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Abstract

Purpose of review—Ischemic preconditioning (IPC) is gaining attention as a novel
neuroprotective therapy and could provide an improved mechanistic understanding of tolerance to
cerebral ischemia. The purpose of this article is to review the recent work in the field of IPC and
its applications to clinical scenarios.

Recent findings—The cellular signaling pathways that are activated following IPC are now
better understood and have enabled investigators to identify several IPC mimetics. Most of these
studies were performed in rodents, and efficacy of these mimetics remains to be evaluated in
human patients. Additionally, remote ischemic preconditioning (RIPC) may have higher
translational value than IPC. Repeated cycles of temporary ischemia in a remote organ can
activate protective pathways in the target organ, including the heart and brain. Clinical trials are
underway to test the efficacy of RIPC in protecting brain against subarachnoid hemorrhage.

Summary—IPC, RIPC, and IPC mimetics have the potential to be therapeutic in various clinical
scenarios. Further understanding of IPC-induced neuroprotection pathways and utilization of
clinically relevant animal models are necessary to increase the translational potential of IPC in the
near future.
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INTRODUCTION

Cerebral ischemia resulting from cardiac arrest and stroke is one of the leading causes of
mortality and morbidity in the world. During decades of research, a large number of
neuroprotective agents have shown efficacy in animal models but have failed in clinical
trials. This failure may have been because of the use of wrong animal models, poor design
of clinical trials, and the use of dosages that are much lower than those utilized in animal
studies, among many others [1]. As a result, investigators have been pushed to rethink the
strategies to develop new therapies for cerebral ischemia. One new strategy that has recently
gained attention is ischemic preconditioning (IPC).

The phenomenon of IPC was discovered when studies in rabbit heart demonstrated that
induction of mild ischemia followed by a period of reperfusion made the heart more
resistant to a subsequent, ordinarily lethal ischemic insult [2]. IPC has since proven to be a
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powerful strategy to induce tolerance to ischemic insults in most organs studied and has
been replicated in many laboratories around the world.

IPC in brain consists of an early and a late phase, during which different neuroprotective
responses are elicited in specific time windows (time interval between the first sublethal
insult and the second, ordinarily lethal insult). There is a rapid phase for which the
cumulative protective effect of released factors is maximal if the window between initial and
final insult is approximately 1h in duration [3-5]. The combination of released factors and
activated pathways in the second phase, defined as delayed preconditioning [6,7], elicits
maximum protection if the window is extended to several days after the preconditioning
insult, and has been shown to provide more robust and longer lasting neuroprotection than
the first phase. It is now understood that IPC comprises several key steps [8,9], during which
triggering factors are released in response to the short-duration sublethal ischemic insult;
signaling pathways are activated by the receptors of the triggering factors; and gene
expression is orchestrated by the delayed preconditioning-activated signaling pathways.
Activation of these pathways results in brain cells having a phenotype that is highly resistant
to ischemic insults.

Although many triggering factors are activated by IPC, our laboratory has shown two such
factors to be critical, and they appear to have opposite effects. We and others showed that
adenosine is released after IPC and initiates a signaling pathway that promotes ischemic
tolerance in brain via activation of Al receptors (A1AR) [4,10,11]. Adenosine is a
neuromodulator and vasomodulator that is normally released when ATP levels decline [12].
Inhibition of synaptic activity is observed when adenosine binds to the Al receptor [4],
which is believed to be the key receptor in the induction of ischemic tolerance.

In contrast to the inhibitory pathway activated by adenosine, we and others have shown that
activation of excitatory postsynaptic NMDA receptors is also required for IPC-induced
ischemic tolerance in brain [13-16]. It is now known that these two receptors (NMDA
receptors and A1AR), via different mechanisms, activate a novel type of protein kinase C
(ePKC) [13,17] which plays a key role in the induction of ischemic tolerance. Although
there are multiple key signaling pathways that mediate preconditioning, it is plausible that
significant cross-talk occurs among pro-survival kinases following IPC. As this area of
research is beyond the scope of this review, the reader is directed to previously written
reviews that provide an overview of these signaling pathways and their effect on IPC
[8,9,18™™ 19 20].

Cerebral ischemia targets many sensitive cellular sites that seldom recover thereafter. Owing
to the excitotoxicity that ensues following cerebral ischemia, synaptic plasticity and
functional recovery are significantly impaired. In addition, mitochondria are particularly
sensitive to both the ischemic insult as well as the reperfusion phase. IPC, via activation of
key survival signaling pathways, promotes synaptic and mitochondrial alterations that make
neurons more resistant to ischemia. In the following sections, we will describe some of these
effects mediated by IPC.

SYNAPTIC TARGETS OF ISCHEMIC PRECONDITIONING AND FUNCTIONAL
RECOVERY

Excitotoxicity was identified as one of the first steps in the pathology of cerebral ischemia
[21]. IPC was found to ameliorate excitotoxicity by inhibiting glutamate release [22,23],
increasing inhibitory neurotransmitter gamma-aminobutyric acid (GABA) release [22], and
enhancing GABA presynaptic and postsynaptic activities, thus making neurons more
resistant to the excitotoxic insult [24-26]. These findings suggest that IPC promotes synaptic
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modifications that may preserve synaptic function and functional recovery following
cerebral ischemia. This hypothesis is further supported by the findings that show IPC
improves spatial memory, a well established memory system in humans and in animal
models. In animals, spatial memory allows them to acquire and retain information about a
surrounding environment. This type of memory resides in the hippocampus and entorhinal
cortex [27]. In rats, spatial memory, evaluated by the Morris water maze, was shown to be
impaired following asphyxial cardiac arrest [28]. However, IPC ameliorated spatial memory
deficits after global cerebral ischemia [29], suggesting that IPC targets synaptic terminals in
order to improve functional recovery.

ISCHEMIC PRECONDITIONING AND OXIDATIVE DAMAGE

Cerebral ischemia can incite an array of pathologic events, many of which are precipitated
by an increase in reactive oxygen species (ROS). IPC can ameliorate oxidative damage
following cerebral ischemia through increased antioxidant production, DNA repair capacity,
and suppression of inflammation (Fig. 1). The result is increased brain tolerance to ischemia,
leading to neuroprotection.

Ischemic preconditioning and antioxidants

Oxidative stress in a cell can be sensed by the transcription factor Nrf2 (nuclear factor
erythroid 2 related factor 2). Transient exposure of rat and human astrocytes to ischemia
resulted in increased expression of Nrf2-targeted genes involved in maintaining the redox
state of the cell, namely glutathione and glutathione-related enzymes [30]. Hypoxic
preconditioning treatment was shown to increase thioredoxin, an Nrf2-regulated protein
involved in reducing oxidized thiol groups in the cell. Increases in thioredoxin were
observed in the rat neocortex [31] and hippocampus [32], which resulted in improved
tolerance to a lethal hypoxic challenge. In addition, the transcription factor family of signal
transducers and activators of transcription (STATS) have also been shown to be activated
following IPC and confer neuroprotection through increases in antioxidants as well
[19,33™™ 34]. Thus, amelioration of oxidative stress through antioxidant expression may
represent a potent neuroprotective mechanism of IPC.

Ischemic preconditioning and DNA repair

Oxidation of DNA is another pathologic consequence of oxidative stress. Not only does
DNA damage exceeding an irreparable threshold instigate pro-apoptotic pathways, but also
constitutive recruitment of the DNA repair enzyme poly(ADP-ribose) polymerase-1
(PARP-1) can deplete cellular stores of NAD™ and ATP [35,36]. Lastly, induction of IPC
has been shown to increase p-polymerase-mediated and apurinic/apyrimidinic
endonuclease-mediated base excision repair (BER), resulting in improved ischemic
tolerance following focal cerebral ischemia in rats [37]. Thus, enhancing the cell's ability to
repair DNA damaged from oxidative stress could be a potential therapeutic target for
neuroprotection.

Ischemic preconditioning and attenuation of inflammation

A further consequence of cerebral oxidative damage can result in the activation of
inflammatory mediators [38], resulting in disruption of the blood-brain barrier, cerebral
edema, and inflammation-mediated tissue destruction in the brain [39]. IPC has been
suggested to ameliorate the inflammatory response following focal cerebral ischemia
through stimulation of Toll-like receptors (TLRs) [40®]. TLRs can activate many
proinflammatory pathways, although the activation of TLR through lipopolysaccharide
administration (TLR preconditioning) prior to ischemia confers robust neuroprotection. TLR
preconditioning was previously shown to attenuate inflammation following focal cerebral
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ischemia by reducing activated circulating leukocytes, lymphocyte adhesion to endothelium,
neutrophil infiltration, microglial activation, and induction of tumor necrosis factor alpha
(TNFa, a proinflammatory cytokine) pathways [39,40®]. These functions of TLR
preconditioning could ameliorate proinflammatory oxidative damage and dampen the
pathological consequences of cerebral ischemia.

MITOCHONDRIAL AND OTHER ORGANELLE TARGETS OF ISCHEMIC
PRECONDITIONING

As potent producers of ROS, mitochondria are key mediators of cell death following
cerebral ischemia as well as in many neurological disorders, and therefore have become
important targets for potential neuroprotective therapies [33™™]. In fact, mitochondria have
been shown to play an important role in IPC-induced neuroprotection. IPC mitigates
cerebral ischemia-induced neuronal death by several mechanisms, including prevention of
decreased oxidative phosphorylation (OXPHOS) capacity, mitochondria-dependent cell
death pathways, and ROS generation from the mitochondrial electron transport chain (ETC)
[41-48] (Fig. 1). Because of their crucial role in IPC-induced neuroprotection, Dirnagl and
Meisel [41] described mitochondria as “gatekeepers of preconditioning'.

In addition, IPC appears to activate several pathways, which in turn modify mitochondrial
proteins. In a previous study, we observed that within 1 h after IPC, the mitochondrial ATP-
sensitive K* (mitoK* o1p) channel was phosphorylated and activated by ePKC. This
pathway led to the induction of ischemic-tolerance pathways, potentially by sublethal
mitochondrial release of ROS [49]. Our group observed delayed IPC-mediated increases in
synaptosomal ePKC levels, which contributed to improved mitochondrial OXPHOS
capacity following an ordinarily lethal ischemic insult. The increased OXPHOS capacity
was attributed to ePKC-induced posttranslational modifications of mitochondrial ETC
components [50].

IPC-induced improvement in brain mitochondrial OXPHOS capacity may also be because of
IPC-mediated changes in OXPHOS gene expression. Several transcription factors have been
shown to translocate to the nucleus following IPC, such as nuclear factor-kappa B (NF-xB)
[51] and cyclic-AMP response element-binding protein (CREB) pathways [52], gene
products of which can mediate IPC-induced neuroprotection; Liu et a/. [53™] identified 19
differentially expressed microRNAs (miRNAS) in the brains of hypoxia-preconditioned
mice following middle cerebral artery occlusion. Bioinformatics analysis of the miRNA
target genes of two conventional PKC (BIIPKC and yPKC)-interacting and one novel PKC
(ePKC)-interacting proteins predicted involvement of major energy-generating pathways
(glycolysis or gluconeogenesis, citrate cycle, and OXPHOS) in hypoxia preconditioning-
induced neuroprotection. However, two similar studies suggested that IPC-induced
alterations in miRNA expression pattern had no effect on mitochondrial OXPHOS [54,55].
Gene ontology analysis in another study identified mitochondria as one of the cellular
organelles affected by IPC [56]. These studies suggest that IPC and hypoxic preconditioning
differentially affect miRNA expression in relation to mitochondrial OXPHOS pathways. It
appears that IPC positively regulates mitochondrial functions by directly affecting gene
expression of specific mitochondrial proteins rather than by altering miRNA expression.

Following cerebral ischemia-induced excitotoxicity, altered neuronal calcium (Ca2*)
buffering capacity plays a key role in potentiating neuronal cell death. In-vitro models of
excitotoxicity demonstrated that a tolerance-inducing stimulus protected neurons from lethal
excitotoxicity by increasing mitochondrial Ca2* buffering capacity and by decreasing
mitochondrial Ca2* uptake [57]. lijima et a/. [58] reported that brief oxygen—glucose
deprivation increased mitochondrial calcium loading capacity. These studies highlighted
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another important role for mitochondria in protecting cells against lethal ischemia-induced
excitotoxicity.

Effects of ischemic preconditioning on Golgi apparatus and endoplasmic reticulum

Other cellular organelles such as the Golgi apparatus also participate in cellular Ca2*
buffering. A previous study showed that IPC prevented lethal ischemia-induced suppression
of secretory pathway Ca?*-ATPases (SPCA) in the Golgi apparatus by preventing
hippocampal membrane lipid and protein oxidation. The same study also reported that IPC
enhanced post-lethal ischemia expression of SPCA mRNA [59], suggesting IPC may
mediate neuroprotection through Golgi functions preservation. The role of endoplasmic
reticulum (ER) in Ca2* buffering following IPC is not known; however, earlier studies
established that IPC reduced neuronal death after lethal ischemia by reducing ER stress
[60,61]. A recent study demonstrated that IPC treatment reduced ischemic damage by
increasing molecular chaperones levels through activation of autophagy, ultimately lowering
ER stress during lethal ischemia [62%]. Together with the ability of IPC to reduce oxidative
damage, the previous studies suggest that IPC can reduce organelle stress, further
contributing to ischemic tolerance.

CLINICAL SCENARIOS FOR ISCHEMIC PRECONDITIONING

There exist many clinical scenarios for when IPC treatment could be beneficial, most of
which involve patients undergoing invasive or long surgeries and being subjected to
procedures that could result in a relative state of ischemia. Therefore, patient outcome
following surgery might be improved through IPC treatment. Additionally, chronic IPC
treatments may afford ischemic and anti-inflammatory protection in patients who suffer
from metabolic syndrome, cardiovascular and cerebrovascular disease, or in patients at risk
for recurrent ischemic attacks.

Models of ischemic preconditioning in clinic

Most in-vivo models of IPC performed in rodent animals are usually invasive and thus
impractical to translate into a clinical setting. However, a modified form of IPC known as
remote ischemic preconditioning (RIPC) could prove to have high translational value. RIPC
involves cycles of temporary occlusion and restoration of blood flow in a forelimb far
removed from the desired sight of cytoprotection. Repeated cycles of temporary ischemia in
this area can trigger the release of soluble protective factors into the blood, which can be
delivered to the target organ and confer protection [63]. For example, clinical trials have
already utilized blood pressure cuffs to induce temporary occlusion and restoration of blood
flow in an arm or thigh of patients, thus constituting one model of RIPC [64]. A previous
study reported that RIPC-treated patients showed improved ejection fraction, graft patency,
and electrocardiogram parameters following coronary artery bypass surgery [65]. In stable
angina pectoris patients, three 2-min coronary artery balloon inflation and deflation cycles
demonstrated improved cardiac contractility and decreased chest pain [66]. In patients
undergoing coronary angioplasty or coronary artery bypass procedures, the induction of
carotid artery balloon inflations and deflations just prior to the main surgical procedure
could mimic “early-window' IPC-induced cytoprotection. Lastly, RIPC has been shown to
be safe and well tolerated in critically ill patients with subarachnoid hemorrhage [67H],
suggesting that RIPC may represent a feasible, prophylactic therapy.

Pharmacologic therapies

Perhaps more clinically applicable is the use of a pharmacologic agent that can activate
pathways critical for IPC-induced neuroprotection. Our laboratory has previously shown the
contribution of Sirtuin 1 (SIRT1, a class 11l NAD*-dependent histone deacetylase) to
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mediate delayed IPC-induced neuroprotection [68]. Therefore, a potent activator of SIRT1
such as the polyphenol resveratrol could represent a potential therapy for cerebral ischemia.
Although the safety of resveratrol in humans has already been profiled [69], further
understanding of its mechanisms is imperative before utilizing this compound for clinical
IPC treatment. Isoflurane, commonly used for the fast induction of anesthesia, has been
shown to mimic IPC through the activation of mitoK* o1p channels [70]. Thus, brief patient
exposures to isoflurane hours to days prior to invasive surgery could represent another
clinical use of IPC.

CONCLUSION

As previously mentioned, use of rodent models may hinder translating IPC into clinical
practice. Rodents lack similar brain architecture and their white matter and grey matter
ratios are quite different from humans [71]. Additionally, the typical age of rodents used in
IPC studies does not correlate with the age of the typical patient [72] who would necessitate
IPC treatment (i.e., elderly patients at risk for cardiovascular or cerebrovascular disease),
which poses a dilemma as evidence suggests that the ability to induce IPC diminishes with
age [73]. In addition, rigorous exploration of IPC-mediated mechanisms may enable better
understanding of a particular method or mimetic of IPC and ease of clinical translation.
Rodent models also explore IPC using a reproducible, controlled ischemic insult, while
cardiac arrest and stroke occur unpredictably with varying degrees of lethality in human
patients [74]. Thus, future work is necessary to elucidate the mechanisms of IPC-induced
neuroprotection moving into animal models that are closer to the real clinical scenarios as
suggested by the STAIR criteria [75].
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FIGURE 1.

Summary of pathways involved in mediating IPC-induced and RIPC-induced
neuroprotection. IPC can increase the recruitment of DNA repair enzymes and transcription
factor Nrf2 involved in upregulating antioxidant enzymes. In addition, IPC can modulate the
mitochondrial K* o1p channel and further suppress mitochondrial ROS production. Lastly,
IPC can activate TLR to induce a mild inflammatory response, eventually triggering anti-
inflammatory cytokines to suppress ischemia-induced recruitment of immune cells and thus
inflammation. Alternatively, RIPC produces neuroprotection by increasing soluble cytokines
in a vascular bed that is far removed from the desired location of cytoprotection. cyt C,
cytochrome C, GPCR, G-protein-coupled receptor; IPC, ischemic preconditioning;

mitoK* a7p, mitochondrial ATP-sensitive potassium channels; NO, nitric oxide; Nrf2,
nuclear factor erythroid 2 related factor 2; OXPHOS, oxidative phosphorylation; PKC,
protein kinase C; RIPC, remote ischemic preconditioning; ROS, reactive oxygen species;
TLR, Toll-like receptor; Dcm, mitochondrial membrane potential.
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