
may not be mediated through stem cell mobilization.

The field of cell-based therapy in myocardial infarction is rapidly evolving. Although the initial
ambitious goal to rebuild the heart from its component parts remains elusive, extensive
experimental evidence suggests beneficial effects from therapeutic strategies injecting a wide
variety of cell types. The benefit is usually not associated with cardiomyocyte regeneration,
but may be mediated through paracrine effects of the injected cells, inducing enhanced repair
and attenuating dilative remodeling of the infracted ventricle. Many challenging questions
remain to be answered. What is the mechanism responsible for functional improvement in the
absence of cardiomyocyte transdifferentiation? Are the benefits from cell therapy simply due
to alterations in the mechanical properties of the infarcted heart? Considering the significant
species differences in the biology of progenitor cells and tissue regeneration, are the
conclusions derived from studies in rodents applicable to human patients? How can we ensure
optimal vascularization of the grafted cells? Do the injected cells serve as a vehicle for
continuous delivery of specific soluble mediators that exert protective effects? Which
combination of cytokines and growth factors would provide optimal enhancement of the
reparative response? These and other critical issues need to be addressed in order to fulfill the
visionary goal of cardiac regeneration.
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Figure 1. Infarct healing is closely intertwined with ventricular remodeling
The healing response can be divided in three overlapping phases. During the inflammatory
phase, chemokines and cytokines are induced in the infarct and marked leukocyte infiltration
is noted. Neutrophils and macrophages clear the wound from dead cells and matrix debris.
During the proliferative phase of healing, activated macrophages release cytokines and growth
factors leading to formation of highly-vascularized granulation tissue. At this stage expression
of pro-inflammatory mediators is suppressed, while fibroblasts and endothelial cells
proliferate. Activated myofibroblasts produce extracellular matrix proteins and an extensive
microvascular network is formed. Maturation of the scar follows: fibroblasts and vascular cells
undergo apoptosis and a collagen-based scar is formed. As the infarct heals, dilative remodeling
of the infarcted ventricle is noted (top panel). The time course of the cellular events presented
in this figure is based on a reperfused model of infarction in the mouse. Large animals and
humans exhibit delayed healing in comparison with rodents.
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Figure 2. The role of the chemokines in cardiac injury
Both CC and CXC chemokines are induced in the infarcted myocardium. CXC chemokines
that contain the ELR motif (such as IL-8) induce neutrophil infiltration and may exert
angiogenic effects. In contrast, ELR-negative CXC chemokines (such as IP-10) have
angiostatic and antifibrotic properties. Early IP-10 upregulation in the infarcted heart may
inhibit granulation tissue formation until the wound is debrided from dead cells and a
provisional matrix necessary to support fibroblast and endothelial cell migration is formed. In
addition, IP-10 may play a role in recruitment of effector T cells. On the other hand, the CXC
chemokine SDF-1 may induce infiltration of CXCR4+ progenitor cells enhancing tissue
regeneration and angiogenesis. The best studied CC chemokine is MCP-1, a potent
mononuclear cell chemoattractant with angiogenic and pro-fibrotic properties. MCP-1
deficiency is associated with attenuated adverse remodeling at the expense of delayed clearance
of the infarct from dead cardiomyocytes. MCP-3, MIP-1α and MIP-1β are also induced in the
infarct; however, their role in cardiac injury and repair remains unknown (Symbols: PC,
immature progenitor cells; N, neutrophils; Mo, monocytes; L, lymphocytes; EC, endothelial
cells; F, fibroblasts).
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Figure 3. The cell biology of healing myocardial infarction
Infarct healing is dependent on the sequential infiltration of the injured myocardium with
neutrophils, mononuclear cells, mast cells, fibroblasts and vascular cells (see text for more
details). This is a dynamic and superbly orchestrated process: recruitment or proliferation of
each cell type is followed by activation. Various cell populations have distinct but overlapping
functions. Orchestration of the sequence of cellular events in the healing infarct is dependent
on timely apoptosis of specific cell types. The time course presented here is based on reperfused
mouse myocardial infarction; large mammals and humans exhibited a delayed inflammatory
and reparative response (Symbols: RF, resident fibroblasts; PC, progenitor cells; MF,
myofibroblasts).
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Figure 4. Infiltration of the infarcted myocardium with leukocytes is dependent on a sequence of
adhesive interactions
During the inflammatory phase of infarct healing, chemoattractants for neutrophils, monocytes
and lymphocytes are upregulated in the injured myocardium. Local release of inflammatory
mediators results in endothelial cell activation and surface expression of adhesion molecules.
The selectin family of adhesion molecules mediates the initial capture of leukocytes from the
rapidly flowing bloodstream to the blood vessel. Selectins promote leukocyte attachment and
rolling (1) at shear stresses characteristic of post-capillary venules. Although rolling is a
prerequisite for eventual firm adherence to blood vessels under conditions of flow, selectin-
dependent adhesion of leukocytes does not lead to firm adhesion (2) and transmigration (3)
unless another set of adhesion molecules, the integrins, is engaged. The mechanisms
responsible for leukocyte transmigration into the tissues are poorly understood. In vitro studies
have demonstrated that infiltrating neutrophils are capable of inducing cytotoxic injury to
cardiomyocytes (4); this process is dependent on adhesive interactions between activated
neutrophils and cytokine-stimulated cardiomyocytes. Whether neutrophil-mediated injury
significantly contributes to cardiomyocyte death following infarction remains controversial
(Symbols: Ly, lymphocyte; Mo, monocyte; Ma, macrophage; N, neutrophil; EC, endothelial
cell; CM, cardiomyocyte).
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Figure 5. Vascular maturation through acquisition of a pericyte coat regulates infarct angiogenesis
Panels A and B show dual immunohistochemical staining of reperfused canine infarcts for the
endothelial cell marker CD31 (black) and α-smooth muscle actin (red). During the proliferative
phase of healing (A) the infarct contains a large number of capillaries and several dilated
pericyte-poor vessels (arrow - “mother vessels”). As the scar matures (B), some vessels acquire
a mural cell coat (B- arrowheads), while uncoated vessels regress. PDGF-BB/PDGFR-β
interactions are critically involved in vascular maturation following myocardial infarction.
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Figure 6. The complex role of TGF-β signaling in myocardial infarction
Evidence suggests that TGF-β plays a dual role in cardiac injury, contributing to resolution of
inflammation through deactivation of macrophages, while exerting fibrogenic actions. Thus
TGF-β may be the “master switch” responsible for transition from inflammation to fibrosis.
TGF-β is a highly pleiotropic mediator capable of modulating the phenotype of all cells
involved in cardiac repair. Evidence suggests that TGF-β induces cardiomyocyte hypertrophy,
has complex, context-dependent angiogenic and angiostatic effects and stimulates leukocyte
chemotaxis, while suppressing endothelial cell adhesion molecule synthesis. Because of the
complex and multifunctional role of TGF-β, dissection of the signaling pathways responsible
for specific actions is critical in order to identify therapeutic targets. It appears that the
fibrogenic effects of TGF-β in the healing infarct are, at least in part, dependent on Smad3
signaling. The role of the Smad1/5 and Smad-independent pathways remains unknown.

Frangogiannis Page 52

Pharmacol Res. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Through its unique composition, the infarct border zone may protect the non-infarcted
myocardium from expansion of inflammatory injury
Immunohistochemical staining of canine myocardial infarction demonstrates a strikingly
selective deposition of the matricellular protein Thrombospondin (TSP)-1 (arrows) in the
infarct border zone (BZ). TSP-1 is a key TGF-β activator, has direct anti-inflammatory effects
mediated through CD47 and exerts potent angiostatic effects. Thus, TSP-1 induction in the
border zone may serve as a “barrier” preventing expansion of the inflammatory reaction into
the non-infarcted myocardium (C). (Symbol: I, infarct)
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