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Abstract

Disorders characterized by ischemia/reperfusion (I/R), such as myocardial infarction, stroke, and

peripheral vascular disease, continue to be among the most frequent causes of debilitating disease

and death. Tissue injury and/or death occur as a result of the initial ischemic insult, which is

determined primarily by the magnitude and duration of the interruption in the blood supply, and

then subsequent damage induced by reperfusion. During prolonged ischemia, ATP levels and

intracellular pH decrease as a result of anaerobic metabolism and lactate accumulation. As a

consequence, ATPase-dependent ion transport mechanisms become dysfunctional, contributing to

increased intracellular and mitochondrial calcium levels (calcium overload), cell swelling and

rupture, and cell death by necrotic, necroptotic, apoptotic, and autophagic mechanisms. Although

oxygen levels are restored upon reperfusion, a surge in the generation of reactive oxygen species

occurs and proinflammatory neutrophils infiltrate ischemic tissues to exacerbate ischemic injury.

The pathologic events induced by I/R orchestrate the opening of the mitochondrial permeability

transition pore, which appears to represent a common end-effector of the pathologic events

initiated by I/R. The aim of this treatise is to provide a comprehensive review of the mechanisms

underlying the development of I/R injury, from which it should be apparent that a combination of

molecular and cellular approaches targeting multiple pathologic processes to limit the extent of I/R

injury must be adopted to enhance resistance to cell death and increase regenerative capacity in

order to effect long-lasting repair of ischemic tissues.
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1. Introduction

The term, ischemia, to denote deficient blood supply to tissues due toobstruction of the

arterial inflow was first used in the early nineteenth century. Thus, physicians and

biomedical researchers have strived to better understand the underlying mechanisms of

ischemia-induced tissue damage for almost two centuries, with the hope for developing

therapies to limit the devastating health and economic burdens imposed by disorders

characterized by reductions in organ-specific blood flow. Discoveries reported over the past

30 years have been particularly impressive, vastly increasing our understanding of the

molecular, cellular, tissue-specific, as well as systemic events that occur during ischemia per
se. Evidence supporting the concept that reperfusion could paradoxically induce and

exacerbate tissue injury and necrosis was also discovered early in this period and provided a

major impetus for research because this component of tissue injury is amenable to
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therapeutic intervention. Despite years of intensive investigation, we are still far away from

thoroughly understanding the underlying mechanisms of I/R (O’Donnell and Nabel, 2011).

The aim of this review is to summarize our current understanding of the multifactorial

mechanisms that contribute to the genesis of I/R injury, with an eye focused towards

therapeutic approaches that target multiple pathologic processes to limit I/R injury and/or

enhance resistance to cell death.

2. General Features of Ischemia/Reperfusion (I/R)

The extent of cell dysfunction, injury, and/or death is influenced by both the magnitude and

the duration of ischemia. In recognition of this fact, revascularization and restoration of

blood flow as soon as possible remains the mainstay of all current therapeutic approaches to

ischemia. However, not all organs demonstrate equal susceptibility to ischemia. Moreover, it

now seems clear that reperfusion, although necessary to reestablish delivery of oxygen and

nutrients to support cell metabolism and remove potentially damaging by-products of

cellular metabolism, can elicit pathogenetic processes that exacerbate injury due to ischemia

per se and may produce tissue injury in distant organs as a result of mediator release into the

bloodstream draining revascularized tissues and subsequent delivery to remote organs. In

addition to these considerations, the discovery that short bouts of I/R (ischemic

preconditioning) prior to the induction of lethal ischemia activates cell survival programs

that limit postischemic injury indicates that the response to ischemia is bimodal. These

issues will be discussed in the next several sections.

2.1. Ischemic versus reperfusion components of total tissue injury induced by I/R

During ischemia, anaerobic metabolism prevails, which produces a decrease in cell pH. To

buffer this accumulation of hydrogen ions, the Na+/H+ exchanger excretes excess hydrogen

ions, which produces a large influx of sodium ions (Sanada et al., 2011) (Fig. 6.1). Ischemia

also depletes cellular ATP which inactivates ATPases (e.g., Na+/K+ ATPase), reduces active

Ca2+ efflux, and limits the reuptake of calcium by the endoplasmic reticulum (ER), thereby

producing calcium overload in the cell. These changes are accompanied by opening of the

mitochondrial permeability transition (MPT) pore, which dissipates mitochondrial

membrane potential and further impairs ATP production. In the heart, these cellular changes

are accompanied by activation of intracellular proteases (e.g., calpains) which damage

myofibrils and produce hypercontracture and contracture band necrosis. These alterations

and thus the degree of tissue injury vary in extent with the magnitude of the decrease in the

blood supply and with the duration of the ischemic period (Bulkley, 1987) (Fig. 6.2). Other

biochemical events occur during ischemia that do not contribute to ischemic injury per se,

but when fueled by the delivery of oxygen and formed elements in the blood when the blood

supply is reestablished, trigger a cascade of events that exacerbate tissue injury (Figs. 6.1

and 6.2), as discussed below.

Although prompt reperfusion restores the delivery of oxygen and substrates required for

aerobic ATP generation and normalizes extracellular pH by washing out accumulated H+,

reperfusion itself appears to have detrimental consequences (Figs. 6.1 and 6.2). This concept

originally arose over 50 years ago, when it was first observed that reperfusion appeared to

accelerate the development of necrosis in hearts subjected to coronary ligation ( Jennings et

al., 1960). This has been termed reperfusion injury to describe causal events associated with

reestablishing the blood supply that had not occurred during the preceding ischemic period

and can be attenuated or abolished by an intervention given only at the time of reperfusion.

The existence of such lethal reperfusion injury as an entity separate from the damage caused

earlier by ischemia is still under debate. However, interventions during myocardial

reperfusion can indeed reduce infarct size by up to 50%, arguing very much in favor of

reperfusion phase-specific detrimental events (Yellon and Hausenloy, 2007). The
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mechanisms underlying reperfusion injury are complex, multifactorial and involve (1)

generation of reactive oxygen species (ROS) that is fueled by reintroduction of molecular

oxygen when the blood flow is reestablished, (2) calcium overload, (3) opening of the MPT

pore, (4) endothelial dysfunction, (5) appearance of a prothrombogenic phenotype, and (6)

pronounced inflammatory responses (Yellon and Hausenloy, 2007) (Fig. 6.1).

From the foregoing discussion, it is clear that total injury sustained by a tissue represents the

sum of damage attributable to ischemia per se plus that invoked by reperfusion (Figs. 6.1

and 6.2). Importantly, it is clear that the reperfusion phase is very dynamic and that cell

death can continue for up to 3 days after the onset of reperfusion (Zhao et al., 2000a). Thus,

understanding the mechanisms involved paves the way for development of novel therapeutic

opportunities that not only reduce the extent of injury induced by I/R but may also extend

the time a tissue could be subjected to ischemia before irreversible injury occurs (Fig. 6.2).

The latter point has important implications for organ transplantation, cardiopulmonary

bypass, and operation in a bloodless field.

2.2. Tissue responses to I/R are bimodal

All tissues can withstand variably short periods of ischemia that do not produce detectable

functional deficits or evidence of injury (Fig. 6.2). On the other hand, once a critical

duration of ischemia is exceeded, which varies by cell type and organ, cell injury and/or

death ensues. These observations led to the conclusion that the responses to ischemia are

invariably deleterious, with reperfusion exacerbating the extent of tissue injury. However, in

1986, Murry et al. (1986) made the startling discovery that prior exposure of the heart (or

other tissues) to short bouts of ischemia and reperfusion (ischemic preconditioning) prior to

prolonged reductions in coronary blood flow (index ischemia) exerted powerful infarct-

sparing effects. This seminal finding created an explosion of interest with regard to

identification of therapeutic strategies that might prove effective in reducing the risk for and/

or outcome of adverse cardiovascular events. In addition, the discovery of ischemic

preconditioning indicates that the response to ischemia is bimodal, with longer periods of

ischemia inducing cell dysfunction and/or death that is exacerbated by reperfusion, while

short cycles of conditioning ischemia are protective, rendering tissues resistant to the

deleterious effects of prolonged ischemia followed by reperfusion via activation of intrinsic

cell-survival programs (Fig. 6.3).

2.3. I/R-induced stunning and hibernation versus irreversible cell damage and death

Persistence of contractile abnormalities in postischemic myocardium was once thought to

result only from irreversible cellular damage and loss of viable myocardium. However, it is

now clear that mechanical dysfunction can persist after reperfusion in the absence of

irreversible damage and despite restoration of normal or near normal coronary blood flow.

One such adaptation is myocardial stunning, wherein postischemic contractile dysfunction

occurs but is short lived, arises in the absence of irreversible damage, and is not caused by a

primary deficit in reperfusion (i.e., postischemic flow is normal or near normal) (Bolli and

Marban, 1999; Depre and Vatner, 2005, 2007) (Fig. 6.2). Myocardial stunning appears to

result from reperfusion, which triggers the generation of ROS (oxygen paradox), transient

calcium overload concomitant with decreased responsiveness of contractile elements to

calcium (calcium paradox), activation of calpains, which enzymatically proteolyze

myofibrils, and altered membrane ion channel activity secondary to rapid restoration of

extracellular pH (pH paradox). Some investigators have suggested that the stunning-induced

deficits in contractile activity may serve a protective function to limit the impact of the harsh

cellular milieu induced by ischemia to progress towards irreversible damage during

reperfusion, thereby enhancing the likelihood of cell survival (Bolli and Marban, 1999;

Depre and Vatner, 2005, 2007).
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Myocytes exposed to prolonged or repetitive intermittent ischemia may exhibit a second

type of adaptive response that is characterized by a return to neonatal metabolic phenotype

which favors the use of carbohydrates as an energy source. This phenomenon, wherein

ischemic myocytes undergo a metabolic switch to a glycolytic phenotype with reduced

contractile function and energy demands, is termed myocardial hibernation (Depre and

Vatner, 2005, 2007; Slezak et al., 2009) (Fig. 6.3). As with myocardial stunning, hibernation

allows myocardial cells to better withstand reductions in oxygen and nutrient delivery

associated with subacute levels of ischemia in the absence of irreversible cardiomyocyte

injury because contractile function is limited. The mechanisms involved in the assumption

of thismore ancestral phenotype appear to result from a reprogramming of cell metabolism

that decreases energy utilization and via upregulation in the expression of stress and

angiogenic proteins. Characteristic cell remodeling changes also occur in hibernating

myocardium and include the appearance of polymorphic mitochondria, increased lysosome

numbers, and decreased myofibril number. Increased vacuolar density and debris are

consistent with autophagy, a mechanism of cell death that contributes to overall

prolongation of survival of hibernating viable cells in ischemic organs by eliminating

nonfunctional cells. Hibernating myocardium also contains apoptotic cells. Although these

adaptive responses reduce myocyte number and contractile responses, hibernating cardiac

myocytes can be rescued by restoring blood flow, which reprograms cell protein expression

to normalize metabolism and contractile activity (Depre and Vatner, 2005, 2007; Slezak et

al., 2009).

The response of tissue cells to ischemia and cell survival is governed by the severity and

duration of ischemia, and by pathologic events that are initiated upon reperfusion. Thus,

stunning may occur following a relatively short period of ischemia (5–20 min in the heart),

with reperfusion causing cell dysfunction, followed by delayed recovery (Fig. 6.3). On the

other hand, hibernation occurs with prolonged or repetitive intermittent reductions in the

blood supply that are modest in degree, with the attendant contractile impairment being

rescued by revascularization. However, long periods of severe ischemia followed by

reperfusion produce irreversible damage that culminates in loss of viable myocardium.

Undoubtedly, the more prolonged and severe the period of ischemia, the greater is the

contribution of permanent damage and cell death to postinfarct dysfunction (Figs. 6.2 and

6.3). However, the exact mechanism whereby reversible ischemia finally evolves into

irreversible cell death remains a subject of controversy but most likely involves

simultaneous loss of a critical amount of ATP, formation of ROS, metabolically and

mechanically induced membrane and cytoskeletal damage, calcium overload, sodium pump

failure, and opening of the MPT pore (Fig. 6.1).

2.4. Organ-specific susceptibility to I/R

One of the fundamental observations made in experimental models of I/R is that the injury

response after reperfusion is directly correlated with the duration of ischemia (Bulkley,

1987) (Fig. 6.3). Thus, restoration of blood flow to the affected organ at the earliest time

possible is obviously of prime importance. In addition, there are common, fundamental

features of the response to I/R, including the release of ROS, cytokines, and chemokines

from activated endothelium and tissue-resident macrophages and mast cells, recruitment,

activation, and endothelial adhesion/ emigration of neutrophils, and other formed elements

in the blood, endothelial dysfunction, and parenchymal injury. However, organ-specific

differences influence the extent, severity, and reversibility of organ damage. The biological

bases for these differences are not well understood. In all tissues, cooling can slow down

cellular damage, which can be used intraoperatively or for better preservation of organ

transplants during transport (Baumgartner et al., 1989).
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With irreversible damage already detectable at less than 20 min of ischemia (Ordy et al.,

1993), the brain is the most sensitive organ to reductions in its blood supply. Clinically, the

most common event is focal cerebral ischemia (termed ischemic stroke), which arises as a

localized reduction in regional blood flow in a specific vascular territory that is caused by

thromboembolic or atherothrombotic vaso-occlusive disease. Although damage sets in

quickly, the actual time window for therapeutic intervention is longer since not all cells are

affected to the same extent after a given duration of ischemia. Indeed, optimal results are

observed if thrombolytic therapy is initiated within the first 90 min after the onset of

symptoms (Hacke et al., 2004). However, significant improvements in clinical outcome can

still be achieved if the blood flow is restored within 3 h (or within 4.5 h in particular patient

populations) (Bluhmki et al., 2009).

A number of unique features of the brain seem likely to contribute to its sensitivity: The

brain is responsible for 20–25% of total body oxygen consumption, constituting the highest

metabolic activity per unit weight of any organ (Kristián, 2004; Lee et al., 2000). This high

metabolic demand is coupled with an absolute requirement for glucose as an energy

substrate, but with low levels of stored glucose/glycogen compared with other tissues

(Kristián, 2004; Lee et al., 2000). By contrast, muscle is capable of limited periods of

anaerobic metabolism, and both muscle and liver have comparatively significant stores of

carbohydrate. The brain has significantly lower levels of protective antioxidant activities, for

example, superoxide dismutase (SOD), catalase, glutathione peroxidase (Adibhatha and

Hatcher, 2010), and heme oxygenase-1 (Damle et al., 2009) than heart, liver, kidney, and

lung, as well as lower levels of cytochrome c oxidase (Adibhatha and Hatcher, 2010), which

would be expected to result in lower ATP production and higher superoxide release from the

mitochondrial electron transport chain (e.t.c.). The brain has high levels of polyunsaturated

fatty acids which are highly susceptible to oxidative damage (Adibhatha and Hatcher, 2010),

and I/R can elicit excessive release of certain neurotransmitters, e.g., glutamate and

dopamine (Lee et al., 2000), which upon subversion of these neurotransmitters’ postreceptor

signaling pathways result in neuronal calcium overload and subsequent cytotoxicity.

In the heart, the situation is similar but the therapeutic window is slightly longer. Both in

humans and in animal models, irreversible cardiomyocyte damage occurs after about 20 min

of ischemia. As in the brain, the earlier blood flow is successfully restored, the better are

survival rates and salvage of viable myocardium. Intervention within the first 2 h is best

(Boersma et al., 1996), but even after 12 h of ischemia reopening of the respective coronary

arteries improves outcome (LATE_Study_Group, 1993). In heart, mast cells and infiltrating

fibroblasts elicit development of fibrosis (Frangogiannis, 2008; Willems et al., 1994). The

precise role of mast cells is unclear, but the fibroblasts transdifferentiate and proliferate as

myofibroblasts, and secrete collagen and other matrix proteins, an overabundance of which

causes fibrosis and impairment of cardiac function. In contrast, postischemic brain damage

is not associated with fibrosis, but instead, glial cell activation (Dinagl et al., 1999) and

degradation of extracellular matrix, especially basal lamina, by matrix metalloproteases.

This results in astrocyte and endothelial detachment from basal lamina with attendant

increases in brain microvascular permeability, as well as glial and endothelial apoptosis

(Winquist and Kerr, 1997).

The next most susceptible organ is the kidney. In open renal surgery, it has been established

that no permanent organ damage occurs after normothermic ischemia of 30 min or less

(McDougal, 1988). In animal models, even longer clamping times of the renal vessels

appear to be feasible (Humphreys et al., 2009). Renal parenchymal oxygenation is graded

with the highest oxygen levels noted in the cortex, medium levels in the outer medulla, and

the lowest levels in the papillae. As a consequence, cortical cells are the most sensitive to

ischemia, while cells in the outer medulla can shift to oxygen-independent metabolism,
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making them less sensitive to a hypoxic environment. Inner medullary and papillae cells use

predominantly glucose to generate ATP via anaerobic glycolysis. Thus, these regions

demonstrate a reduced sensitivity to ischemia.

While the ‘point of no return’ is fairly easy to define in brain, heart, and kidney, the time

window for successful intervention is much harder to assess in the case of intestinal

ischemia. On the one hand, clinical symptoms are initially often subtle, making it impossible

to pinpoint the onset of ischemia. If the diagnosis is made within 24 h after the onset of

symptoms and aggressive treatment initiated, acute mesenteric ischemia has about a 50%

survival rate, whereas this rate drops to 30% or less when diagnosis is delayed (Kassahun et

al., 2008). In experimental models, it has been shown that the extent of mucosal damage is a

direct function of time elapsed from the onset of mesenteric artery occlusion with first

histological changes after 30 min and more prominent destruction of the villi after 60 min

(Ikeda et al., 1998). After revascularization, mucosal regeneration via cell migration occurs

rapidly even after 90 min of ischemia (Park and Haglund, 1992). It is also important to point

out that occlusion of the superior mesenteric artery (SMA) produces a gradient of ischemia

along the bowel, with the severity of ischemia being greatest in distal portions of the small

intestine and proximal colon, while not affecting the middle and distal colon (Premen et al.,

1987). Moreover, the ischemia was localized to the mucosal and submucosal layers of the

bowel, while the muscularis/serosa was unaffected. Collateral perfusion maintains minimal

perfusion of blood flow to the total intestinal wall but is more effective in supplying the

muscularis/serosa than the mucosa/submucosa after SMA occlusion. On the other hand, total

SMA occlusion completely abolishes jejunal, ileal, and colonic blood flow in neonates (1

day–1 month old), observations that may have important implications for the pathogenesis

of neonatal necrotizing enterocolitis (Crissinger and Granger, 1988).

Intestinal I/R is associated with increases in luminal epithelial permeability and ingress of

bacterial molecules (e.g., enterotoxin) or bacteria themselves which can result in sepsis and

multiple organ failure, if the magnitude of ischemia is severe or the volume of ischemic

mesenteric tissue is large (Kinross et al., 2009; Souza et al., 2004). Indeed, germ-free mice

exhibit reduced local (intestinal) and remote (lung) injury following mesenteric I/R relative

to conventional mice, effects that were associated with decreased expression of

proinflammatory cytokines, and neutrophil sequestration (Souza et al., 2004). The lack of

commensal microbiota was also associated with increased expression of IL-10, an anti-

inflammatory cytokine. Function-blocking antibodies directed against IL-10 reversed the

protection against I/R-induced inflammation and injury in germ-free mice. Similar

protection was noted in germ-free mice subjected to hemorrhagic shock (Ferraro et al.,

1995). These results were recently confirmed by work showing that depletion of gut

commensal bacteria using broad-spectrum antibiotic cocktail reduces intestinal I/R injury

(Yoshiya et al., 2011) and lung injury induced by bowel ischemia (Sorkine et al., 1997).

Bacterial depletion also reduced the expression of Toll-like receptor2 (TLR2) and TLR4,

well-known receptors for gram-positive and -negative bacteria (Yoshiya et al., 2011). As a

consequence, there was reduced expression of proinflammatory mediators (TNF, IL-6, and

COX-2), decreased complement and immunoglobulin deposition, and B-lymphocyte

recruitment. Interestingly, probiotic colonizing of the intestine by oral administration of

Lactobacillus plantarum for 2 weeks reduced bacterial translocation to extraintestinal sites,

decreased the elaboration of proinflammatory cytokines, and limited epithelial apoptosis and

disruption of the mucosa induced by mesenteric I/R, relative to conventional animals (Wang

et al., 2011a). The results of these studies clearly indicate that the intestinal microflora play

a critical role in local and remote injury following gut I/R, effects that may be modulated by

altering constituent commensal bacteria populations (Alverdy and Chang, 2008; Kinross et

al., 2009, 2011). These results were recently extended to myocardial I/R, where it appears

that intestinal dysbiosis induced by vancomycin treatment prior to induction of coronary
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occlusion resulted in smaller infarcts, improved postischemic recovery of mechanical

function, and decreased circulating leptin levels. These protective effects were replicated in

animals fed a probiotic product containing L. plantarum (Lam et al., 2012).

In contrast to these most sensitive organs, ischemia of skeletal muscle is much better

tolerated. Since acute arterial injuries may require emergency application of tourniquets, it is

well known that hours of limb ischemia are well tolerated, with best results obtained if the

tourniquet is briefly released after the first 1.5–2 h (Sapega et al., 1985). Moreover, skeletal

muscle can regenerate even after wide-spread injury (Wagers and Conboy, 2005). At the far

end of the spectrum, tissues that contain very little or no vasculature are barely affected by

ischemia. For example, cornea transplants can be stored in tissue culture media for 3 weeks

with only minor damage to endothelial cells (Smith and Johnson, 2010).

Since the microvasculature is the initial site where initial recruitment of inflammatory cells

takes place, tissue differences in the structure and function of microvascular beds are likely

to play a major role in tissue responses to I/R. The generally accepted paradigm of

endothelial selectin-dependent rolling and integrin-dependent adhesion of leukocytes during

inflammation was developed using studies of these processes in microvascular beds that are

readily visualized using intravital microscopy—for example, those of the intestinal

mesentery and cremaster muscle (Granger and Korthuis, 1995). Although it might be

expected that significant structural and functional differences between the microvasculature

of different tissues should be correlated with similar differences in inflammatory processes,

the leukocyte–endothelial recruitment paradigm described in mesentery and cremaster

appears to be sufficient to explain the process in most other tissues. One exception is the

liver, where the role of selectins appears to be dependent upon which microvascular bed is

examined. Sinusoids, carrying mixed blood from portal venules and hepatic arterioles, do

not express P- and E-selectins and do not support selectin-mediated rolling, whereas

postsinusoidal venules do (Liu and Kubes, 2003). The role of integrins in hepatic sinusoids

has also been questioned (Liu and Kubes, 2003); in this particular microvascular bed,

leukocyte accumulation may be more influenced by physical factors such as a vessel

diameter close to that of leukocytes themselves (Liu and Kubes, 2003). Another “unusual”

organ from the perspective of leukocyte adhesion and migration is the lung. Unlike other

tissues, where polymorphonuclear (PMN) adhesion and migration take place in relatively

large postcapillary venules, in the lung, this process occurs primarily in alveolar capillaries,

whose diameter is comparatively smaller (Burns et al., 2003). Moreover, the primacy of

neutrophils themselves in IRI is not clear in some tissues. For example, lymphocytes and

monocytes may play a more important role in mediating injury responses in kidney ( Jong et

al., 2009) and brain (Yilmaz and Granger, 2008)

The response to neonatal hearts to I/R is controversial. Some studies indicate that neonatal

hearts are more susceptible to ischemia (Wittnich, 1992), whereas other studies demonstrate

enhanced tolerance of the immature myocardium ( Julia et al., 1990). It is quite likely that

differences in species chosen for the studies are responsible for such discrepancies. Again

using the heart as an example, direct species comparisons using identical protocols for I/R

have shown that isolated hearts from rabbits, hamsters, ferrets, gerbils, rats, mice, and

guinea pigs differ substantially in injury susceptibility (Galinanes and Hearse, 1990).

Furthermore, even within the same species, some strains are rather resistant to ischemia,

whereas others are particularly prone to injury. Examples can be found in studies of the

heart (Barnabei et al., 2010), brain (Barone et al., 1993), kidney (Burne et al., 2000), and

lung (Dodd-o et al., 2006), indicating that this presents a serious experimental limitation

across all organ systems.
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2.5. Remote organ injury

Untoward effects of I/R are not necessarily restricted to the specific tissue undergoing the

initial ischemia. That is, a frequent consequence induced by reperfusion after localized

tissue ischemia is injury to other organ systems, so-called distant or remote organ injury

(ROI). This phenomenon can arise from I/R in most tissues, including gut (Carden and

Granger, 2000; He et al., 2011b; Santora et al., 2010; Sorkine et al., 1997), lung (Esme et al.,

2006), liver (Hirsch et al., 2008), kidney (Vaghasiya et al., 2010), skeletal muscle (Vega et

al., 2000), and heart (Barry et al., 1997). The ultimate expression ofROIismultiple organ

dysfunction syndrome, known to result from I/R in gut, liver, skeletal muscle, aortic surgery

involving occlusion–reperfusion, and circulatory shock (Carden and Granger, 2000; Santora

et al., 2010). In this regard, the lungs are especially vulnerable, particularly after I/R of the

gut and/or liver (Carden and Granger, 2000; He et al., 2011a,b; Sorkine et al., 1997), as they

are the first major capillary bed exposed to postischemic blood. Indeed, one of the first

clinical symptoms preceding multiple organ failure is respiratory dysfunction (Carden and

Granger, 2000; He et al., 2011a,b; Santora et al., 2010).

Examination of the mechanisms underlying ROI has found roles for the same factors

implicated in the local organ dysfunction produced by IRI: ROS, leukocytes, and

inflammatory mediators. A common finding has been that one or more circulating factors

are responsible for the effect on organs distant from the one undergoing the initial insult

(Carden and Granger, 2000; He et al., 2011a,b; Santora et al., 2010). These factors may be

directly released from the primary injured tissue or indirectly from activated leukocytes or

other inflammatory cells.

Xanthine oxidase (XO), which generates superoxide and hydrogen peroxide, has been

implicated as an important factor in ROI in liver, lung, and cardiac muscle after gut I/R

(Carden and Granger, 2000). The mechanism for XO-mediated systemic effects is not clear

but may involve generation of high amounts of ROS by circulating enzyme, close

association of XO with endothelial cell surface and consequent high local ROS

concentrations, or XO-derived oxidant-induced release of chemotactic factors which can

promote recruitment of PMNs to organs distant from the initial injury.

Just as in the primary organ subjected to I/R, inflammatory leukocytes play a major role in

injury to remote organs. A key event appears to be activation or “priming” of PMN in a

postischemic vascular bed, followed by recruitment of the activated PMNs to remote tissues

(Carden and Granger, 2000). This involves not only PMN activation but also activation of

endothelial cells in distant tissues, characterized by increased surface expression of

endothelial adhesion molecules. Systemic release of inflammatory mediators from the

primary injured tissue and/or from recruited monocytes and neutrophils as well as systemic

complement activation has all been reported to promote systemic activation of and

recruitment of PMN to sites distant from initial I/R. If intestinal I/Ris involved inROI,

bacteria can cross themucosal barrier, resulting in systemic infection and sepsis (Stallion et

al., 2005). In recent years, it has become clear that ischemic-reperfused intestine releases

cytokines and other inflammatory mediators into the intestinal lymph; these agents enter the

systemic circulation at the thoracic duct (Deitch et al., 2006; Deitch, 2010; He et al.,

2011a,b), and it was shown that lymph is their primary route of entry, since ligation of the

mesenteric lymph duct can prevent ROI (Deitch et al., 2006; Deitch, 2010).

Over the past decade, it has become increasingly clear that neurogenic signals contribute to

inflammatory responses (Ahluwalia et al., 1998; Bhatia et al., 1998; Bozic et al., 1996; Cao

et al., 2000; Souza et al., 2002), including ROI (Bhatia et al., 1998; Souza et al., 2002). The

proinflammatory phenotype produced by intestinal I/R can be significantly attenuated by

treatment with the sensory nerve toxin, capsaicin, and tachykinin receptor antagonists
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(Souza et al., 2002). Significantly, the aforementioned protection is observed both locally in

the gut and in the lung (Souza et al., 2002), demonstrating the potential importance of

neurogenic signals in ROI. The most likely mediators for these effects are neuropeptides

released from both sensory nerve endings and inflammatory cells (Quartara and Maggi,

1998). It has been proposed that neurokinin-dependent signaling may contribute to either or

both of initiation of I/R-induced inflammatory responses via initial release of lipid mediators

such as PAF, or amplification of an existing inflammatory phenotype (Souza et al., 2002).

3. Risk Factors for I/R

The vast majority of ischemic episodes seen in clinic in the western world are due to

thromboembolic or artherothrombotic vaso-occlusive disease. The major risk factors for

such events that cannot be preventatively addressed are advancing age, male gender, and

hereditary factors. However, other important risk factors can be modified or controlled,

including tobacco smoking, hyperlipidemia, hypertension, physical inactivity, obesity,

metabolic syndrome, and diabetes mellitus. Ethanol intake at high levels (3–4 or more

drinks), either in acute (occasional binge drinking) or chronic (daily) settings, also increases

the risk for myocardial infarction and ischemic stroke.

Unfortunately, most of the experimental studies examining the mechanisms of I/R injury

employ surgical methods to occlude particular vessels in young, healthy animals. Clearly,

these models are not representative of the comorbidities present in the human patient

population, where localized reductions in regional blood flow to specific vascular territories

are caused by thromboembolic or artherothrombotic vaso-occlusive disease and occur in an

inflammatory milieu not present in young, healthy subjects. Importantly, there is now

mounting evidence that many disorders such as diabetes, hyperlipidemia, and aging can

affect the development of I/R injury per se, independent of the vascular aspects (Boengler et

al., 2009; Ferdinandy et al., 2007). While diabetes and adverse blood lipid profiles can be

controlled, age, of course, remains irreversible. However, recent studies have shown that

caloric restriction and exercise have substantial benefits, can preserve cardioprotective

mechanisms, and increase ischemic tolerance in aged hearts (Boengler et al., 2009).

4. Fetal Programming and Ischemic Vascular Disease

A growing body of evidence supports the proposal that adult coronary disease may have

fetal origins. Barker and his group (Barker, 1995; 2007) demonstrated that decreasing birth

weights over the range from 9 to 5 pounds was associated with increased mortality from

ischemic disease in adults. A similar correlation was noted in adults who had been born at

the opposite end of the birthweight scale (>9.5 pounds). A large number of subsequent

studies report a “U”-shaped relation between placental-to-fetal weight ratio and cardiac

disease, results which strongly suggest that factors influencing placental growth initiate

programs that enhance the vulnerability of the myocardium to ischemic disease later in life.

It is now clear that the response of the fetus to a broad range of environmental cues

(hemodynamic effects, growth factors, cocaine and tobacco smoke exposure, oxygen and

nutrient availability) increases the susceptibility to later development of cardiovascular

disease (Langley-Evans and McMullen, 2010; Reynolds, 2010). Furthermore, two very

recent studies showed that both prenatal hypoxia and prenatal cocaine exposure inhibit

cardioprotection by ischemic preconditioning in male offspring later in adult life (Meyer et

al., 2009; Patterson et al., 2010). This is thought to be due to irreversible fetal

reprogramming (see Section 4) of protein kinase C (PKC) epsilon expression. Unfortunately,

how such conditions could be treated in humans and cardioprotection be restored, remains to

be characterized, but targeted gene therapy appears to be a fruitful avenue for exploration.

The gene-activated responses to intrauterine stresses that lead to increased disease risk in
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later life have been termed fetal programming and is now recognized as an additional risk

factor for the development of cardiovascular disease. Importantly, low birth weight is also

associated with higher rates of hypertension, obesity, type 2 diabetes, and obesity in adults

(Reynolds, 2010; Thornburg et al., 2010). Because these chronic disease states represent

major risk factors for myocardial infarction and stroke, it is clear that fetal programming is

an important contributor to the prevalence of ischemic disease in western societies.

While it is clear that fetal programming of adult cardiovascular disease has been recognized

for some time, the mechanisms underlying this phenomenon remain poorly understood. It

has been suggested that intrauterine hypoglycemia may induce the appearance of a thrifty

phenotype characterized by the persistence of a fetal glucose conserving adaptation that

leads to the development of insulin resistance and type 2 diabetes (Hales and Barker, 2001).

It has also been suggested that placental insufficiency plays an important role in fetal

programming of adult cardiovascular disease by limiting fetal growth. This notion is based

on the fact that the placenta regulates the delivery of nutrients from the mother to the fetus

(Thornburg et al., 2010). Indeed, intrauterine growth restriction is associated with oxidative

and nitrosative stress, alterations in angiogenic responses and expression of genes related to

nutrient metabolism, inflammatory cytokine expression, and decreases in placental growth

factor expression. While these changes suggest a causal role, evidence supporting this

assertion is lacking. However, stronger evidence has been provided for the notion that

glucocorticoid overexposure during fetal life may explain the strong association between

low birth weight and increased risk for the development of obesity, hypertension, type 2

diabetes, and ischemic disease in later life (Langley-Evans and McMullen, 2010; Reynolds,

2010). Alterations in renal function associated with fetal glucocorticoid exposure have also

been implicated in fetal programming (Baum, 2010; Moritz et al., 2011). Fetal programming

also influences the functions of adipose tissue and the innate immune system, which may

contribute to increased susceptibility of adult tissues to ischemia (de Moura et al., 2008;

Symonds et al., 2012). It is almost certain that the link between fetal growth and adult onset

disease involves changes in gene expression, which most likely involve epigenetic

phenomena (Langley-Evans and McMullen, 2010; Reynolds, 2010). However, the nature of

these putative changes in gene expression remains obscure.

5. Basic Mechanisms of Cell Death

For many years, I/R-induced cell death was thought to occur by extrinsic factors such as loss

of energy supply, elaboration of inflammatory mediators and toxic molecules, and

mechanical injury, a mode of cell death termed necrosis (oncosis) (Fig. 6.4). However, it is

now recognized that cells can also be programmed to die by cellular signaling mechanisms

via the processes of apoptosis and autophagy (Kroemer et al., 2009) (Fig. 6.4). Moreover, an

emerging body of evidence indicates that the apparently random and uncontrolled events

associated with necrosis may, under certain circumstances, actually involve the mobilization

and coordination of specific signaling mechanisms in a fourth death pathway termed

programmed necrosis or necroptosis (Fig. 6.4). Because each of these morphologically

distinct types of cell death appear to contribute in some way, shape, or form to the

pathogenesis of I/R injury, we provide a brief overview of the basic mechanisms underlying

each of these death modalities.

5.1. Apoptosis

Apoptotic mechanisms are canonically divided into the “extrinsic” and “intrinsic” pathways

(Fig. 6.4), although there is considerable cross talk between the two (Broughton et al., 2009;

Kroemer et al., 2007; Whelan et al., 2010). The “extrinsic” pathway involves the activation

of receptors such as the Fas, TNFα, and TRAIL receptors. Activation of these receptors

results in their trimerization, which, in turn, recruits a number of death domain-containing
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proteins such as FADD and TRADD to the receptor complex. This death-inducing signaling

complex activates the protease caspase-8, which, in turn, cleaves and activates caspase-3.

Caspase-3 acts as the cell’s executioner by proteolyzing many cellular proteins (Broughton

et al., 2009; Kroemer et al., 2007; Whelan et al., 2010).

Regarding the “intrinsic” pathway, cytotoxic stimuli such as I/R, UV irradiation, toxic

compounds (etoposide, staurosporine), or oxidative stress induce the translocation and

integration of pro-death members of the Bcl2 protein family (e.g., Bax, Bak) into the outer

mitochondrial membrane (Broughton et al., 2009; Kroemer et al., 2007; Whelan et al.,

2010). These proteins, by a mechanism that still remains controversial, permeabilize the

outer membrane, thereby enabling the release of proapoptotic proteins from the

intermembrane space, most notably cytochrome c, Smac/DIABLO, Omi/HtrA2, and

endonuclease-G (endoG). Cytochrome c binds to the cytosolic protein apaf1 and the

resultant “apoptosome” activates the caspase-9 and −3 protease system. Smac/DIABLO and

Omi/HtrA2 activate caspases by sequestering or digesting caspase-inhibitory proteins,

respectively, whereas endoG mediates DNA fragmentation (Broughton et al., 2009;

Kroemer et al., 2007; Whelan et al., 2010).

5.2. Autophagy

Autophagy is the cell’s main mechanism for disposal of obsolete or damaged organelles and

protein aggregates, thereby providing a “housekeeping” function. It is also provides cells

with a survival mechanism to withstand stressful conditions, such as starvation, hypoxia,

mitochondrial dysfunction, and infection by generating amino acids and fatty acids for

maintenance of cell function, or by removing damaged organs and intracellular pathogens.

Thus, autophagy is actually a cell survival mechanism rather than a cell death process.

However, uncontrolled autophagy will ultimately lead to the death of the cell and may

contribute to I/R injury. Morphologically (Fig. 6.4), autophagy begins with the expansion of

an isolation membrane, or phagophore, around the cell compartment/organelle to be

processed (Gottlieb and Mentzer, 2010; He and Klionsky, 2009; Levine and Kroemer,

2008). The membrane then completely envelops the constituents to form the vesicular

autophagosome, which then fuses with a lysosome and the encased materials are degraded.

Like apoptosis, autophagy is tightly regulated and is mediated by specific pathways (Fig.

6.4). The main controller is mammalian target of rapamycin (mTOR), which inhibits

autophagy. However, under conditions of nutrient withdrawal or stress, mTOR is inactivated

(Gottlieb and Mentzer, 2010; He and Klionsky, 2009; Levine and Kroemer, 2008). This

derepresses another kinase called Atg1 which together with Atg13 and Atg17 initiates

formation of the phagophore. Formation of phagophore is further facilitated by another

complex consisting of a class III PI3K called vps34, vps15, and beclin-1. This complex, in

turn, recruits Atg12, Atg5, and Atg8 (also called LC3), which are essential for the

elongation of the membrane and completion of the autophagosome. Now complete, the

fusion of the autophagosome to the lysosome is mediated by the small GTPase Rab7 and the

lysosomal membrane protein LAMP2 (Gottlieb and Mentzer, 2010; He and Klionsky, 2009;

Levine and Kroemer, 2008).

5.3. Necrosis and necroptosis

Necrosis is characterized morphologically by swelling of cells and their constituent

organelles, mitochondrial dysfunction, lack of nuclear fragmentation, plasma membrane

rupture, and leakage of intracellular contents (Fig. 6.4). In contrast to the programmed

nature of apoptosis and autophagy, necrosis was believed to occur by random, uncontrolled

processes that led to the “accidental” death of the cell in response to overwhelming stress.

However, the concept of programmed necrosis, also termed necroptosis, especially under
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conditions like I/R, is gaining acceptance (Fig. 6.4). Specifically, it is now known that cell

stress or death receptor activation mobilizes and activates a group of serine/threonine

kinases called receptorinteracting proteins (RIPs). In particular, RIP1 and RIP3 appear to act

in coordination as mediators of necrosis (Moquin and Chan, 2010; Smith and Yellon, 2011;

Vandenabeele et al., 2010). Activation of RIPs 1 and 3, in turn, leads to increased ROS

production either through activation of NADPH oxidases (Morgan et al., 2008), or increased

mitochondrial oxidant production (Vandenabeele et al., 2010), depending on the cell type.

The finding that necrostatin-1 (a small tryptophan-based compound identified by screening a

chemical library of approximately 15,000 compounds for their ability to inhibit cell death

invoked by TNFα in the presence of zVAD.fmk) reduces TNFα-induced necrotic cell death

through inhibition of RIP1 kinase activity supports the concept of receptor-induced necrosis

via a controlled cellular process (Smith and Yellon, 2011).

One potentialmitochondrial target forRIP-mediated necrosis is theMPT pore. The MPT pore

is a large, nonspecific channel in the inner mitochondrial membrane that is opened in

response to excessive production of ROS and to Ca2+ overload of the mitochondrial matrix

(Baines, 2009a,b; Halestrap, 2009; Kroemer et al., 2007), both of which occur during I/R.

This sudden increase in inner membrane permeability dissipates the proton electrochemical

gradient (Δψm), leading to ATP depletion, further ROS production, and ultimately swelling

and rupture of the organelle. Although originally proposed as a mediator of apoptosis, recent

genetic studies have suggested that the MPT pore is predominantly involved in necrosis

(Baines, 2009a,b; Halestrap, 2009; Kroemer et al., 2007).

A third, potentially overlapping necrotic pathway involves activation of the DNA repair

enzyme poly(ADP-ribose) polymerase-1 (PARP1). Genotoxic stresses such as oxidants and

alkylating agents lead to an overstimulation of PARP1, which, in turn, activates the cysteine

protease calpain (Boujrad et al., 2007; Wang et al., 2009). This, in turn, stimulates the

release of the increasingly misnamed apoptosis-inducing factor from the mitochondria,

where it translocates to the nucleus and degrades DNA. How this relates to RIP kinases and

the MPT is still unclear at this point, but there is evidence that PARP1-mediated cell death

may be dependent on RIP1 (Xu et al., 2006).

6. Mechanisms Underlying I/R Injury

The mechanisms contributing to the pathogenesis of I/R injury are multifactorial, complex,

and highly integrated, with the net result of the perturbations induced by ischemia and

invoked when the blood supply is reestablished being damage to all biomolecules in cells

and tissues. If severe enough, cell death ensues by the mechanisms described in Section 5.

6.1. Calcium overload

During ischemia, the affected cells become dependent on anaerobic glycolysis for their ATP

supply. This leads to an accumulation of lactate, protons, and NAD+ and, therefore, causes a

drop in cytosolic pH. In an attempt to reestablish normal pH, the cell extrudes H+ ions in

exchange for Na+ via the plasmalemmal Na+/H+ exchanger (NHE) (Baines, 2009a,b, 2010,

2011; Murphy and Steenbergen, 2008). The Na+ ions are, in turn, exchanged for Ca2+ by the

plasmalemmal Na+/Ca2+ exchanger (Fig. 6.1). This increase in cytosolic Ca2+ is greatly

exacerbated upon reperfusion, where removal of extracellular H+ ions further increases the

proton gradient across the plasmalemma, thereby accelerating NHE exchanger function

(Baines, 2009a,b, 2010; Murphy and Steenbergen, 2008; Sanada et al., 2011; Talukder et al.,

2009). In addition to detrimental alterations in plasmalemmal Ca2+ handling, the

endoplasmic/sarcoplasmic reticulum Ca2+ store is also affected during I/R. In particular,

Ca2+ reuptake into the ER/SR by the SERCA ATPase is impaired by I/R, whereas Ca2+

release through the ryanodine receptor is enhanced (Sanada et al., 2011; Szydlowska and
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Tymianski, 2010; Talukder et al., 2009), both of which further exacerbate the lethal

elevations in intracellular Ca2+ (Fig. 6.1).

These massive alterations in Ca2+ activate a variety of systems, all of which can contribute

to cell death following I/R. One of the ways cells deal with this lethal increase in Ca2+ is to

take it up into the mitochondria via the mitochondrial Ca2+ uniporter, a protein that uses the

negative Δψm to drive uptake of the positively charged Ca2+ ions into the matrix (Contreras

et al., 2010; Szydlowska and Tymianski, 2010; Talukder et al., 2009) (Fig. 6.5). However, if

the elevations in mitochondrial Ca2+ become excessive, they can trigger the MPT response.

In addition, I/R-induced elevations in cytosolic Ca2+ can also lead to the pathological

activation of Ca2+/calmodulin-dependent protein kinases (CaMKs), which also contribute to

cell death and organ dysfunction following ischemia.

Another target for I/R induced Ca2+ are the calpains. This family of cysteine proteases is

activated by elevation of Ca2+ and degrades a panoply of intracellular proteins, including

cytoskeletal, ER, and mitochondrial proteins (Croall and Ersfeld, 2007). Calpain activity is

elevated by I/R and pharmacological inhibitors of calpains are protective in the brain (Peng

et al., 2011; Tsubokawa et al., 2006), heart (Chen et al., 2002; Hernando et al., 2010), liver

(Kohli et al., 1999), kidney (Chatterjee et al., 2005), and intestine (Marzocco et al., 2004). In

addition, the endogenous inhibitor of calpains, calpastatin, is also often degraded during I/R

(Shi et al., 2000; Sorimachi et al., 1997), which would further enhance calpain activation

and subsequent cell death. Indeed, transfer of the calpastatin gene in the myocardium can

reduce I/R-induced infarction and contractile dysfunction (Maekawa et al., 2003).

Increased intracellular Ca2+ also leads to the generation of calcium pyrophosphate

complexes and the formation of uric acid, both which belong to a group of danger signals

that bind to intracellular protein complexes called inflammasomes. Inflammasomes mediate

increased production of cytokines, such as IL-1β and TNFα, which, in turn, activate

transcription factors (e.g., nuclear factor kappa beta (NFκB)) to increase expression of

additional cytokines and chemokines, thereby precipitating a cytokine storm that exacerbates

I/R injury.

6.2. Oxidative/nitrosative stress

Reentry of oxygenated blood into ischemic tissue, while necessary for restoration of aerobic

ATP production, also results in production of ROS (Fig. 6.1). Owing to their highly reactive

nature, ROS generated upon reperfusion can oxidatively modify virtually every type of

biomolecule found in cells, thereby paradoxically inducing cell dysfunction (oxygen

paradox). Earlier work established the primary importance of ROS production in the

pathophysiology of I/R injury, and has been ably reviewed previously (Granger, 1999;

Granger and Korthuis, 1995; Kvietys and Granger, 2012; Raedschelders et al., 2012).

Reactive nitrogen species (RNS), which refers to redox molecules derived from NO, also

play a modulatory role in the cellular and systemic response to I/R. Indeed, interactions

between ROS and RNS play a critical role in determining the extent of injury via the

production reactive nitrogen oxide species (RNOS), such as strong prooxidant peroxynitrite.

Overall deleterious effects of RNOS in the context of I/R include damage/modification of

macromolecules, induction of death of endothelial and/or parenchymal cells in the affected

tissue, stimulation of production/release of pro-inflammatory mediators by various cell

types, as well as induction of adhesion molecules supporting leukocyte/ lymphocyte-

endothelial cell adhesive interactions, and decreases in the availability of protective NO

(Granger, 1999; Granger and Korthuis, 1995; Kvietys and Granger, 2012; Raedschelders et

al., 2012).
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6.2.1. Reactive oxygen species in I/R—The general condition favoring the

aforementioned effects has been termed oxidative or oxidant stress, or in the case of NO,

nitrosative stress. The traditional view of oxidant stress was that it arises from a simple

imbalance between cellular levels of prooxidant versus antioxidant compounds, such that the

resulting net excess of ROS produced cell/tissue injury (Sies, 1985). Recent refinement of

this hypothesis has been prompted by three factors: (1) lack of major benefit from treatment

with free radical scavengers in clinical intervention trials (Allen and Bayraktutan, 2009), (2)

progress in understanding the control of oxidant- and redox-sensitive cell signaling

pathways (Go et al., 2010), and (3) the recognition that in addition to ROS, RNS also play

an important modulatory role in cell physiology (Lima et al., 2010). Oxidant stress is now

thought to involve three major components: (1) “indirect” effects of oxidants, especially

nonradical oxidants such as hydrogen peroxide (H2O2), mediated through dysfunction in cell

signaling and control mechanisms that are sensitive to changes in thiol redox circuits (Go et

al., 2010), (2) modulatory effects on cell signaling via direct covalent, oxidative, or

nitrosative modification of key regulatory proteins (Lima et al., 2010), and (3) direct damage

by RNOS, especially oxidant radicals, to cellular molecules, for example, DNA, protein,

lipids, and carbohydrates. The extent to which each of these processes plays a role in

particular aspects of I/R is not clearly defined and is the subject of intense current scrutiny.

6.2.1.1. Superoxide and other ROS: The primary ROS initially produced during I/R is the

superoxide anion radical , resulting from the univalent reduction of molecular oxygen.

Support for this came from early findings that IRI was significantly attenuated by treatment

with SOD or SOD mimetics (Granger, 1988) and later confirmed in studies showing less IRI

in transgenic mice overexpressing either cytoplasmic or mitochondrial isoforms of SOD

(Chen et al., 1998; Horie et al, 2001). Superoxide is the primary oxidant, since all other

RNOS are ultimately derived from its dismutation or interaction with other reactive species,

which themselves go on to mediate I/R-induced vascular dysfunction and tissue injury. It is

produced by a number of cytosolic and membrane enzymes, as well as via the electron

transport chain (e.t.c.) in mitochondria (see below).

Superoxide can directly oxidize various biomolecules and inactivate enzymes with iron-

sulfur centers such as aconitase, fumarase, NADH dehydrogenase, creatine kinase, and

calcineurin (Raedschelders et al., 2012). However, it is not generally thought to be

particularly toxic in vivo, mainly due to rapid, spontaneous (i.e., noncatalytic) dismutation

hydrogen peroxide (H2O2), a conversion accelerated about 104 -fold (essentially to a

diffusion-limited rate) by SOD, such that other reactions of  in cells are effectively

prevented unless generation of  is in very close proximity (i.e., up to several molecular

diameters) to potential reactants. However,  can be rapidly and spontaneously converted

to its conjugate acid, the more highly potent oxidant, hydroperoxyl radical (HOO•),

particularly under conditions of low pH, such as might be expected in ischemic tissue.

Although H2O2 is less reactive than , it readily diffuses across cell membranes and can

thus act as a second messenger and modulator of cell signaling. In the presence of transition

metals, that is, iron or copper, H2O2 participates in the generation highly reactive free

radicals such as hydroxyl (•OH) via the Fenton reaction or can react with hemoglobin and

myoglobin to form damaging ferryl derivatives of these hemoproteins. Finally,  can react

with NO to form peroxynitrite anion (ONOO−) which, in turn, can be protonated to the

highly cytotoxic peroxynitrous acid (ONOOH), a strong oxidant in its own right.

Peroxynitrite is also a more effective precursor to •OH than the reaction of reduced iron with

H2O2 and is an important modulator of cell signaling.

6.2.1.2. Sources of superoxide: The major enzymatic sources of cellular superoxide

production are XO, NADPH oxidase, cytochrome P450 oxidases, and uncoupled nitric oxide
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synthase (NOS). The mitochondrial e.t.c. is also an important generator of . The precise

role of each of these  generators in the pathology of IRI is not clear since a particular

source may predominate depending upon the species, the tissue examined, or the

experimental protocol used to produce IRI. As an example, in a model of intestinal I/R,

endothelial XO appeared to be responsible for ROS generation early on, while leukocyte

NADPH oxidase appeared to mediate the later phases (Granger, 1999). Another recent study

of ROS-induced apoptosis in cultured neurons exposed to anoxia–reoxygenation reported a

clear temporal sequence of ROS generation, beginning with a transient increase in

mitochondrial production during hypoxia, progressing to a second phase dependent on XO,

and finally a third phase due to NADPH oxidase activity beginning upon reoxygenation

(Abramov et al., 2007).

Some of the earliest evidence implicating  in I/R was derived from studies examining the

role of xanthine oxidoreductase (XO) (Parks and Granger, 1986). While expressed in many

tissues, hepatocytes, intestinal enterocytes, and capillary endothelial cells exhibit very high

levels of XO expression (Parks and Granger, 1986). XO is formed from xanthine

dehydrogenase under hypoxic conditions and requires hypoxanthine and molecular oxygen

to fuel the production of . Depletion of ATP levels during ischemia leading to the

accumulation of the former, while the latter is provided on reperfusion. The importance of

XO-derived  in I/R is shown by decreased Ca2+ overload and markers of oxidant stress,

leukocyte recruitment and accumulation, and tissue injury in the presence of inhibitors of

XO (Granger and Korthuis, 1995; Kvietys and Granger, 2012; Raedschelders et al., 2012).

Release of endothelial membrane-bound XO during local tissue I/R results in increased

plasma concentrations of XO, which provides means for instigating oxidant-triggered ROI

(see Section 2.5). XO may also catalyze the reduction of nitrite to nitric oxide (Golwala et

al., 2009), an effect that may provide a mechanistic basis for the utility of nitrite therapy in

ischemic disease.

Two general forms of the multimeric, superoxide-producing NADPH oxidase (NOX) have

been shown to be involved in I/R-induced oxidant stress. The first of these is the

prototypical NOX of phagocytic leukocytes (e.g., macrophages, neutrophils), responsible for

the so-called respiratory burst wherein a 50- to 100-fold increase in oxidant production

activated by exposure to microorganisms or inflammatory mediators (Kvietys and Granger,

2012; Raedschelders et al., 2012). NOX-generated  is rapidly dismutated to hydrogen

peroxide, followed by myeloperoxidase-catalyzed production of hypochlorous acid.

Normally, the function of this burst of ROS is host defense, and the reactant species are

released extracellularly or into phagolysosomes.

It is now well established that nonphagocytic cells, particularly those comprising the

vascular wall, also express one or more NOX isoforms (Jiang et al., 2011; Kvietys and

Granger, 2012; Raedschelders et al., 2012). Unlike the leukocyte isoform, which is inactive

until stimulated and then produces massive amounts of superoxide, the vascular NOXs

maintain a low level of constitutive activity. Although their activity can be significantly

upregulated on stimulation, the vascular NOXs maximal rate of  is less than 10% of the

leukocyte enzyme. Thus, the low levels of ROS generated by vascular NOXs are well suited

to comparatively more subtle effects on signaling cascades via effects on kinases and

phosphatases (Jiang et al., 2011). However, under conditions of extreme stress, such as

might occur during I/R, even vascular NOX can produce levels of superoxide sufficient to

produce oxidant stress (Dworakowski et al., 2008; Gao et al., 2008).

Under basal conditions, leukocyte NOX is inactive because subunits required for activation

are maintained in different cellular compartments and thus separated. Activation thus
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depends upon recruitment of regulatory subunits in the cytosol to the membrane where the

catalytic subunit resides for holoenzyme assembly (Kvietys and Granger, 2012;

Raedschelders et al., 2012). In contrast, vascular cells appear to maintain several distinct

pools of enzyme. One portion of total NOX is preassembled (and fully active) in the

membrane, accounting for the low levels of constitutive activity, while a second pool is

localized with cytoskeletal proteins. A third pool is similar to NOX in leukocytes, being

maintained in separate membrane and cytosolic compartments until stimulation (Kvietys and

Granger, 2012; Raedschelders et al., 2012). Both the vascular wall and leukocyteNOXs have

been shown to participate in injury to endothelial and vascular smooth muscle cells,

fibroblasts, and parenchymal cells of the most organs exposed to I/R or anoxia–

reoxygenation (Kvietys and Granger, 2012; Raedschelders et al., 2012).

Cytochrome P450 (CYP) enzymes, members of the microsomal mixed function oxidase

system, are a family of membrane-bound, hemecontaining oxidases that use oxygen or

NADPH to catalyze the univalent oxidation or reduction of xenobiotic compounds, as well

as some lipids (e.g., arachidonic acid), vitamins, steroids, and cholesterol. Most of these

enzymes are expressed in liver, but some have been found in extrahepatic tissues, including

the endothelial cells (Gottlieb, 2003). While much of the research on CYPs has focused on

their role in vasoregulation has concentrated on their action to form to bioactive eicosanoid

derivatives from arachidonic acid, some with vasoconstrictive actions, (20-

hydroxyeicosatetraenoic acid (20-HETE)) and others which exhibit vasodilatory and anti-

inflammatory effects (epoxyeicosatrienoic acids (EETs)). The precise role and importance of

distinctCYPs in I/R is complex, sinceCYP catalyzes production of both EETs and

potentially harmful vasoconstrictors andROS (Deng et al., 2010). Indeed, work conducted in

the heart and brain suggests that 20-HETE may contribute to I/R injury, by a mechanism

that may involve generation of ROS and dihydroxydecanoic acid (Chehal and Granville,

2006; Edin et al., 2011; Yang et al., 2012). However, EETs production limits postischemic

inflammation (Deng et al., 2010; Xu et al., 2011b).

NOS is a dual-function oxidoreductase enzyme, combining a cytochrome P450-like

reductase in one subunit with a heme-containing oxidase in the other subunit. An essential

cofactor, tetrahydrobiopterin (BH4), shuttles electrons from the reduction of molecular

oxygen to the oxidation of L-arginine (L-arg), producing L-citrulline and nitric oxide (NO).

Numerous studies have established that in the absence of BH4 or L-arg, all NOS isoforms

can become uncoupled, producing  instead of NO (Roe and Ren, 2012). This can occur

through oxidation of BH4 by  or ONOO−, by BH4 deficiency, oxidation of the zinc–

thiolate complex that stabilizes the NOS homodimer, S-glutathionylation, and dissociation

of NOS from associated proteins (e.g., HSP90) that are necessary for coupled function (Roe

and Ren, 2012). Administration of L-arg, BH4, or sepiapterin reduce I/R injury (Settergren

et al., 2009; Yamashiro et al., 2003).

In normal cells, mitochondria constitute the largest single intracellular source of  (Lee et

al., 2012; Perrelli et al., 2011). More than 90% of oxygen entering cells is reduced to water

via the mitochondrial e.t.c; under physiological conditions, about 1–2% of that oxygen is

reduced to , mainly due to “electron leak” at two sites in the chain: NADH ubiquinone

oxidoreductase (Complex I) and ubiquinone/cytochrome c reductase (Complex III). Recent

evidence indicates that non-e.t.c. sources of ROS may play a significant role in

mitochondrial ROS production (see below). Production of ROS by the mitochondria is

significantly increased by I/R (Stowe and Camara, 2009). A second mechanism contributing

to I/R-induced increases in mitochondrial ROS is a decreased endogenous mitochondrial

antioxidant capacity (Stowe and Camara, 2009). Therefore, net ROS release from

mitochondria likely reflects the balance between production versus disposal/scavenging.
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A number of studies have provided strong evidence that mitochondria account for a

quantitatively significant proportion of I/R-induced ROS release (Lee et al., 2012; Perrelli et

al., 2011) (Fig. 6.5). These include studies using specific inhibitors of various steps in the

e.t.c., selective targeting of antioxidants to the mitochondria, and transgenic overexpression

of mitochondrial versus cytosol-specific isoforms of antioxidant enzymes (e.g., MnSOD vs.

CuZnSOD) (Perrelli et al., 2011). In other studies, pharmacological agents which protect

against I/R-induced vascular dysfunction and tissue injury have been found to inhibit

mitochondrial ROS production (Perrelli et al., 2011).

Two other major sources for mitochondrial ROS are p66Shc and monoamine oxidase (MAO)

(Di Lisa et al., 2009a,b) (Fig. 6.5). Unlike other members of the Src homology 2 domain and

a collagen homology region family of proteins, p66shc is not known to be an activator of

Ras. Rather, it is a source of superoxide, and studies using p66shc−/− knockout mice have

shown p66Shc to play a clear role in several pathological conditions involving oxidative

stress (Menini et al., 2006). Recent studies have shown that oxidant stress promotes

phosphorylation of a key serine residue in p66shc (Ser 36), which then results in

translocation of p66Shc to the outer membrane of the mitochondria, where it binds to and

oxidizes cytochrome c, producing ROS in the process (Arany et al., 2010). It has been

proposed that p66Shc may thus play a role in I/R-induced mitochondrial dysfunction and

oxidant stress but direct, in vivo confirmation of this hypothesis has not yet been reported.

MAOs are also localized to the outer mitochondrial membrane, where they normally

function to oxidatively deaminate monoamine neurotransmitters and dietary tyramines,

producing aldehydes and hydrogen peroxide (Di Lisa et al., 2009a, b) (Fig. 6.5). MAOs have

long been implicated in several neurodegenerative disorders, but they have been found to

play a role in mediating oxidant stress in cardiac I/R injury, an effect that correlated with the

levels of circulating monoamines (Kaludercic et al., 2010).

6.2.2. Nitrosative stress in I/R—Nitric oxide (NO•) is a radical produced during the

oxidation of arginine to citrulline, catalyzed by NOS, although it can also be produced

through reduction of nitrite or nitrate, through the action of XO, as discussed above

(Golwala et al., 2009) or by mitochondrial cytochrome c oxidase under hypoxic conditions

(Castello et al., 2006). Due to its high reactivity, NO• is extremely labile, having a half-life

of just a few seconds. Under physiological conditions, the relatively low quantities of NO•

produced by the action of the endothelial isoform of NOS (eNOS), combined with its

evanescence and ability to readily cross cell membranes, make it an ideal signaling

molecule. As such, NO• plays an important regulatory and protective role in the vasculature,

where it produces dilation of blood vessels, modulates platelet aggregation and adhesion,

and prevents leukocyte–endothelial adhesive interactions and angiogenesis (Kubes et al.,

1991; Pacher et al., 2007). Nevertheless, because of its reactivity, the physiology of NO is

quite complex, owing to a wide variety of potential reactions with other chemical species.

(Grisham et al., 1999; Lima et al., 2010; Pacher et al., 2007; Valko et al., 2007).

Grisham et al. (1999) distinguished two types of effects of NO: direct and indirect, the

predominance of which depends upon the rate and extent of NO production. Direct effects

occur at low concentrations or fluxes of NO and are characterized by interactions of NO

with other targets, such as formation of nitrosyl complexes with proteins with iron-

coordinated heme moieties (Shiva et al., 2007) and prevention of iron-dependent formation

of ferryl-heme radicals by H2O2. Indirect effects are the result of interaction of NO with O2

or , forming dinitrogen trioxide (N2O3) or peroxynitrite (ONOO−), respectively.

Although these secondarily derived RNOS can play important roles in signaling, their

appearance is often associated with overproduction of NO and  and resulting

pathophysiological nitrosative and oxidative stress. In addition, recent findings also support
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protective, anti-inflammatory effects of nitrated lipids (see below). Many NO-initiated

effects are independent of the classic cGMP-dependent pathway originally described for this

mediator. Recent findings indicate that nitrosation of proteins and lipids constitute a

potentially powerful means of modulating cell function, which, in some cases, has been

shown to converge with thiol-dependent redox control.

6.2.3. Biologic targets of oxidative/nitrosative stress in I/R—There are three major

ways oxidative/nitrosative stress adversely influence cell function in I/R and other states: (1)

damaging effects on cellular macromolecules, such as membrane lipids, proteins, and DNA,

(2) decrease in NO bioavailability through its interaction with , with the simultaneous

production of highly reactive and potentially toxic ONOO− and other RNOS, and 3) effects

on cell signaling mechanisms, either through modulation of cell redox state or via direct

effects on particular signaling and/or effector systems. Over the past 10–15 years, it has

become clear that simple macromolecular damage cannot fully explain many, if not most, of

the effects of RNOS on cellular function, particularly with regard to effects on regulatory

and effector proteins involved in the response to I/R. Consideration of the concept of redox

control has led to the recognition that I/R injury involves dysregulation of the network of

thiol redox circuits in cells.

6.2.4. Cellular redox signaling in I/R—It is becoming increasingly clear that organisms

have evolved mechanisms to use ROS, RNS, and RNOS as signaling mediators. Due to the

ubiquitous nature of these reactive species, and their potential for relatively indiscriminate

reactivity, the signaling specificity of RNOS-mediated control systems must be achieved in

a manner altogether different from the classic, noncovalent, complementary macromolecular

ligand-receptor paradigm (D’Autréaux and Toledano, 2007). In this context, H2O2

(D’Autréaux and Toledano, 2007; Go and Jones, 2008) interacts with particular pools of

thiol-disulfide redox switches or control nodes such as reduced glutathione/ glutathione

disulfide or as redox-active cysteine/cystine, either on thioredoxin proteins or on regulatory

or effector protein targets. The basis for redox control of a given protein is the ability for key

redox-active cysteines to be reversibly switched between reduced thiol and oxidized

disulfide forms. Precise understanding of the basis for redox-mediated signaling specificity

has not yet been attained, although a helpful explanatory hypothesis has recently been

proposed by Jones and coworkers (Go and Jones, 2008), wherein the interaction of H2O2

with the aforementioned redox control nodes is compartmentalized into discrete, spatially

and kinetically distinct pathways, which are not in equilibrium with each other.

NO or RNOS can react with nucleophilic thiols such as cysteine or reduced glutathione

(GSH) to produce S-nitrosothiols (SNO). S-nitrosation of proteins is a major means by

which sGC-independent NO signaling is effected (Lima et al., 2010). Interestingly, many

but not all instances of protein S-nitrosylation are protective, targeting NFκβ, IκB kinase,

PKC, Bcl-2, caspases, PTS, MnSOD, cytoskeletal actin, mitochondrial complex I, and a

variety of cell surface receptors (Lima et al., 2010; Sun and Murphy, 2010). The extent of S-

nitrosation is dependent, not only on redox chemistry between NO or NO derivatives with

thiols but also on a recently recognized system of denitrosylases, the physiologically most

significant being S-nitrosoglutathione reductases and the thioredoxin system (Benhar et al.,

2009). It is now known that activity of these enzymes is regulated (Benhar, 2009) and may

constitute an important element in the control of not only NO-dependent signaling but also

redox signaling in general. The extent to which alterations in reversible S-nitrosation are

involved in dysfunctional signaling in inflammation is beginning to be explored (Godoy et

al., 2010), but specific instances of dysregulated denitrosation in I/R have not yet been

reported.
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6.3. Endoplasmic reticulum stress

The ER is a complex membranous network found in all cells where it plays an important

role in calcium homeostasis, the folding of proteins, and lipid biosynthesis (Minamino et al.,

2010). A wide variety of stressors disrupt ER function which leads to protein misfolding and

unfolding in the organelle. As misfolded and unfolded proteins accumulate in the ER, a state

referred to as ER stress, they are sensed by transmembrane receptors which, in turn, elicit

the unfolded protein response (UPR) (Minamino et al., 2010). The UPR acts to ameliorate

the accumulation of unfolded proteins by increasing the expression of ER-resident

chaperones, increasing protein translation, and accelerating the degradation of unfolded

proteins. However, if the UPR fails to relieve ER stress, cell death by apoptosis occurs.

Reperfusion of ischemic tissues is associated with the generation of ROS and the production

of proinflammatory cytokines, both of which induce proapoptotic pathways of the UPR

(Minamino et al., 2010; Toko et al., 2010). Upregulation of the activating transcription

factor (ATF)6 pathway of the UPR in transgenic mice with cardiac-restricted expression of a

tamoxifen-activated form of ATF6 results in increased expression of ER-resident

chaperones (GRP78 and −98), better functional recovery, and reduced necrotic and apoptotic

cell death in hearts after I/R (Martindale et al., 2006). However, pharmacologic inhibition of

ATF6 during I/R exacerbates contractile dysfunction and increased mortality rate following

myocardial infarction (Toko et al., 2010). ATF6 activation induces the expression of

numerous gene products, including mesencephalic astrocyte-derived neurotrophic factor

(MANF), as well as the ER stress response Derlin-3 gene (Belmont et al., 2010; Tadimalla

et al., 2008) and may do so by modifying miRNA levels (Belmont et al., 2012). Addition of

recombinant MANF protected cultured cardiomyocytes from simulated I/R injury, while

miRNA knockdown of MANF increased cell death under these conditions (Tadimalla et al.,

2008). However, overexpression of the Derlin-3 gene enhances the export of misfolded

proteins from the ER to the cytosol by a process termed retrotranslocation and protected

cardiomyocytes from the deleterious effects of simulated I/R (Belmont et al., 2010).

Upregulation of other components of the UPR has also proven to reduce I/R injury and

appears to play an important role in the protective effects of ischemic pre- and

postconditioning to alleviate ER stress and reduce myocardial injury (Depre et al., 2010;

Mao and Crowder, 2010). Interestingly, treatment with either a pharmacologic activator of

AMPK or a statin reduces ER stress in cardiomyocytes exposed to hypoxia or TNF,

respectively (Chen et al., 2008; Terai et al., 2005). The latter studies suggest that the oral

antidiabetic agent metformin, which also activatesAMPK, or statin treatmentmay exert

protective effects via their influence on UPR pathways, in addition to their well-known other

clinically useful activities.

6.4. Mitochondrial dysfunction

It is now well established that mitochondria play a critical role in the progression of I/R

injury. Here, we will review the mitochondrial components/processes that contribute to the

death of cells following I/R injury.

6.4.1. Inhibition of mitochondrial metabolism—Due to the lack of oxygen during

ischemia, electron flow through the respiratory chain is inhibited. Consequently, the F1F0

ATP synthase can no longer phosphorylate ADP to generate ATP (Di Lisa et al., 2007).

Moreover, in an attempt to maintain the Δψm, in the face of inhibited electron transfer, the

ATP synthase actually runs in reverse, thereby hydrolyzing what ATP remains (Di Lisa et

al., 2007). These two processes elicit a rapid fall in ATP levels upon induction of ischemia.

Selective inhibition of the hydrolyzing activity of the ATP synthase slows down the rate of

ATP loss and protects hearts against the subsequent cell death (Grover et al., 2004). In

addition to its effects on ATP metabolism, by blocking oxidative phosphorylation I/R also
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inhibits the breakdown of fatty acids. This, in turn, leads to an accumulation of toxic fatty

acids within the cell. These can produce inflammatory metabolites through the arachidonic

acid pathway (Van der Vusse et al., 1997), as well as stimulate opening of the MPT pore (Di

Paola and Lorusso, 2006).

6.4.2. Mitochondrial ROS production—There are several mitochondrial sources of

ROS including the e.t.c., p66Shc, andMAOs (Figure 6.9). Superoxide is produced by

complexes I and III of the e.t.c. and is normally neutralized by SOD. However, during

ischemia, these complexes (especially complex I) are kept in their reduced state, thereby

increasing ROS production to the point that the cells’ antioxidant systems are overwhelmed

(Solaini and Harris, 2005). Restoration of oxygen upon reperfusion exacerbates this

pathogenic mechanism.

P66Shc is a splice variant of the other Shc proteins, which are normally involved in Ras

signaling (Di Lisa et al., 2009a,b). However, p66Shc is found in the mitochondria and mice

deficient in p66Shc were found to exhibit less oxidant stress than normal mice (Giorgio et

al., 2005; Orsini et al., 2006). The mechanism by which p66Shc induces mitochondrial ROS

is unclear but may involve electron transfer between itself and cytochrome c (Giorgio et al.,

2005). Interestingly, I/R injury in skeletal muscle and the myocardium is reduced in the

p66Shc−/− animals (Carpi et al., 2009; Zaccagnini et al., 2004). Whether p66Shc contributes

to I/R injury in other organs remains to be tested.

Monoamine oxidases (MaO-A and MaO-B), which are associated with the outer

mitochondrial membrane, are involved in the deamination of neurotransmitters and dietary

amines (Di Lisa et al., 2009b). However, this process results in the generation of H2O2 (Di

Lisa et al., 2009b). Pharmacological inhibitors of MaOs have been reported to reduce I/R

injury in a variety of organs (Kiray et al., 2008), and genetic deletion of MaO-A rendered

mice resistant to myocardial I/R injury (Kaludercic et al., 2010).

6.4.3. Opening of the mitochondrial permeability transition pore—As noted

above, opening of the MPT pore in the inner mitochondrial membrane is a critical event in

the progression of cell death in response to I/R. Being inhibited by low pH, the MPT pore is

kept quiescent during ischemia. However, upon reperfusion, the huge increases in

mitochondrial Ca2+, coupled with the ROS burst, induce opening of the MPT pore (Di Lisa

et al., 2009; Ong and Gustafsson, 2012) (Fig. 6.5). The pore is large in size (1.5 kDa), and

therefore, H+ ions can pass back into the matrix through this channel, thereby dissipating the

Δψm, uncoupling the e.t.c. and inhibiting ATP synthesis (Baines, 2010; Halestrap, 2010). In

addition, water enters the mitochondria through its osmotic gradient causing the

mitochondria to swell and even rupture. The proteins that constitute the MPT pore are still

being defined, with the adenine nucleotide translocase, mitochondrial phosphate carrier, and

cyclophilin-D being the leading candidates so far (Baines, 2009a,b; Halestrap, 2009).

The discovery of chemical inhibitors of cyclophilin-D, such as cyclosporine-A, sanglifehrin-

A, and Debio-025, has enabled the study of the role of MPT and theMPT pore in I/R injury.

These compounds have been shown protect against I/R-induced cell death in every organ

tested (Clarke et al., 2002; Di Lisa et al., 2009; Muramatsu et al., 2007; Saxton et al., 2002;

Singh et al., 2005; Puglisi et al., 1996). These pharmacological data have since been

confirmed by the generation of CypD-deficient mice, which exhibit an innate protection

against cardiac, hepatic, and renal I/R injury (Baines et al., 2005; Devalaraja-Narashimha et

al., 2009; Schinzel et al., 2005).

6.4.4. Mitochondrial fission/fusion—Mitochondria are dynamic organelles that form

tubular, intercommunicating networks that are linked to the cytoskeleton and undergo cycles
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of division (fission) and fusion (Chen and Knowlton, 2010). Alterations in mitochondrial

morphology occur when these latter two processes become unbalanced, with loss of fission

resulting in the appearance of large networks of fused mitochondria, while excessive fission

leads to small, fragmented mitochondria. Because fission is initiated under conditions

associated with I/R, such as low ATP levels and increased mitochondrial ROS production,

and excessive mitochondrial fission is a required step for extrinsic apoptotic cell death, this

process may contribute to the pathogenesis of postischemic cell death. Indeed, inhibition of

mitochondrial fission has been shown to reduce I/R-induced mitochondrial fragmentation

and exerts cardioprotective effects in I/R by preventing MPT pore opening (Ong et al.,

2010). Mitochondrial fission also contributes to fragmentation of these organelles in

endothelial cells exposed to H/R and may thus contribute to endothelial dysfunction in

postischemic tissues (Giedt et al., 2012). These exciting observations suggest that

mitochondrial fission/fusion may represent new targets for therapeutic intervention in I/R.

6.5. Activation of apoptotic and autophagic pathways in I/R

A considerable amount of research has focused on the role that apoptotic mediators play in I/

R injury. However, there is also evidence that autophagy is activated during I/R as well

although, as we shall see, this may actually be a good thing.

6.5.1. Proapoptotic Bcl2 proteins—I/R injury induces apoptotic cell death, although

the incidence of this form of death is significantly lower than necrosis. In particular,

activation of prodeath Bcl2 proteins such as Bax, Bak, Bid, Puma, and BNIP3 and their

upregulation, translocation, and integration into mitochondrial membranes have been

reported in ischemically damaged tissues (Metukuri et al., 2009; Ji et al., 2007; Wei et al.,

2006; Wu et al., 2007). Again, it appears that ischemia alone is not sufficient for Bcl2

protein activation and that reperfusion is required, consistent with the fact that many of these

proteins are redox sensitive. Studies in Bax-, Bid-, BNIP3-, or Puma-deficient animals have

confirmed a role for these proteins in the progression of I/R injury (Ben-Ari et al., 2007;

Diwan et al., 2007; Wei et al., 2006; Wu et al., 2007). Interestingly, however, the degree of

protection afforded by knocking out pro-death Bcl2 proteins is greater than would be

expected from the amounts of apoptosis induced by I/R. This would suggest that these

proteins have effects above and beyond simple apoptotic signaling during I/R. Indeed, both

proand antiapoptotic Bcl2 proteins are known to regulate Ca2+ homeostasis (Scorrano et al.,

2003), which we already know influences I/R injury.

6.5.2. Mitochondrial-derived apoptogens—While cytochrome c is the archetypal

apoptogen released from mitochondria in response to the actions of Bax and company, there

are other equally critical apoptogens that may contribute to the pathogenesis of ischemic

damage. For example, the caspase activator Omi/HtrA2 is released during I/R, and its

pharmacological or genetic inhibition greatly reduces I/R-induced apoptosis and cell death

(Kim et al., 2010). Another caspase activator, Smac/DIABLO is also released by I/R in a

variety of organs (Nilakantan et al., 2010), but whether this plays a causative role in I/R

injury remains to be tested. Endonuclease G, which induces nuclear DNA fragmentation

during apoptosis, is also released from mitochondria following cerebral ischemia (Nielsen et

al., 2008). However, endoG-deficient mice were still sensitive to prolonged I/R (Xu et al.,

2010).

6.5.3. Caspases—The proteases that effect apoptosis, the caspases, also appear to play

critical roles in I/R-induced cell death. Pan-caspase inhibitors such as zVAD-FMK and

MX1013 attenuate apoptosis and cell death in response to I/R in multiple organs (Daemen et

al., 1999; Kobayashi et al., 2001; Yang et al., 2003; Yaoita et al., 1998). Genetic deletion/

knockdown of specific caspases, both of the extrinsic and intrinsic pathways, also
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ameliorates I/R injury (Contreras et al., 2004; Le et al., 2002; Zhang et al., 2006). However,

targeting caspases as a means of reducing I/R injury may not be ideal, as the upstream

mitochondria will still be adversely affected. Therefore, caspase inhibition may only delay

the inevitable and may, in fact, drive the cell into necrotic death instead (Vandenabeele et

al., 2010).

6.5.4. Autophagy—Given that an organ is essentially starved during ischemia, it perhaps

not surprising that autophagy is markedly upregulated by I/R (Cardinal et al., 2009; Jiang et

al., 2010). These data suggest that autophagy is contributing to I/R-induced pathology. In

fact, just the opposite seems to be the case, since inhibition of autophagy actually worsened

tissue damage in I/R ( Jiang et al., 2010; Takagi et al., 2007). Moreover, pharmacologic

induction of autophagy confers protection against I/R (Cardinal et al., 2009; Carloni et al.,

2010). However, it should be pointed out that autophagy may still play a detrimental role in

I/R, especially if the ischemic period is prolonged (Takagi et al., 2007).

6.6. Protein kinases

Signal transduction plays an important role in any cellular process and I/R is no exception.

Consequently, it has come as no surprise that several protein kinases play critical roles in the

pathogenesis of I/R injury. Most studied within the context of I/R are the mitogen-activated

protein kinases (MAPK), but protein kinase Cd (PKCδ), CaMK, and RIP kinases are also

now being appreciated as mediators of I/R injury.

6.6.1. Mitogen-activated protein kinases—The MAPKs are a family of heterogeneous

serine/threonine kinases that play critical roles in cell growth, proliferation, survival, and

death. Although there are multiple MAPKs, the three canonical groups are the extracellular

signal-regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs), and the p38 MAPKs,

with several isoforms and splice variants existing within each group. Overwhelming

evidence points to ERKs being protective in the setting of I/R injury. Thus, we will focus on

the JNK and p38 MAPKs in this section.

Activation of JNK by I/R has been reported in multiple organs (Bogoyevitch et al., 1996;

Murayama et al., 2006; Okuno et al., 2004). Consistent with this, treatment with the

selective JNK inhibitors has been shown to attenuate I/R injury (Wang et al., 2007; Wolf et

al., 2008). Ablation of the Jnk2 and Jnk3 genes protected the liver and brain, respectively,

against I/R induced cell death (Kuan et al., 2003; Theruvath et al., 2008). Similarly, hearts

from either JNK1- or JNK2-deficient mice exhibited smaller infarcts following I/Rthan their

wild-type counterparts (Kaiser et al., 2005). Although these data strongly indicate that JNK

plays a critical role in the pathogenesis of I/R injury, activation of JNK has been shown to

be just as protective in the heart as inactivation of the kinase (Kaiser et al., 2005), while JNK

inhibition actually exacerbates I/R injury in the liver (Lee et al., 2006). Thus, the role of

JNKs in I/R injury remains complex (and controversial), and the reasons for these

discrepancies remain unclear.

Similar to JNKs, activation of p38 MAPK occurs in response to I/R (Harding et al., 2010;

Kobayashi et al., 2002; Takagi et al., 2000), while inhibition of p38 MAPKs has led to

equivocal results, with some reports indicating that pharmacological inhibition of p38

MAPKs effectively reduces I/R-induced cell death (Li et al., 2006; Piao et al., 2003). In

contrast, other studies have shown that the ability of preconditioning to protect against I/R

injury is dependent on p38 activation (Yusof et al., 2009). These apparently discrepant

findings may be explained by differential p38 MAPK isoform activation. Lethal I/R itself

causes the activation of p38a (Guo and Bhat, 2007; Kaiser et al., 2004). In contrast, agents/
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interventions that induce preconditioning may preferentially activate the cytoprotective B

isoform of p38 (Das et al., 2006; Huang et al., 2007).

6.6.2. Protein kinase C—The PKC family is a diverse group of serine/threonine kinases

that includes at least 10 different isoforms (α, β1, β2, γ, δ, ε, η, θ, ζ,ι/λ). However, in the

context of I/R injury, the two major players appear to be PKCδ and PKCε, with the former

contributing to I/R injury and the latter protecting against it. While activation and/or

translocation of PKCδ in response to I/R have been demonstrated (Gundewar et al., 2007;

Koponen et al., 2000; Strasser et al., 1999), the most compelling support for a causative role

of PKCδ in I/R has been provided by Mochly-Rosen’s group, who designed elegant peptide

activators and inhibitors of this isoform. Using these peptides, it was shown that I/R injury

was attenuated by specific inhibition of PKCδ (Bright et al., 2004; Chou et al., 2004; Inagaki

et al., 2003; Murriel et al., 2004), while transgenic expression of a PKCδ activator

exacerbated ischemic damage (Chen et al., 2001).

6.6.3. Ca++/calmodulin-dependent protein kinase—As mentioned in Section 6.1,

large increases in cytosolic Ca2+ can activate the CaMKs, and indeed, activation and

concomitant translocation of CaMK-II isoform have been reported in the ischemic heart

(Netticadan et al., 1999; Uemura et al., 2002). Importantly, pharmacological inhibition of

CaMK-II protects against I/R-induced cell death and dysfunction (Vila-Petroff et al., 2007).

6.6.4. Receptor-interacting protein kinases—RIP kinases are the latest addition to

the panel of pro-death serine/threonine kinases. Under normal circumstances, these enzymes

are necessary for the regulation of the NFκB and ERK signaling pathways by the TNF

family of receptors (Festjens et al., 2007). However, RIP1 and RIP3 have also been shown

to be critical for the progression of necrotic death in a variety of cell lines (Cho et al., 2009;

Degterev et al., 2005; He et al., 2009; Holler et al., 2000). While a role for RIP3 in I/R has

not been evaluated, treatment with necrostatin, a specific inhibitor of RIP1, has been shown

to reduce I/R-induced infarction (Degterev et al., 2005; Rosenbaum et al., 2010; Smith et al.,

2007).

6.6.5. Targets of pro-death kinases—Potential targets of pro-death kinases that could

contribute to I/R injury are numerous. Activation of JNK and p38 leads to the rapid

upregulation of inflammatory cytokines such as TNFα and IL1, which are especially

important in the pathogenesis of I/R injury (King et al., 2009; Santén et al., 2009). In

addition to these effects, the p38 and JNK MAPKs, as well as PKCδ, have been reported to

localize to mitochondria, where they have profound effects on mitochondrial-dependent

death pathways (Baines et al., 2002; Gundewar et al., 2007; Kohda and Gemba, 2005; Zhou

et al 2008). While p38 and JNK can phosphorylate and inactivate the antiapoptotic Bcl2 (De

Chiara et al., 2006; Fan et al., 2000), both MAPKs have also been shown to phosphorylate

and activate several pro-death Bcl2 proteins (Bright et al., 2004; Donovan et al., 2002; Lei

and Davis, 2003; Metukuri et al., 2009; Murriel et al., 2004; Sitailo et al., 2004; Zhuang et

al., 2000).

The targets of CaMK and RIP kinases are not as well delineated. CaMK-II can

phosphorylate and activate L-type Ca2+ channels (Grueter et al., 2006) and Na+ channels

(Wagner et al., 2006), both of which would be expected to further exacerbate the large

increases in intracellular Ca2+ associated with I/R. Moreover, CaMK can also facilitate the

release Ca2+ from the SR in the heart (Wehrens et al., 2004) and may, therefore, be

responsible for the detrimental alterations in SR Ca2+ handling seen in cardiac I/R. In

contrast, RIP kinases have been reported to induce ROS production (Morgan et al., 2008)

and increase intracellular levels of the death-inducing lipid ceramide (Thon et al., 2005).
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6.7. Epigenetic changes

Over the past several years, it has become very apparent that I/R can lead to epigenetic

changes that play a role in the resulting tissue damage. Epigenetics is defined as the

transmissible regulation of gene expression without changes in the actual DNA sequence

itself. The three main ways by which genes are epigenetically regulated are through DNA

methylation, histone modification, and noncoding RNAs (Choudhuri et al., 2010), and here,

we will review the potential role for each in I/R injury.

6.7.1. DNA methylation—DNA methylation occurs at the carbon-5 position of cytosine

dinucleotides (CpG) and is mediated by DNA methyltransferases. Methylation causes a

condensation of the chromatin. This, in turn, interferes with the ability of transcriptional

activators to bind to the DNA and thus leads to transcriptional silencing (Choudhuri et al.,

2010; Muthusamy et al., 2010). In the context of I/ R, Endres and colleagues first found that

cerebral ischemia increased the overall amount of methylated DNA (Endres et al., 2000).

Building upon this, the same group demonstrated that mice with reduced (but not absent)

DMNT levels were more resistant to cerebral I/R injury (Endres et al., 2000, 2001).

Regarding specific genes, increased methylation and, therefore, silencing of the

thrombospondin-1 gene occurred in ischemic endothelial cells (Hu et al., 2006). In the heart,

chronic cocaine exposure elicited the methylation-induced silencing of the cardioprotective

PKCε gene and therefore exacerbated I/R injury (Meyer et al., 2009). In contrast, cerebral

ischemia leads to the demethylation and hence increased transcription of the Na+-K+-2Cl−

cotransporter type 1 (NKCC1) gene (Lee et al., 2010b), whose gene product has been

implicated in ischemia-induced cerebral edema (Kahle et al., 2009).

6.7.2. Histone modifications—Histone modifications include methylation, acetylation,

phosphorylation, ubiquitination, and sumoylation, the vast majority of which induce

transcriptional activity by relaxing chromatin conformation (Choudhuri et al., 2010; Zhu and

Wani, 2010). The most studied form of histone modification is acetylation, which is

catalyzed by histone acetyltransferases and removed by histone deacetylases (HDACs).

Taylor and Young (1982) first reported that cardiac ischemia caused an ∼40% decrease in

total histone acetylation, especially in histones H3 and H4. Similar findings have been

reported in the brain (Ren et al., 2004). These data suggest that maintaining histone

acetylation would be protective. Indeed, pharmacological inhibition of HDACs with

trichostatin-A or valproate, which increases histone acetylation, confers resistance against I/

R injury (Crosson et al., 2010; Granger et al., 2008; Kim et al., 2007; Ren et al., 2004; Zhao

et al., 2012). The identity of the cardioprotective genes that are upregulated by histone

acetylation remains to be clarified, but heat shock proteins and Bcl2 are possible candidates

(Faraco et al., 2006; Kim et al., 2007; Ren et al., 2004). Although increased phosphorylation

of histone H2AX has been reported following aortic cross-clamping in humans (Corbucci et

al., 2004), the roles for histone methylation, phosphorylation, ubiquitination, or sumoylation

play in I/R injury have yet to be tested.

6.7.3. Noncoding RNAs—The noncoding RNAs fall broadly into two groups: long

ncRNAs and short ncRNAs (Choudhuri et al., 2010; Costa, 2010). Long ncRNAs, which can

be thousands of nucleotides in length, are primarily involved in genetic imprinting and will

not be discussed here. However, short RNAs, especially miRNAs that are 19–25 nucleotides

in length and too short to encode any protein, nonetheless, negatively regulate gene

expression by targeting and inhibiting mRNA translation or by inducing mRNA degradation

and, therefore, have the potential to impact modulators of I/R injury (Sayed and Abdellatif,

2011; Yang and Lai, 2011).
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Following transcription, primarily by RNA polymerase II, primary transcripts are processed

by Drosha and DGCR8 (Pasha) complex to produce a 70 nucleotide-long stem loop

precursor-miRNA (pre-miRNA), which is subsequently transported from the nucleus to the

cytoplasm by exportin-5. The pre-miRNAs are then processed by an RNase III enzyme

designated Dicer and bound to mi-RNA-induced silencing complex (RISC, which contains

the key proteins Argonaute 2 and transactivation-responsive RNA-binding protein) to form

mature miRNAs. The mature miRNA plus RISC bind to complementary sites in mRNA

transcripts to negatively regulate gene expression. If the miRNA binding complementarity to

its mRNA target is imperfect, protein translation of the target gene is prevented. However,

miRNAs that bind to the mRNA targets with perfect complementarity induce cleavage of the

target mRNA, again negatively regulating gene expression. The ability of an individual

miRNA to bind to its mRNA targets with imperfect or perfect complementarity thus allows

that miRNA to regulate the expression of multiple genes.

Since the discovery of this canonical pathway for miRNA biogenesis, a variety of alternative

Drosha/DGCR8-independent or Dicer-independent mechanisms to generate functional

miRNAs have emerged, including the mirtron pathway, BoxH/ACA- and Box C/D

snoRNA-derived miRNAs, miRNAs derived from tRNAs, and endogenous short-hairpinned

RNAs (Yang and Lai, 2011). Although the potential roles for these alternate pathways for

miRNA generation have not been evaluated in I/R, the existence of such noncanonical

pathways may have important implications for cross talk and interaction of canonical- and

noncanonical-generated miRNAs in the regulation of gene expression and organismal

phenotype.

Several recent studies have provided evidence suggesting that miRNAs contribute to I/R

injury by altering the expression of key signaling elements involved in cell survival and

apoptosis, including PI3K, PTEN, Bcl-2, Mcl-1, HSP20, HSP60, HSP70, Pdcd4, LRRFIP1,

FasL, and Sirt-1 (Fig. 6.6). MiRNA expression profiling revealed the differential regulation

of several miRNAs following cerebral artery occlusion ( Jeyaseelan et al., 2008). Similar

findings were obtained in the heart (Roy et al., 2009), hippocampus (Yuan et al., 2010),

skeletal muscle (Greco et al., 2009), kidney (Godwin et al., 2010), and liver (Xu et al.,

2009). The causal role of specific miRNAs in I/R injury is now being intensively studied,

and because of their emergence as important contributors to ischemic injury, approaches to

interrupt miRNA function may gain therapeutic utility. An especially promising

development for therapeutic silencing of miRNAs involves chemical modification and

conjugation of cholesterol to single-stranded RNA analogs that are complementary to

miRNAs, (to confer stability and enhance delivery) to form “antagomirs” (Krutzfeldt et al.,

2005). These miRNA inhibitors can be designed to retain their target specificity with no

effect on cotranscribed polycistronic miRNAs. Antagomirs may also be useful for

identifying miRNA targets in vivo and for studying the biological role of miRNAs in intact

systems.

As the list of miRNAs grows and the technologies to study them have become more

available, the contribution of miRNAs to cardiac I/R injury has become apparent. Indeed, a

mushrooming list of miRNAs appear to be involved in cell viability, angiogenesis, fibrosis,

and electrical remodeling during cardiac ischemia and also participate in the protective

effects of preconditioning (Fig. 6.6). It is clear that ischemia-induced alterations in the

expression of miRNAs is complex and highly variable, depending on the duration of

ischemia (preconditioning vs. index ischemia), or at what time point during index ischemia

or reperfusion the expression profile is examined, as well as by cell type (Abdellatif, 2012;

Fasanaro et al., 2010; Frost and van Rooij 2010; Kukreja et al., 2011; Schroen and

Heymans, 2012; Tan et al., 2011; Ye et al., 2011b).
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The expression of miRNA-1 is markedly enhanced on exposure to ischemia or hypoxia,

promoting apoptosis (by targeting the synthesis of HSP-60, HSP-7 and Bcl-2), arrhythmias

(through effects on expression of KCNJ2, which encodes kir2.1, a potassium channel

subunit, and GJA1, which encodes connexin-43, a major component of junctions (Fasanaro

et al., 2010; Frost and van Rooij, 2010; Kukreja et al., 2011; Schroen and Heymans 2011;

Tan et al., 2011; Ye et al., 2011a,b) (Fig. 6.6). miRNA-21 inhibits PTEN, which in turn

activates the prosurvival Akt kinase pathway to promote several cardioprotective mediators

including eNOS, HSP-70, AP-1, and heat shock transcription factor 1 (Fig. 6.6). While this

prosurvival miRNA is downregulated during ischemia, thereby contributing to cell death,

miRNA-21 expression is upregulated after 48 h of reperfusion, where it promotes fibrosis

via its effect to promote MMP-2 expression. On the other hand, miRNA-29 expression is

downregulated at this time, which promotes collagen deposition in postischemic heart (Fig.

6.6). Inhibition of miRNA-15 (which contributes to ischemic injury by regulating

apoptosis), miRNA-24 (which displays antiangiogenic effects in cardiac ischemia), or

miRNA-29 or miRNA-320 activity (which target and downregulate the expression of

cytoprotectiveMcl-1 and HSP20 proteins, respectively) significantly reduced myocardial

infarct size (Bang et al., 2012; Hullinger et al., 2012; Ren et al., 2009; Ye et al., 2010).

Inhibition of miRNA-320 has also shown to be protective against I/R injury in the brain

(Sepramaniam et al., 2010; Tan et al., 2011). Prevention of miRNA-497 upregulation (which

targets Bcl2) may also reduce I/R-induced cerebral damage by limiting apotosis (Tan et al.,

2011; Yin et al., 2010). Overexpression of protective miRNAs, such as the antiapoptotic

miRNA-378 which targets caspase-3 expression, has also proved effective in limiting

cardiac cell death after ischemia (Fang et al., 2012). A summary of the effects of

ischemiainduced alterations of these and other miRNAs is presented in Fig. 6.6.

Although not specifically evaluated with regard to the inflammatory response to I/R,

miRNAs regulate oxidative stress, inflammation, development of atherosclerotic lesions,

and endothelial senescence (Hulsmans et al., 2011; Ma et al., 2011; McCall et al., 2011; Qin

et al., 2012; Urbich et al., 2008; Zhang et al., 2010) and thus undoubtedly contribute to

endothelial dysfunction and leukocyte recruitment during reperfusion. Indeed, an emerging

concept links epigenetics, bioenergetics, and miRNAs in the coordination of inflammatory

gene-specific reprogramming to temporally define the phase shifts (recognition, initiation,

adaptation, resolution) during the course of inflammation. This idea requires testing in the

setting of I/R.

Circulating miRNAs can be detected in serum or plasma in a remarkably stable form, which

support their potential use as biomarkers for cardiovascular disease (Abdellatif, 2012;

Creemers et al., 2011; Kukreja et al., 2011). Although their origin is unknown, circulating

miRNAs may arise a result of release from dead cells or by secretion inmembrane-bound

vesicles (apoptotic bodies, exosomes, microvesicles) or as vesicle-free, protein–miRNA

complexes that protect the noncoding miRNA. Cardiac-specific miRNAs, such as

miRNA-208a, increase significantly and correlate well with changes in cardiac troponin I, a

classic marker for cardiac ischemic injury. Other miR-NAs such as miRNA-1, −133a,

−133b, and −499 also increase following acute myocardial ischemia. However, these

miRNAs also increase after skeletal muscle injury, reducing their utility as specific markers

for cardiac ischemia. On the other hand, miRNA-208a does not increase after renal

infarction or skeletal muscle damage. Since circulating cardiac troponin I may increase in

end-stage renal disease because it is excreted by the kidney, whereasmiRNA-208a does not,

miRNA-208a may be superior as a biomarker for acute myocardial infarction. Whole

genome miRNA expression analysis in patients revealed a unique pattern of 20 miRNAs that

predicted acute myocardial infarction with a specificity of 96%, a sensitivity of 90%, and an

accuracy of 93% (Xu et al., 2011a,b). This unique miRNA signature pattern may represent a

particularly valuable potential biomarker for ischemic coronary disease. To date, no

Kalogeris et al. Page 26

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2014 January 28.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



exploration of the role of miRNA signatures in prognosis has been attempted. Nor is it clear

whether circulating miRNAs may be used to predict response to particular therapies, which

may be very useful for risk/ benefit determinations in a single patient.

6.8. Inflammation and I/R

Inflammation is vital to host defense against invading pathogens. In response to infection, a

cascade of signals leads to the recruitment of neutrophils and macrophages, innate immune

cells that phagocytose the infectious organism and produce additional cytokines and

chemokines that lead to activation of lymphocytes and adaptive immune responses. The

inflammatory response is also essential for tissue and wound repair. Inflammation is also

induced by I/R, typically occurs in the absence of microorganisms, and has thus been termed

sterile inflammation. Similar to the response to invading pathogens, the sterile inflammation

induced by I/R is characterized by marked recruitment of neutrophils and the production of

cytokines, chemokines, and other proinflammatory stimuli (Kvietys and Granger, 2012).

The production of ROS, release of hydrolytic enzymes, and secretion of pore-forming

molecules from activated neutrophils infiltrating ischemic tissues results in extensive

collateral damage to parenchymal cells. The sequestration of innate immune cells occurs

primarily during reperfusion, which restores the delivery of oxygen and neutrophils to the

tissues. The flux of oxygen into previously ischemic tissues, although essential to support

cellular metabolism, fuels the formation of ROS by enzymes such as XO and NADPH

oxidase. Neutrophil infiltration occurs as a result of inflammatory responses to necrotic cells

and formation of mediators, some of which depend on the generation of ROS, that promote

leukocyte adhesion to postcapillary venules and subsequent emigration into the tissues. By

directing their cytotoxic arsenal at parenchymal cells, neutrophils induce reperfusion injury

that exacerbates ischemia-induced cell damage and death (Kvietys and Granger, 2012).

Recognition of the fact that reperfusion can initiate a cascade of deleterious processes that

exacerbate the tissue injury induced by ischemia has resulted in an intensive research effort

directed at defining the cellular and molecular events that underlie I/R injury. Indeed, work

conducted over the past 25 years has led to the development of the concept that

oxidantinduced leukocyte/endothelial cell interactions are largely responsible for the

microvascular dysfunction induced by reperfusion (Gute and Korthuis, 1995; Kvietys and

Granger, 2012). ROS generated by XO and other enzymes (e.g., NAD(P)H oxidase)

promote the formation of proinflammatory stimuli, modify the expression of adhesion

molecules on the surface of leukocytes and endothelial cells, and reduce levels of the potent

antiadhesive agent nitric oxide. This latter effect is exacerbated by a postischemic decline in

endothelial NOS activity and oxidation of soluble guanylyl cylase (sGC), which serves to

amplify the intense inflammatory responses elicited by I/R by reducing the bioavailability of

NO and ability of downstream signaling elements to respond to this antiadhesive signaling

molecule ( Jones et al., 2010). Coincident with these changes, perivascular cells (e.g.,

macrophages, mast cells) become activated and release other inflammatory mediators (e.g.,

TNFα and other cytokines, PAF, LTB4). As a consequence of these events, leukocytes begin

to form adhesive interactions with postcapillary venular endothelium. Platelets also play an

important role in the adhesion of leukocytes to the postischemic microvasculature. The

activated leukocytes emigrate into the tissues, inducing microvascular barrier dysfunction

via release of oxidants and hydrolytic enzymes. In addition to these changes, leukocytes also

contribute to postischemic nutritive perfusion failure (fewer perfused capillaries, i.e.,

capillary no-reflow), endothelium-dependent vasoregulatory dysfunction in arterioles, and

parenchymal cell dysfunction. Thus, leukocyte/endothelial cell adhesive interactions, which

precipitate the development of arteriolar, capillary, and postcapillary venular dysfunction in

the microcirculation, are among the earliest signs of tissue dysfunction and injury elicited by

I/R (Gute and Korthuis, 1995; Kvietys and Granger, 2012).
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6.8.1. Humoral mediators, cytokines, and complement in I/R—The complement

system, chemokines, and cytokines are major humoral factors that participate in I/R injury.

The complement system consists of approximately 30 soluble and membrane-bound

proteins. Activation of the complement cascade occurs via three distinct pathways, including

the classical, alternative, and mannose-binding lectin pathways, and all have been implicated

in I/R injury. Once activated, the complement system contributes to tissue injury by direct

cell lysis via the formation of a membrane attack complex in plasma membranes and by

recruitment and activation of neutrophils and macrophages.

Hill and Ward (1971) were the first to describe complement activation following myocardial

I/R. Subsequent studies demonstrated cell necrosis induced by ischemia results in release of

subcellular membrane constituents that trigger the complement cascade (Frangogiannis et

al., 2002; Ioannou et al., 2011; Rossen et al., 1994). Indeed, mRNA and protein expression

for all of the components of the classical complement cascade are increased in ischemic

tissues (Yasojima et al., 1998). The finding that postischemic lymph contains chemotactic

activity that can be abolished by addition of a neutralizing antibody directed against C5a

strongly supports the notion that complement activation occurs in I/R and generates

chemotactic activity for neutrophil infiltration (Birdsall et al., 1997; Dreyer et al., 1992).

Complement depletion or inhibition of different complement cascade constituents with

neutralizing antibodies or other approaches has also proven efficacious in limiting

postischemic inflammation and tissue injury (Fritzinger et al., 2008; Lucchesi and Kilgore,

1997; Stahl et al., 2003; Weisman et al., 1990).

On the other hand, cytokines may play pro- or anti-inflammatory roles in I/R injury.

Although there is an extensive literature regarding the function of cytokines in postischemic

tissue injury, we will focus on tumor necrosis factor-α (TNFα) as it appears to be a major

contributor to the pathogenesis of I/R in most tissues. Although TNFα is produced by a

variety of cell types, macrophages are a major source in I/R. This cytokine acts both locally

in a paracrine manner and remotely as an endocrine mediator. Once released, TNFα binds

with specific receptors to induce the expression of chemokines and production of ROS as

well as to activate transcription factors such as NFκβ and promote the expression of

adhesion molecules. These activities promote the recruitment and activation of neutrophils

in postischemic tissues.

6.8.2. Endogenous danger signals and I/R—Since the inflammatory response to

sterile cell death in I/R is similar to that invoked by microbial infection, host receptors and

signaling pathways that mediate the immune response to microorganisms may be involved

in the activation of sterile inflammation, as well as soluble mediators, including activated

complement components, chemokines, and cytokines. The phagocytes recognize pathogen-

associated molecular patterns (PAMPs), which are conserved motifs expressed on

pathogens, by a group of proteins called pattern recognition receptors (PRRs). The best

characterized of these PRRs are a group of membrane-bound receptors called the TLRs.

When PAMPs bind to PRRs, a variety of transcription factors are activated which leads to

increased expression of genes involved in defense against the threatening factor. One of the

most studied and important transcription factors involved in the regulation of immune

responses is NFκB.

While vital for host defense against invading pathogens, the innate immune system can also

be activated during sterile inflammatory conditions such as I/R, where damaged cells release

ATP, heat shock proteins, S100 proteins, among others, which are collectively referred to as

damageassociated molecular patterns (DAMPs). According this emerging body of evidence,

the immune system responds to danger or alarm signals released from damaged tissues, as

opposed to the classic view of recognition of non-self. This new model for activation of the
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immune system was originally proposed by Matzinger (2002), which she termed the Danger

model.

Sterile stimuli, specifically DAMPs, are generally intracellular factors that are normally

hidden from recognition by the immune system. However, when ischemic cells undergo

necrosis, DAMPs are released into the extracellular space when cell membranes rupture and

elicit an inflammatory response. The formation of ROS, release and activation of hydrolytic

enzymes, destabilization of lysosomal membranes, and altered ion fluxes all accompany

necrotic cell death and lead to the activation of inflammatory pathways in addition to the

release of DAMPs. Recent work indicates that release of intracellular ATP by necrotic cells

activates the Nlrp3 inflammasome, which, in turn, functions to induce neutrophil adherence

in the microcirculation (McDonald et al., 2010). Intravascular chemokine gradients guide

the migration of neutrophils by crawling along venules through healthy tissue to the site of

damage while formyl-peptides released from necrotic cells directed neutrophils through

nonperfused regions of the tissue.

6.8.3. Cell types involved in postischemic inflammation—Multiple cell types are

involved in the pathophysiology of I/R injury. Target cells for damage include vascular

smooth muscle cells, parenchymal cells, and neurons. However, endothelial cell activation

and recruitment of platelets/immune cells in postischemic tissues also participate as critical

determinants in the etiology and course of injury. This section will focus on the endothelium

and several of the major types of cells, both circulating and residing in the tissues, whose

interactions with the endothelium determine the overall response to I/R.

6.8.3.1. Endothelial cells: It has long been appreciated that the endothelium, particularly

that lining the microvasculature, is not simply a passive interface between the circulation

and the extravascular space, but rather, a dynamic and active regulatory organ that plays a

crucial role in vascular homeostasis. I/R produces dysfunction in all four major endothelial

functions, compromising regulation of vascular barrier properties, control of adhesion and

extra-vascular trafficking of immune/inflammatory effector cells, regulation of vascular

tone, and control of hemostatic mechanisms.

Endothelial cells are arranged in a monolayer that constitutes an effective barrier between

blood and underlying tissues. The integrity of endothelial barrier depends upon intercellular

junctional complexes between adjacent endothelial cells. The junctional complexes, as well

as their connections to cytoskeletal elements, are, in turn, regulated by intracellular signaling

mechanisms sensitive to physiological/pathophysiological stimuli, for example, ROS,

cytokines, lipid mediators, and proteases. Two major endothelial junctional complexes

mediate paracellular permeability: (1) tight junctions characterized by intercellular linkage

via extracellular, homophilic binding of the transmembrane proteins, occludin and claudin,

whose intracellular domains are, in turn, linked to microfilaments of the actin cytoskeleton

via zonula occludens proteins, ZO-1 and ZO-2 and (2) adherens junctions, mediated by

homophilic, calcium-dependent binding of VE-cadherins, whose intracellular connections to

the cytoskeleton are mediated by alpha and beta catenin (Kumar et al., 2009; Mehta and

Malik, 2006; Rodriguez and Granger, 2010). I/R elicits dissolution of both tight and

adherens junctions (Kumar et al., 2009; Mehta and Malik, 2006). Postischemic release of

various proinflammatory mediators, particularly those released by adhering and/ormigrating

leukocytes, includingROS, cytokines, chemokines such as RANTES (regulated upon

activation, normal T-cell and expressed), proteases, low-molecular-weight factors such as

histamine, PAF, and LTB4, and growth factors, for example, induce phosphorylation of

junctional components, their internalization and/or degradation, and thus, the dissolution of

intercellular junctions VEGF (Alexander and Elrod, 2002; Kumar et al., 2009; Mehta and

Malik, 2006; Rodriguez and Granger, 2010; Terao et al., 2008). They also promote calcium-
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dependent phosphorylation of myosin light chain kinase, which, in turn, activates myosin

light chain to effect actin–myosin cross-bridging and cytoskeletal contraction (Kumar et al.,

2009), leading to formation of gaps between adjacent endothelial cells and increases in

permeability. In addition to leukocytes, CD4+ T lymphocytes have also been shown to elicit

increases in endothelial permeability, although this may be a function of their influence on

recruitment of neutrophils (Liu et al., 2009).

A hallmark of inflammation elicited by I/R is the infiltration of PMNs into the tissue.

Endothelial cells play a central role in this process, controlling a complex continuum of

events comprising leukocyte recruitment and homing, and adhesion to and passage through

the endothelium, followed by their extravasation through the vascular wall, as described in

section 6.8.3.2.

Endothelial-dependent control of vasomotor tone is also significantly compromised after I/

R, with a decrease in vasodilation and increased constriction (Gourdin et al., 2009; Zhang et

al., 2010). Available evidence supports the decrease in availability of endothelium-derived

nitric oxide (NO) as the underlying explanation, through either decreases in expression and/

or activity of eNOS (Zhang et al., 2010), scavenging of NO by TNFα-induced ROS

production (Zhang et al., 2006, 2010), a deficit in eNOS cofactor, dihydrobiopterin

(Tiefenbacher et al., 1996), resulting in eNOS-dependent production of superoxide (so-

called eNOS uncoupling), or competition for the eNOS substrate, arginine, by arginase

(Hein, 2003).

Under normal conditions, endothelial control of hemostasis, encompassing platelets, the

coagulation system, and fibrinolysis maintains an antithrombotic state. However, this is

reversed after I/R. I/R-induced loss of endothelial NO (see above) results in

vasoconstriction, platelet activation, and increased adhesion due to loss of NO-induced,

cGMP-mediated modulation of platelet calcium levels and surface P-selectin expression, and

platelet binding of fibrinogen by surface integrin glycoprotein (GP) IIb–IIIa, resulting in

increased platelet aggregation (Lindemann et al., 1999; Pigazzi et al., 1999). I/R induces

surface expression of endothelial tissue factor (TF), which, in turn, accelerates activation of

clotting factors, and microthrombus formation, which could contribute to the so-called no-

reflow phenomenon after I/R (Nieswandt et al., 2011; Thomas et al., 1993).

6.8.3.2. Neutrophils: A defining feature of IRI-induced inflammation is the recruitment of

PMN leukocytes to reperfused tissues, mediated by their adhesion to the microvascular

endothelium and extravasation through the vascular wall, adhesive interactions that occur

almost exclusively in post-capillary venules (Gute and Korthuis, 1995; Kumar et al., 2009;

Kvietys and Granger, 2012). The strongest evidence for a role for these inflammatory

phagocytes in I/R is derived from studies employing neutrophil depletion strategies or

prevention of their adhesion to the endothelium, either by use of immunoneutralizing

antibodies directed against adhesion molecules or mice genetically deficient in adhesion

molecules (Gute and Korthuis, 1995). Although the primacy of neutrophils in the process is

currently the consensus view, recent studies have emphasized the heretofore

underappreciated potential role of the other inflammatory cells, such as macrophages,

lymphocytes, mast cells, and platelets in the modulation of neutrophil recruitment and

trafficking.

Extravasation of adherent leukocytes through the vascular wall is less well understood and

is, currently, the subject of intense ongoing investigation (Nourshargh et al., 2006).

Diapedesis may occur by paracellular movement between adjacent endothelial cells or

transcellular movement through individual endothelial cells (Nourshargh et al., 2010). Upon

adhesion, the leukocyte alters its morphology, changing from spherical to flattened (which
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allows the adhesive cell to better withstand the antiadhesive effects imposed by the flowing

blood), undergoing a directional polarization, with a redistribution of signaling, adhesion,

cytoskeletal, and receptor proteins toward a leading edge from which processes extend,

causing the leukocyte to “crawl” along the endothelium toward sites that are permissive for

diapedesis. Recent work has shown that pericytes and the junctional proteins, JAM-A, JAM-

C, and PECAM-1, facilitate neutrophil migration in vivo (Noursharg et al., 2006, 2010;

Woodfin et al., 2011; Proebstl et al., 2012). Moreover, a significant determinant of an

appropriate site for neutrophil infiltration may be a gradient of chemoattractant signals

arising from damaged and dying cells which serve as a guide to allow intravascular homing

of the leukocyte strictly to foci of injury before they are allowed to diapedese (McDonald et

al., 2010). Once recruited to the tissue, PMNs secrete a host of factors known to contribute

to tissue injury. These include ROS, (superoxide, hydrogen peroxide, and hypochlorous

acid), cytokines, and chemokines such as IL-1, IL-6, IL-12, IFNγ, TNFα, and monocyte

chemotactic factor-1, proteases, for example, elastase and collagenase, and lipid mediators

such as LTB4 (Rodriguez and Granger, 2010).

6.8.3.3. Lymphocytes: Early studies regarding the role of inflammation in I/R injury

focused on the role of components of the innate arm of the immune system, for example,

effector mechanisms associated with leukocytes, the complement system, injury-induced

release of proinflammatory cytokines, chemokines, and other mediators, as well as tissue-

resident sentinels such as mast cells and Kupffer cells, and by the endothelium and tissue

parenchymal cells. Due to the acute nature of most experimental models of I/R, the role of

adaptive immune mechanisms was underappreciated. However, evidence for reciprocal

regulatory activity between innate and adaptive immunity (Karp, 2010), combined with

unequivocal demonstrations of the importance of T and B lymphocytes (Burne-Taney et al.,

2003; Burne-Taney et al., 2005; Huang et al., 2007; Linfert et al., 2009; Yilmaz and

Granger, 2010), have led to recognition of a more integrated, but complex system involved

in I/R-induced inflammatory responses.

The involvement of T helper (Th) lymphocytes, particularly CD4+ cells, in IRI has been

established through use of pharmacological agents that inhibit T cell activation, migration,

proliferation, and adhesion and mouse models of immunodeficiency or genetic knockout of

specific T cell types or T cell-derived effectors combined with adoptive transfer of various T

cell subsets (Huang et al., 2007; Kuboki et al., 2009; Linfert et al., 2009; Liu et al., 2009;

Yang et al., 2009; Yilmaz and Granger, 2010). In addition, I/R induces significant

accumulation of CD4+ cells in the affected tissues (Caldwell et al., 2005; Hanschen et al.,

2008; Khandoga et al., 2006; Martin et al., 2010; Osman et al., 2009; Saztpute et al., 2009;

Shen et al., 2009; Uchida et al., 2010; Yang et al., 2009; Zwacka et al., 1997). A notable

exception is the cerebral microvasculature, wherein direct evidence for adhesion of T cells is

lacking (Yilmaz and Granger, 2010). Adhesive interactions have been shown to be mediated

by endothelial ICAM-1 (Atarashi et al., 2005; Bonder et al., 2005; Kokura et al., 2000; Xu et

al., 2004), VCAM-1 (Kokura et al., 2000), and P-selectin (Atarashi et al., 2005; Haller et al.,

1997; Xu et al., 2004), while ICAM-1 (Xu et al., 2004), CD44 (Xu et al., 2004), and CD47

(Stefanidakis et al., 2008) have been found to mediate transendothelial migration of T cells.

Earlier work defined two general subsets of CD4+ T lymphocytes, Th1 and Th2 cells,

determined by the relative activity of twomembers of the signal transducer and activator of

transcription (Stat) family of proteins, Stat 4 and Stat 6, respectively. In turn, the relative

activity of Stat 4 versus Stat 6 is determined by the prevailing cytokine mileu (Romagnani,

2006). Th1 cells secrete proinflammatory cytokines, for example, IL-2, IL-12, IFNγ, and

TNFα, whereas Th2 cells secrete primarily anti-inflammatory cytokines (Il-4, Il-5, IL-10,

and IL-13). Recent studies in knockout mice subjected to I/R have demonstrated the

protective and deleterious roles of the Stat 6-mediated Th2 (Yokota et al., 2003) and the Stat
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4-mediated Th1 (Shen et al., 2003) phenotypes, respectively. Although a reasonable

hypothesis is that the relative balance of Th1/Th2 cells underlies the pathogenesis of IRI

(Ysebaert et al., 2004), the specific roles of endogenous Th1 and Th2 phenotypes in T cell-

mediated IRI are currently unknown. A third subset of T helper lymphocytes, Th17 cells,

have been recently implicated in allograft vasculopathy and rejection after I/R associated

with organ transplants (Chen and Wood, 2007; Hanidziar and Koulmanda, 2010; Syrjälä et

al., 2010). Moreover, exposure of dendritic cells to anoxia–reoxygenation in vitro caused

them to induce naïve CD4+ T cells to differentiate into both Th1 and Th17 cells (Wang et

al., 2010), while pulmonary IRI was found to be mediated by a subset of CD4+ lymphocytes

which secreted the Th17 signature cytokine, IL-17, as well as other factors (Yang et al.,

2009). Because proinflammatory effects attributed to IL-17 may not necessarily be due to

TH17 cells, as other cell types also secrete IL-17 (Shichita et al., 2009), the role of these

cells in IRI is unclear.

Mechanisms underlying CD4+ T cell-mediated injury after I/R are not well understood but

appear to be uniformly associated with both activation and recruitment of T cells to the site

of initial injury. Classically, antigen-dependent T cell activation is characteristic of

situations where foreign protein is encountered, as occurs during bacterial infection.

However, I/R typically occurs in a sterile environment not necessarily associated with

presence of foreign antigens (exceptions may be in cases of organ transplantation or

epithelial barrier dysfunction induced by intestinal I/R). Thus, it might be viewed as

surprising that several reports indicate that CD4+ T cells contribute to hepatic I/R via

antigen-independent mechanisms (Breslin et al., 2006; Hanschen et al., 2008; Lemay et al.,

2000; Shen et al., 2009; Uchida et al., 2010; Yang et al., 2009). Nonetheless, other studies

have documented the importance of antigen-dependent T cell activation in IRI (Kuboki et

al., 2009; Loi et al., 2004; Saztpute et al., 2009).

Since the introduction of foreign (i.e., nonself) antigens would not necessarily be expected

in I/R per se, a key question is what specific antigen(s) might be involved in T cell-mediated

injury. This question might be resolved by invoking Metzinger’s Danger Model of immune

regulation (Matzinger, 2002), described in Section 6.8.2, wherein antigen presenting cells

are activated by so-called danger or alarm antigenic signals. One such candidate danger

signal may be high mobility group box 1 (HMGB1), a nuclear protein involved in DNA

binding and gene expression shown to mediate hepatic I/R (Tsung et al., 2007). In addition,

antigenindependent activation of CD4+ T lymphocytes by Kupffer cells, attributed to

released ROS, TNFα, and IL-6, has also been shown after hepatic I/R (Hanschen et al.,

2008).

CD4+ T cells may also promote IRI by increasing neutrophil recruitment and adhesion.

Deficiency in CD4+ T lymphocytes, through genetic, antibody, or pharmacological depletion

strategies, results in reduced neutrophil recruitment and associated injury after I/R (Caldwell

et al., 2005; Horie et al., 1999; Martin et al., 2010; Osman et al., 2009; Park et al., 2002;

Sharma et al., 2010; Uchida et al., 2010; Yang et al., 2009; Zwacka et al., 1997). T cell-

mediated recruitment of neutrophils has been attributed to T cell secretion of IL-17

(Caldwell et al., 2005; Sharma et al., 2010), but other T-cell-derived factors, for example,

IL-1, TNFα, likely also play a role. Evidence for an independent role for T cells in IRI has

also been obtained (Burne et al., 2001). The mechanism for this is uncertain but has been

ascribed to engagement of the costimulatory molecules CD28 and B7 (Burne et al., 2001),

and secretion of IFNγ (Burne et al., 2001; Osman et al., 2009). In other studies, T cell-

mediated injury was found to be mediated by interaction of CD4+ lymphocytes with tissue-

resident macrophages (i.e., Kupffer cells), an effect mediated by CD40–CD154 interactions

(Shen et al., 2009), and platelets (Khandoga et al., 2006).
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The role of B cells and other lymphocytes (e.g., CD8+, Treg, and NK cells) in IRI has

received less attention. However, several studies using mice deficient in either B cells or

components of the complement system which interact with B cell receptors have shown that

these cells contribute to IRI. Whereas T cells may be injurious or protective, depending

upon cell subtype and timing after the ischemic insult, most available evidence in various

tissues indicates that B lymphocytes are uniformly injurious (Burne-Taney, 2005; Chen et

al., 2009; Huang et al., 2007; Shen et al., 2009; Zhang et al., 2008), by a mechanism

involving B cell-derived IgM and activation of the complement system (Burne-Taney, 2003;

Lee et al., 2010a, b; Williams et al., 1997; Zhang and Carroll, 2007; Zhang et al., 2008).

The role of cytotoxic CD8+ T cells and natural killer (NK) cells in I/R is less clear, with

some reports supporting this concept (Beldi et al., 2010; Lappas et al., 2006; Liu et al., 2009;

Osman et al., 2009; Shimamura et al., 2005; Ysebaert et al., 2004), while others do not

(Burne et al., 2001; Kuboki et al., 2009; Yang et al., 2009; Zwacka et al., 1997). Suppressor

or regulatory T (Treg) cells may also participate in the response to I/R, where they

participate in resolution and repair of postischemic tissue injury (Chen et al., 2009; Kinsey

et al., 2009, 2010; Liesz et al., 2009). In general, the recruitment and reparative actions of

Treg cells commence 3–7 days after the insult (Gandalfo et al., 2009; Kinsey et al., 2009,

2010; Liesz et al., 2009). The secretion of the anti-inflammatory cytokine, IL-10, appears to

mediate at least part of the protective effects of Treg cells (Gandalfo et al., 2009; Kinsey et

al., 2009, 2010; Liesz et al., 2009).

6.8.3.4. Platelets: Abundant evidence supports a critical role for platelets in the

thrombogenic and inflammatory responses to I/R, wherein their interaction with leukocytes,

lymphocytes, and endothelial cells acts to promote injury (Barrabés et al., 2010; Esch et al.,

2010; Khandoga et al., 2002, 2006; Massberg et al., 1999; Nakano et al., 2008; Park et al.,

2010; Peters et al., 1999; Tailor et al., 2005; Yilmaz and Granger, 2008; Zhao et al., 2009).

In the absence of insult or injury, platelets circulate in an inactive state, owing to the

presence of inhibitory factors such as nitric oxide and prostacyclin. Upon tissue damage and

release of ROS and other factors, activated platelets aggregate and adhere to the

endothelium, tissue-resident and circulating leukocytes, and lymphocytes. Platelets express

several integrin receptors, notably αIIbβ3 (GPIIb/IIIa), which bind to fibrinogen deposited on

the microvascular endothelial cell surface after I/R, the latter, in turn, binding to endothelial

surface ICAM-1 (Andrews and Berndt, 2004; Peters et al., 1999). Platelets also express both

P-selectin and its ligands, PSGL-1 and GPIbα, and these CAM–ligand complexes mediate

adhesion of platelets to both endothelial cells and leukocytes, as well as platelet–platelet

aggregation, and appear to be important for leukocyte transmigration (Cooper et al., 2003;

Lam et al., 2011; Salter et al., 2001). GPIbα also binds to endothelial von Willebrand factor,

although this latter interaction may play more of a role in platelet adhesion in arterial vessels

exposed to high shear stress, rather than in the postcapillary venules typically involved in I/

R (Khandoga et al., 2002). Reciprocal regulation of PMN–endothelial adhesion by platelets

(Russell et al., 2003) and platelet–endothelial adhesion by PMNs (Cooper et al., 2004) has

been reported. It has been shown that approximately 75% of platelets adherent to the

vascular wall are attached to endothelial–adherent leukocytes, the remainder being bound

directly by the endothelium (Ishikawa et al., 2004). Both adhesive events are mediated by P-

selectin (Cooper et al., 2004; Gawaz, 2004; Ishikawa et al., 2004) and are regulated by

eNOS-derived NO and superoxide, with NO limiting and superoxide promoting

microvascular vascular platelet adhesion (Khandoga et al., 2002).

While the pathophysiological consequences of activation and recruitment of platelets per se
to the endothelium are not clearly understood, activated platelets are known to release a

number of proinflammatory and mitogenic molecules, including IL-1β, RANTES, soluble

CD154 (Gawaz, 2004), cytotoxic agents such as hydrogen peroxide (Baluk et al., 2007), and
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proapoptotic molecules (calpain, TGFβ) (Khandoga et al., 2002). Indeed, platelets have been

found to mediate I/R-induced endothelial cell apoptosis in liver (Sindram et al., 2001; Park

et al., 2010). These results suggest direct effects of platelets in mediating IRI. Moreover, it

seems likely that a major mechanism whereby platelets contribute to IRI is via their

promotion of leukocyte activation and adhesion (Khandoga et al., 2002; Russell et al., 2003;

Zhao et al., 2009).

6.8.3.5. Mast cells: Mast cells reside in close association with blood vessels in connective

tissues and at mucosal surfaces (Dai and Korthuis, 2011; Strbian et al., 2009). They possess

numerous metachromatic cytoplasmic granules, containing a wide array of preformed,

mainly proinflammatory mediators, including monoamines such as histamine and serotonin,

cytokines such as TNFα, and proteases (Stone et al., 2010). Upon activation, mast cells

degranulate, releasing these mediators. Mast cells also secrete newly synthesized lipid

mediators derived from metabolism of arachidonic acid (Metz and Maurer 2007; Dai and

Korthuis, 2011). Mast cell degranulation and mediator release contribute to the

inflammatory response, eliciting vascular fluid leakage and resulting edema, recruitment of

leukocytes, and can induce hemorrhage (Metz et al., 2007). Numerous factors associated

with I/R have been shown to activate mast cells, including superoxide, complement

components, calcitonin gene-related peptide, platelet activating factor, leukotrienes LTB4,

and bacterial toxins (Metz and Maurer, 2007; Dai and Korthuis, 2011). However, mast cell

degranulation is not an all-or-none phenomenon as once believed. Rather, certain mediators

may be expressed and released selectively, depending upon the particular stimulus, as well

as other conditions prevailing in the host tissue (Dai and Korthuis, 2011; Dvorak, 1992;

Galli et al., 2005; Jin et al., 2007b; Strbian et al., 2009; Theoharidis et al., 2007).

Approaches to evaluating mast cell involvement in I/R include (1) administration of

pharmacological agents which prevent mast cell activation or degranulation (mast cell

stabilizers), (2) use of rat and mouse genetic models of mast cell deficiency, including the

use of adoptive transfer of bone marrow-derived mast cells into deficient mice, and (3)

genetic mouse models employing knockout of mast cell surface receptors for specific

mediators or mast cell-secreted products (Abonia et al., 2005; Bortolotto et al., 2004;

Bhattacharya et al., 2007; Gaboury et al., 1995; Goldman et al., 1992; Hei et al., 2008; Jin et

al., 2007a,b, 2009; Lazarus et al., 2000; Santen et al., 2008; Strbian et al., 2006, 2007).

Collectively, these studies all support a critical role for mast cells in I/R injury in brain,

heart, small intestine, colon, and skeletal muscle, as well as in ROI to the lung (Goldman et

al., 1992).

In many cases, mast cell activation is associated with increased recruitment of neutrophils,

which contribute to IRI (Bhattacharya et al., 2007; Bilzer et al., 2006; Gaboury et al., 1995;

Galli et al., 1991; Goldman et al., 1992; Liao et al., 1996; Santen et al., 2008; Strbian et al.,

2006, 2007; Wershil et al., 1991; Zhang et al., 1992). However, other studies demonstrate

significant I/R-induced mast cell degranulation and tissue injury, without an attendant

increase in recruited neutrophils (Bortolotto et al., 2004; Lazarus et al., 2000). In addition,

increases in vascular permeability in response to mast cell activation have been shown to

have both leukocyte-dependent and leukocyte-independent components (Liao et al., 1996).

Mast cells also promote thrombolysis and hemorrhage in ischemic stroke (Strbian et al.,

2009). These complications have been attributed to mast cell-derived heparin and proteases,

including tissue plasminogen activator, and probably do not involve neutrophil activation.

Collectively, the aforementioned effects of mast cell activation/degranulation have led to

numerous recent proposals that mast cell inhibition/ stabilization strategies may constitute an

important adjunct mode of therapy in ischemic disorders (Bortolotto et al., 2004; Jin et al.,

2007a,b; Karra et al., 2009; Strbian et al., 2006, 2007, 2009). Recent findings showing mast
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cell expression of the death receptor, TRAIL, and inhibitory receptors, CD300a and Siglec-8

(Karra et al., 2009), suggest a potential means of preventing or attenuating mast cell-

mediated injury in the context of I/R. However, the recognition that mast cells may also act

to limit inflammatory responses, for example, through release of IL-10 (Grimbaldeston et

al., 2007) or proteases which have been shown to degrade endothelin-1, thus reducing the

latter’s toxicity (Maurer et al., 2004) strongly suggests the need for greater understanding of

the full range of mast cell biology during I/R.

6.8.3.6. Monocytes, macrophages, and Kupffer cells: Kupffer cells constitute the body’s

largest cohort of fixed, tissue-resident macrophages. They are located in association with

endothelial cells lining hepatic sinusoids and are in a position to intercept bacteria, bacterial

endotoxins, and other potentially injurious agents arising from the gut. Thus, they are

intimately involved with the hepatic response to toxins (Bilzer et al., 2006). Their role in the

response to I/R is complex because Kupffer cells can simultaneously promote and limit

inflammation, with the predominant action depending upon both the duration of the initial

ischemic insult and the time elapsed after that initial insult (Duffield et al., 2005).

Proinflammatory actions: In response to a stimulus, Kupffer cells are activated by two

separate, but complementary mechanisms, one mediated by TLR-dependent signaling and

the other by complement activation. In response to I/R, damaged hepatocytes release High

Mobility Group Box 1 protein (HMGB-1), an inflammatory ligand for TLR-4, by a release

mechanism that is itself dependent on ROS and TLR-4 (Tsung et al., 2007a,b). Kupffer cells

are then activated through engagement of HMGB-1 with TLR-4 (Tsung et al., 2005b). This

HMGB-1/TLR-4 positive feedback may play an important role in sustaining hepatic

inflammation after I/R (Tsung et al., 2005a,b). Downstream signaling then activates NFκB-

dependent transcription of inflammatory cytokines (Bilzer et al., 2006). The other activation

mechanism involves cleavage of complement mediators C3 and C5 to C3a and C5a.

Engagement to C3a and C5a receptors stimulates G protein-dependent phospholipase C

(PLC) activity. PLC-produced diacylglycerol stimulates PKC-dependent activity of NADPH

oxidase, which produces superoxide. The other PLC reaction product, inositol 3-phosphate

(IP3), stimulates Ca2+ mobilization from internal stores, as well as uptake from the

extracellular space. The rise in Ca2+ contributes to activation of PKC, which stimulates

production of superoxide by NADPH oxidase and also stimulates eicosanoid synthesis via

phospholipase A2-dependent cyclooxygenase activity ( Jaeschke et al., 1993; Jennings and

Reimer, 1991).

Kupffer cells are a major source of oxidants, cytokines, and other proinflammatory

mediators such as platelet activating factor after hepatic I/R (Bautista et al., 1990; Caldwell-

Kenkel et al., 1991; Horie et al 1997; Jaeschke et al., 1990, 1992, 1993). Their role in

hepatic I/R to initiate tissue injury and recruit neutrophils has been demonstrated using

gadolinium chloride (GdCl3), an inhibitor of Kupffer cell activation (Giakoustidis et al.,

2003; Horie et al., 1997; Li et al., 2009; Liu et al., 1995). Findings using this inhibitor

indicate that Kupffer cells themselves are largely responsible for early stages of injury,

while Kupffer cell-dependent recruitment of neutrophils exerts the dominant cytotoxic

effects during later periods (Liu et al., 1995). In addition to their role in promoting

recruitment and activation of neutrophils, Kupffer cells also activate CD4+ T-lymphocytes

(Hanschen et al., 2008).

Anti-inflammatory actions: Kupffer cells have several actions which counter inflammatory

tissue injury and are thus involved in early stages of tissue healing and repair after I/R. First,

Kupffer cells can induce apoptosis of PMNs through engagement of Kupffer cell surface-

expressed Fas ligand (FasL, or CD95L), with Fas (CD95) on PMNs (Muschen et al., 1999),

and release of proapoptotic TNFα (Meszaros et al., 2000). Second, Kupffer cells
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phagocytize PMNs, thus acting as a brake on the leukocytes’ injurious effects (Brown et al.,

2001; Shi et al., 1996, 2001). Third, Kupffer cells are active in clearing free hemoglobin

released from damaged erythrocytes via the CD163 scavenger receptor (Kristiansen et al.,

2001), followed by degradation by heme oxygenase-1 (HO-1) (Goda et al., 1998), which is

highly expressed in Kupffer cells (Bauer et al., 1998; Genken et al., 2005). This action

prevents heme-mediated oxidative injury (Bauer and Bauer, 2002; Devey et al., 2009; Ellett

et al., 2010; Ryter et al., 2006; Stocker et al., 1987; Suematsu and Ishimura, 2000;

Tomiyama et al., 2008). Indeed, positive clinical outcomes of liver transplants were

correlated with levels of HO-1 expression in donor livers prior to surgery (Genken et al.,

2005), while others have found that Kupffer cells with high levels of HO-1 expression also

show decreased expression and release of proinflammatory cytokines (Kobayashi et al.,

2002; Zeng et al., 2010) and increased release of anti-inflammatory mediators (Ellett et al.,

2010).

6.8.4. Plasma membrane-derived microparticles—Cell-derived microparticles

circulate in normal plasma, increase in response to inflammation, and have been implicated

in a variety of deleterious processes in I/R (Angelillo-Scherrer, 2012; Horstman et al., 2009;

Leroyer et al., 2010; Mause and Weber 2010; Rautou et al., 2011). These small (0.1–1 mm

diameter) membrane vesicles are released from a variety of cell types, including platelets,

erythrocytes, leukocytes, platelets, and endothelial cells, when activated by thrombin or

proinflammatory stimuli such as TNF or during apoptosis. Microparticles display strong

procoagulant activity and although originally dismissed as cellular debris that played only

minor roles in inflammatory conditions, they are now recognized to contain a variety of

biologically important molecules that contribute to the pathogenesis of I/R (Angelillo-

Scherrer, 2012; Horstman et al., 2009; Leroyer et al., 2010; Mause and Weber, 2010; Rautou

et al., 2011). The importance of microparticles in pathologic states first emerged with the

discovery that tissue factor, the principle initiator of thrombosis, circulates almost

exclusively bound to these membrane-derived vesicles. Subsequent work has demonstrated

that cell-derived microparticles function not only to promote coagulation mediated by tissue

factor but also serve as vectors for transport of a vast array of signaling agents from one cell

type to another. These include arachidonic acid, bioactive lipids, receptors, RNA,

chemokines, cytokines, growth factors, proteases, integrins, and caspases (Angelillo-

Scherrer, 2012; Horstman et al., 2009; Leroyer et al., 2010; Mause and Weber, 2010; Rautou

et al., 2011). One particularly important bioactive lipid is platelet-activating factor, owing to

its role in inducing platelet activation and leukocyte sequestration in postischemic tissues.

Calpain, a protease involved in the pathogenesis of I/R, is also carried in microparticles,

where it is protected from inactivation by plasma inhibitors (Kelton et al., 1992).

Because membrane-derived microparticles derived from activated endothelium, platelets,

and leukocytes may be released into the circulating blood, these vesicular structures have

been suggested to play a role in ROI induced by local I/R by exerting distant thrombogenic

and proinflammatory effects (George, 2008) (Chironi et al., 2009). The basis for these

actions appears to be related to their membrane content of substrates for production of

bioactive lipid mediators (e.g., arachidonic acid), as well as surface proteins characteristic of

their parent cell types, such as ECAMs in the case of endothelial-derived microparticles

(Chironi et al., 2009).

6.9. Protein cleavage products and other degradation products in I/R

Apart from ROS, a number of detrimental degradation products have been identified that are

likely to make a substantial contribution to IRI. Ischemia results in damage to and

degradation of a large number of intracellular proteins. At the same time, the ubiquitin

proteasome system (UPS) becomes dysfunctional (Gurusamy et al., 2008), which might lead
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to selective dysregulation of signaling pathways and accumulation of toxic metabolites.

Ischemic preconditioning preserves postischemic UPS function, which is thought to

favorably affect concentrations of protective and antiprotective signaling molecules such as

the epsilon and delta isoforms of PKC (Churchill et al., 2010; Divald et al., 2010).

Therefore, therapeutic approaches to specifically target the tissues’ proteasome have high

potential to improve tissue viability after ischemia. However, the effects of proteasome

inhibition during myocardial ischemia on cardiac function have been controversial, as both

beneficial and deleterious effects have been reported (Yu and Kem, 2010). Recent analysis

of cardiac proteasome suggests that distinct subpopulations of the cardiac proteasome exist

that differ in subunit composition, posttranslational modification, and associating partners

(Drews et al., 2007; Young et al., 2008). If the detrimental effects of proteasomal activity

could be specifically targeted, such approaches would have great therapeutic potential.

Similarly, targeting of the calpain–calpastatin protein degradation system and matrix

metalloproteinases (MMPs) has emerged as new potential therapeutic avenues (Hernando et

al., 2010; Raedschelders et al., 2012). Pharmacological inhibition of the cysteine protease

calpain reduces myocardial infarct size and improves ventricular function (Khalil et al.,

2005). Similarly, I/R injury of the kidney can be ameliorated by calpain inhibition

(Chatterjee et al., 2001). However, a major current limitation to the use of calpain inhibitors

is their lack of specificity among cysteine proteases and other proteolytic enzymes

(Carragher, 2006). MMPs can be transcriptionally upregulated and play a role in myocardial

remodeling during the reparative process following I/R. However, these proteases may also

be acutely activated by H2O2 and ONOO— and the resulting proteolytic activity can

produce endothelial and contractile dysfunction in the heart in the absence of obvious

apoptosis and/or necrosis (Raedschelders et al., 2012).

Membrane lipid degradation and fatty acid oxidation pathways have become the recent

focus of studies on protection against IRI. For example, treatment with mildronate, a fatty

acid oxidation inhibitor that blocks the biosynthesis of carnitine, attenuates postischemic

cardiac dysfunction and reduces infarct size (Sesti et al., 2006). Mechanistically, it is not yet

clear whether these protective effects are due to the resulting shift in energy metabolism

from fatty acid oxidation to the more favorable glucose oxidation under ischemic conditions

or can be attributed to the prevention of fatty acid metabolite accumulation. Increased

phospholipase activation results in phospholipid hydrolysis and release of arachidonic acid

from cell membranes in postischemic tissue. Degraded lipids also contribute to the

production of ROS. It is likely that increased vulnerability of the brain to lipoxidative

mediators after IRI contributes to secondary injury (Lewen et al., 2000). Therefore, it has

been hypothesized that a reduction of the lipoxidative load protects against postischemic

injury (Phillis and O’Regan, 2003). Thus, it is not surprising that treatment with a

phospholipase A2 inhibitor reduced infarct volume and improved neurologic function in a

rat model (Hoda et al., 2009).

6.10. No-Reflow

Reperfusion of ischemic tissues is associated with the development of the no-reflow

phenomenon (Gute et al., 1998; Schwartz and Kloner, 2012). That is, when the blood supply

is reestablished, a large number of capillaries fail to reperfuse. This nutritive perfusion

impairment has been shown to occur in postischemic brain, kidney, heart, small intestine,

and skeletal muscle. Although it has been suggested that microvascular thrombus formation

may contribute to no-reflow, intravital microscopic studies suggest that this is not the case

since microvessel thrombosis is rarely observed. These in vivo observations are corroborated

by both light and electron microscopic examination of reperfused tissues in that platelet or
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fibrin thrombi are rarely detected. Moreover, heparin treatment is not effective in restoring

capillary perfusion after I/R (Gute et al., 1998).

Several lines of evidence indicate that activated neutrophils play an important role in the

development of postischemic capillary no-reflow (Gute et al., 1998). For example, there is a

strong correlation between the percent of capillaries exhibiting no-reflow and the number of

leukocytes present in these capillaries in reperfused tissues. More compelling support for

this notion is provided by the observation that neutrophil depletion virtually abolishes no-

reflow in reperfused heart, brain, and skeletal muscle. It appears that oxidants are involved

since treatment with allopurinol or SOD restores capillary perfusion and prevents leukocyte/

endothelial cell adhesion. In addition, antibodies directed against functional epitopes on

CD11/CD18 on leukocytes and ICAM-1 or P-selectin on the endothelium prevent

postischemic capillary no-reflow. Physical impaction of leukocytes in capillary lumens has

also been proposed as a mechanism for no-reflow during ischemia (Gute et al., 1998). This

notion is based on the fact that neutrophils are large (8 μm average diameter), stiff,

viscoelastic cells that must undergo substantial deformation as they enter and traverse the

smaller diameter capillaries. Because perfusion pressures driving the flow of formed

elements in the blood through capillaries is reduced during ischemia, these large cells are

more likely to arrest in capillaries and block perfusion. Furthermore, the acidic environment

that exists in ischemic tissues increases the stiffness of these white cells thereby increasing

the likelihood for leukocyte plugging in capillaries. Compounding this problem is the fact

that endothelial cell volume regulatory mechanisms are disrupted by ischemia, leading to

endothelial cell swelling and narrowing of the capillary lumen (Gute and Korthuis, 1995).

This is exacerbated further by the oxidant stress elicited by reperfusion, which alters Na+-H+

exchange in endothelial cells. Treatment with hypertonic, hyperosmotic saline/dextran

solutions, or inhibitors of Na+-H+ exchanger prevents endothelial cell swelling and reduces

the extent of capillary no-reflow.

Another important factor contributing to the development of no-reflow during reperfusion is

I/R-induced, neutrophil-dependent microvascular endothelial barrier disruption (Gute et al.,

1998). As a consequence, transmicrovascular fluid filtration and protein efflux are increased

and edema forms. The rate of edema formation is markedly enhanced when the blood supply

is reestablished owing to restoration of luminal pressures. The accumulation of fluid in

ischemic tissues raises interstitial pressure surrounding blood vessels, an effect that is

exacerbated by parenchymal cell swelling, causing collapse of microvessels exhibiting the

lowest intraluminal pressure (i.e., capillaries and postcapillary venules). This extravascular

compression mechanism for the development of no-reflow is especially important in tissues

that cannot readily expand when edema forms because they are enveloped by structures that

limit expansion of the tissues. This includes the brain (encased in the cranial vault), many

skeletal muscles (surrounded by a tight fascial sheath), and the kidney (which is surrounded

by the renal capsule). In addition to this extravascular compression effect, enhanced

transmicrovascular fluid filtration from the blood to the tissue spaces, when coupled with

altered cellular ion fluxes and cell swelling induced by ischemia, produces an increase in

microvessel hematocrit. As a consequence, microvascular resistance to blood flow is

increased secondary to increased blood viscosity, which may act to further impair capillary

perfusion in postischemic tissues. In the heart, degradation of the coronary vasculature

during I/R produces loss of capillary integrity and grossly hemorrhagic infarctions (termed

vascular rhexis) that may also contribute to the no-reflow phenomenon (Zaman et al., 2011).

Pericytes are contractile cells that surround almost all capillaries as well as small arterioles

and venules. Since these cells are contractile and responsive to agents such as adenosine,

lactate, endothelin, NO, PGI2, and PDGF and to changes in intracellular calcium, it has been

suggested that pericytes may influence capillary perfusion during I/R (Fernandez-Klett et al.,
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2010; Hamilton et al., 2010). This may be particularly important in the central nervous

system, where there are more pericytes per endothelial cell than in other areas of the body.

Indeed, pericytes have been shown to constrict capillaries shortly after the onset of retinal or

cerebral ischemia and remain contracted when blood flow is reinstituted (Peppiatt et al.,

2006; Yemisci et al., 2009). This pericyte-induced reduction in capillary luminal diameter

produced no-reflow by a mechanism that may involve the production of peroxynitrite

(Yemisci et al., 2009) by underlying endothelium.

No-reflow occurs in a variable proportion of patients following percutaneous coronary

intervention (PCI) for myocardial ischemia, ranging from 5% to 50%, and is an independent

predictor of adverse outcome (Niccoli et al., 2009). In addition to the mechanisms described

above, distal embolization is an important determinant of this intervention-induced no-

reflow and can occur in regions that were not exposed to ischemia prior to PCI. Personalized

management of no-reflow that is based on assessment of the dominant mechanisms

contributing to the microvascular perfusion impairment in each patient is now being

explored as a means to reduce reperfusion injury (Niccoli et al., 2009, 2011; Patel and

Fisher, 2010). In view of the multifactorial mechanisms that contribute to no-reflow, this

tailored management approach to risk stratification and lesion characteristics may produce

significant improvements in patient outcomes by directing the rational selection of treatment

strategies. Anti-platelet therapy and vasodilators, embolic protection devices, and

pharmacologic pre- and postconditioning strategies have been employed to limit both

reperfusion- and intervention-induced microvascular obstruction in ischemic disease (Gute

et al., 1998; Niccoli et al., 2009; Patel and Fisher, 2010; Schwartz and Kloner, 2012).

6.11. Genomic/metabolomic insights

Over the past 10 years, new insights have come from genetic and genomic studies, which

have identified approximately 30 specific chromosomal locations of genes or other DNA

sequences that are associated with myocardial infarction and coronary artery disease

(Cappola and Margulies, 2011; O’Donnell and Nabel, 2011). Interestingly, genome-wide

association studies have also revealed loci-associated ischemic stroke and peripheral artery

disease, some of which are common to coronary artery disease and myocardial infarction,

suggesting a common genetic contribution across vascular beds. Although specific genetic

loci are associated with hypertension (CNNM2), dyslipidemia (APOA5), and atherosclerosis

(ABO and ADAMS7), only a minority of the identified loci mediate effects through known

risk factors. Indeed, the genome-wide association studies connecting genetic variations in

chromosomal regions devoid of genes that had been previously associated with coronary

artery disease and infarction hold promise for identifying new mechanisms by which genes

in such regions contribute to ischemic disease. Genomic studies also have great potential for

strengthening the evidence for pharmacogenetic interactions in a number of commonly used

cardiovascular drugs, thereby providing insight regarding specific variants that contribute to

heterogeneity of cardiovascular drug response. Application of this knowledge to

personalized medicine should lead to improved therapeutics via targeting treatments to a

specific genotype.

Similarly, identification and quantification of proteins and lipids through mass spectrometry-

based proteomics and lipidomics technologies represent relatively new approaches to

identify novel biomarkers and mechanistic pathways without prior known association to

cardiovascular disease (Gerszten et al., 2011; Thomas et al., 2011). Indeed, a recent

metabolomic study demonstrated the rather remarkable relationship between dietary lipid

intake, intestinal bacteria, and livermetabolism to the generation of phospholipid-associated

molecules that promote the build-up of arterial plaque (Wang et al., 2011a,b). The results of

this provocative study suggest that gut flora-dependent metabolism of dietary

phosphatidylcholine produces trimethylamine, which is absorbed by the intestine and

Kalogeris et al. Page 39

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2014 January 28.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



metabolized to trimethylamine N-oxide (TMAO) by hepatic flavin monooxygenases.

TMAO, in turn, acts to elicit a proatherogenic phenotype in macrophages, thereby

contributing to plaque formation/progression (Wang et al., 2011b). These observations not

only provide unique insights regarding the role of the gut microbiome in promoting

cardiovascular disease but also suggest the possibility that TMAO may serve as a

meaningful biomarker for atherosclerosis.

7. Concluding Remarks and Perspectives

Cardiovascular disease is the leading cause of death in westernized cultures. Considerable

progress has been made over the past 50 years with regard to identifying and modifying risk

factors for cardiovascular disease (hypertension, hypercholesterolemia, obesity, diabetes,

smoking, and physical inactivity), in the development of therapeutic approaches (e.g.,

cardiac bypass surgery, PCIs, and pharmacologic treatments such as beta blockers and

angiotensin converting enzyme inhibitors), and development of blood biomarker tests and

imaging measurements which allow subclinical disease detection years before clinical

symptoms become evident. As a result of these efforts, there has been a significant decline

in age-adjusted cardiovascular mortality. In addition, decades of intensive work have led to

the development of the concepts that (1) the response to I/R is bimodal, depending on the

length of I/R, (2) cell dysfunction, injury, and death are attributable to pathologic processes

invoked by ischemia per se and yet others that are activated upon reperfusion, (3) the

presence of coexisting risk factors and events occurring during fetal life (fetal programming)

markedly enhance the susceptibility to I/R, and (4) the mechanisms contributing to I/ R

injury are complex and multifactorial, including calcium overload, oxidative/nitrosative

stress, ER and mitochondrial dysfunction, activation of protein kinases, inflammation,

epigenetic changes, protein cleavage products, and nutritive perfusion deficits.

Despite these recent major advances in our understanding of the mechanistic underpinnings

governing I/R, translation of these findings into novel, clinically applicable therapies has

been disappointingly slow. For example, the treatment strategies for myocardial infarction

and stroke have not been improved upon since the introduction of thrombolytic treatment

and angioplasty. Several factors contribute to this failure, including evaluation of potential

therapies in patients with advanced disease, the presence of multiple coexisting risk factors,

therapeutic focus on single arms of the multifactorial injury processes that sum to produce

tissue injury and death, and to the very short time window available for changing the

outcome. However, the discovery that ischemic preconditioning activates powerful cell-

survival programs that target multiple pathologic processes to limit the extent of I/R injury

has reinvigorated identification of therapeutic strategies that might prove effective in

reducing the risk for and/or outcome of adverse cardiovascular events, including application

of gene therapy approaches. Encouragingly, pilot trials have indicated that preconditioning

can be an effective strategy in the human brain (Chan et al., 2005; Wegener et al., 2004b).

Similarly, remote ischemic preconditioning as well as direct renal ischemic preconditioning

protected against renal ischemia in unblinded small studies (Ali et al., 2007; Walsh et al.,

2009). In the cardiac field, many of the initial pilot successes with preconditioning were not

subsequently confirmed in larger trials (Turer and Hill, 2010; Yellon and Hausenloy, 2007).

This calls for better standardization of treatment protocols, more rigorous validation of new

targets in experimental models by multiple investigators before clinical trials are initiated,

and for new trials to be conducted in more focused patient subpopulations to decrease

disease heterogeneity (Yellon and Hausenloy, 2007). In addition, while much has been

learned from the study of preconditioning and I/R injury in experimental models employing

young, healthy animals, the facts that I/R injury is greatly exacerbated by the presence of

coexisting risk factors, which also prevent the activation of cell survival programs induced

by preconditioning, indicate that a concerted effort should be directed toward use of models

Kalogeris et al. Page 40

Int Rev Cell Mol Biol. Author manuscript; available in PMC 2014 January 28.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



that better recapitulate the situation seen in the vast majority of patients susceptible for

adverse cardiovascular events.
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Figure 6.1.
Figure 6.1 Major pathologic events contributing to ischemic (Upper Panel) and reperfusion

(Middle Panel) components of tissue injury, with overall integrated responses to I/R injury

summarized in the Bottom Panel. See text for further explanation. Modified from Sanada et

al. (2011).
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Figure 6.2.
Total injury sustained by a tissue subjected to prolonged ischemia followed by reperfusion

(I/R) is attributable to an ischemic component and a component that is due to reestablishing

the blood supply. At the onset of prolonged ischemia two separate pathologic processes are

initiated. The first are processes of tissue injury that are due to ischemia per se. The second

are biochemical changes during ischemia that contribute to the surge in generation of

reactive oxygen species and infiltration of proinflammatory neutrophils when molecular

oxygen is reintroduced to the tissues during reperfusion particularly the initial phases. For a

treatment to be effective when administered at the onset of reperfusion, reestablishing the

blood supply must occur before damage attributable to ischemia per se represents a major

component of total tissue injury. Therapeutic approaches that target pathologic events

contributing to both the ischemic and reperfusion components of total tissue injury, such as

ischemic or pharmacologic preconditioning, should be more effective than therapies

administered when the blood supply is re-established, which limit only the progression of

reperfusion injury. Modified from Bulkley (1987).
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Figure 6.3.
Tissue responses to ischemia/reperfusion are bimodal, depending on the duration of

ischemia. Prolonged and severe ischemia induces cell damage that progresses to infarction,

with reperfusion often paradoxically exacerbating tissue injury by invoking inflammatory

responses. In the heart, shorter bouts of ischemia (5–20 minutes duration) induce myocardial

stunning, wherein contractile function is initially impaired on reperfusion, but slowly

improves, without progression to infarction and in the absence of significant inflammation.

In sharp contras, prolonged exposure to subacute levels of ischemia without reperfusion may

induce myocardial hibernation, wherein cardiac cells revert to a more ancestral metabolic

phenotype in order to survive but with a cost of reduced mechanical function. In sharp

contrast, short periods of ischemia (< 5 min) followed by reperfusion (ischemic

conditioning) activate cell survival programs that limit the magnitude of injury induced by

subsequent exposure to prolonged I/R.
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Figure 6.4.
Mechanisms of cell death in ischemia/reperfusion (I/R). I/R-induced necrosis generally

occurs as a result of dysfunctional ion transport mechanisms, which causes cells to swell and

eventually burst, effects that are exacerbated by plasma membrane damage. Release of

proinflammatory mediators and damaged biomolecules initiates the influx of inflammatory

cells such as neutrophils, which disrupt the extracellular matrix and cause damage to

parenchymal cells by release of cytotoxic oxidants and hydrolytic enzymes. Apopotosis is a

regulated form of cell death that causes cell shrinkage and condensation of the cytosol and

nucleus, which eventually form apoptotic bodies. Because they are surrounded by cell

membranes, apoptotic bodies can be engulfed and digested by phagocytes without evoking

an inflammatory response. Autophagy provides a mechanism to remove damaged or

senescent protein aggregates and organelles by enclosing them in membrane-lined vesicles

called phagosomes which fuse with lysosomes containing enzymes that degrade the ingested

material, usually without evoking an inflammatory response. While normally performing

this “housekeeping” function, autophagy may also provide cells with a survival mechanism

to withstand the deleterious effects of ischemia, by generating amino acids and fatty acids

for cell function. However, when uncontrolled, autophagy contributes to ischemic cell death.

While necrosis was once believed to occur from non-specific trauma or injury as a result of

I/R, it now appears that postischemic infarction may also be attributable to programmed

events that require a dedicated molecular circuitry that has been termed programmed

necrosis or necroptosis. Necroptosis is initiated by TNF-like cytokines that activate RIP

kinases to mediate necrosis via increased production of reactive oxygen species and calcium
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overload, which in turn modulate the mitochondrial permeability transition pore, leading to

dissipation of the proton electrochemical gradient, with subsequent ATP depletion, further

ROS production, and swelling and rupture of mitochondrial membranes.
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Figure 6.5.
Role of mitochondria in ischemia/reperfusion-induced cell injury. Opening of the MPT pore

in the inner mitochondrial membrane is a critical event in the progression of cell death in

response to I/R. Being inhibited by low pH, the MPT pore is kept quiescent during ischemia.

However, upon reperfusion the huge increases in mitochondrial Ca2+, coupled with the ROS

burst induce opening of the MPT pore. When this pore opens, H+ moves back into the

matrix, thereby dissipating the Δψm, uncoupling the electron transport chain and inhibiting

ATP synthesis. In addition, water enters the mitochondria through its osmotic gradient

causing the mitochondria to swell and even rupture. There are several mitochondrial sources

of ROS including the electron transport chain, p66Shc, mitochondrial KATP channels, and

monoamine oxidases. Mitochondria are dynamic organelles that form tubular,

intercommunicating networks that are linked to the cytoskeleton and undergo cycles of

division (fission) and fusion. Alterations in mitochondrial morphology occur when these
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latter two processes become unbalanced, with loss of fission resulting in the appearance of

large networks of fused mitochondria, while excessive fission leads to small, fragmented

mitochondria. Because fission is initiated under conditions associated with I/R, such as low

ATP levels and increase mitochondrial ROS production, and excessive mitochondrial fission

is a required step for extrinsic apoptotic cell death, this process may contribute to the

pathogenesis of postischemic cell death. Mitochondrial fission also contributes to

fragmentation of these organelles in endothelial cells exposed to H/R and may thus

contribute to endothelial dysfunction in postischemic tissues.
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Figure 6.6.
Functional roles and target genes for miRNAs implicated in ischemia/ reperfusion and

preconditioning. See text for further explanation. Modified from Abdellatif (2012).
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