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Innate immunity and cardiomyocytes in ischemic heart disease

Li Lina and Anne A. Knowltonb,*

aDepartment of Physiology, Second Military Medical University, Shanghai 200433, China
bMolecular and Cellular Cardiology, Departments of Medicine and Pharmacology, University of
California, Davis, One Shields Avenue, Davis, CA 95616, USA and the Northern California VA,
Sacramento, CA, USA

Abstract
Myocardial ischemia/reperfusion (I/R) is the most common cause of myocardial inflammation,
which is primarily a manifestation of the innate immune responses. Innate immunity is activated
when pattern recognition receptors (PRRs) responds to molecular patterns common to microbes
and to danger signals expressed by injured or infected cells, so called pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). The expression
of various PRRs in cardiomyocytes and the release of DAMPs from cardiomyocytes subjected to
I/R injury, through active mechanisms as well as passive processes, enable cardiomyocytes to
generate innate immune responses. Studies in isolated heart and cardiomyocytes have confirmed
the inflammatory and functional effects of cardiac PRRs especially toll-like receptors in response
to I/R-derived DAMPs, such as heat shock proteins. This review addresses the active role of
cardiomyocytes in mediating innate inflammatory responses to myocardial I/R. We propose that
cardiomyocytes act as innate immune cells in myocardial I/R injury.
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1. Introduction
Ischemic heart disease is the leading cause of heart failure. Growing evidence supports that
innate immunity plays a critical role in myocardial ischemia and the development of heart
failure. A mild to moderate innate immune response may limit the extent of cardiac injury
and facilitate tissue repair, whereas an excessive response is likely to be deleterious (Mann,
2011). The persistent activation of innate immune responses, as characterized by progressive
increases in serum inflammatory cytokines such as tumor necrosis factor (TNF) and
interleukin (IL)-6, is associated with the development of heart failure.

The innate immunity, which manifests as inflammation, is typically generated by innate
immune cells, including neutrophils, monocytes, macrophages and dendritric cells. It is
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activated when pattern recognition receptors (PRRs) in immune cells respond to conserved
motifs of invading pathogens and nonself elements, namely pathogen-associated molecular
patterns (PAMPs). PPRs may also respond to endogenous molecular patterns released
during cellular injury or death, namely damage-associated molecular patterns (DAMPs), and
subsequently induce sterile inflammation (Rock et al., 2010).

Recently, several lines of data have suggested that cardiomyocytes can be a significant
source of innate immune responses. First, the release of multiple DAMPs from stressed
cardiomyocytes through active pathways has been found. Second, the expression of a variety
of PRRs has been identified in both basal and stressed cardiomyocytes. Third, activation of
cardiomyocyte PRRs by either PAMPs or DAMPs leads to inflammatory signaling and
cytokine expression, similar to the case for immune cells. The current review focuses on the
active role of the heart in inducing and coordinating innate responses to myocardial
ischemia/reperfusion (I/R). (Figure 1)

2. Overview of innate immunity and the heart
The immune system was originally described to function by making a distinction between
self and nonself. In the relatively recent ‘danger model’ of immunity, the system is believed
to react to ‘danger signals’, either self or nonself (Matzinger, 2002). The exogenous ‘danger
signals’, so called PAMPs, are highly conserved motifs in microbial pathogens, such as
lipopolysaccharide (LPS), peptidoglycan, lipoteichoic acid and flagellin of bacteria, mannan
of yeast, chitin and ergosterol of fungi, and single- and double-stranded RNA of viruses. The
endogenous 'danger signals', so called DAMPs, may come from distressed or injured cells,
such as ischemic cardiac myocytes (Seong and Matzinger, 2004). Both PAMPs and DAMPs
can activate the immune system through PRRs, a class of germline-encoded receptors, and
lead to innate and adaptive immune responses (Akira et al., 2006). Innate immunity is a
rapid response serving as the first line of host defense against danger signals. It is actually
not nonspecific, as was originally thought, due to the specificity of PRRs for PAMPs and
DAMPs. Furthermore, innate immunity is the major contributor to acute inflammation
induced by PAMPs and DAMPs, and important for the activation of acquired immunity
(Takeuchi and Akira, 2010). The processes of innate and adaptive immune responses
following PRR activation have been addressed in several excellent reviews (Akira et al.,
2006; Medzhitov, 2007; Kawai and Akira, 2010). Notably, the activation of PRRs, with the
exception of some nucleotide-binding oligomerization domain (NOD)-like receptors
(NLRs), leads to the production of inflammatory mediators including cytokines and
chemokines (Takeuchi and Akira, 2010). Although PRRs are essential for protective
immunity against danger signals, inappropriate PRR responses contribute to acute and
chronic inflammation, and autoimmune diseases.

From an immunological perspective, the heart is not as active as other organs like the skin,
gut, lung and liver, which undergo constant surveillance of pathogens from the external
environment. The normal heart does not constitutively express inflammatory cytokines
(Kapadia et al., 1995 & 1997). However, a variety of physical and chemical stresses,
including pathogen infection, ischemia and mechanical stretch, can cause innate and
adaptive immune responses in the heart. Most commonly, the heart becomes involved by
innate immunity and acute inflammation as a result of I/R injury (Taqueti et al., 2006).
Based on the fact that PRRs are expressed in virtually all cell types, the cardiomyocytes
themselves, as well as immune cells that migrate into the myocardium, can respond to
DAMPs generated by I/R. Thus, the heart acts as an immune organ in initiating cardiac
immunity and inflammation, not just as a target organ affected by immunity.
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The capacity of the heart to tolerate inflammatory processes is limited by the anatomy,
function and limited regenerative capacity of the myocardium (Taqueti et al., 2006). As
reviewed before (Mann, 2011), short-term innate immune activation confers adaptive and
protective effects in the heart, whereas a long-lasting activation likely leads to maladaptive
and detrimental effects. It has been well-documented that a brief episode of ischemia confers
protection against subsequent sustained ischemia, a phenomenon termed as preconditioning,
which was first described in the heart (Murry et al., 1986) and later extended to other organs.
In contrast, prolonged ischemia leads to significant loss of cardiomyocytes and irreversible
damage to the structure and function of the heart. In addition, deleterious remodeling occurs
in both the infarcted and non-infarcted myocardium, which can impair cardiac function and
increase the incidence of arrhythmias.

3. PRRs in cardiomyocytes
The discovery of PRRs has greatly advanced our understanding of how the body recognizes
pathogens and starts immune responses. PRRs are a large family, including transmembrane
receptors such as toll-like receptors (TLRs) and C-type lectin receptors (CLRs), as well as
cytoplasmic receptors such as the retinoic acid-inducible gene (RIG)-I-like receptors
(RLRs), NLRs, and absent-in-melanoma (AIM) 2 receptors (Rathinam et al., 2010; Takeuchi
and Akira, 2010). These PRRs are expressed not only in immune cells, but also in various
nonprofessional immune cells including cardiomyocytes. Among the PRRs expressed in the
heart, TLRs have been most studied. This review focuses on the innate immune responses
and phenotypic effects mediated by TLRs in cardiomyocytes. Cardiac CLRs and NLRs are
also reviewed below. Other PRRs including RLRs and AIM2 are not included herein since
so far little is known about those PRRs in the heart.

3.1 Toll-like receptors in cardiomyocytes
The first and best known PRRs are TLRs, which were originally discovered as a protein
responsible for dorsal-ventral polarity in the fly (Anderson et al., 1985), and later identified
as a critical component of the immune system (Lemaitre et al., 1996; Medzhitov et al.,
1997). Ten functional TLRs have been identified in humans and 13 in mice. Among them,
TLR 1/2/4/5/6/10/11/12/13 are expressed on cell surface, whereas TLR3/7/8/9 are localized
in intracellular organelles, primarily endosomes and endoplasmic reticulum, with the ligand-
binding domains facing the lumen of the organelles (Mann, 2011; Valeur and Valen, 2009).
All TLRs are type I transmembrane proteins composed of a leucine-rich repeat (LRR)
ectodomain involved in ligand recognition, a single transmembrane domain, and a
cytoplasmic domain similar to that of IL-1 receptor, known as toll/IL-1 receptor (TIR)
domain. Upon activation, TLRs recruit a specific set of TIR domain–containing adaptors,
including myeloid differentiation primary-response gene 88 (MyD88), MyD88 adaptor-like
protein (Mal), TIR-domain-containing adaptor protein inducing interferon-β (TRIF) and
TRIF-related adaptor molecule (TRAM). Based on the recruited adaptors, TLR signaling
can be largely divided to two pathways, MyD88- and Trif-dependent pathways. The
MyD88-dependent pathway is universally used by all TLRs except TLR3, leading to the
activation of nuclear factor-kappa B (NF-κB) for the induction of inflammatory cytokines.
The Trif-dependent pathway is used by TLR3 and TLR4, leading to the activation of
interferon regulatory factor (IRF) 3 and NF-κB for the induction of type I interferon
(interferon-α/β) as well as inflammatory cytokines (Kawai and Akira, 2010).

Although the expression of different TLRs have not been verified in human cardiomyocytes,
the mRNAs for all the 10 human TLRs have been detected in adult human heart tissue, with
the relative levels as follows: TLR4 > TLR2 > TLR3 >TLR5 > TLR1 > TLR6 > TLR7 >
TLR8 > TLR9 > TLR10 (Nishimura and Naito, 2005). Boyd et al. (2006) reported the
mRNA expression of TLR2, TLR3, TLR4, TLR5, TLR7 and TLR9 in mouse heart tissue
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and a mouse cardiomyocyte cell line HL-1, though they did not examine the other subtypes
of TLRs. Frantz et al. (2001) detected the mRNAs for TLR2, TLR3, TLR4, and TLR6, but
not for TLR1 or TLR5 in neonatal rat cardiac myocytes, using the method of RT-PCR.
Inconsistently, we detected the mRNAs for TLR1∼9 in cardiomyocytes isolated from adult
rats, as well as a rat cardiomyocyte cell line H9c2 (unpublished data), using the method of
real-time PCR. The expression of TLR2 and TLR4 proteins in cardiomyocytes have been
demonstrated by immunological methods including immunohistochemistry and Western blot
(Frantz et al., 1999; Tian et al., 2013), and by functional studies using chimeric mice
deficient for TLR2 (Arslan et al., 2010) or TLR4 (Avlas et al., 2011) in the heart. However,
the expression of other TLR proteins in cardiomyocytes needs further examination. Despite
the above mentioned discrepancy for TLR mRNA expression and the lack of data for many
TLR proteins, the confirmed expression of at least TLR2 and TLR4 in cardiomyocytes
suggests the ability of cardiomyocytes to directly respond to PAMPs and DAMPs.

Changes of TLR expression have been observed in the ischemic and failing heart. Up-
regulated expression of both TLR2 and TLR4 mRNA and proteins were observed in H9c2
cells exposed to ischemia, as well as rat heart tissue subjected to 4-h ischemia (Tian et al.,
2013). Enhanced TLR4 protein expression was observed in remodeling murine myocardium
remote from ischemic area and in heart tissue from patients with idiopathic dilated
cardiomyopathy (Frantz et al., 1999). Enhanced TLR4 mRNA expression was also observed
in the myocardium of deteriorating patients requiring left ventricular assist devices,
compared to patients with less severe heart failure (Birks et al., 2004). In addition, PAMPs
and DAMPs may change TLR expression in cardiomyocytes. The PAMP ligand LPS was
observed to increase TLR4 mRNA expression, but not TLR4 protein level in neonatal rat
ventricular myocytes (Frantz et al., 1999). Similarly, intraperitoneal injection of LPS
increased TLR4 mRNA expression in both male and female mouse hearts, with a higher
increase in male mouse hearts (Zhu et al., 2009). The mRNA and protein levels of both
TLR2 and TLR4 were increased by a DAMP ligand heat shock protein (HSP) 60 in H9c2
cell line (Tian et al., 2013). However, the functional significance of these changes remains
to be clarified.

In cardiac myocytes, activation of TLRs induces innate immune responses, manifested as
the activation of NF-κB and inflammation, as well as functional changes of the heart. In the
HL-1 cell line, transfection of a NF-κB-luciferase reporter plasmid showed increased NF-κB
transcriptional activity in response to individual activation of TLR2, TLR4 and TLR5, but
not TLR3, TLR7 or TLR9, by PAMP ligands. Also, activation of TLR2, TLR4 and TLR5
increased the expression of IL-6, keratinocyte-derived chemokine (KC), macrophage
inflammatory protein (MIP)-2 and intercellular adhesion molecule (ICAM)-1, but decreased
cardiomyocyte contractility (Boyd et al., 2006). Inconsistently, in wild-type mice, TLR9
mediated the increase of NF-κB activity and inflammatory cytokine production in the heart
after intraperitoneal injection of synthetic bacterial DNA (CpG-ODN). Also, TLR9
mediated the decrease of cell shortening amplitude in isolated mouse cardiomyocytes
exposed to CpG-ODN, suggesting a role of TLR9 in cardiac inflammation and contractile
dysfunction (Knuefermann et al., 2008). In isolated mouse cardiomyocytes, a PAMP ligand
for TLR2, peptidoglycan-associated lipoprotein, induced MyD88-dependent production of
inflammatory cytokines, including TNFα, which subsequently depressed cell shortening and
Ca2+ transients (Zhu et al., 2007). The TLR4 ligand LPS reduced sarcomere shortening
amplitude and prolonged duration of relaxation in isolated mouse cardiomyocytes, which
could be prevented by TLR4 deficiency, inhibition of TLR4 by E5564, as well as inhibition
of inducible nitric oxide synthase (iNOS) (Baumgarten et al., 2006). In cardiomyocytes
isolated from NF-κB-luciferase knock-in mice, DAMP ligands HSP60, HSP72 and high-
mobility group box 1 protein (HMGB1) exclusively increased NF-κB transcriptional
activity. Among them, HSP72 was the most active. Further observations on HSP72 showed
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that HSP72 induced expression of IL-6, KC and ICAM-1, and reduced myocyte contractility
with no effect upon calcium flux, through the TLR2-MyD88 pathway (Mathur et al., 2011).
In contrast, HSP60 was observed to induce cardiac inflammation through the TLR4-MyD88
pathway, whereas neither TLR2 nor Trif were involved (Kim et al., 2009; Li et al., 2011;
Tian et al., 2013).

The above in vitro studies showed direct responses of TLRs on cardiomyocytes to PAMPs
and DAMPs. Other work in the Langendorff-perfused heart (Ao et al., 2009; Binck et al.,
2005; Zou et al., 2008) and in in vivo models (Avlas et al., 2011) support that TLRs in
cardiomyocytes mediate cardiac responses to PAMPs and DAMPs, although the mediative
role of TLRs in leukocytes has not been completely excluded (Tavener et al., 2004; Arslan
et al., 2010). In Langendorff-perfused heart, both LPS (Binck et al., 2005) and the 70-kDa
heat shock cognate protein (HSC70) (Ao et al., 2009; Zou et al., 2008) were observed to
depress myocardial contractility in a TLR4-dependent manner. In an isolated mouse heart
model of global I/R, infusion of neutrophils during reperfusion resulted in greater infiltration
in TLR4-competent hearts than that in TLR4-defective hearts. However, infusion of TLR4-
defective neutrophils did not influence infiltration in TLR-4 competent hearts. This supports
that myocardial TLR4, rather than neutrophil TLR4, is the determinant of neutrophil
infiltration after myocardial ischemia (Ao et al., 2009). Avlas et al. (2011) observed that
chimeric mice deficient for TLR4 in the heart, but not in the immunohematopoietic system,
were resistant to LPS injection, and cardiac function was significantly less depressed
following coronary artery ligation, similar to TLR4-knockout mice. These findings suggest
that cardiac TLR4, rather than leukocyte TLR4, plays a greater role in cardiac depression
caused by both insults. In contrast, Tavener et al. (2004) reported that leukocyte TLR4 was
critical for cardiomyocyte impairment, since chimeric mice with TLR4-deficient leukocytes,
rather than TLR4-deficient cardiomyocytes, had no myocardial impairment in response to
LPS. Arslan et al. (2010) reported that leukocyte TLR2 mediated myocardial I/R injury
based on experiments in chimeric mice deficient for TLR2 either in the heart or in
hematopoietic cells. Despite the discrepancies, direct responses of cardiomyocyte TLRs to
PAMPs and DAMPs clearly have a role in cardiac injury and dysfunction.

In addition to causing inflammatory and functional changes, TLR signaling modulates
cardiomyocyte apoptosis. TLR2 and TLR4 have been linked to both proapoptotic and
survival pathways. An early report showed that TLR2 mediates an antiapoptotic effect and a
proinflammatory pathway in neonatal rat ventricular myocytes exposed to hydrogen
peroxide. Blocking TLR2 with a specific antagonistic antibody enhanced the cytotoxicity
induced by hydrogen peroxide (Frantz et al., 2001). In Chagas disease, TLR2 expression is
greatly increased in cardiac myocytes, and activation of TLR2 leads to increased IL-6,
which in this setting has an anti-apoptotic effect. (Ponce et al., 2012). Thus, TLR2 activation
can be beneficial in the setting of cardiac infection. In contrast, TLR2-knockout attenuated
cardiac apoptosis, inflammation and dysfunction in mice treated with doxorubicin,
suggesting a proapoptotic effect of TLR2 (Nozaki et al., 2004). With respect to TLR4, an
early report indicated that LPS injection in rats resulted in induction of early apoptotic and
survival pathways, as well as a very modest late-stage apoptosis at 24 h in the heart, while
myocardial contractility dramatically decreased at 6 h (McDonald et al., 2000). A more
recent study indicated that LPS pretreatment in mice reduced myocardial apoptosis and
infarct size induced, through activation of the phosphatidylinositol 3-kinase (PI3K)/Akt
signaling pathway (Ha et al., 2008). In cultured rat cardiomyocytes, LPS induced a dose-
dependent antiapoptotic effect against the combination of hypoxia and serum deprivation for
up to 24 h, which was dependent on the activation of PI3K/Akt, ERK and IκB kinase β
(Chao et al., 2005). Both TLR4 and MyD88 were required for the LPS-induced beneficial
effects as demonstrated by improved survival and function in wild-type but not in TLR4−/−

or MyD88−/− cardiomyocytes. Moreover, induction of iNOS was involved in the survival
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and functional rescue of serum-deprived cardiomyocytes treated with LPS (Zhu et al., 2006).
Zhu et al. (2006) reported that in adult mouse cardiomyocytes, LPS , when added at the time
of serum deprivation, led to a significant reduction in the number of apoptotic cells. LPS
failed to exhibit anti-apoptotic effect when added 3–6 h after serum deprivation . Although
TLR4-MyD88 pathway was anti-apoptotic in response to relatively low doses of LPS, the
same pathway was found to mediate cardiomyocyte apoptosis induced by the DAMP ligand
HSP60. Despite the fact that intracellular HSP60 in mitochondria and cytosol protect
cardiomyocytes from apoptosis (Kirchhoff et al., 2002), translocation of HSP60 to the
plasma membrane correlated with apoptosis (Gupta et al., 2002; Lin et al., 2007).
Furthermore, extracellular HSP60, which was released from injured adult rat
cardiomyocytes after hypoxia/reoxygenation, induced significant apoptosis in
cardiomyocytes through the TLR4/NF-κB pathway (Kim et al., 2009). Similarly, exogenous
recombinant, low endotoxin HSP60 induced apoptosis via TLR4 in cardiomyocytes (Kim et
al., 2009; Li et al., 2011). The reason why TLR4 signaling activated by either LPS or
translocated HSP60 differentially regulates apoptosis is unclear. Competitive binding studies
showed that neither LPS nor HMGB1 interfered with HSP60 binding (Kim et al., 2009), but
the TLR4 blocking antibody reduced HSP60 binding (unpublished data). Distinct binding
sites for HSP60 and LPS are also supported by the fact that LPS required CD14 for binding
to TLR4, whereas this was not the case for HSP60 (Kim et al., 2009). The different binding
sites may indicate different receptor activity and/or downstream signaling of TLR4. Besides,
the different effects of LPS and HSP60 are likely dependent on experimental models and
protocols.

The contribution of cardiomyocyte TLRs to cardiac inflammation and dysfunction typically
manifested in inflammatory heart diseases, including myocardial I/R, viral myocarditis and
septic cardiomyopathy. A recent study showed that mitochondrial DNA that escaped from
cells undergoing autophagy led to TLR9-mediated inflammatory responses in
cardiomyocytes and was capable of inducing myocarditis and dilated cardiomyopathy (Oka
et al., 2012). As has been thoroughly reviewed recently (Feng and Chao, 2011), a number of
studies showed that mice with the inactive mutant TLR4 or genetically deficient for TLR2,
TLR4 or MyD88 exhibited smaller infarct size after myocardial I/R, as well as reduced
myocardial inflammation evidenced by reduced cytokine production and neutrophil
infiltration. Others have found that the inactive TLR4 mutant reduced infarct size and serum
cytokine levels, but did not preserve heart function after myocardial I/R (Kim et al., 2007).
Studies of genetic deficiency for TLR3, TLR4, TLR7, TLR9, MyD88 and Trif revealed their
involvement in viral myocarditis, although both protective and detrimental pathological
effects have been reported (Feng and Chao, 2011). Considering the complexity of systemic
deficiency, the exact role of cardiomyocyte TLRs (vs. immune TLRs) in inflammatory heart
diseases remains to be completely defined, but much progress has been made.

3.2 NOD-like receptors in cardiomyocytes
NLRs act as cytosolic sensors to intracellular PAMPs and DAMPs. The human NLR family
has 22 members, with most sharing a conserved tripartite structure consisting of an N-
terminal caspase recruitment domain (CARD) or pyrin domain (PYD), a central nucleotide-
binding domain with NTPase activity (NACHT), and a C-terminal LRR domain which
mediates ligand sensing. A major inflammatory pathway downstream of NLRs is the
activation of the inflammasome, a multiprotein platform that activates caspase-1. Once
activated, caspase-1 induces the maturation of pro-cytokines, most notably IL1β and IL-18,
which trigger inflammatory responses. Multiple types of NLRs, including CARD-containing
NLR4 (NLRC4), NLRC5, PYD-containing NLR1 (NLRP1), NLRP3 and NLRP6, can form
inflammasomes. (Franchi et al., 2012; Mason et al., 2012)
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A data-mining study analyzed the expression profiles of human mRNA transcripts of NLRs
and inflammasome components (Yin et al., 2009). The authors reported that the heart
expresses only a few types of NLRs, including NLRC2 (NOD2), NLRC5 (NOD4) and
NLRP2 (NALP2). However, immune and defense tissues including blood, lymph nodes,
thymus and trachea express more types of NLRs. This study also described the heart as a
tissue far from ready to express inflammasomes, since the heart requires upregulation of at
least two components to assemble functional inflammasomes. In contrast, brain, placenta,
blood and thymus were described as “ready-to-go” tissues since they constitutively express
all the inflammasome components. Although this data-mining study reduced the potential
contribution of the heart to inflammation mediated by NLR/inflammasome signaling, the
results need further biological verification. At least, it is puzzling why TLR2 was the only
type of heart-expressed TLRs identified by this study, while many biological studies have
confirmed the expression of other types of TLRs such as TLR4, as discussed above. In
contrast to the aforementioned data-mining study, a study of human autopsy ventricles from
healthy young people who died in accidents revealed the expression of NLRC1, NLRP3
using RT-PCR, and detected 84 inflammasome signaling pathway genes using cDNA array
analysis. More interestingly, significant upregulation of NLRC1, NLRP3 and of 29/84
inflammasome genes was found to be associated with air pollution (Villarreal-Calderon et
al., 2012).

The NLR inflammasomes have been demonstrated to be involved in the context of
myocardial I/R injury. The formation of NLRP3 inflammasome was found to be induced by
myocardial ischemia. The exposure of cultured mouse HL-1 cardiomyocytes to simulated
ischemia induced the formation of NLRP3 inflammasome, in association with increased cell
death (Mezzaroma et al., 2011). In a mouse model of acute myocardial infarction (AMI), all
the three components of NLRP3 inflammasome, NLRP3 (also known as cryopyrin),
caspase-1 and the adaptor protein apoptosis associated speck-like protein containing a
caspase-recruitment domain (ASC), localized to the granulation tissue and cardiomyocytes
bordering the infarct area. The inhibition of NLRP3 using silencing RNA or a
pharmacologic inhibitor prevented inflammasome formation, and limited infarct size and
cardiac enlargement after AMI (Mezzaroma et al., 2011). Similarly, the inhibition of NLRP3
expression attenuated myocardial inflammation and fibrosis in the mice subjected to
transverse aortic constriction (TAC) (Wang et al., 2013). Kawaguchi et al. reported
increased ASC expression in the hearts of patients following myocardial infarction, and less
inflammation and cardiac injury following I/R injury in mice deficient either for ASC or for
caspase-1. However, inflammasome activation, likely triggered by reactive oxygen species
and K+ efflux, was found in cardiac fibroblasts and infiltrated leukocytes, but not in
cardiomyocytes in vitro (Kawaguchi et al., 2011). Although this study did not support the
involvement of cardiomyocytes in inflammasome activation, it demonstrated the ability of
heart-resident cells other than cardiomyocytes to form inflammasomes. Overall the limited
literature in this area suggests that within the area of infarct inflammasomes form in
fibroblasts and leukocytes, and only form in cardiac myocytes in the border zone.

In addition to the prominent activity in inflammasome signaling, NLRs regulate a wide
range of cellular functions including NF-κB signaling, RLR signaling, autophagy, major
histocompatibility complex gene regulation, reproduction and development (Mason et al.,
2012). The activation of cardiac NLRC1 (NOD1) was demonstrated to induce cardiac
dysfunction concomitantly with cardiac fibrosis and apoptosis in the murine heart, which
resulted from the activation of the NF-κB and TGF-β pathways. At the cellular level, both
native cardiomyocytes and cardiac fibroblasts expressed NLRC1. NLRC1 activation was
linked to NF-κB activation and induction of apoptosis in cardiomyocytes, and to NF-κB
activation and pro-fibrotic effects in cardiac fibroblasts (Fernández-Velasco et al., 2012).
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3.3 C-type lectin receptors in cardiomyocytes
CLRs are calcium-dependent carbohydrate-binding receptors that contain one or more C-
type lectin–like domains. They consist of a large family and recognize a diverse array of
structurally unrelated molecules. Although various CLR members have been demonstrated
in the context of immune responses, relatively little is known about cardiac CLRs. Lech et
al. (2012) examined the mRNA expression profiles of CLRs and CLR-related signaling
molecules in healthy adult human and murine solid organs using real time RT-PCR. Among
the examined CLR mRNAs including Dectin-1, mannose receptor (MR) 1, MR2, DC-SIGN
(CD209), Dec-205 (CD205), Galectin-1, T cell immunoglobulin mucin-3 (Tim-3), and
triggering receptor expressed on myeloid cells (TREM)-1, all molecules were constitutively
expressed in human and murine heart, except that Dec-205 was not detected in human heart.
Signaling molecules for CLRs including Syk, Card-9, Bcl-10, Malt-1, Src and DAP-12 were
detected in normal heart. Furthermore, all the above identified human CLR mRNAs , except
for Dec-205 and Tim-3, were more abundant in the heart than in the immune organ spleen.
The expression of CLRs and CLR-related signaling molecules in healthy heart supports the
possible expression of CLRs in cardiomyocytes. Further study of the cellular distribution
and function of cardiac CLRs is needed.

LOX-1, a well-known scavenger receptor for oxidized low-density lipoprotein which is
highly expressed on endothelial cells, is a member of the ‘Dectin-1 cluster’ of CLRs. LOX-1
was also expressed in cardiomyocytes. Kang et al. (2009) reported that LOX-1 deletion
altered immunoglobulin expression and its response to angiotensin II in mouse heart as well
as cultured HL-1 cardiomyocytes. Thus, this study demonstrated the function of
cardiomyocyte LOX-1 in immune responses. In the conditioned media derived from
ischemic human cardiac tissue, which induced differentiation of human mesenchymal stem
cells into early stage cardiomyocytes, C-type lectin superfamily member 13 (Clecsf13) was
identified by a proteomics analysis as one of the three differentially expressed proteins
(Ramesh et al., 2012). Although the exact role of Clecsf13 in cardiac regeneration needs
further analysis, its differential expression in ischemic media at least suggests a role of
Clecsf13 in myocardial ischemia. In sum, the CLRs are associated with important cardiac
processes, such as cardiac regeneration, but much more work is needed to fully define the
function of these proteins.

4. DAMPs generated by ischemic cardiomyocytes
Most of our current knowledge of endogenous DAMPs is limited to the DAMPs linked to
TLRs, while little is known about the DAMPs linked to other PRRs. Theoretically, every
molecule that normally localizes within cells can potentially be a DAMP when released to
the extracellular space. The dynamic alterations of extracellular matrix (ECM) resulting
from myocardial I/R can also generate DAMP molecules. Either ECM degradation products
or de novo synthesized matrix molecules may function as endogenous DAMPs. Previous
reviews summarized most of the DAMPs for TLRs (Arslan et al., 2011; Feng and Chao,
2011). This review focuses on the DAMPs generated by myocardial I/R injury, primarily
intracellular molecules released from both dying and ischemia-stressed cardiomyocytes.

4.1 HSP60
Well-documented DAMP molecules released from ischemic cardiomyocytes are HSPs,
especially HSP60 and HSP72. HSPs are highly conserved molecular chaperones that
localize in various intracellular compartments. A variety of stresses including ischemia can
induce HSP expression and cause cellular translocation and release of HSPs into
extracellular milieu. The concept that specific HSPs can be actively secreted was first
suggested by the observation that heat-shocked rat embryo cells rapidly released HSP72 and
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HSP110 (Hightower and Guidon, 1989).While it is well accepted that intracellular HSPs can
be passively released through nonspecific processes, such as cell lysis, necrosis and
apoptosis, accumulative evidence has demonstrated that HSPs can be secreted through
specific active processes, both lipid raft-dependent (Broquet et al., 2003; Gupta and
Knowlton, 2007) and the exosome-dependent pathways (Gupta and Knowlton, 2007;
Lancaster and Febbraio, 2005) .

HSP60 is the first endogenous molecule discovered to be a TLR ligand (Ohashi et al., 2000).
In normal cells, HSP60 is primarily localized in the mitochondria, with a small part in the
cytosol. In isolated adult rat cardiomyocytes, we observed that cytosolic HSP60 complexes
with bax in normal states. Reduction in cytosolic HSP60 precipitates translocation of bax to
the mitochondria and apoptosis (Kirchhoff et al., 2002). When exposed to hypoxia, the total
amount and mitochondrial content of HSP60 remained unchanged. However, cytosolic
HSP60 translocated to the plasma membrane. Concurrently, bax translocated to the
mitochondria, which was sufficient to trigger apoptosis (Gupta and Knowlton, 2002). We
first showed that adult cardiomyocytes released exosomes, which provided an active
pathway for the exocytosis of HSP60. Cardiomyocytes release HSP60 in exosomes through
a mechanism dependent on the formation of lipid rafts, but not the classic, Golgi-mediated
secretory pathway (Gupta and Knowlton, 2007).

The detrimental effects of extracellular HSP60 in myocardial I/R injury have been well
documented (Arslan et al., 2011). It is highly notable that studies in vivo and vitro
consistently showed that ischemia either alone or followed by reperfusion induce marked
release of HSP60 from cardiomyocytes (Gupta and Knowlton, 2007; Li et al., 2011; Tian et
al., 2013). HSP60 was also found in the circulation of heart failure rats induced by
myocardial infarction, and the plasma membrane fraction of human hearts with dilated and
ischemic cardiomyopathy (Lin et al., 2007). All these observations demonstrate the
appearance of extracellular HSP60 as a DAMP under ischemia. Previously, exogenous
HSP60 was showed to activate TLR2 and TLR4 in innate immune cells (Gobert et al., 2004;
Vabulas et al., 2001). The study by Li et al. (2011) and our recent study (Tian et al., 2013)
both suggest that HSP60, either exogenously recombinant or endogenously released by
ischemic cardiomyocytes, can activate the TLR4-MyD88 signaling and induce innate
immune responses in cardiomyocytes. In contrast, neither TLR2 nor Trif can be activated,
despite that cardiomyocytes express abundant TLR2 and Trif proteins. Increases of serum
HSP60 have been reported in a number of clinical conditions, including coronary artery
disease (Mandal et al., 2006) and acute myocardial infarction (Novo et al., 2011). The
activation of HSP60 on TLR4-MyD88 signaling in cardiomyocytes may represent an
important trigger mechanism for cardiac inflammation in these diseases, and may contribute
to continued inflammation and functional decline in ischemic heart failure.

4.2 HSP72 and HSC70
The 70-kDa HSP family is another well-documented TLR ligand associated with myocardial
ischemia. Both the inducible HSP72 and the constitutive HSC70 have been identified as
ligands of TLR2 and TLR4. While HSC70 is more abundantly expressed in basal state, the
expression of HSP72 is more inducible than HSP60 in response to myocardial ischemia and
heat stress (Marber et al., 1993). This can be explained, at least in part, by our observation
that HSP60 expression was driven by NF-κB activation, as well as by HSF (Wang et al.,
2010). Rat HSP60 contains only one heat shock element (HSE) for HSF to bind to, while the
HSP72 gene contains two HSE. On the other hand, human HSP60 and 72 each contain 2
HSE. Thus, other factors must have a role in regulating the difference in inducibility of
HSP60 and 72.
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Various cell types including cardiomyocytes and immune cells may release HSP72 under
various stresses. In clinical heart conditions related to ischemia, HSP72 was found to be
released into the circulation after coronary artery bypass grafting (Dybdahl et al., 2002) and
acute myocardial infarction (Dybdahl et al., 2005). Intracellular HSP72 is well-known for its
protective effects in myocardial ischemia, but extracellular HSP72 has been demonstrated to
act as a DAMP, activating immune responses. It can activate TLR2 and TLR4 in innate
immune cells (Asea et al., 2002; Dybdahl et al., 2002), although its direct action on
cardiomyocyte TLRs during myocardial I/R has not been reported, to our knowledge.
Exogenous HSP72 was shown to activate NF-κB and induce inflammation in
cardiomyocytes through the TLR2-MyD88 pathway (Mathur et al., 2011). Other than
ischemia, the stress of pressure overload was observed to induce HSP72 expression and
translocation to cardiomyocyte membrane and extracellular space. The extracellular HSP72
co-localized with TLR4, and mediated cardiac macrophage infiltration and inflammatory
cytokine expression (Cai et al., 2010).

Zou et al. (2008) first showed that HSC70 was released from the heart during I/R and
induced the expression of cardiac depressant cytokines via a TLR4-dependent mechanism.
The same group further showed that myocardial TLR4, rather than neutrophil TLR4,
mediated the pro-inflammatory effect of extracellular HSC70 released during I/R (Ao et al.,
2009). The active secretory pathway for HSP72 and HSC70 has yet to be demonstrated in
cardiomyocytes. In other cell types such as human peripheral blood mononuclear cells
(PBMCs) in both basal and heat shock states (Lancaster and Febbraio, 2005) and rat
endothelial cells challenged with oxidative low density lipoprotein and homocysteine (Zhan
et al., 2009), HSP72 was released in exosomes, independent of lipid rafts or the classical
secretory pathway. Although HSC70 was considered to be a common component of
exosomes (Gupta and Knowlton, 2007), in serum-deprived baby hamster kidney (BHK-21)
cells, secretion of HSP72 and HSC70 was reported to be dependent on lipid rafts, but not
exosomes or the classical pathway (Evdokimovskaya et al., 2010).

4.3 HMGB1
HMGB1, a nuclear DNA-binding protein, has been identified as a DAMP when released
into the extracellular space. It can be passively released during cellular necrosis by all
nucleated cells, and actively secreted by stressed immune cells. Viable cardiomyocytes may
also actively secrete HMGB1 under stresses, such as the stimulation of LPS (Xu et al.,
2010), though the secretory mechanism remains unclear. Translocation of HBMG1 from
nuclei to cytosol was observed as well in stressed cardiomyocytes (Funayama et al., 2013;
Ha et al., 2011).

Extracellular HMGB1 can activate TLR2, TLR4 and TLR9 in immune cells (Park et al.,
2004; Park et al., 2006; Tian et al., 2007). The activation of cardiomyocyte TLR4 by
extracellular HMGB1 was suggested by physiological association between HMGB1 and
TLR4 in myocardium (Ha et al., 2011), and inhibition of HMGB1-mediated cardiac effects
by TLR4 deficiency (Yao et al., 2012). However, more direct evidence is needed to
discriminate the activation of HMGB1 on cardiomyocytes from other heart-resident cells
and infiltrated immune cells. Treatment with exogenous HMGB1 was observed to decrease
contractility in adult cardiomyocytes (Tzeng et al., 2008) and induce hypertrophy in
neonatal cardiomyocytes (Su et al., 2012).

It has been well-documented that myocardial I/R resulted in increased levels of HMGB1 in
circulation. However, as reviewed by Arslan et al. (2011), conflicting results have been
reported for the role of HMGB1 in myocardial I/R injury. A higher peak serum HMGB1
level was reported to be associated with pump failure, cardiac rupture, and in-hospital
cardiac death in patients with acute myocardial infarction (Kohno et al., 2009). Pretreatment
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with HMGB1 1 h before myocardial I/R led to severe inflammation and enlarged infarct size
in mice (Andrassy et al., 2008). Increased HMGB1 expression and release was observed in
neonatal cardiomyocytes treated with doxorubicin, and pharmacological or genetic
inhibition of HMGB1 attenuated doxorubicin-induced apoptosis (Yao et al., 2012). Similar
results were reported for neonatal cardiomyocytes treated with hydrogen peroxide, in which
increased HMGB1 expression and release mediated cell death (Yu et al., 2012). In contrast,
cardiac-specific overexpression of HMGB1 restored heart function and improved survival
after myocardial infarction by enhancing angiogenesis (Kitahara et al., 2008). Injection with
HMGB1 in the peri-infarcted left ventricle at 4 h after ischemia improved heart function by
stimulating the proliferation and differentiation of endogenous cardiac c-kit+ progenitor
cells (Limana et al., 2005). Further study in intro showed that the conditioned media of
HMGB1-stimulated human primary cardiac fibroblasts induced the migration and
proliferation of cardiac c-kit+ progenitor cells, also suggesting the role of HMGB1 to
facilitate cardiac regeneration (Rossini et al., 2008). The reason for the above discrepancies
remains unknown. Arslan et al. (2011) raised a possible explanation that differences in
ischemic models (with or without reperfusion) may reverse the effects of HMGB1-induced
inflammation on myocardial I/R injury. In addition to that, we herein suggest that
subcellular localization of HMGB1 might be another explanation. Nuclear HMGB1 is well-
known for stabilizing nucleosomes and facilitating genome transcription and repair. It is
predictable that loss of nuclear HMGB1 in cardiomyocytes could be closely related to
cardiac dysfunction. This notion actually has been supported by studies that addressed
myocardial HMGB1 translocation (Funayama et al., 2013; Ha et al., 2011). In the case of
myocardial I/R, investigation of the subcellular distribution of HMGB1 and evaluation of
the functional significance of each fraction (nuclear, cytosol, or extracellular HMGB1), is
needed clarify the overall effects of HMGB1 in cardiac injury.

5. Conclusion
In terms of the ability to generate DAMPs and express functional PRRs, the heart functions
as an active innate immune organ in myocardial I/R. Rather than passively being a target of
inflammation, the active involvement of the heart in inducing and regulating inflammation
provides important insights in myocardial I/R injury, and opens up a novel field for the
investigation of cardiac inflammation, which can lead to new therapeutic interventions.
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Table of abbreviations

AIM absent-in-melanoma

CARD caspase recruitment domain

CLR C-type lectin receptor

DAMP damage-associated molecular pattern

HMGB1 high-mobility group box 1 protein

HSC heat shock cognate protein

HSP heat shock protein

ICAM intercellular adhesion molecule

IL interleukin

iNOS inducible nitric oxide synthase

I/R ischemia/reperfusion

IRF interferon regulatory factor

KC keratinocyte-derived chemokine

LPS lipopolysaccharide

LRR leucine-rich repeat

Mal MyD88 adaptor-like protein

MIP macrophage inflammatory protein

MR mannose receptor

MyD88 myeloid differentiation primary-response gene 88

NF-κB nuclear factor-kappa B

NLR NOD-like receptor

NLRC CARD-containing NLR

NLRP PYD-containing NLR

NOD nucleotide-binding oligomerization domain

PAMP pathogen-associated molecular pattern

PI3K phosphatidylinositol 3-kinase

PRR pattern recognition receptor

PYD pyrin domain

RLR retinoic acid-inducible gene (RIG)-I-like receptor

RT-PCR reverse transcription-polymerase chain reaction

TIR toll/IL-1 receptor

TLR toll-like receptor

TNF tumor necrosis factor

TRAM TRIF-related adaptor molecule

TRIF TIR-domain-containing adaptor protein inducing interferon-β
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Figure 1.
Activation of PPRs in cardiomyocytes by DAMPs during myocardial I/R injury.
Cardiomyocytes express a variety of PRRs including transmembrane receptors such as TLRs
and CLRs, and cytoplasmic receptors such as NLRs. During myocardial I/R, DAMP
molecules including HSP60, HSP72, HSC70 and HMGB1 can be released from ischemic
cardiomyocytes, as well as cardiomyocytes undergoing lysis, necrosis and apoptosis. The
release of HSP60, HSP72 and HSC70 is dependent on exosomes and/or lipid rafts, but not
the classical secretory pathway. All the above DAMPs have been demonstrated to be able to
activate TLR4 in cardiomyocytes. HSP72, but not HSP60, were shown to be able to activate
TLR2 in cardiomyocytes. The activation of TLR2 and TLR9 by HMGB1 was demonstrated
by studies in immune cells, but remains to be examined in cardiomyocytes. Endogenous
DAMPs for other TLR subtypes, NLRs and CLRs remain unclear, though their expression
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has been recognized. The activation of cardiomyocyte TLR4, TLR2 and TLR9 results in
NF-kB activation, which subsequently leads to inflammation, cardiac dysfunction and
apoptotic effects. The activation of NLRs majorly results in the formation of inflammasome,
which activates caspase-1 and trigger inflammation.
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