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Abstract

Ischemic postconditioning has been established for its protective effects against stroke in animal
models. It is performed after post-stroke reperfusion and refers to a series of induced ischemia or a
single brief one. This review article addresses major hurdles in clinical translation of ischemic
postconditioning to stroke patients, including potential hazards, the lack of well-defined protective
paradigms, and the paucity of deeply-understood protective mechanisms. A hormetic model, often
used in toxicology to describe a dose-dependent response to a toxic agent, is suggested to study
both beneficial and detrimental effects of ischemic postconditioning. Experimental strategies are
discussed, including how to define the hazards of ischemic (homologous) postconditioning and the
possibility of employing non-ischemic (heterologous) postconditioning to facilitate clinical
translation. This review concludes that a more detailed assessment of ischemic postconditioning
and studies of a broad range of heterologous postconditioning models are warranted for future
clinical translation.
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Hurdles to clear before clinical translation of ischemic
postconditioning against stroke
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Introduction

Ischemic postconditioning (IPostC) was recently defined to contrast with ischemic
preconditioning (IPreC) [1,2]. While IPreC is a sublethal ischemia performed in advance of
severe brain ischemia [3]—an induced minor stroke before a major stroke—IPostC
conventionally refers to a single brief or series of brief occlusions/reperfusions that are
performed after ischemia/reperfusion—a minor stroke or a series of minor strokes after a
major stroke. Both IPostC and IPreC confer neuroprotective effects on brain ischemia. Note
that both pre- and post-conditioning may include a broad range of sublethal insults, from
ischemia, neurotoxic agents and pharmacological agents to physical exercise[4-7].
However, in this article IPreC and IPostC refer specifically to pre- and post-conditioning
that is induced by ischemia. The research history, experimental models, protective
mechanisms and clinical relevance of preconditioning have been previously reviewed [6-8].
My colleagues and | have reviewed most of these topics associated with postconditioning
[4,9,10] and will not repeat them here. This review focuses instead on the issues of IPostC in
animal stroke models most relevant to clinical translation.
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Many researchers agree that clinical translation of basic research in pre- and
postconditioning is the foremost goal. Although IPreC has not reached the clinical
translation stage after more than 20 years of stroke research [11,12], recent advancements in
clinical trials for remote preconditioning against both cardiovascular and cerebral vascular
diseases have shed light on the potential clinical success of preconditioning [13-18]. Despite
these potential applications, a major roadblock is that IPreC requires a stroke onset
prediction for most patients. In contrast, IPostC has a therapeutic time-window advantage
over IPreC as it follows post-stroke reperfusion. Thus, in principle, the predictability of
stroke onset is not a prerequisite for clinical translation of 1PostC. IPostC nonetheless has
many other critical hurdles to clear before clinical translation. | review these hurdles as well
as possible remedies, including the potential hazards of IPostC, the lack of well-defined
protective paradigms and the paucity of known protective mechanisms. Hopefully this will
provoke further study of innovative experimental strategies and alternative models that
advance clinical translation of postconditioning including, but not limited to, IPostC.

Factors that shape decisions for clinical trials of IPostC in stroke treatment

Whether or not IPostC can be successfully translated to the clinic, even as a pilot study, is
not simply an issue of pure science; there are also social, psychological and medical ethics
implications. In advancing basic science to the clinic, the potential of IPostC is guided by
the principles of medical ethics—justice, respect for autonomy, non-maleficence, and
beneficence [19]. The latter two principles, non-maleficence and beneficence, form the core
of medical ethics [20]. Non-maleficence refers to “do no harm” to patients, while
beneficence represents any benefit brought to patients. In IPostC clinical trials the most
important criteria are whether or not IPostC itself is detrimental and whether or not stroke
patients benefit from such treatment.

Therefore, the following factors must be assessed before a decision is made to commence
IPostC clinical trials. First, the scientific evidence for protective effects of IPostC in
experimental stroke models must be presented. These include optimal IPostC paradigms,
stroke models that reflect clinical stroke and mechanisms that underlie its protective effects.
Second, concerns of patients and medical doctors must be addressed regarding the risk of
additional injury when one or more minor strokes are induced after a major stroke. Persistent
fears will influence both patients and doctors on their acceptance of 1PostC.

Experimental hormetic strategies to assess risk and treatment efficacy of

IPostC

To ensure that performance of IPostC does not endanger the brain, a safety zone of IPostC
must be defined. The concept of hormesis can help identify such a safety zone, not only
because postconditioning is considered a form of hormesis but also because hormetic theory
provides a clear strategy to identify beneficial and detrimental effects of a stress such as
ischemia [21-24]. This idea was inspired by Dr. Rajiv Ratan, professor of neurology and
neuroscience at Weill Cornell Medical College, who proposed that preconditioning is a form
of hormesis during the Translational Preconditioning Workshop in Miami on December 8,
2011.

Hormesis is a term originally defined in toxicology [25] and refers to a phenomenon where a
low dose of a toxic agent is stimulatory and beneficial to a biological system whereas a high
dose is inhibitory and detrimental[25]. These dose-dependent effects have been shown in
many chemicals [26-30] as manifested as J-shaped or U-shaped profiles [20,31](Fig. 1).
Hormesis appears to be universal, existing not only in toxicology but also in immunological
response, psychological disease and ecological problems. Interested readers are referred to
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the following comprehensive reviews on this subject [20,30-34]. As IPreC and IPostC
represent minor ischemia before and after stroke and as ischemia of different durations
corresponds to varying ranges of toxicant doses, the concepts of IPreC and IPostC are
consistent with hormesis in toxicology. IPreC and IPostC have been thus rephrased as pre-
and postconditioning hormesis in the research field of hormesis [20,31]. Extensive
discussion of hormesis, its relationship with IPreC and IPostC, along with its applicability
and feasibility to stroke research, is beyond of the scope of this review. Nevertheless, the
concept of hormesis is useful to address the double-edged implications of IPostC for stroke,
that is, its potential beneficial and detrimental effects.

The theory of hormesis states that many toxic agents, stresses and insults execute two
opposite effects on a biological system in a dose-dependent pattern, usually portrayed as a
“J” or “U” shape[20,31]. This reviewer instead uses a horizontal “scoop” to represent a
possible pathological outcome in response to IPostC in stroke (Fig. 2). As unlimited doses of
a toxic agent to an organism will eventually result in death, a “J” shape may best represent
the hormetic response (Fig. 1). Nevertheless, as the duration or number of IPostC cycles
increases, prolonged ischemia will eventually lead to maximally permanent ischemia-like
stroke and potentially cause a maximal, but not unlimited, infarction as seen in permanent
ischemia. Therefore, the shape of a horizontal scoop may best represent the pathology in
animal subjects treated with various paradigms of 1PostC from brief ischemia, prolonged
ischemia, to unlimited cycles of repeated ischemia (Fig. 2).

IPostC can be performed and assessed in intact animals to help determine the possible
negative effects in experimental stroke. However, the detrimental effects of IPostC on intact
animals versus animals with previous stroke differ. Experiments in both stroke-induced and
intact animals must therefore be performed to assess the hazards of IPostC.

According to this hormetic model of IPostC (Fig. 2), two zones or ranges of IPostC “doses”
can be identified. Within the first range, IPostC may generate from slight to clear beneficial
effects. IPostC performed in the second range may cause detrimental effects. Appropriate
temporal end points must be selected to evaluate the effects of IPostC. Animal survival or
mortality, infarct size, neurological scores or behavioral tests, and cellular/molecular
cascades may be used to evaluate the protective or detrimental effects of 1PostC.

Exploration of the multifaceted protective mechanisms of IPostC

Once the safety zone of IPostC is resolved, understanding the underlying protective
mechanisms of 1PostC will help to refine its clinical applications and develop alternative
strategies, which will assist with better clinical trial design and safer strategies. We have
previously reviewed the potential protective mechanisms of 1PostC [4,9,10], including its
attenuation of free radical production[1], inhibition of inflammatory responses and
apoptosis[1,35] along with promotion of Akt survival pathways[36-41]. However, these so-
called mechanisms may only reflect correlations between protective effects and pathological
changes as well as cellular and molecular signaling pathways. To what extent these studies
reveal the protective mechanisms of IPostC is unknown. A comparison of mechanisms
between IPostC and IPreC, has found that both share “similar mechanisms”[4]. This
conclusion however requires further study.

Despite some similar “protective mechanisms” of 1PostC and IPreC, there are fundamental
differences between the two neuroprotectants. First, IPreC exerts its effects on a non-stroke
brain, which adapts the naive brain to a second lethal stroke. In contrast, IPostC is conducted
after ischemic pathogenesis has initiated. IPostC therefore never has a chance to affect the
brain in its naive state. This situation makes it difficult to investigate the cause-and-effect
relationship between IPostC and stroke. The measured final pathological outcomes in
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animals receiving both stroke and IPostC at the cellular and molecular levels cannot be
simply considered as the causation of the protective effects of IPostC. Second, the effects of
IPreC alone in animals without a subsequent stroke can be measured, which may provide
meaningful data for understanding the underlying mechanisms of “causation” of IPreC.
Nevertheless, it may not be meaningful to investigate the effects of 1PostC alone on the
brain in the absence of previous stroke except to clarify if IPostC alone is detrimental to
naive brains. Thus, although studies have attempted to compare the protective mechanisms
of IPostC and IPreC, we must be cautious when we conclude that they share similar
protective mechanisms.

The protective mechanisms of IPostC may differ depending on when it is applied. Three
therapeutic time windows are approximately: (1) immediately or within a few minutes after
reperfusion[1,41,42]; (2) from a few to 12 hours after reperfusion[35,43]; and (3) from 24
hours to a few days after reperfusion[44—46]. The pathological status at these three stages
can differ greatly. Therefore | define these three therapeutic time windows as “rapid,”
“intermediate” and “delayed” even though the latter two windows have previously been
combined under the term “delayed.” The rapid time window includes a sudden increase in
cerebral blood flow (CBF)[47], a drastic recovery of anoxic depolarization[48,49],
production of ROS[47], glutamate release/uptake[50] and intracellular/extracelluar Ca2*
oscillation[51]. During the intermediate time window the initial hyperemic response
subsides and hypotension evolves, eventually leading to the no-reflow phenomenon[52-54].
Within a few hours, necrotic and apoptotic pathways are triggered[55-57] and ischemic core
tissues may die, leading to initiation of a secondary inflammatory response[58-61]. During
the delayed time window, from 24 hours to a few days post-reperfusion, the infarction
matures, inflammatory cells infiltrate the ischemic brain, apoptosis and necrosis are largely
complete, and the ischemic brain has begun to reorganize for recovery[62—64].

This review proposes that IPostC has three distinct protective mechanisms that correspond
to the three therapeutic time windows, with possibility of both temporal and mechanistic
overlaps (Fig. 3). The response of the ischemic brain to IPostC at each therapeutic time
window is determined by the current status of the ischemic brain. Correspondingly, the
protective mechanisms of IPostC differ at each stage.

The protective effects of rapid IPostC may result mainly from its attenuation of side effects
induced by sudden reperfusion. At stroke onset, the cutoff of blood supply to the brain
causes ATP depletion, immediate loss of cerebral ion homeostasis, sudden anoxic
depolarization in the ischemic core and spreading depression (SD)-like depolarization in the
ischemic penumbra or peri-infarct regions[65,66]. Large amounts of glutamate released
from intracellular spaces into extracellular spaces increases intracellular Ca2* and Ca2*-
dependent protease activity[51]. Although restoration of CBF after stroke leads to ATP
regeneration and recovery, homeostatic disturbance in the preceding ischemic period already
initiated severe pathogenesis, including irreversible cascades that will lead to the death of
certain neurons, especially those in the ischemic core. The sudden subsequent onset of
reperfusion results in over-production of reactive oxygen species (ROS) and reactive
nitrogen species (RNS)[67]. Due to their highly reactive nature, ROS can attack critical cell
components, including proteins, DNA and lipids, resulting in cell dysfunction[67]. RNS
derived from nitric oxide also play modulatory roles in ischemia/reperfusion injury,
including modification of macromolecules, attacks on endothelial cells and promotion of
inflammatory products. ROS and RNS activity during reperfusion further tilt the existing
homeostatic imbalance caused by ischemia toward necrosis and apoptosis. Rapid IPostC
executed at early reperfusion interrupts this sudden reperfusion, plausibly blocking
production of ROS and RNS and thus attenuating reperfusion-induced brain injury[1,4].
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During the intermediate therapeutic time window[43], from a few hours to 12 hours after
reperfusion, a mixture of both pro-death and pro-survival signals is triggered by the
aforementioned products of ROS and RNS in the early ischemia/reperfusion period. At this
stage, various cell signaling pathways involved in necrosis and apoptosis have been
activated. The mitochondrial permeability transition (MPT) pore is open, ATP is further
depleted, ROS activity is exacerbated, and organelles are swollen and ruptured [67]. The
necrotic pathway also activates TNFa and the DNA repair enzyme poly (ADP-ribose)
polymerase-1 (PARP1) [67]. Meanwhile, the following are also triggered: apoptotic
pathways implicated with cytochrome ¢ and apoptosis inducing factor (AIF) release[57,68],
pro-death members of the Bcl-2 protein family (e.g., Bax, Bak) [67], oPKC cleavage [69]
and caspase-9 and -3 [67]. It is well known that neuronal survival is determined by a balance
between cell-death and cell-survival signaling pathways. Amid pro-death cell-signaling
pathways, pro-survival cell-signaling pathways such as the PI3K/Akt pathway[70], anti-
apoptotic Bcl-2 family proteins—such as Bcl-XI and Bcl-2[71]— and e PKC[72] are also
initiated. IPostC applied at this intermediate stage may block death pathways while it
enhances pro-survival signals. On one hand, IPostC may protect against injury by
interrupting detrimental responses, but it is unknown how it achieves such effects. In
addition, at this intermediate stage, cell death signals have promoted inflammatory responses
involved in recruitment of inflammatory cells and secretion of chemokines and cytokines
[67], which may be also be attenuated by IPostC. On the other hand, neurons in the ischemic
tissue subjected to the same period of ischemia are not affected to the same extent, as some
ischemic tissues in the penumbra could still be viable and some peri-infarct areas could be
relatively “intact” with little damage. Intermediate IPostC may stimulate these relatively-
intact tissues and promote survival signals, producing salutogenic effects. In other words, if
any neurons in these areas are relatively intact but destined to suffer from second or third
waves of injury, IPostC may function through mechanisms similar to IPreC that stimulate
adaptive responses in relatively intact brain tissues and prevent the subsequent waves of
injury. Even in a single neuron that is destined to die, both cell death and survival signals
may co-exist, the balance of which may be shifted by IPostC. Thus, intermediate IPostC
may both block pathogenesis and promote salutogenesis.

In the delayed therapeutic time window from 24 hours to a few days post-stroke, the
physiological and pathological status of the ischemic brain differ greatly from the rapid and
intermediate stages. At this last stage, infarction, necrosis and apoptosis have largely
matured, and leukocytes including neutrophils [73], monocytes[74], and T cells have
infiltrated the ischemic core and penumbra[58]. Pathology progresses gradually in the peri-
infarct and remote areas to the ischemic core and spontaneous recovery of brain function
begins upon survival of the initial injury. Delayed IPostC therefore does not target ischemic
tissues that are destined to die or are already dead. It may instead affect homeostatic
mechanisms that promote the remodeling of active structures and functions already
underway as well as stimulate rewiring, synaptogenesis, sprouting of new axons,
angiogenesis, and neurogenesis[75]. Although delayed postconditioning also blocks some
very delayed ischemic neuronal death, its major function may be to promote salutogenesis.
We must stress that the application of this delayed postconditioning is most feasible for most
stroke patients, yet little is known for the pathological and protective mechanisms, which
should be investigated in much more detail.

A difficult situation exists regarding how to categorize the therapeutic time window of
postconditioning performed between 12 and 24 hours, which may belong to either
intermediate or delayed postconditioning, for few studies have tested postconditioning
within this time period. Nevertheless, if any postconditioning performed during this period
executes protective effects, its mechanisms may overlap with either intermediate or delayed
postconditioning.
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In brief, this section of the review defines a sequence of three therapeutic time windows for
IPostC and proposes three distinct therapeutic mechanisms. Rapid IPostC may block
ischemic injury mainly by attenuating the early reperfusion injury; intermediate IPosC may
simultaneously inhibit the detrimental effects and promote neuronal survival signals; and
delayed IPosC may mainly promote brain recovery through generating salutogenesis. As
evidence to support these hypotheses has only begun to accumulate, further studies and
future experiments are warranted.

Heterologous postconditioning may overcome disadvantages of
homologous postconditioning and clear hurdles to clinical trials

Summary,

IPostC has evolved [76] to employ a broad range of postconditioning triggers such as
hypoxic[46], hyperoxic[77], ischemic remote[78-80], pharmacologic[44] and anesthetic
methods[81]. For convenience, this review uses homologous versus heterologous
postconditioning to describe ischemic conditioning versus other patterns of
postconditioning[21]. IPostC is defined as #omologous because its trigger is ischemia,
similar to the original stroke. The remaining triggers are heterologous because their triggers
differ from traditional ischemia. IPostC includes some basic components, such as a lack of
oxygen to the brain, insufficient energy (glucose) supply, and brief disturbances of ion
homeostasis due to brief ischemia. It is likely that heterologous postconditioning, as long as
it contains any of these basic components of IPostC, may serve as a form of
postconditioning. Because the core principle of medical ethics is to “do no harm,”
development of heterologous postconditioning strategies, especially those least hazardous, is
crucial to successful clinical translation. For example, remote limb preconditioning has been
recently tested in stroke patients largely due its safety[82]. The same strategy also applies to
postconditioning.

Advocates of heterologous postconditioning, however, recognize the importance of
laboratory research on homologous IPostC. The protective effects of homologous IPostC
should serve as a standard to compare against heterologous postconditioning. In addition,
the underlying protective mechanisms of heterologous and homologous postconditioning
should be explored and compared with the hope of providing strong evidence, rationale and
strategies for clinical translation of heterologous postconditioning.

conclusion and future directions

Difficult hurdles—risks, efficacy, therapeutic time windows and underlying protective
mechanisms—must be assessed and cleared before clinical translation of 1PostC. To reduce
its potential risks, heterologous postconditioning may prove to be more effective for clinical
translation in most cases. Thus, more detailed assessments along with studies of a broad
range of heterologous postconditioning models are warranted for successful clinical
translation. Along with the major hurdles discussed above, future studies must also address
other important issues in successful clinical translation, including type of stroke, age of
onset, sex and pre-existing pathologies, as recommended in the STAIR guidelines for
preclinical stroke research[83]. Postconditioning efficacies in stroke models with
reperfusion, with partial reperfusion and without any reperfusion should be studied and
compared. Potential differences between postconditioning in ischemic and hemorrhagic
stroke should also be investigated. Furthermore, age and sex are critical factors that affect
pathological outcomes [84,85] yet current studies mostly include relatively-young adult
male animals. Moreover, stroke in clinical patients is usually complicated by concomitant
pathology, such as hypertension[86], diabetes[87] and hyperlipidemia[88]. How
postconditioning could similarly protect animals with these diseases requires further study.
Last but not least, since t-PA is the only FDA-approved thrombolytic agent for stroke
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treatment, several important issues related with concomitant use of t-PA with
postconditioning should be investigated, including whether postconditioning is effective in
ischemic models in which reperfusion is successfully achieved by t-PA application, whether
there are any synergistic effects between postconditioning and t-PA application, and whether
postconditioning can attenuate implications or toxic effects induced by t-PA application.
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Fig. 1.

The “J” shaped curve shows the hormetic dose response of a toxic agent on a biological
system or an organism (modified from [20]). Lower dose ranges of the toxic agent are
beneficial while doses above a threshold are inhibitive or detrimental.
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Fig. 2.

Hormetic hypothesis for IPostC. A horizontal scoop shape is adopted to reflect a possible
dose-dependent response of IPostC. Like a typical biphasic response of hormesis, IPostC
with certain paradigms generates protective effects while it may exacerbate brain injury with
other paradigms. This model is used as a guide for exploring a safety range of performing
IPostC.
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Fig. 3.
Hypothesis for the protective mechanisms of rapid, intermediate and delayed

Promotion of
salutogenesis

postconditioning, and comparison with that of IPreC. IPreC mainly generates an adaptive
response; rapid IPostC interrupts the early reperfusion, thus attenuates reperfusion-induced
injury; intermediate IPostC may inhibit pathogenesis while promoting salutogenesis;

delayed IPostC mainly promotes salutogenesis.
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