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Abstract Inflammation has emerged as a critical biological
process contributing to nearly all aspects of cardiovascular
diseases including heart failure. Heart failure represents the
final consequence of a diverse set of initial insults to the
myocardium, among which myocardial infarction (MI) is
the most common cause. After MI, the lack of perfusion
often leads to the death of cardiomyocytes. The necrotic
cells trigger a cascade of inflammatory pathways that work
to clear the dead cells and matrix debris, as well as to repair
and heal damaged tissues. For the heart, an organ with
limited regeneration capacity, the consequence of MI
(termed post-MI remodeling) comprises a series of struc-
tural and functional changes, including scar formation at the
infarct zone, reactive hypertrophy of the remaining cardi-
omyocytes at the noninfarct area, ventricular chamber
dilatation, and molecular changes marked by fetal gene
up-regulation, all of which have been linked to the
activation of the inflammatory pathways. Inadequate or
excessive inflammatory response may lead to improper
cellular repair, tissue damage, and dysfunction. Herein, we
summarize the current understanding of the role of
inflammation in cardiac injury and repair and put forth the
hypothesis that temporally regulated activation and sup-
pression of inflammation may be critical for achieving
effective cardiac repair and regeneration.
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Cardiovascular disease remains the number one cause of
death in the United States, with myocardial infarction (MI)
and other cardiovascular insults often leading to the subse-
quent development of heart failure [1]. The post-MI
remodeling as well as morbidity and mortality are highly
dependent on the number of cardiomyocytes lost during
ischemic injury or the infarct size. Until recently, the heart
was thought to be a terminally differentiated organ without
regenerative capacity. Emerging data, however, now provide
convincing evidence that the heart does, in fact, possess a
regenerative capacity from both endogenous and exogenous
sources [2—8]. Although such capacity is limited, the notion
of regenerating lost heart tissue has fueled tremendous hope
of one day being able to achieve complete cardiac repair
and regeneration.

Since the first description of cardiomyogenic differenti-
ation of stem cell populations approximately a decade ago,
scientists worldwide have worked to understand this
process, with a goal of controlling this process and
ultimately attaining effective cardiac regeneration. Cell-
based therapy offers a unique and novel therapeutic strategy
for the treatment of a multitude of heart diseases. Although
initial animal and human studies have been rather encour-
aging, true physiologically relevant cardiac regeneration
remains an unachieved goal. The overarching roadmap to a
successful cell therapy requires improving the long-term
survival and engraftment and proper differentiation of
implanted stem cells. Most positive effects observed with
cell-based therapy reported thus far have been attributed to
paracrine effects rather than direct differentiation of
engrafted cells. It may be somewhat discouraging, at first,
that cell therapy to date has not yielded new stem cell-
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derived cardiac tissue; however, cell therapy has been
suggested to protect remaining cardiac cells from dying,
lessen inflammation, induce angiogenesis, promote endog-
enous repair with de novel myocyte formation, and
attenuate fibrosis, all of which are beneficial. It seems almost
as if cell-based therapy may actually activate the heart’s
endogenous healing mechanisms and provide the organ a
second chance to repair cellular damage. The important
lessons we learn from the so termed paracrine effects may
provide critical clues as how to achieve cardiac repair/
regeneration either with or even without cell implantation.
Inflammation has been implicated in tissue repair and/or
wound healing in many organs, although its significance
has gained less attention in cardiac tissue regeneration. The
current review highlights the role of inflammation and
potential impact of modulating inflammatory pathways in
cardiac repair and regeneration.

Post-MI Cardiac Tissue Repair and Remodeling

Under normal immune function, the inflammatory response
occurs immediately after tissue injury. The injury-triggered
inflammatory signaling cascade is a programmed process to
remove dead cells and matrix debris; repair damaged tissues
through the following one or, most often, both processes;
scar formation by fibrogenesis and scarless healing via
tissue regeneration; and ultimately, restore a given organ's
original structure and function [9, 10]. The repair and
healing process is likely far more challenging in a
continuously beating organ such as the heart relative to
other static tissues. This is not only attributed to the
exceedingly low proliferative capacity of existing cardio-
myocytes but also to the fact that the heart cannot cease
contraction during the repair process and, critically, the
space vacuum created by dead cells needs to be occupied
immediately, even if by scar tissue, to prevent ventricular
rupture. As such, after MI or ischemia-reperfusion (I/R)
injury, necrotic cells activate a series of inflammatory
pathways using chemokines and cytokines to recruit
leukocytes, including neutrophils and monocytes/macro-
phages among other cells, to clear the infarct zone of dead
cells and matrix debris. This inflammatory chain reaction
serves to repair and heal damage tissues; however, for
myocardium, the infarct healing results in profound
molecular and structural remodeling, with scar formation
to replace lost cardiomyocytes in the infarct zone and
reactive hypertrophy of the noninfarct area accompanied by
chamber dilation and up-regulation of fetal gene expression
[11]. The subsequent chronic elevation in tissue inflamma-
tion results in continued fibrosis and cardiomyocyte loss
and contributes to adverse cardiac remodeling and ulti-
mately the development of heart failure.

Initiation of Post-MI Inflammatory Response

It is recognized that the heart expresses all components of
the innate immune system, including effectors and pattern
recognition receptors. More than a decade ago, a danger
model proposed by Matzinger and colleagues suggested
that the presence of potentially infectious contents alone is
not sufficient to activate the immune system without an
appropriate alarm signal from stressed or damaged tissue/
cells [12]. Under the danger model, tissue or cells sense
danger from stressors or damaging agents, and to exert self-
protection, certain molecules are released by the necrotic or
dying cells. These released molecules serve as alarm signals
that then initiate an inflammatory response by interacting
with pattern recognition receptors such as Toll-like recep-
tors (TLRs) [13—15] and nucleotide-binding oligomeriza-
tion domain (NOD) receptors [16-21].

TLRs are a group of pattern recognition receptors well
known to recognize structurally conserved molecules
derived from microbial origin, referred to as pathogen-
associated molecular patterns. To date, 11 human and 13
mouse TLRs have been identified [13], among which
TLR2, 3, 4, and 6 are expressed in the heart. Importantly,
accumulating evidence suggest that TLRs also play critical
roles in initiating inflammation by recognizing constitute
damage-associated molecular patterns [14, 22-25]. For
example, necrotic or dying cells can release high-mobility
group box protein 1 (HMGBI1), a nuclear nonhistone
protein ubiquitously and highly expressed in most cell
types [26]. HMGBI1 can initiate inflammatory response in
surrounding cells through TLR4 signaling [22, 27-29].
Fragmented hyaluronan and heparin sulfate, two compo-
nents released from the extracellular matrix during tissue
injury, are also considered as danger signals [23, 30-34].
Both of these have been demonstrated to initiate innate
immune response through interaction with TLR4 [31-33].
TLR4 in response to the danger signals can activate nuclear
factor (NF)-kB, an essential transcription factor that
regulates the expression of numerous inflammatory genes
such as adhesion molecules, chemokines, and cytokines.
NF-kB is critical for triggering inflammation and is
involved in the cardioprotection and healing process post-
MI, though the effects of activation appear to be cell type
dependent.

The family of NOD-like receptors (NLR) similar to
TLRs, although not fully characterized, are thought to also
interact with danger signals to initiate an inflammatory
response. Approximately 20 mammalian NLR proteins
have been identified and include two major subfamilies,
NLRC and NLRP. The C of NLRC symbolizes a caspase
recruitment domain (CARD), which exists at the N-
terminus of the protein, whereas the P of NLRP stands for
a pyrin domain [18, 35]. Both CARD and pyrin domains
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are members of the death-domain-fold family and resemble
six antiparallel o-helices with a similar three-dimensional
fold [36, 37]. These domains mediate protein—protein
interactions and are important components in the formation
of the inflammasome complex. NLRP3 (also known as
cryopyrin), for example, upon interaction with danger
signals, induces assembly of the cellular inflammasome
complex followed by activation of caspase-1 (also called IL-
13-converting enzyme or ICE) [16, 18, 19, 38]. Activated
caspase-1 processes the maturation and secretion of
interleukin (IL)-1f and IL-18 [18-20]. If caspase-1 activity
is high enough, it can induce pyroptosis, a programmed cell
death characterized by release of intracellular contents,
which is similar to necrosis but distinct from apoptosis, and
may amplify the inflammatory response [18, 19].

Inflammatory Cytokines in Cell Death
and Regeneration

An array of cytokines has been implicated in the activation
of inflammatory response as well as in the healing and
repair processes. Here, we highlight several examples.

TNFa TNFo (tumor necrosis factor-o) is one of most
thoroughly studied cytokines in cardiac physiology and
pathology. Overexression of TNFo in mouse model or
infusion of recombinant TNF«x faithfully results in cardiac
dysfunction with many symptoms mimicking heart failure
in humans [39—41]. More importantly, circulating levels of
TNFo have been shown to be up-regulated in patients with
heart failure and correlate with mortality [42]. A protective
role for TNFx, however, has also been reported [43—45].
This seemingly dichotomous function for TNFx has been
explained by its distinct receptors, TNFR1 and TNFR2.
Recent data suggest that TNFx signaling through TNFR1
results in deleterious effects, whereas TNFR2 mediates
protective signaling [46, 47]. Depending on the cell type
and cellular microenvironment, however, activation of
TNFR1 alone can promote either cell survival or cell death
[48, 49]. In this regard, recent findings indicate that protein
kinases of the receptor interacting protein (RIP) family play
critical roles in the activated TNFR1 complex, directing
either survival or cell death [48-51]. RIP1, for example,
may either activate prosurvival signalings such as mitogen-
activated protein kinases and NF-kB or trigger cell
apoptotic or necrotic signaling. Such a switch role depends
on the ubiquitination state of RIP1, which can be regulated
by multiple factors including inhibitors of apoptosis
proteins that promote polyubiquitination [52, 53] and the
deubiquitinases cylindromatosis (CYLD) and A20 [54-57].
Taken together, these findings serve to highlight the
complexity of the cytokine signaling and may provide
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explanations for the lack of clear results in clinical studies
of cytokine-target therapies.

IL-1 IL-1 plays a central role in programming the inflam-
matory process [15, 58, 59]. Increased IL-1 in either an
autocrine or paracrine manner through IL-1RI/Myd88-
mediated activation of NF-kB is essential in establishing a
concentration gradient of adhesion molecules and chemo-
attractants around the injury site and guiding the movement
of neutrophils, monocytes/macrophages, and likely also
surrounding or circulating repair cells to damaged tissues
[60—62]. Transmigration or infiltration of neutrophils into
the injury site followed by the recruitment of monocytes
and/or macrophages is required to remove dead cells and
matrix debris [63, 64]. Excess accumulation and activation
of leukocytes, however, particularly neutrophils, may lead
to further tissue damage, potentially through the release of
large amounts of toxic or destructive materials such as
reactive oxygen species and proteases [65]. Toward this,
blocking IL-1 signaling by knockout of MyD88 in mouse
has been shown to prevent the development of cardiac
fibrosis and heart failure [66]. Interestingly, an IL-1R
antagonist (IL-1Ra) has been found to be expressed in the
injury site to potentially attenuate IL-1 effects after acute
MI [67]. These data suggest that an endogenous anti-
inflammatory mechanism may be coactivated to balance the
degree of tissue inflammatory response. Consistent with
this notion, recent studies show that administration of
recombinant IL-1Ra or overexpression of IL-1Ra is able to
reduce cardiomyocyte apoptosis in mouse or rat models
[68, 69].

IL-6 IL-6 plays an important role in regulating cell
survival, growth, and differentiation in various cell types
[70]. A recent study has suggested that mice with IL-6
deficiency have increased accumulation of interstitial
collagen and severe cardiac dilatation, associated with a
marked increase in the cardiac fibroblast population and a
concomitant decrease in other cardiac cell populations [71].
Furthermore, it has been suggested that both IL-6 and TNF-
« may exert a cardioprotective role mediated via late
preconditioning after /R [45, 72].

TWEAK Recently, Engel et al. reported that a novel
cytokine, TWEAK (TNF-related weak inducer of apopto-
sis), induces proliferation of neonatal rat cardiomyocyte,
and this effect is mediated via up-regulation of cyclin D2
and Ki67 and down-regulation of the cell cycle inhibitor,
p27KIP1 [73]. Interestingly, our laboratory has found that
TWEAK, although it did not induce proliferation of adult
rat cardiomyocytes, stimulated adult rat cardiomyocytes to
undergo dedifferentiation (Shi, Jiang, and Liao, unpub-
lished data). Chronic overexpression of TWEAK in vivo,
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however, leads to the development of dilated cardiomyop-
athy associated with cardiomyocyte elongation and cardiac
fibrosis [74].

HMGBI HMGBI, which is released from necrotic cells
and initiates tissue inflammatory response, is reported to
stimulate angiogenesis [75] and promote cardiac stem cell
growth and differentiation [76, 77]. Surprisingly, the effect
of HMGBI is associated with increased expression of
numerous inflammatory genes including VEGF, PIGF, Mip-
1, GM-CSF, IL-1f3, IL-1ra, IL-4, IL-9, IL-10, TNF«, and
IFNvy in cardiac fibroblasts [78].

These findings may suggest a pivotal role for cytokines
in not only regulating the inflammatory response but also
the critical balance among fibrogenesis, tissue regeneration,
and cell death (apoptosis and/or necrosis), which may be a
major determinants for the final outcome of tissue
remodeling.

Targeting the Inflammatory Pathways to Optimize
Cardiac Repair and Regeneration

It is well documented that growth factors (tyrosine kinase
receptor ligands), such as HGF, FGF2, IGF1, EGF, and
VEGF, regulate angiogenesis, progenitor cell survival,
proliferation, and differentiation [64]. These growth factors
may act in conjunction with other chemokines and
cytokines to regulate tissue regeneration. In contrast,
TGFf1, another cellular cytokine, plays a critical role in
regulating cardiac tissue fibrogenesis [79, 80]. TGFf31
binds to a serine/threonine kinase receptor and activates
downstream SMAD signaling pathways. Vasoactive agents
such as Ang II, endothelin-1, and adrenergic receptor
agonists have been reported to stimulate TGF[3 expression
and thereby contribute to fibrogenesis [81-83].

The mitogen-activated protein kinases (MAPK), such as
extracellular signal-regulated kinase (ERK), p38 MAPK,
and c-Jun NHj-terminal kinase (JNK), are involved in
relaying extracellular signals to intracellular responses.
Activation of ERK is generally associated with the
mitogenic response to growth factors and the differentiation
of specific cell lineages. Activation of p38 and JNK is
mainly associated with the response to cellular stresses.
Activation of ERK signaling positively regulates cell
proliferation, whereas activation of p38 MAPK may have
a negative role in cardiomyocyte proliferation [84, 85]. The
regulation of these MAPK signaling pathways by vasoac-
tive agents may have significant impact on tissue inflam-
matory and repair process. For example, angiotensin II
(Ang II) is a well known mediator of hypertension, cardiac
hypertrophy, and fibrosis [86—88]. Angiotensin-converting

enzyme inhibitors or Ang II type-1 (AT;) receptor antag-
onists alleviate cardiovascular pathologies in patients and in
animal models [88, 89]. Ang II can differentially regulate
the expression of multiple NF-kB-responsive genes such as
VCAM-1, MCP-1, iNOS, COX-2, TGF-f1, TNF-«, and
IL-6 [90-94], thereby modulating the inflammatory pro-
cess, potentially via modulation of cytokine-activated
MAPK and NF-«B signaling pathways [91, 95]. Therefore,
it is plausible that Ang II, through its ability of modulating
inflammatory response, may be targeted for tissue repair
and regeneration.

Taken together, we submit the hypothesis that activa-
tion of NF-kB must be temporally well controlled so that
subsequent gene expression can complete the healing
process and resolve the inflammation process promptly.
Because ERK activity is required for cytokines such as
IL-13 to induce a persistent, but not transient, activation
of NF-kB [91, 95-97], it is entirely possible that factors
that inhibit ERK signaling may interfere with the
expression of later-phase NF-kB responsive genes. In
such a way, the Ang Il and/or other-factors-mediated
changes in inflammatory gene expression pattern may
influence the repair process. Therefore, it is critically
important to investigate whether target TGF@31 and G-
protein-coupled receptor agonists or their respective
signaling pathways, such as SMAD and MAPKs, may
modulate the balance of fibrogenesis and regeneration in
injured cardiac tissues.

Closing Remarks

Effective cardiac repair and regeneration are dependent
on a seemingly well-orchestrated cellular response,
including the initial inflammatory cascade, and the
timely activation of specific downstream signaling
mediators through every step of the healing processes.
Interventions aimed at any specific inflammatory medi-
ator should bring into consideration each individual's
innate immune condition, as well as all temporal, cell-
type-specific, and geographic parameters. Given that heart
failure is a functional consequence of a large variety of
diseases and insults, inflammatory responses may differ in
a failing heart resulting from genetic cause, ischemic
injury, viral infection, or toxin exposure. Understanding
the inflammatory and innate immune regulation in a more
systematic manner, conditioned on an individual basis, is
the key to achieving more effective cardiac regeneration in
the days to come.
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