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Abstract
Ischemia/reperfusion (I/R) injury is an inflammatory 
condition that is characterized by innate immunity and 
an adaptive immune response. This review is focused 
on the acute inflammatory response in I/R injury, and 
also the adaptive immunological mechanisms in chronic 
ischemic disease that lead to increased vulnerability dur-
ing acute events, in relation to the cell types that have 
been shown to mediate innate immunity to an adap-
tive immune response in I/R, specifically myocardial 
infarction. Novel aspects are also highlighted in respect 
to the mechanisms within the cardiovascular system 
and cardiovascular risk factors that may be involved in 
the inflammatory response accompanying myocardial 
infarction. Experimental myocardial I/R has suggested 
that immune cells may mediate reperfusion injury. Spe-
cifically, monocytes, macrophages, T-cells, mast cells, 

platelets and endothelial cells are discussed with refer-
ence to the complement cascade, toll-like receptors, 
cytokines, oxidative stress, renin-angiotensin system, 
and in reference to the microvascular system in the 
signaling mechanisms of I/R. Finally, the findings of the 
data summarized in this review are most important for 
possible translation into clinical cardiology practice and 
possible avenues for drug development.
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INTRODUCTION
In this special issue of  the World Journal of  Cardiology we 
have assembled a cosmopolitan group of  expert faculty to 
address the role of  inflammation in cardiovascular disease. 

Inflammation plays a critical role in the pathophysiol-
ogy of  ischemia/reperfusion (I/R) injury as evidenced by 
the experimental and clinical studies published during the 
past 20 years. Several clinical syndromes are secondary to 
I/R injury: myocardial injury, stroke, organ transplanta-
tion, limb ischemia and multiple organ system dysfunc-
tion. The mechanisms involved are multifaceted and com-
plex; however, several recent studies[1-7] provide evidence 
that immune cells are involved in I/R injury, as well as 
wound healing. 
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ISCHEMIA/REPERFUSION INJURY: 
PATHOPHYSIOLOGY
I/R causes local cellular hypoxia that is accompanied by 
inflammatory responses that lead to the recruitment of  
leukocytes and subsequent peri-infarct damage, healing, 
and scar formation[8-10]. Restoration of  blood flow to the 
ischemic tissue may paradoxically exacerbate tissue injury. 
Elucidating the mechanisms of  inflammation and their re-
lationship to myocardial disease is of  growing importance 
to basic and clinical cardiovascular scientists[6,11-13]. Isch-
emic myocardial injury results in decreased oxygen tension 
with loss of  oxidative phosphorylation and subsequent 
decreased generation of  high energy phosphates (ATP); 
all leading to failure of  the sodium pump, loss of  potas-
sium, influx of  sodium and water, and cellular swelling. 
Ischemia leads to anaerobic metabolism, ATP depletion 
and accumulation of  byproducts, like lactic acid, within 
seconds of  ischemia. This leads to loss of  contractility, 
and within minutes, reversible ultrastructural cardiomyo-
cyte changes appear, including cellular and mitochondrial 
swelling and glycogen depletion. After 20-40 min of  sus-
tained ischemia, irreversible cardiomyocyte injury develops 
and is seen in disruption of  sarcolemma and the presence 
of  small amorphous densities in the mitochondria[12].

Classically, ischemia has been shown to lead to en-
dothelial dysfunction with an increase in permeability, 
increased expression of  adhesion molecules, and recruit-
ment of  leukocytes. The activation of  the innate immune 
response is considered an acute reaction to I/R, with 
several molecular mechanisms establishing links between 
this innate immunity and adaptive immunity. This review 
will focus on the cellular mediators of  the molecular 
mechanisms involved in I/R with specific reference to the 
cardiovascular system.

HUMORAL MEDIATORS OF ISCHEMIA/
REPERFUSION INJURY: CYTOKINES AND 
CHEMOKINES, COMPLEMENT, AND 
TOLL-LIKE RECEPTORS 
Several studies have shown increases in myocardial cyto-
kines, in response to experimental I/R, and in human pa-
tients subsequent to myocardial infarction (MI), coronary 
bypass grafting, and chronic heart failure[3]. Other hu-
moral mediators of  I/R include oxygen and nitrogen free 
radicals. All of  these factors combined reflect the body’
s nonspecific innate immunity and regulate locomotion 
and trafficking of  leukocytes in basal and inflammatory 
processes, such as I/R[10-12,14-16]. Although the heart’s mac-
rophages are a rich source of  several inflammatory cyto-
kines[3,12,17,18], other cell types affect inflammation in ex-
perimental models of  I/R[2,19-21] and may serve as potential 
candidate sources of  cytokines following MI. Polymor-
phonuclear cells (PMNs) are the major leukocytes that are 
found in I/R injury with subsequent neutrophil accumula-
tion and microvascular plugging and parenchymal damage 
leading to tissue destruction and necrosis. Monocytes and 

macrophages will infiltrate the tissue at later time points 
during I/R injury; however, the direct role of  these cells 
in injury vs repair mechanisms is still being investigated.

Complement activation following myocardial ischemia 
was first described by Hill and Ward, with subsequent 
evidence suggesting that myocardial cell necrosis results 
in the release of  subcellular membrane constituents that 
are abundant in the mitochondria and capable of  trigger-
ing the complement cascade (C1, C4, C2 and C3)[12,22-24]. 
Indeed, mRNA and proteins for all the components of  
the classical complement pathway are upregulated in areas 
of  myocardial infarction (MI)[25,26]. Furthermore, postisch-
emic cardiac lymph is shown to possess leukocyte chemo-
tactic activity, with neutralizing antibodies to C5a added 
in vitro completely abolishing the chemotactic activity[27,28]. 
Several animal studies point to a possible beneficial role 
of  complement depletion in the treatment of  postisch-
emic myocardial injury[29-34]. Unfortunately, clinical studies 
focused on complement depletion in humans have not 
proven effective in the setting of  MI[35].

The toll-like receptors (TLRs) are emerging as the 
primary, non-antigen-specific defense innate immune 
mechanism, and represent a family of  receptors that serve 
to recognize molecular patterns associated with pathogens 
and, upon binding of  their ligands, induce activation of  
several kinases and nuclear factor (NF)-κB. To date, 13 
members of  the TLR family have been identified in mam-
mals; however, their role in cardiac pathology remains 
poorly understood[11,36]. TLR2, -3, -4, and -6 are expressed 
in cardiac myocytes[36]. TLR4 is expressed in the heart 
and is markedly induced in mouse and rat infarcts and in 
samples obtained from cardiomyopathic hearts with con-
fined intense staining predominantly localized to cardiac 
myocytes vs the diffuse staining typified in healthy myo-
cytes[36,37]. TLR4 deficient mice have decreased infarct size 
and suppressed inflammation, and exhibit attenuated ad-
verse remodeling following MI, identifying TLR4 as a key 
component of  the innate immune response in the infarct-
ed heart[11,38,39]. In contrast, TLR2 null animals had simi-
lar 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[40]. These findings 
suggest that TLR2 signaling may not critically affect the 
inflammatory response but may modulate fibrous tissue 
deposition. A role for TLRs in the activation of  inflam-
matory cells after cardiac injury is now clearly established 
and warrants further elucidation.

CELLULAR MEDIATORS OF ISCHEMIA/
REPERFUSION INJURY: MONOCYTES, 
MACROPHAGES, DENDRITIC CELLS, T 
CELLS, MAST CELLS, PLATELETS, EN-
DOTHELIAL CELLS
In patients who develop atherosclerosis or experience 
MI, several immune cell types are prevalent in clinically 
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relevant inflammatory conditions, not only in the acute 
inflammatory response to I/R injury, but also to adaptive 
immunological mechanisms in chronic ischemic disease 
that leads to increased vulnerability during acute events[41]. 
This review will remain focused on monocytes, macro-
phages, T cells, mast cells, platelets and endothelial cells, 
as these are the most clinically relevant immune cell types 
in myocardial I/R, with specific focus on MI, classically 
regarded as an acute inflammatory response, as well as 
atherosclerosis, classically regarded as a chronic adaptive 
immune response.

After MI, monocytes, via CCR2 receptor for monocyte 
chemotactic protein 1, extravasate into the injured tissue 
and can give rise to inflammatory dendritic cells or mac-
rophages that accumulate at the target sites of  injury[42-46]. 
Alternatively, atherosclerosis is considered a chronic in-
flammatory state with distinct and possibly very different 
inflammatory pathways. The primary immune cell type in-
volved in atherosclerosis is the macrophage. Many studies 
have supported a role for chemokine-mediated monocyte 
infiltration to atheromatous lesions[43,47-51], however distinct 
subsets of  monocytes have been shown to infiltrate during 
1-4 d post MI (inflammatory phase) (Ly-6Chigh monocytes) 
vs 4-8 d post-MI (reparative phase) (Ly-6Clow monocytes), 
thus linking the acute inflammatory responses to the adap-
tive immune responses seen in chronic atheromatous 
conditions[43]. The most recent evidence to directly relate 
atherosclerosis to immune cell recruitment following MI, 
found that hypercholesterolemic mice recruit more Ly-
6Chigh monocytes in infarcts; and that these monocytes per-
sist longer (prolonged inflammatory phase) and with com-
promised monocyte response and impaired infarct healing, 
leading to accelerated left ventricular remodeling[52]. In-
deed, monocyte biology requires additional investigation to 
determine the effects of  these parallel but distinct inflam-
matory phases in the setting of  atherosclerosis and MI.

Interestingly, atherosclerotic plaques are also rich in T 
cells and mast cells[53-57], suggesting these cell types may 
mediate injury and/or repair. Several groups have shown 
that T cells and mast cells are capable of  producing cy-
tokines[6,7,58-61] and that both are involved in inflammation 
in the heart[5,8,11,12,19]. Indeed, it is these inflammatory cells 
that may bridge the innate immune response to the adap-
tive immune response in response to I/R. In addition to 
the innate immune response, T cells have other functions 
that may contribute to vascular dysfunction, with recent 
studies pointing toward additional functions with unre-
solved impact. For example, T cells contain components 
of  the renin angiotensin system (i.e. angiotensin convert-
ing enzyme, renin, renin receptor, and angiotensinogen) 
suggesting T cells may be able to mediate the production 
of  angiotensin[62]. Hoch et al[62] have shown that angioten-
sin Ⅱ has direct action on T cells including the produc-
tion of  tumor necrosis factor (TNF)-α. Huang et al[63] 
masterfully outline several experimental studies with direct 
and indirect evidence of  T cells modulating I/R injury in 
the kidney, liver or intestine. During myocardial I/R, Yang 
et al[64] found that myocardial infarct size was smaller in 
renin angiotensin 1 (RAG1) deficient mice (RAG1-/-) (vs 

controls) following 45 min of  left anterior descending ar-
tery occlusion[6]. After adoptive transfer of  CD4+ T cells, 
the infarct size of  the reconstituted RAG1-/- mice was sig-
nificantly greater than the RAG1-/- mice, however CD4+ 
T cells from interferon-γ-/- mice showed no increased 
myocardial infarct size. T cell subsets have also been stud-
ied in many organ systems and in experimental models 
of  immunodeficiency with multiple cell types affected, 
e.g. severe combined immunodeficiency (SCID) mice or 
RAG1-/- knockout mice. Specifically, Yilmaz et al[60,61] have 
evaluated and found protective roles of  lymphocytes in 
experimental models of  ischemic stroke. In the heart, 
CD4+ T cell depletion in mice, but not CD8+ depletion, 
showed significantly smaller infarct size vs control mice[64]. 
Again, with specific attention to T cells and the vulnerable 
atherosclerotic plaque, Pryshchep et al[65] report that T cells 
from acute coronary syndrome patients have a defect in 
phosphorylating Lck at Tyr505, thus failing to deactivate 
the membrane-proximal Src kinase, and enabling T cells 
to respond in conditions that otherwise would be ignored 
by the adaptive immune system. CD4+ T cells from acute 
coronary syndrome patients produce proinflammatory cy-
tokines and are cytotoxic toward vascular smooth muscle 
cells and endothelial cells, directly implicating them in vas-
cular injury and plaque destabilization[65-68]. Further com-
plicating the role of  T cell signaling in I/R, is the differen-
tial information among studies, with some data showing 
T cells are responsible for injury and some data showing 
T cells are required for recovery from injury subsequent 
to I/R. One study shows mycophenolate mofetil, an anti-
proliferative immunosuppressive agent, to be protective in 
I/R injury of  cardiac transplantation, and also accompa-
nied by decreased leukocyte infiltration[69].

The recruitment of  leukocytes in post-ischemic mi-
crovessels is often accompanied by the accumulation of  
platelets[70]. Platelet accumulation in post-ischemic post-
capillary venules is dependent on leukocyte adhesion and 
required P-selectin. Platelets and leukocytes bind to one 
another on the vessel wall and potentially interfere with 
the binding of  either platelets or leukocytes to the vessel 
wall, thereby potentially creating more injury after I/R by 
allowing the cell-cell complex to produce more superoxide 
and platelet-activating factor than either cell is capable of  
producing alone[70-73]. Specifically, mice genetically defi-
cient in CD4+ or CD8+ T cells exhibit a blunted platelet 
recruitment response to I/R, again, supporting a possible 
cell-cell interaction that may lead to microvascular dys-
function[59,70]. 

Like T cells, mast cells are resident perivascular, mul-
tifunctional, inflammatory and pro-fibrotic mediators[74-76] 
and are hypothesized to quickly respond to mechanical 
stimuli, such as vasoconstriction during ischemia or vaso-
dilation during reperfusion. Several studies have implicat-
ed mast cells as possible mediators of  cardiac injury[77-79]. 
Frangogiannis et al[79] found that resident cardiac mast cells 
rapidly degranulate following infarction releasing large 
amounts of  histamine and TNF-α, with similar findings 
from other groups[74,75,80-82]. Mast cell degranulation is likely 
an early source of  preformed histamine and TNF-α, 
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modulating the inflammatory response. Later, there is 
more of  an interaction of  cells, cytokines, growth factors 
and extracellular matrix proteins mediating myocardial 
repair. TNF-α of  mast cell origin may be a crucial factor 
in upregulating IL-6 in infiltrating cells and initiating the 
cytokine cascade responsible for myocyte ICAM-1 induc-
tion and subsequent neutrophil-induced injury seen in 
I/R[79], thus providing a mechanistic link among cytokine-
producing cell types in myocardial I/R. Histamine may 
induce surface expression of  P-selectin in endothelial cells 
by facilitating recruitment of  rolling leukocytes[83].

Although many mast cell-derived mediators are ca-
pable 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 lodox-
amide significantly reduced infarct size[84]. An increase in 
mast cell numbers was noted in the healing myocardium 
and immature mast cell progenitors were found in the 
infarcted area. Although the contribution of  mast cell 
proliferation cannot be ruled out, chemotaxis of  circulat-
ing mast cell precursors in the healing myocardium sec-
ondary to stem cell factor (SCF) may be the predominant 
mechanism responsible for mast cell accumulation in the 
ischemic heart. Frangogiannis et al[76,77] hypothesize that 
the role of  SCF in infarct healing may not be limited to 
its effects on mast cells and further suggest that SCF may 
promote recruitment and homing of  primitive bone mar-
row-derived cells delivered into the infarct, with further 
differentiation into cardiomyocytes and vascular cells[85,86]. 

Additionally, Ayach et al[87] found that c-kit mast cell 
deficient mice are protected from ventricular dilation and 
hypertrophy, and maintenance of  cardiac function is pre-
served in these mast cell deficient mice with phenotypic 
rescue of  cardiac repair after MI by bone marrow trans-
plantation of  wild-type hematopoietic stem/progenitor 
cells. Microarray analysis revealed the activation of  natural 
killer (NK) cell-mediated mobilization after MI in rescued 
hearts. Nevertheless, 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 MI 
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 and may play unique roles in 
infarct healing. Chymase inhibition in a rat model of  non-
reperfused MI attenuated left ventricular interstitial fibro-
sis and diastolic dysfunction without affecting the dilative 
pattern of  cardiac remodeling[88]. Tryptase stimulates gran-
ulocyte recruitment, upregulates cytokine and chemokine 
synthesis, induces fibroblast proliferation and chemotaxis, 
and upregulates type I collagen production[89-93]. Further-
more, mast cells are important sources of  transforming 
growth factor-α, bFGF, and vascular endothelial growth 
factor (VEGF), factors that can regulate fibroblast growth, 
modulate extracellular matrix metabolism and stimulate 

angiogenesis[94-97]. Histamine has been shown to stimulate 
fibroblast growth and collagen synthesis in vitro[98]. Mast 
cells may also influence healing and tissue remodeling by 
expressing gelatinases A and B, both implicated in extra-
cellular matrix metabolism[99,100]. 

Similar to T cells, mast cells may also produce renin 
following ischemia; however, this has been challenged by 
subsequent groups[101,102]. Cardiac mast cell-derived renin 
has been shown to promote local angiotensin formation 
and norepinephrine release, and induce arrhythmia in 
excised heart preparations of  I/R[102]. Mast cell degranula-
tion has also been proposed as a mechanism for the anti-
arrhythmic effect of  endothelin-1[103]. 

Endothelial cells comprise the wall of  blood vessels 
and show activation following I/R and assume an inflam-
matory phenotype following activation, characterized by 
the enhanced production of  ROS, inflammatory cyto-
kines, and expression of  adhesion molecules that bind 
leukocytes and platelets via activation of  NF-κB[104]. Blood 
cell-derived superoxide via NADPH oxidase is most likely 
produced by leukocytes, as this is the blood cell type with 
the highest capacity to generate superoxide[105]. The su-
peroxide generated can thereby contribute to endothelial 
barrier dysfunction and impaired vascular permeability 
subsequent to I/R. Indeed, anti-endothelial cell antibod-
ies have been detected in a variety of  disorders connected 
with endothelial damage, including patients with myocar-
dial infarction[106].

Recent work suggests a role for stem cells from sys-
temic circulation and local tissue. These stem cells may al-
low for regeneration of  endothelial cells and are common 
in transplant recipients with allograft rejection or I/R in-
jury[107]. This regenerative mechanism following ischemia is 
dependent on stem cell mobilization and homing with sev-
eral mediators of  this process, namely stromal-cell-derived 
factor 1 (SDF-1), which homes stem cells to bone marrow, 
found to be upregulated following MI and focal cerebral 
ischemia[108]. Moreover, endothelial nitric oxide synthase 
(eNOS) also allows for mobilization of  stem cells, with 
eNOS deficient mice showing reduced VEGF-dependent 
mobilization of  endothelial progenitor cells and possibly 
impaired regeneration processes with reduced systemic 
NO bioactivity[8,109].

CONCLUSION
Current therapeutic strategies are aimed at inhibiting oxy-
gen radicals and inflammatory cytokines for the treatment 
of  I/R injury, despite our limited understanding of  the 
specific mechanisms responsible for repair. Study of  the 
innate immune system and the activation of  the adaptive 
immune system, with respect to which individual systems 
and cell types are mobilized and responsible for I/R in-
jury vs repair, will likely uncover new mechanisms with re-
sults still requiring transference into clinical practice. The 
specific organs and tissues affected by I/R may then be 
targeted with specific therapies tailored to each individual 
system and cell type, with specific attention to the differ-
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ences between immune systems of  humans and experi-
mental animal models.

Epidemiologic evidence from humans supports a clear 
relationship between cardiovascular risk factors and I/R 
injury. Hypertension, hypercholesterolemia, diabetes mel-
litus, obesity, and cigarette smoke all have the potential to 
individually or synergistically increase the sensitivity of  
the tissues to I/R injury, possibly through the induction 
of  pro-inflammatory, pro-oxidative, and pro-thrombotic 
environments[70]. Recent research supports the role of  
inflammation as a key player in coronary artery disease 
and manifestations of  atherosclerosis (Figure 1). Immune 
cells dominate early atherosclerotic lesions, with effec-
tor molecules accelerating the progression of  lesions, 
and activation of  inflammation eliciting acute coronary 
syndrome[110]. Pro-inflammatory cytokines stimulate the 
expression of  leukocyte adhesion molecules on the endo-
thelial surface that promote the binding of  monocytes to 
their surface, with recruitment to the atheroma, and en-
trance to the arterial intima. Maturation of  monocytes into 
macrophages within the arterial wall, along with recruit-
ment of  T-cells and mast cells, induce the expression of  

scavenger receptors (TLRs) that permit lipid accumulation, 
foam cell formation, and apoptosis, and thrombogenic 
microparticles that allow for plaque rupture[111]. Drugs 
that target immune cells may provide a novel therapeutic 
strategy for rescuing tissues and vessels from I/R injury in 
several clinically relevant syndromes, specifically MI.
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