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Abstract

Stroke is one of the main causes of neurological disability worldwide and the second cause of death in people over 65 years
old, resulting in great economic and social burden. Ischemic stroke accounts for 85% of total cases, and the approved therapies
are based on re-establishment of blood flow, and do not directly target brain parenchyma. Thus, novel therapies are urgently
needed. In this review, limb remote ischemic conditioning (RIC) is revised and discussed as a potential therapy against
ischemic stroke. The review targets both (i) fundamental research based on experimental models and (ii) clinical research
based on clinical trials and human interventional studies with healthy volunteers. Moreover, it also presents two approaches
concerning RIC mechanisms in stroke: (i) description of the underlying cerebral cellular and molecular mechanisms trig-
gered by limb RIC that promote neuroprotection against stroke induced damage and (ii) the identification of signaling factors
involved in inter-organ communication following RIC procedure. Limb to brain remote signaling can occur via circulating
biochemical factors, immune cells, and/or stimulation of autonomic nervous system. In this review, these three hypotheses
are explored in both humans and experimental models. Finally, the challenges involved in translating experimentally gener-
ated scientific knowledge to a clinical setting are also discussed.

Keywords Ischemic stroke - Remote ischemic conditioning - Hormesis - Neuroprotection - Neuroinflammation - Oxidative
stress

Introduction

Stroke is one of the main causes of death and disability
worldwide, with high social and economic burden [1],
being 85% ischemic and 15% hemorrhagic. Ischemic stroke
results from a vessel blockage resulting in lack of cerebral
blood supply, limiting oxygen and nutrient availability in
the brain. The only approved therapies are based on the re-
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the ischemic penumbra, a surrounding rim of hypoper-
fused tissue that may remain viable for several hours, or
even days. Thus, the main aim of any acute stroke treat-
ment is to salvage the penumbra area by re-establishment
of blood flow and/or by limiting neural cell death and
neuronal dysfunction. Over the last three decades, great
efforts have been made to develop new therapeutic drugs
targeting penumbra, namely minocycline, natalizumab,
fingolimod, or uric acid, among others. Despite promis-
ing pre-clinical results, clinical trials were disappointing
[4, 6].

An alternative strategy may be to take advantage
of endogenous mechanisms to protect the brain from
ischemia. Indeed, the brain can activate several different
responses to stress and trigger mechanisms of defense
against ischemia. Hormesis, for example, or conditioning
(also known as preconditioning), is based on the acti-
vation and strengthening of endogenous defense mecha-
nisms. In fact, hormesis or conditioning is a procedure
by which a noxious stimulus (such as ischemia), below
the threshold of damage, is applied to a tissue or system.
Without causing any lesion, conditioning promotes a cel-
lular protective state (tolerance or cytoprotection) against
more severe noxious stimuli given beyond the threshold
of damage [7].

In 1986, it was demonstrated for the first time the car-
dioprotective effect of ischemic preconditioning [8]. Five
minutes of occlusion followed by 5-min reperfusion of
the left anterior descending artery decreased cardiac tis-
sue lesion from 40 min of ischemia [8]. Since then, much
experimental and clinical data has been generated con-
cerning cardioprotection and more recently neuroprotec-
tion has also been explored mainly in animal models [7,
9]. This protective effect of ischemic preconditioning can
also be found when applied to a distant organ or tissue
and is called remote ischemic conditioning. It was first
described that 5-min period of circumflex branch artery
occlusion decreased infarct size in a remote myocardium
region [10]. The concept of limb remote ischemic precon-
ditioning was first explored in 1997 by Oxman and col-
leagues for promoting cardioprotection against reperfusion
tachyarrhythmia [11]. For the last two decades, the remote
ischemic conditioning procedure has received much atten-
tion due to its non-invasive nature, safety, and feasibility
in the clinical setting (Fig. 1).

In the context of stroke, conditioning can be divided
in three categories depending on timing: preconditioning,
per-conditioning, and post-conditioning [7, 12] (Fig. 2).
Limb RIC can be applied at several distinct time points,
which in turn induce early- (hours) and late- (days) phase
conditioning responses. Pre-RIC might be applied as a
protective conditioning in the event of a future stroke in
at-risk individuals. Per-RIC refers to RIC applied during
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Fig.1 Limb remote ischemic conditioning (RIC) and neuroprotec-
tion. Scheme for RIC applied in the arm and the potential signaling
that confers neuroprotection

the early acute stroke phase before reperfusion. Rapid
post-RIC might provide neuroprotection when applied
immediately after ischemic stroke and initial reperfusion,
and delayed post-RIC could be equally applied days after
a stroke. Herein, the used nomenclature is remote ischemic
conditioning (RIC) in order to encompass pre-, per-, and
post-conditioning.

Major Molecular and Cellular
Mechanisms Following Cerebral Ischemia
and Reperfusion

Remote ischemic conditioning can target different cel-
lular and molecular processes occurring during ischemia
and reperfusion. Cerebral ischemia causes excitotoxicity,
oxidative and nitrosative stress, neuroinflammation, and
bioenergy catastrophe, which are associated with neuronal
dysfunction, neural cell death, blood—brain barrier per-
meabilization, and tissue loss (Fig. 3).

Excitotoxicity was the first identified molecular mech-
anism following brain ischemia and is due to excessive
and rapid release of the excitatory amino acid glutamate,
without the necessary reuptake by astrocytes. Gluta-
mate leads to the activation of N-methyl-D-aspartate
(NMDA), amino-3-hydroxy-5-methyl-4-isoxazole propi-
onate (AMPA), and kainate receptors, which in turn pro-
motes great Ca’* influx [13]. Intracellular Ca?* accumu-
lation activates lytic enzymes (proteases) and promotes
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Fig.2 Timing for ischemic conditioning. Thereare three different
times for the application of ischemic conditioning in the  context of
ischemic stroke: pre-conditioning (before ischemia), per-conditioning

Cellular and molecular consequences of ischemic stroke
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Processes involved in Neuroprotection

Fig.3 Chronological cellular and molecular consequences of
ischemic stroke andthe associated processes involved in neuro-
protection. Following ischemic stroke, there is rapid generation of
excitotoxicity, necrosis, oxidative, and nitrosative stress in the core

mitochondrial dysfunction. Mitochondria are key orga-
nelles for bioenergy production, control of cell death,
and generation of reactive oxygen species (ROS); thus,
their dysfunction promotes unbalanced bioenergy status,
apoptosis and necrosis, and oxidative stress [13]. Like-
wise, activation of enzymes such as nitric oxide synthase,
cyclooxygenase, or NADPH oxidase is coupled with exci-
totoxicity [4, 14]. Paradoxically, during reperfusion, when
blood flow is reestablished, there is a great increase on
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of stroke. Later on (hours up tofew days), there is apoptosis, neuro-
inflammation, bioenergy catastrophe, BBB permeabilization, and
still oxidative and nitrosative stress, which are more associated with
penumbra area of stroke

ROS and reactive nitrogen species (RNS) formation, prob-
ably due to the unbalanced re-establishment of oxidative
metabolism and by overwhelming the endogenous anti-
oxidant defenses [8]. Exacerbated inflammation occurs
in the microvasculature and in the brain parenchyma,
including the release of pro-inflammatory and neurotoxic
factors along with the accumulation of leukocytes [4]. In
response to stress, microglia (the brain resident immune
cells) become reactive releasing neurotoxic factors such as



Molecular Neurobiology (2022) 59:294-325

297

TNF-a, IL-1, ROS, or RNS [15]. Nevertheless, microglia
are also key players in the clearance of apoptotic cells by
phagocytosis, which in turn reduces inflammation and neu-
rotoxicity, promoting re-generation of brain parenchyma
[16, 17]. Likewise, oxidative stress, neural cell death, and/
or neuroinflammation lead to increased permeability of
blood-brain barrier, which in turn exacerbate inflamma-
tion by infiltration of more circulating immune cells and
pro-inflammatory factors. The main events occurring dur-
ing ischemia reperfusion are described in Fig. 3.

With our review, we aimed to cover experimental mod-
els (the “Experimental Models” section) and clinical trials
and human interventional studies (the “Human Studies and
Clinical Trials of Remote Ischemic Conditioning (RIC)”
section). Two main aspects of RIC are approached: (i) RIC-
induced protective effect in the brain following stroke and
its potential underlying molecular and cellular mechanisms
(“Molecular and Cellular Mechanisms Underlying RIC-
Induced Neuroprotection in the Ischemic Brain” section for
models and “RIC Clinical Trials in Neurological Disease:
Potential Cerebral Effects” section for humans) and (ii) how
inter-organ communication occurs between limb and brain
(“Inter-organ Communication: Signaling Between Remote
Ischemic Conditioned Limb and the Brain” section and
“Mechanisms of RIC in the Inter-organ Communication”
section for experimental models and humans, respectively).
The rationale for the review is represented in Fig. 4.

Experimental Models

In this part of the review, we summarize the cellular and
molecular neuroprotective signals and mechanisms, derived
from experimental evidence, which support limb RIC as
neuroprotective in order to characterize the specific physi-
ology of limb remote preconditioning that will support its

Fig.4 Rationale of the review.
Organization of data generated
by experimental models or
human-based studies (includ-
ing clinical trials). Data were
divided in two: description of
the underlying cerebral cellular
and molecular mechanisms
triggered by limb RIC that
promote neuroprotection against
stroke-induced damage and

the identification of signaling
factors involved in inter-organ
communication following RIC
procedure

Brain effect
Molecular and cellular
mechanisms underlying
RIC-induced
neuroprotection in the
ischemic brain
(subsection 3.2)

Experimental models

(Section 3)

q)—
’ .

translation to future clinical trials. It is organized in two
main parts: (i) which are the cerebral mechanisms activated
by RIC and (ii) which are the RIC-activated blood circulat-
ing factors or autonomic nervous system components that
may in turn drive protection in the ischemic brain.

Introduction to Experimental Models

Although the first application in rats of limb RIC as a car-
dioprotective strategy was shown in 1997, it was only in
2004 that RIC was explored for neuroprotective purposes
[18]. Neuroprotection by remote ischemic preconditioning
performed on a limb was first demonstrated in a rat model
of experimental brain ischemia to induce neuroprotection
against ischemia—reperfusion injury, by application of 3
cycles of 10-min RIC and 10-min reperfusion [18]. Neural
protection via RIC has since been observed in both young
male and female rodent models [19-21] and aged male rats
[22].

Molecular and Cellular Mechanisms Underlying
RIC-Induced Neuroprotection in the Ischemic Brain

Herein, the RIC-induced cerebral pathways, gene expres-
sion, or neural cellular responses that can potentially play a
role in neuroprotection are described. The main information
is summarized in Table 1 and Fig. 5.

Involvement of Protein Synthesis and Transcriptional
Regulation

The protein synthesis inhibitor cycloheximide was shown
to block the neuroprotective effects of limb post-RIC in rat
[23] indicating that de novo protein synthesis is required for
neuroprotection via limb RIC.

Human studies

(Section 4)
< e
~

Brain effect

RIC clinical trials in
neurological disease:
potential cerebral effects
(subsection 4.2)

e
-

Inter-organ communication

Signaling between remote
ischemic conditioned limb and
the brain
(subsection 3.3)

Mechanisms of RIC in the

inter-organ communication
(subsection 4.3)
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Table 1 Experimental models of neuroprotection by limb RIC: molecular and cellular mechanisms underlying RIC-induced neuroprotection in

the ischemic brain

Model Pathway/mechanism researched Reference
Rat: Sprague-Dawley (m/270-330 g) Protein synthesis [23]
IS model: 30 min BCCAO Afferent nerves
post-RIC: directly after IS, 3 h or 6 h
3 cycles: 15 min RIC+ 15 min RF
Rat: Sprague—Dawley (m/250-280 g) HIF-1a [24]
IS model: 1 h MCAO
post-RIC: after RF
3 cycles: 10 min RIC+ 10 min RF
Rat: Sprague-Dawley (m/250-330 g) Aquaporin-4 [25]
IS model: 1 h MCAO, 48 h RF
pre-RIC: before MCAO
3 cycles: 15 min RIC+ 15 min RF
Mouse: CD1 (adult) Nrf2, HO-1, NQO-1 [26]
IS model: 1 h MCAO Nrf2-ARE pathway
post-RIC: after MCAO oxidative stress
3 cycles: 5 min RIC +5 min RF
Rat: Sprague-Dawley (m/220-280 g) p38 MAPK-ATF2 pathway [27]
IS model: 2 h MCAO+24 h RF
per-RIC/post-RIC (at RF)
3 cycles: 10 min RIC+ 10 min RF
Rat: Wistar (m/220-250 g) HO-1, BDNF, TNFa [28]
IS model: 20 min BCCAO oxidative stress
post-RIC: before MCAO nitrite
3 cycles: 10 min RIC+ 10 min RF neuroinflammation
Rat: Wistar (m/220-250 g) nitrite, oxidative stress, [29]
IS model: 20 min BCCAO lipid peroxidation
post-RIC: after BCCAO AChE, BDNF, CREB, GSK-38, TNFa
3 cycles: 10 min RIC+ 10 min RF
Rat: Sprague—Dawley (m/280-320 g) AMPK, HSP70, HIFla, Bcl2, caspase 3 and 9, apoptosis, inflam- [30]
IS model: 1.5 h MCAO, 24 h RF mation, IL-1p, TNFa, IL-6, oxidative damage
pre-RIC: 1 h before MCAO
4 cycles: 5 min RIC+5 min RF
Mouse: C57BL/6 J (m/22-24 g) pSTAT3/STAT3 [31]
IS model: 1 h MCAO, 24 h RF GFAPa, GS
post RIC: (after MCAO)
3 cycles: 10 min RIC+ 10 min RF
Rat: Sprague-Dawley (m/280-320 g) Brain: IL-4, IL-10, IL-1pB, IFNy [32]
IS model: 1.5 h MCAO Blood: HIF-1a
pre-RIC: 24 h before MCAO Plasma:IL-4, IL-10, IL-1p,IFNy
3 cycles: 10 min RIC+ 10 min RF
Rat: Sprague-Dawley (m/250-280 g) Notch1/NICD/Hes1 [33]
IS model: 1 h MCAO, 24 h RF IKKB/NF-kB_p65
pre-RIC: daily for 3 days
4 cycles: 5 min RIC+5 min RF
Cell model: Primary hippocampal neurons, 30 min pre-OGD
(precondition), 3 h OGD + 24 h recovery
Rat: Sprague—Dawley (m/250-300 g) apoptosis (Bcl-2/Bax) [34]
IS model: MCAO 90 min TNF-a, NF-kB, pSTAT3
post-RIC: after MCAO
3 cycles: 5 min RIC +5 min RF
Rat: Sprague—Dawley (m/20 mo) HIF1A, HIF2A, IL-1p, IL-6, TNFa, IFN-y, IL-4, IL-10, pAkt, [22]
IS model: 90 min MCAO pERK
pre-RIC: 24 h before MCAO
3 cycles: 10 min RIC+ 10 min RF
Rat: Wistar (m/250-300 g) Neuroglobin (Ngb), mt membrane potential, mt [35]

IS model: global 4-VO +BCCAO 8 min
pre-RIC: before IS
3 cycles: 10 min RIC+ 10 min RF

Na+/K+-ATPase activity
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Table 1 (continued)

Model Pathway/mechanism researched Reference
Rat: Sprague-Dawley (m/280-320 g) Ngb, apoptosis, ROS [36]
IS model: 1.5 h MCAO +24 h RF

per-RIC, post-RIC: 24 h after RF, daily 14d

3 cycles: 10 min RIC+ 10 min RF

Rat: Sprague-Dawley (m/280-320 g) adenosine, adenosine A1 receptor (ADORAL), lipid peroxida- [37]
IS model: MCAO 2 h tion, mitochondrial stress, oxidative stress, TNFa

pre-RIC: 1 h before MCAO

3 cycles: 5 min RIC+5 min RF

Mouse: C57BL/6 J (m/12wo) Bmall KO sleep [38]
IS model: 60 min MCAO circadian system

pre-RIC: before MCAO

2 cycles: 10 min RIC+ 10 min RF

Rat: Wistar (m/250-300 g,11-12wo) adenosine [39]
IS model: 4-VO +BCCAO 8 min adenosine A1l receptor

pre-RIC: before IS p-p38 MAPK

3 cycles: 10 min RIC+ 10 min RF pERK

Rat: Sprague-Dawley (m/260-280 g) pial collateral flow [40]
IS model: 1.5 h MCAO

per-RIC

3 cycles: 10 min RIC+ 10 min RF

Rat: Sprague-Dawley (m/16—18 mo) collateral flow [41]
IS model: MCAO

per-RIC: 1 h after MCAO

3 cycles: 15 min RIC+ 15 min RF

Rat: Sprague-Dawley (m/age NA) Apoptosis, MMP-9, MMP-2, p-AMPK, eNOS [42]
IS model: 1 h MCAO, 24 h RF

per-RIC: immediately after MCAO

3 cycles: 15 min RIC+ 15 min RF

Rat: Sprague-Dawley (m/280-320 g) arteriogenesis, focal CBF, collateral circulation, Notch signaling  [43]
IS model: 1.5 h MCAO

per-RIC, post-RIC: 1d after, daily 7-14d

3 cycles: 10 min RIC+ 10 min RF

Rat: Sprague-Dawley (m/220-260 g) p-eNOS/eNOS, CBF, angiogenesis [44]
IS model: 2-VO (3d hypoperfusion)

chronic Post-RIC: after VO, daily 28d

3 cycles: 10 min RIC+ 10 min RF

Mouse: C57BL/6 J (m/10 wo) Endothelium, VEC (NO), EPC, Macrophages, Angiogenesis, [45]
IS model: BCAS (30 min+ 30 min) Arteriogenesis

post RIC: 1w after BCAS, daily 3w, 1-4mo

4 cycles: 5 min RIC+5 min RF

Rat: Sprague—Dawley (m/250-300 g) Kallikrein 1 [46]
IS model: 1.5 h MCAO, 21d RF bradykinin B2 receptor

post-RIC: 2d after MCAO

3 cycles: 10 min RIC+ 10 min RF

Mouse: C57BL/6 (m/9-10wo) leptomeningeal collateral flow, granulocyte colony- stimulating ~ [47]
IS model: 3-VO factor (G-CSF), monocytes/macrophages

post-RIC: immediately after 3-VO

3 cycles: 10 min RIC+ 10 min RF

Rat: Sprague-Dawley (m/270-330 g) LCN2 [48]
IS model: 30 min left CCAsO & dMCAO Bim

pre-RIC: before CCAsO & dMCAO BOCT

3 cycles: 15 min RIC+ 15 min RF

Rat: Sprague-Dawley (m/260-280 g) synaptogenesis [49]
IS model: 1.5 h MCAO PSD95

post-RIC: after MCAO GAP43

3 cycles: 10 min RIC+ 10 min RF Synapsinl
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Table 1 (continued)

Model Pathway/mechanism researched Reference

Rat: Wistar (m/adult) Autophagolysosomal pathway, TFEB, Apoptosis [50]
IS model: Modified 2-VO

post-RIC: 1w after IS, 4x/day for 2 weeks

4 cycles: 5 min RIC+5 min RF

Mouse: C57BL/6 (sex NA/adult 8-9wo) COX-1V, HSP60, EndoG/AIF [51]
IS model: 90 min MCAO, 48 h RF Apoptosis, MDV

pre-RIC: 48 h before MCAO

3 cycles: 3 min RIC +5 min RF

Rat: Wistar (m/200-250 g) hippocampus CA1 [18]
IS model: 4-VO + 8 min BCCAO apoptosis (DNA fragmentation, apoptotic bodies)

pre-RIC: before IS

3 cycles: 10 min RIC+ 10 min RF

Rat: Wistar (m/280-320 g) hippocampus CA1, CA3/DG [52]
IS model: global 4-VO+BCCAO 8 min MEK-1/pERK1/2

pre-RIC: before IS neural cell death

3 cycles: 10 min RIC+ 10 min RF

Rat: Wistar (m/250-300 g) hippocampus CA1 [53]
IS model: global 4-VO+BCCAO 8 min p38 MAPK

pre-RIC: before IS neural cell death

3 cycles: 10 min RIC+ 10 min RF

Rat: Wistar (m/250-300 g) p38 MAPK/HSP 70 [54]

IS model: global 4-VO+BCCAO 8 min
pre-RIC: before IS
3 cycles: 10 min RIC+ 10 min RF

Mouse: C57BL/6 J (m/20wo) Infarct size, CBF, pAkt [20]
IS model: eMCAO (embolic)

per-RIC (2 h after eMCAO)

5 cycles: 5 min RIC +5 min RF

Condition: tPA 4 h after eMCAO

Rat: Sprague-Dawley (m/adult) Apoptosis (Bcl-2/Bax), NO, eNOS, p-eNOS, PI3K-pAkt/p-eNOS [55]
IS model: 8 min 4-VO

post-RIC: after IS

4 cycles: 5 min RIC+4 min RF

Rat: Sprague-Dawley (m/300-320 g) Akt/GSK3b-dependent autophagy [56]
IS model: MCAO 2 h+

post-RIC: 0 min,10 min, 30 min after IS

3 cycles: 10 min RIC+ 10 min RF

Rat: Sprague-Dawley (m/adult) Krp channels [57]
IS model: focal MCAO 90 min+ 72 h RF post-RIC: 3 h-6 h after
RF
3 cycles: 5 min RIC +4 min RF
Rat: Wistar (m/f, 250-350 g) very delayed post RIC [21]

IS model: global 4-VO 10 min
delayed post-RIC: 20 min RIC, 2d after IS

Rat: C57BL/6 J (ovariectomized f/20wo) Infarct size, CBF [19]
IS model: eMCAO (embolic)

per-RIC (2 h after eMCAO)

5 cycles: 5 min RIC +5 min RF

Rat: Sprague-Dawley (m/280-320 g) Apoptosis, Autophagy-lysosome pathway (ALP) [58]
IS model: 120 min MCAO, 3 h and 24 h RF

per-RIC (10 min after MCAO)

4 cycles: 10 min RIC + 10 min RF

[66]Rat: Sprague—Dawley (m/300-320 g) Akt/p-Bcl-2/Beclin activation of autophagy [59]
IS model: 2 h MCAO+22 h RF

per-RIC/post-RIC (I-30 min, RF-0)

3 cycles: 10 min RIC+ 10 min RF
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Table 1 (continued)

Model

Pathway/mechanism researched

Reference

Rat: Sprague-Dawley (f/250-280 g)
IS model: 1 h MCAO

TLR4/NF-xB pathway
(...inflammation/cytokine production...)

[60]

post-RIC: after MCAO
3 cycles: 10 min RIC+ 10 min RF

Rat: Sprague-Dawley (m/260-280 g)
IS model: 1.5 h MCAO

post-RIC: after MCAO

3 cycles: 10 min RIC+ 10 min RF

Rat: Sprague—Dawley (m/300-320 g)
IS model: 2 h MCAO, 24 h RF
post-RIC: after MCAO, before RF

3 cycles: 10 min RIC+ 10 min RF

Rat: Sprague—Dawley (m/250-280 g) mTOR
p70S6K

IS model: 2 h MCAO, 24 h RF
post-RIC: after MCAO, before RF
3 cycles: 15 min RIC+ 15 min RF

Mouse: C57BL/6 J (m/20-25 g)
IS model: 2 h MCAO

post RIC: after MCAO

3 cycles: 10 min RIC+ 10 min RF

Rat: Sprague-Dawley (f/16wo)

IS model: 1 h MCAO

post-RIC: just after MCAO

3 cycles: 10 min RIC+ 10 min RF

Mouse: C57BL/6 (8—10 wo)

IS model: 45 min MCAO

pre-, early pre-, per-, post- RIC:

4 cycles 5 min RIC+5 min RF

Rat: Sprague—Dawley (m/250-280 g))

IS model: 90 min MCAO

post-RIC: just after MCAO

1-3 cycles: 5/10/15 min RIC +5/10/15 min RF

neurogenesis [61]

pAkt, fibulin 5, claudin, occludin, BBB [62]

[63]

p-AMPKa, p-mTOR, p-ACC, p-ULK]1, autophagy, apoptosis [64]

BBB permeability, MMP-9, claudin-5, GFAP [65]

collateral circulation [66]

BBB permeability, apoptosis [67]

Activation of the transcription factor hypoxia-inducible
factor 1a (HIF-1a) is triggered by lack of oxygen and coor-
dinates adaptation to hypoxia via transcriptional regula-
tion of more than 200 genes. HIF-1a mRNA expression is
upregulated in ischemic cerebral cortex 24 h after IS but
declines to control level within 3 days, but protein remains
in both neurons and astrocytes for up to 7 days post-ischemia
in a rat model of experimental ischemic stroke (IS) [24].
Post-RIC, applied immediately after IS, inhibited HIF-1a
mRNA expression in ischemic cerebral cortex by around
50% within 24 h, and protein up to the third day after IS [24].
In another rat model using pre-RIC, 1 h before IS, overall,
the protein expression of HIF-1a was increased in whole
brain extracts after IS, and increased a further twofold in
the pre-RIC model [30]. In aged rats, HIF1o and HIF2« are
also upregulated in ischemic penumbra 48 h after IS but not
when pre-RIC is applied 24 h before IS [22]. HIF1a was also
increased in whole blood after post-RIC [32]. Exogenous
systemic activation of HIF-1a, by IP injection 60 min after
reperfusion (RF), in a rat model of IS, mimics the neuro-
protective effects as well as the pro- and anti-inflammatory

cytokine levels in ischemic brain seen in post-RIC, while
inhibition of HIF-1a in post-RIC abolished these effect [32].

Intravenous administration of a HIF-1a inhibitor has also
been shown to reverse the neuroprotective effects of pre-RIC
within 24-48 h, described as decreased neurological deficit
scores, lower brain water content, and increase HSP70 pro-
tein expression, and reversed inflammatory cytokine profiles
in brain and peripheral blood, as seen in rat after pre-RIC
[22, 30].

The full significance to neuroprotection of HIF1a inhibi-
tion by post-RIC specifically in the ischemic cerebral core,
but overall increase in pre-RIC whole brain extract, remains
to be fully clarified; it may reflect differential action of dif-
ferent RIC procedures or regional brain differences [30].

Another transcription factor that regulates endogenous
antioxidant capacity is nuclear factor erythroid 2-related fac-
tor 2 (Nrf2/NFE2L2), which was upregulated in ischemic
cortex, by post-RIC in the CD1 mouse model 24 h after
IS [26]. In the nucleus, Nrf2 binds to the antioxidant
response element (ARE) on target genes initiating expres-
sion of cytoprotective genes including NAD(P)H quinone
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Fig.5 A Pathways and gene expression that are altered by limb pre-
RIC following ischemic stroke and that are related to neuroprotection
in experimental models. Thereis a timeline with the altered pathways
and gene expression that occurs when limb RIC is applied before the
ischemic stroke (pre-RIC) in comparison with ischemic stroke with-
out RIC. When pre-RIC is induced up to 1h before ischemic stroke,
the altered events are represented in the upper part of the figure. In
the lower part of the figure, there are the events occurring when pre-
RIC is induced between 1h and 3 days before ischemic stroke. In the
right hand side,the required conditions for pre-RIC to protect the
brain against ischemic stroke are described. The altered pathways
and different gene expressions are described accordingly with brain
region that is represented by different colors. The reference number
is described in Tables 1 and 2. The used symbols are for upregu-
lated/increased and for downregulated/reduced. B Pathways and

dehydrogenase 1 (NQO1), a reductant, and heme oxyge-
nase-1 (HO-1/HMOX1) that degrades heme into iron ions,
biliverdin, and antiapoptotic CO. Expression of both NQO1
and HO-1 is upregulated by post-RIC 24 h after IS [26].
However, inhibition of HO-1 in post-RIC abolished the neu-
roprotective effects of post-RIC [28], including the upregula-
tion of BDNF (involved in hippocampal neurogenesis and
brain plasticity); hippocampal structural abnormalities;
and the decrease in the pro-inflammatory cytokine TNFa
which are triggered by post-RIC [28]. The protein expres-
sion of cAMP response element-binding protein (CREB),
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27

gene expression that are altered by limb per- and post-RIC following
ischemic stroke and that are related to neuroprotection in experimen-
tal models. There is a timeline with the altered pathways and gene-
expression that occurs when limb RIC is applied after the ischemic
insult before reperfusion (per-RIC) and after ischemia and reperfu-
sion up to 1h (rapidpost-RIC) or at later stages (post-RIC). In all three
cases, alterations in pathways and gene expression are compared with
ischemic stroke without RIC treatment. In the right hand side, the
required conditions for per- and post-RIC to protect the brain against
ischemic stroke are described. Thealtered pathways and different gene
expressions are described accordingly with brain region that is rep-
resented by different colors. The reference number is described in
Tables 1 and 2. The used symbols are for upregulated/increased and-
for downregulated/reduced

which was reduced in whole brain at 72 h in a rat model of
IS, was rescued by post-RIC [29]; this may account for the
increased expression of BDNF observed after post-RIC, as
BDNF harbors CREB response elements on its promoter.
Increased glycogen synthase kinase 3 beta (GSK3p) protein
expression is observed after IS in rat brain model after 72 h,
being partly rescued by post-RIC [29].

The glial water channel aquaporin-4 (AQP4), a down-
stream target of hypoxia-inducible factor 1 alpha (HIF-1a)
and inflammatory cytokines, is upregulated in ischemic
hemisphere of rat model of IS, at 48 h, and downregulated
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Fig.5 (continued)

by pre-RIC [25]. This could be attributed to HIF1a inhibi-
tion and explain reduced edema by pre-RIC.

Several pathways that are activated by cytokines or
growth factors and regulate gene expression have been
shown to be involved in limb RIC. A twofold increase
in phosphorylated STAT3 was observed in rat ischemic
penumbra 24 h after middle cerebral artery occlusion
(MCAO), rising to fourfold after 3 days and still at 2.5 fold
after 14 days [31, 34], while 24 h after post-RIC pSTAT?3
is initially higher than in IS, but by 3 days, the levels are

down to half that in IS, decreasing even more after 14 days
[31, 34]. This suggests that endogenous neuroprotection
may act via activation of the pSTAT?3 transcription factor
at early stages (24 h after IS) but deactivation 3—14 days
after IS.

The neuroprotective effects of post-RIC on penumbra
region may also be linked to suppression of another tran-
scription factor p-ATF2 via the p38 MAPK-ATF2 pathway
[27]. Mechanistically, p-ATF2 would activate transcription
of genes by binding cAMP-responsive elements (CRE) and
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might also be a histone acetyltransferase, thus directly affect-
ing chromatin.

Also implicated in limb RIC neuroprotection against IS
in rats are NF-kB pathways [33] that regulate the transcrip-
tion of over 150 genes controlling inflammation, immune
cell development, cell cycle, proliferation, and cell death,
including the expression of cytokines, chemokines, immu-
noreceptors, and regulators of proliferation and apoptosis.
NF-kB can be activated by a variety of intracellular and
extracellular signals, including TNFa. In the context of
limb RIC neuroprotection against IS in rat, NF-kB path-
ways activated by limb RIC were shown to be dependent
on activation of upstream Notch1 signaling and downstream
Notch regulated transcription of Hes1 [33]. Curiously, in
the latter model, in the absence of limb pre-RIC, inhibition
of Notchl1 by itself reduced infarct volume, improved neuro-
logical deficit score, and attenuated apoptosis in hippocam-
pus, evidence that neuroprotection by Notch1 activation or
inhibition is not linear.

Neuroglobin

Neuroglobin (Ngb) is a major player in mediating neuro-
protective effects of limb RIC. Ngb, an oxygen-binding
heme protein found in the brain that can also be detected
in serum [68], is increased in rodent brain neurons fol-
lowing hypoxia suggesting that it may play a role in the
brain’s response to hypoxic-ischemic injury. In rat, pre-
RIC, increased Ngb expression, was associated with neu-
roprotection, and improved mitochondrial Na*-K*-ATPase
activity and mitochondrial membrane potential after global
ischemia [35]. In rat, per-RIC, increased Ngb in peri-
infarct region, was only observed 1 h after IS [36], while
daily repeated post-RIC for 14 days resulted in sustaining
increased levels of Ngb. The redox state of Ngb during
acute hypoxia regulates the stability of the transcription
factors HIF-1a and Nrf2 as well as release of cytochrome
¢ from mitochondria that triggers apoptosis [69].

Purinergic Signaling

Adenosine plays an important role in the endogenous neuro-
protective mechanisms induced by RIC. While extracellular
ATP is in the nanomolar range, intracellular ATP is in the
millimolar range, so that damage to cell membranes during
trauma (like an ischemic event) leads to massive increase in
extracellular ATP, and rapid formation of adenosine which
can activate four distinct subtypes of G-protein-coupled
receptors, named Al, A2A, A2B, and A3 [70, 71]. Adeno-
sine Al and A2A receptors in particular have inhibitory
functions in most tissues including the brain, slowing met-
abolic activity and reducing synaptic vesicle release [72]
placing brain cells in a neuroprotective quiescent state.
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Circulating adenosine is also an endogenous distress sig-
nal that modulates tissue damage and repair [72, 73]. In rat
Hu et al. 2012 showed that limb pre-RIC, performed 1 h
before experimental IS, resulted in reduced systemic and
cerebral inflammation and oxidative stress just 1 h after the
IS, and that this was dependent on activation of adenosine
Al receptors throughout the organism [37]. Another study
has also shown that an adenosine Al receptor antagonist
dose-dependently blocked pre-RIC-induced brain ischemic
tolerance and delayed neuronal cell death up to 7 days post-
IS [39], supporting the premise that adenosine signaling
through adenosine Al receptors is required for pre-RIC neu-
roprotection. The same study showed that femoral injection
of adenosine, 10 min prior to IS, mimics the neuroprotective
effects of pre-RIC, dose-dependently attenuating neuronal
cell death and increasing expression of both p-p38 MAPK
and pERK in CA1 hippocampus 12 h after IS [39].

Brain Blood Flow and Blood Vessel Development

Limb RIC increases brain blood flow and promotes blood
vessel development. Transient localized ischemic stroke, by
its very nature, causes reduced regional cerebral blood flow,
which in turn leads to oxidative stress, while the reperfu-
sion that follows aggravates the ischemic damage through
increased production of reactive oxygen species (ROS). In
a rat model of MCAO, both per-RIC and post-RIC were
shown to prevent collateral vessel collapse and increase col-
lateral flow into the middle cerebral artery which may help
rescue the penumbral region, the marginal zone around the
ischemic core, which can be in part rescued by RIC [40,
41]. Post-RIC applied daily for 7 days increased focal cer-
ebral blood flow in the ischemic ipsilateral hemisphere [43];
after 14 days, arteriogenesis was observed, specifically in
the form of growth of functional leptomeningeal collateral
arteries [43] suggesting that RIC reinforces the development
of supplemental networks of vessels to compensate defective
blood flow.

Ischemic stroke and RIC also affect expression of matrix
metalloproteinases (MMPs) in the brain, which may be
linked to changes in tissue and/or vessel remodeling.
Ischemic stroke modeled in rat by itself increases expres-
sion of MMP-2 and MMP-9 [42], while per-RIC, imme-
diately after 1-h MCAO, significantly reduced MMP-9 but
not MMP-2 expression and activity in ipsilateral ischemic
hemisphere after 24 h [42].

Post-RIC performed 2 days after IS in rat resulted in
upregulation of endogenous tissue kallikrein (TK), detected
in plasma from day 3 for 21 days, an enzyme which produces
Lys-bradykinin, a potent vasodilator that contributes to
hypotension in systemic circulation [46]; the latter study also
showed that the selective bradykinin B2 receptor antagonist
HOE-140 reverses the neuroprotective effects of post-RIC.
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Chronic post-RIC, applied daily for 3 weeks in rat,
increased capillary density and diameter, angiogenesis,
arteriogenesis and collaterals, as well as expression of peri-
cytes colocalized with cerebral blood vessels, concomitant
with increased endothelial cell progenitors in blood [45]. In
this context, the highly conserved Notch signaling pathway,
regulating cell proliferation, differentiation, and apoptosis,
appears to be central for RIC neuroprotection via activation
of blood vessel plasticity. Chronic limb post-RIC in rat for
21 days was shown to increase angiogenesis in CA1 hip-
pocampus [44], and in 14 days, it increased arteriogenesis
concomitant with increased Notch1 and NICD expression in
the ischemic brain arteries in rat after IS [43]. Pre-activation
of Notch1 and downstream NF-kB pathways in neurons also
appears to be required for successful neuroprotective effect
of pre-RIC against cerebral I/R injury [33].

Vascular cognitive impairment (VCI) is caused by brain
hypoperfusion; it presents similar mechanisms to ischemic
stroke and constitutes a major aging-related public health
concern, with no available treatment. Bilateral common
carotid artery stenosis is used as a model of VCI, since it
induces hypoperfusion by decreasing cerebral blood flow,
which in turn causes accumulation of amyloid and promotes
white matter loss [74]. When post-RIC was applied daily for
2 weeks, there was an improvement in cerebral blood flow
and a reduction of neurodegenerative features such as amy-
loid beta accumulation, inflammation and cell death [74].

Antioxidant

Neuroprotection by limb RIC acts by reducing oxidative
stress. The brain’s high oxidative metabolic rate and high
lipid content make it a vulnerable target for ischemia-derived
ROS that causes general oxidative damage and lipid peroxi-
dation. In rat, limb pre-RIC applied 1 h before MCAO was
shown to reduce mitochondrial and overall oxidative stress,
lipid peroxidation, oxidative DNA damage, and oxidative
damage to proteins in whole brain 24 h later [30, 37]. Com-
bination of per-RIC and chronic post-RIC for 3 days also
reduced ROS in peri-infarct region but did not have an addi-
tive effect when used in combination [36]. In a mouse CD1
model of IS, post-RIC reduced oxidative stress, as determined
by increased activity of super oxide dismutase, and reduced
lipid peroxidation, as determined by lower levels of MDA
(malondialdehyde) in ischemic cortex 24 h after IS [26]. In
a rat post-RIC model, 72 h later, lower lipid peroxidation
(MDA), and nitrite, and increased antioxidant GSH were
observed, witness to post-RIC effects on reducing oxidative
stress even after 3 days [29]. In a cellular model, 10 min of
post-RIC human plasma (high molecular weight dialysate
hydrophobic fraction) has also been shown to reduce apopto-
sis and oxidative stress of human neural stem cells in culture
when subjected 24 h of oxygen glucose deprivation [75].

Neuronal Cell Death and Apoptosis

Marked increase in neuronal apoptosis is observed in the
hippocampal CA1 region in animal models of transient
global ischemia that mimic ischemia/reperfusion (IS/RF)
injury and delayed neuronal death induced by a cerebral
ischemic insult such as an ischemic stroke. Several stud-
ies have shown that limb remote ischemic conditioning
(limb RIC) reduces neuronal apoptosis in the CA1 hip-
pocampus region (72 h after IS/RF), when applied before
experimental stroke as limb pre-RIC [18], and in whole
brain at 48 h [51] concomitant with improved glucose
metabolism, or at 24 h [30] witnessed by increased Bcl2
and reduced caspases 3 and 9. Likewise, immediately after
stroke (MCAO 90 min) as limb rapid post-RIC (3 cycles:
5 min RIC +4 min RF) [57]; or in delayed post-RIC, 3 h
and 6 h after focal IS/RF [57], as evidenced by DNA frag-
mentation and or apoptotic body formation. Very signifi-
cant neuroprotection in CA1 hippocampal region in rat
was also observed by a single 20-min limb RIC, applied
as very delayed post-RIC 2 days after a global 10-min
ischemic insult [21]. Increased Bcl-2/Bax ratio has been
consistently observed in rat 24—48 h after post-RIC [34,
55] indication that reduced neuronal cell death in limb
RIC is at least in part regulated by reducing apoptosis.
Combination of per-RIC and chronic post-RIC for 14 days
does not have an added effect on reduced neural apoptosis
in peri-infarct region [36]. Reduced neuronal cell death
was also observed after 21 days of chronic post-RIC [44].
In rat, increased production over 72 h of the pro-apoptotic
protein Bim was observed in neurons, which was reversed
by pre-RIC in salvage area [48].

Mitochondrial function and integrity in CA1 hippocam-
pus region are compromised by ischemia/reperfusion. This
has been observed in rat by deterioration of mitochondrial
membrane potential, a marker of neuronal cell death, and
reduced mitochondrial Na+ -K + -ATPase activity, both of
which are improved by pre-RIC [35].

In a rat model of delayed post-RIC, up to 6 h, blockade of
potassium channels was shown to reduce the neuroprotective
and antiapoptotic effects of post-RIC on the brain, while
potassium channel activation mimicked the antiapoptotic
and neuroprotective effects of post-RIC [57]

MAPK, AMPK, and PI3K-Akt Pathways

Several mitogen-activated protein kinase (MAPK) cascades
have been shown to play a role in neural ischemic condition-
ing. pERK was decreased after IS in mouse [76] and aged
rats [22] while pre-RIC greatly increased pERK levels in
ischemic ipsilateral hemisphere [22, 76], as did post-RIC
though to a lesser extent [76]. Neuroprotection was also
shown to be dependent on MEK-1 dependent increase in
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pERK1/2, as observed in CA1 hippocampus region 6 h after
pre-RIC and 8-min MCAO, peaking at 12 h and returning
to normal after 5 days [52]. Ischemic tolerance induced by
pre-RIC has also been shown to be dependent on activation
of the p38 MAPK cascade at 6 h, peaking at 12 h and nor-
malizing 1 day after pre-RIC in CA1 hippocampus [53] at
least partly by downstream upregulation of HSP 70 expres-
sion which is detected 1 day later and peaks 2 days after
pre-RIC [54]. Limb pre-RIC-induced upregulation of both
p-p38 MAPK and pERK in CA1 hippocampus 12 h after IS
appears to be adenosine dependent [39]. These activations
may also be triggered by cytokines or growth factors induc-
ing activation of p38 MAPK or ERK1/2 that translocate to
the nucleus to trans-activate transcription factors regulating
expression of genes involved in several pathways involving
differentiation and cell survival.

AMPK is activated when AMP/ATP or ADP/ATP
ratios in cells rise due to physiological stresses, includ-
ing ischemia. In rat, AMPK protein in whole brain [30]
and p-AMPK in ischemic ipsilateral hemisphere [42] were
increased 24 h after MCAO alone, and increased further
in pre-RIC performed 1 h before MCAO [30] or after per-
RIC [42]. Inhibition of AMPK reversed the neuroprotective
effects of pre-RIC, namely, the better neurological deficit
scores, lower brain water content, and increase HSP70 pro-
tein expression observed after pre-RIC [30].

In a post-RIC mouse model of IS, AMPK pathway was
also activated in the cerebral cortex, 12 h after RF, as wit-
nessed by increased p-AMPK, p-ACC, and p-ULKI1 and
decreased p-mTOR [64]. In per-RIC performed immediately
after 1-h MCAO in rat, p-AMPK was increased more than
twofold after 24-h reperfusion [42].

Limb RIC also interferes with PI3K-Akt pathway. Results
relating to activation of Akt in IS and RIC are not always
consistent. Reduction of pAkt was observed in ischemic
hemisphere in mouse brain 48 h after experimental embolic
stroke (2-h eMCAO) [20], 45-min MCAO [76], or 90-min
MCADO in aged rats [22], which was partially rescued by
pre-RIC 24 h before MCAO, per-RIC (2 h after eMCAO),
or tPA (4 h after eMCAO), per-RIC and tPA together having
an added effect on pAkt rescue [20] but not by pre-RIC or
post-RIC in a diabetic mouse model of IS [76] or in pres-
ence of HIF inhibitor [22]. In a rat model using 8-min global
cerebral ischemia, no change was observed in pAkt in hip-
pocampal CAl region 48 h after reperfusion, while rapid
post-RIC-induced activation of pAkt [55]. However, in a rat
model of post-RIC performed immediately after 2-h MCAO,
both pAktl(Thr308) and pAktl(Ser473) were highly
upregulated 24 h after post-RIC [62]. In aged rats, pAkt
was increased 48 h after IS and pre-RIC had no effect [22].
PI3K/Akt enhanced signaling in limb RIC may be respon-
sible for decreased blood—brain barrier permeability via
fibulin-5 [62], as pAkt-dependent fibulin-5 overexpression
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was observed 24 h after post-RIC with concomitant fibulin-
5-dependent claudin-5 and occludin post-RIC upregulation
[62, 65]. Post-RIC in rat also reduced the increase in matrix
metalloproteinase 9 (MMP-9) that is observed after IS which
is implicated in BBB breakdown [65].

Autophagy

In a mouse model of ischemic stroke, limb post-RIC acti-
vates autophagy in cerebral cortex of right hemisphere, as
witnessed by increased LC1-II/LC3-1, Beclin-1, and Atg7,
and decreased SQSTM1/P62 at 12 h, and reduces apoptosis
[64]. Inhibition of autophagy using intracerebroventricular
(ICV) injection of 3-methyladenine (3-MA) reverses the
neuroprotective effects of limb post-RIC observed after
12 h [64] as witnessed by increased neurological deficit
score, brain water content, infarct volume, and apoptosis.
Post-RIC-induced autophagy, in cerebral cortex of right
hemisphere, was also dependent on AMPK pathway activa-
tion, as demonstrated by reversion of the post-RIC observed
increase in p-AMPKa, p-ACC, and p-ULK1, and decrease in
p-mTOR, using AMPK inhibitor compound C [64].

Experimental results measuring autophagy can vary
according to the brain region observed. In a rat model,
2-h MCAO did not change amount of autophagosomes
in penumbral tissue 24 h after RF, but immediate rapid
post-RIC (3—4 cycles: 10 min RIC + 10 min RF) increased
amount of autophagosomes and autophagy-lysosomal
pathway in penumbral tissue 24 h after reperfusion [58]
in a p(S473)Akt/p(S9)GSK3p-dependent manner [56]. In
an identical model of rapid post-RIC (3 cycles: 15 min
RIC+ 15 min RF), MCAO increased amount of autophago-
somes in ischemic cortex which was decreased 24 h after
post-RIC [63]. Therefore, it appears that in penumbral
tissue, autophagy is activated only by post-RIC, whereas
in ischemic cortex, autophagy is activated during I/R and
reduced by post-RIC. In rat ischemic hemisphere, both per-
RIC and post-RIC promote Akt-dependent S70 phospho-
rylation of Bcl-2 triggering dissociation of Bcl-2/Beclinl
complex and Beclin-1-dependent autophagosome formation
[59].

In rat ischemic cortex of the right middle cerebral artery
region, autophagy was also shown to be increased dur-
ing acute ischemia/reperfusion injury via reduced mTOR/
p70S6K signaling [63]. Conversely, autophagy was reduced
in rat, in response to limb post-RIC during reperfusion, via
increased mTOR/p70S6K signaling [63]. The question
remains as to how signals from the limb post-RIC trigger
this reduced autophagy. Limb post-RIC, in a rat model of
chronic cerebral ischemia, was shown to attenuate neural
damage in cortex and hippocampus via activation of tran-
scription factor EB (TFEB), a driver of autophagy via the
autophagolysosome pathway [50].
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Neurogenesis

In addition to reducing infarction size and improving func-
tional outcome, post-RIC in rat has been shown to induced
neurogenesis for up to 28 days, in rat after 90-min IS, in
the hippocampus region where adult neurogenesis occurs,
the subgranular zone (SGZ), and the subventricular zone
(SVZ) [61]. Rapid post-RIC in rat was also shown to pro-
mote synaptogenesis in ischemic penumbra and to increase
expression, in the infarct cortex, of Post-Synaptic Density
Protein 95 (PSD95) that is critical for synaptogenesis and
synaptic plasticity, Growth Associated Protein 43 (GAP43),
a major component of growth cones of elongating axons,
and synapsin involved in regulation of axonogenesis and
synaptogenesis [49].

Nitric Oxide Synthase (NOS)/Nitric Oxide signaling

In rat, experimental ischemic stroke alone does not change
endothelial nitric oxide synthase (eNOS) expression in
ischemic ipsilateral hemisphere compared to contralateral
hemisphere, but per-RIC performed immediately after 1-h
MCADO, resulted in eNOS increase after 24-h reperfusion
in ischemic hemisphere compared to MCAO alone [42]. In
another rat model using 8-min global cerebral ischemia, limb
pre-RIC increased NO and NOS activity following a double
peak pattern in both serum (0 h and 48 h) and CA1 hip-
pocampal region (6 h and 48 h) [77]. Limb rapid post-RIC
increased eNOS expression and activation in hippocampal
CA1 region 48 h after ischemic stroke (both p-eNOS(S1177)
and eNOS), along with increased pAkt, in a PI3K-dependent
manner, the neuroprotective effects (reduced apoptosis and
increased neuronal density in CA1 and reduced behavioral
deficits) of rapid post-RIC being abolished by both non-
selective NOS or PI3K inhibitors [55], indicating that eNOS
activation in this CA1 region occurs, at least in part, via
PI3K dependent phosphorylation of pAkt. In chronic post-
RIC, applied daily, plasma nitrite levels were increased at
3 weeks, but no longer at 1 month or 4 months [45]. In a
model of cerebral hypoperfusion, p-eNOS rose in CA1 hip-
pocampus at day 1 and maintained for 2 weeks declining
at 3 weeks, but chronic post-RIC applied daily for 28 days
sustained p-eNOS beyond 4 weeks [44].

In another rat model of focal ischemia, iNOS expression
doubled, from 1 to 24 h after ischemia, in pooled brain tissue
(pooled ischemic core, penumbra, and cortex), and pre-RIC
completely inhibited iNOS expression below normal lev-
els [78], indication that RIC blocks the pro-inflammatory
expression of iNOS in IS. Twenty-four hours after stroke,
a reduced nitrite/nitrate ratio was observed in rat whole
brain with limb pre-RIC applied 1 h before 2-h MCAO,
indicating reduced inflammation in the whole brain [37].
These results indicate that limb RIC globally reduces the

pro-inflammatory iNOS/NO production, but locally (e.g., in
hippocampal C1 region), PI3K-Akt/p-eNOS/NO is involved
in signaling that triggers conditioning pathways of neuropro-
tection that reduce apoptosis and increase neuronal density
in CAI.

Neuroinflammation

Limb RIC reduces brain neuroinflammation. Oxidative
stress precipitated by ischemic stroke in the brain results
in chronic expression of pro-inflammatory genes, which
can further aggravate neuronal injury. In rat, limb pre-RIC
applied immediately before ischemia was shown to inhibit
brain edema and blood-brain barrier permeability measured
2 days after stroke [78]. Rat models of ischemic stroke have
shown that pro-inflammatory markers and cytokines such as
MPO (myeloperoxidase), TNFa, IL-1f, and IL-6, known to
be releases by activated microglia, are all highly increased in
whole brain tissue 24 h after IS [30, 34]; IL-1p and IFNy are
increased in ischemic penumbra 48 h after IS but not with
pre-RIC 24 h before IS, while no changes were observed in
IL-6, TNFa, IL-4, and IL-10 [22]; but 72 h after IS, TNFa
[29] was increased in whole brain homogenate. In another
study, 48 h after IS in rat cortical penumbra surrounding the
ischemic core, IL-1f and IL-6 are not changed, but IL-1p is
decreased by post-RIC; while IS-induced decrease of anti-
inflammatory cytokines IL-4 and IL-10 in cortical penumbra
is reversed by post-RIC [32]. An increase in IL-6 and TNFa
in ischemic ipsilateral hemisphere was observed 48 h after
reperfusion in a diabetic mouse model of IS, which for IL-6
was partially compensated for by pre-RIC but not post-RIC
[76], while no changes were observed in IL-1f, IFN-y, or
IL-4 before or after IS or RIC.

Pre-RIC, applied 1 h before IS, reverses this increase for
MPO and IL-6, and significantly reduced this increase for
IL-1p and TNFa [30]. Reduction in TNFa was also observed
in ischemic penumbra after 1 h using rapid post-RIC [34]
and in whole brain 72 h after post-RIC [29]. In ischemic
brain 48 h after post-RIC, anti-inflammatory cytokines IL-4
and IL-10 are increased, and pro-inflammatory cytokines
IL-1p and IFNy are decreased while no change is seen in
IL-6 [32]. In whole brain, IL-6 and IL-1 mRNA are mark-
edly increased by ischemic stroke after 48 h, while post-
RIC attenuates this increase [79]. IL-4 mRNA appears to
be decreased in whole brain after ischemia and markedly
increased 48 h after post-RIC [79]. In ischemic ipsilateral
hemisphere of a diabetic IS model, 48 h after reperfusion,
helper T cells (CD4 +), cytotoxic T cells (CD8a+), and NK
cells increase is compensated by pre-RIC, while post-RIC
also markedly decreased cytotoxic T cells and NK cells, hav-
ing no effect of helper T cells [76].

After ischemic stroke in rat, increased production over
72 h of lipocalin 2 (LCN2) from reactive astrocytes in
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salvage area is reversed by pre-RIC [48]. Lipocalin has been
heralded as a therapeutic target to reduce neuroinflammation
and neuronal cell death in brain injury [80].

In mouse model of ischemic stroke, post-RIC was shown
to induce changes in astrocyte protoplasmic (glutamine syn-
thetase, GS expressing) or fibrous (GFAP) types [31]. GS
expression is upregulated by IS after 3 days but no longer
after 14 days, while post-RIC upregulates GS expression
only after 14 days. GFAP, specifically GFAPa, in ipsilat-
eral side of brain, is increased almost twofold 3 days later
after IS, with increase maintained at 50% 14 days later [31].
This is reversed by post-RIC but only at 3 days. This occurs
with no concomitant change of the GFAPS isoform, result-
ing in increased GFAPo/GFAPS ratio in post-RIC brain that
reflects altered astrocyte intermediate filament networks
[31].

Inflammatory processes in non-infectious reactions can be
triggered through Toll-like receptors (TLRs) through inter-
action with endogenous molecules released from damaged
tissues or dead cells. These TLR inflammatory pathways
can drive early- and late-phase cytokine or chemokine pro-
duction via NF-kB. In rat experimental IS, both TLR4 and
NF-kB mRNA levels are highly overexpressed in ischemic
cortex, 1 day after IS, with levels returning to normal after
7 days, but protein levels were still maintained at 7 days
in neurons but not astrocytes in peripheral ischemic tissue
[60], evidence of a pro-inflammatory response to IS driven
by neurons in the brain; when post-RIC was applied, both
TLR4 and NF-kB expression were inhibited 1 or 7 days later,
evidence of a long-lasting anti-inflammatory effect of post-
RIC [60].

In rat, pre-RIC inhibited expression of Tim-3 and
Galectin-9 measured 24-h post-stroke in the brain (pooled
ischemic core, penumbra, cortex) which increase after IS
and may regulate cell death in lymphocytes [78].

Final Remarks on Experimental Models and RIC
Time-frames

The vast majority of experimental animal models demon-
strating RIC-induced neural protection are of young male
adult rodents, with only a few studies using female rodents
[19-21] and aged male rats [22]. In relation to co-morbid-
ities, although diabetes is a key co-morbidity present in
stroke patients, in particular in aged ones, only one study
[76] performed MCAO in a diabetic mouse model. In the
latter, Liu and colleagues showed that neither pre-RIC nor
post-RIC rescued IS-induced pAkt reduction in ischemic
hemisphere, as seen in other studies in young adult mod-
els, which stresses the need to clarify how dysmetabolism
may interfere with RIC-induced protection and signaling.
More experimental model studies are needed to clarify
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the effects sex, age, and co-morbidities on the beneficial
effects of RIC observed so far in young adult models.

The precise RIC protocol that might afford neuropro-
tection against stroke in humans is likely to require opti-
mization. The dose (acute or chronic) and the time point
of limb RIC application will only be effective in precise
and limited frames. In experimental models of limb post-
RIC, reduced infarction was observed after 2 days when
RIC was applied up to 3 h after stroke, but not if RIC was
applied after 6 h or 2 months later when only behavio-
ral outcome was ameliorated [23]. In the gerbil brain, for
example, induction of ischemic tolerance was shown to
require at least 2 min of ischemic preconditioning, at least
1 day before a damaging cerebral ischemic event [81], with
a 2-day interval providing even more neuroprotection. This
early study also showed that two episodes of precondition-
ing on consecutive days provided complete tolerance to
5-min cerebral ischemia after 2 days. A later systematic
analysis of post-RIC time courses revealed that the total
cumulative time of repeated limb occlusion/reperfusions
may be fundamental for effective remote post-condition-
ing, with the maximum protective effect attained in a rat
model with 2 cycles of 15 min each, and 2 or 3 cycles of
10 min each and a total time of 40 to 60 min [67].

In a mouse model of 45-min MCAQ, which compared
delayed pre-RIC (24 h before MCAO), early pre-RIC (just
before MCAO), per-RIC (during MCAO), and post-RIC
(just after MCAO), only the per-RIC procedure showed
a clear neuroprotection possibly resulting from enhanced
collateral circulation [66].

In a rat model, with ischemic preconditioning via mid-
dle cerebral artery occlusion, neuroprotection against
100 min of ischemic insult did not last beyond 7 days,
while repeated post-RIC (chronic RIC), for 14 consecutive
days, was associated with stronger neuroprotection against
cerebral ischemia/reperfusion injury [36]. However, there
seems to be a limit in the effectiveness of chronic RIC.
Application of 1 month or 4 months daily limb RIC, in a
model of vascular cognitive impairment and dementia, was
equally effective [45]. The effective therapeutic window,
including the cycles and duration of reperfusion and occlu-
sion, which have been recently reviewed [82], remains to
be determined precisely and is certain to impact on the
degree and time window of neuroprotection.

Inter-organ Communication: Signaling Between
Remote Ischemic Conditioned Limb and the Brain

Experimental models have also been explored to disclose
how the communication between the ischemic conditioned
limb and the brain occurs. The main hypotheses are the
activation of the autonomous nervous system and/or the
presence of signaling circulating factors in blood, namely
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Table 2 Experimental models of neuroprotection by limb RIC: limb RIC targets autonomous nervous system and affects circulating blood fac-
tors, exosomes and blood cells

Model Pathway/mechanism Reference

Rat: Sprague-Dawley (m/250-350 g) galectin-9/Tim-3 inflammatory cell signaling pathway, NO, iNOS, BBB, afferent [78]
IS model: BCCAO 30 min, perm. MCAO nerves

pre-RIC: immediately before IS

3 cycles: 15 min RIC+ 15 min RF

Rat: Wistar (m/250-320 g) hippocampus CA1, serum, NO/NOS [77]
IS model: global 4-VO +BCCAO 8 min

pre-RIC: before IS

3 cycles: 10 min RIC+ 10 min RF

Rat: Sprague-Dawley (m/240-250 g) platelet-derived microparticles [83]
IS model: MCAO 90 min

per-RIC: 30 min before reperfusion

3 cycles: 5 min RIC +5 min RF

Rat: Sprague-Dawley (m/280-320 g) No neural transmission in per-RIC [84]
IS model: 1.5 h MCAO +24 h RF

per-RIC/post-RIC (I-30, RF-30)

3 cycles: 10 min RIC+ 10 min RF

Rat: Sprague-Dawley (m/280-320 g) TNFa, IL-6, IL-10; Lymphocytes: T,, T}, NKT, B, NK; monocytes [85]
IS model: 1.5 h MCAO, 3d RF

pre-RIC: 1 h before MCAO

4 cycles: 5 min RIC+4 min RF

Rat: Sprague-Dawley (m/age NA) spleen, T lym, Tc, NKT, B-lym, RIC immune response is dependent on the spleen [86]

IS model: MCAO (90 min w/isoflurane)

pre-RIC: before IS

4 cycles: 5 min RIC+4 min RF

Mouse: type 2 diabetic BKS.Cg- Lymphocytes: Ty, T., NK, B, pERK, pAKT, TNF-a, IL-6, IL-1f, IFN-y, IL-4 [76]
Dock7m +/+ Leprdb/Nju, db/db (m/8wo)

IS model: 45 min MCAO +48 h RF

pre-/post-RIC: 1d before MCA/after RF

3 cycles: 10 min RIC+ 10 min RF

Mouse: C57BL/6 (m/8-10 wo) erythrocytes [87]
IS model: 70 min MCAO, 24 h RF oxygen delivery

per-RIC: during MCAO 2,3-biphosphoglycerate

3 cycles: 10 min RIC+ 10 min RF

Mouse: C57BL/6, CCR2 KO (m/f, 12wo)  monocytes: splenic, anti-inflam., pro-inflam.; resident microglia [88]

IS model: 30 min MCAO

post-RIC: 2 h after MCAO, 2d RF

5 cycles: 5 min RIC+5 min RF

RIC only: single, 3 X daily, 7 x daily

Mouse: C57BL/6 (m/20-22 g) Lymphocytes: B, T,, T., NK, NKT cells, non-inflam. monocytes, IL-10, IL-6, TNF-a,  [79]
IS model: 45 min MCAO 1L-4,IL-1p

post-RIC: after MCAO, 2d RF

3 cycles: 10 min RIC+ 10 min RF

Cell model: HUVEC cells, SH-SY5Y cells CD63, HSP70 and TSG101 in plasma, exosomes (endothelial) [89]
Rat: Sprague-Dawley (m/f, 220-250 g)

IS model: 2 h MCAO, 24 h RF

post-RIC: after MCAO, 3 X femoral artery

Human & Mouse miR-144 [90]
pre-RIC

4 cycles: 5 min RIC+5 min RF

Rat: Wistar (m/8 wo) msiR-29a [91]

IS model: permanent MI

post-RIC: (4w after MI), daily for 4w

5 cycles: 5 min RIC+5 min RF

Mouse: C57BL/6 (20-22 g) Exosomes, HIF-1a, CD63, TSG101, CD81 [92]
IS model: dMCAO electrocoagulation

pre-RIC: 24 h before MCAO

3 cycles: 10 min RIC+ 10 min RF
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Table 2 (continued)

Model Pathway/mechanism

Reference

Mouse: C57BL6: (sex NA/8—-10 wo)
IS model: MCAO (1 h)

pre-RIC: (1 h before MCAO)

4 cycles: 10 min RIC+ 10 min RF

Human: (n=4) male/young

RIC: non-dominant arm cuff 200 mmHg
5 cycles: 5 min RIC +5 min RF

Cell model: SH-SYS5Y cells

miR-144, p-PTEN, pAkt, apoptosis [93]

plasma exosomes, miR-126, DNMT3B, DNA methylation, cell cycle, p21 (CDKN1A) [94]

biochemical molecules, immune cells, and/or exosomes car-
rying microRNAs. Data are described in the present subsec-
tion and summarized in Table 2.

Autonomous Nervous System

The neuroprotective effects of limb RIC require afferent
nerves and the blood factors. Experimental models show
that the neuroprotective mechanisms afforded by limb RIC
require complementary and interdependent neural elements
and factors circulating in the bloodstream [23, 78]. Affer-
ent sensory nerve blocker capsaicin or ganglion blocker
hexamethonium completely abrogated the neuroprotective
effects of limb pre- and post-RIC in rat [23, 78], suggesting
that limb pre- and post-RIC procedures activate an essential
neural afferent pathway. However, RIC neural transmission
pathways may not be significant in per-RIC, when the RIC
procedure is performed during ischemia, before reperfusion
[84], giving added importance to other factors.

Circulating Blood Factors

Blood factors, engendered by RIC, have also been shown
to provide a degree of neuroprotection. Plasma proteom-
ics in a rat model revealed that RIC results in significant
changes in plasma protein profiles [95, 96]. Platelet-derived
microparticles (MP) extracted from healthy rat RIC plasma,
and injected before reperfusion into rats subjected to 90-min
MCAOQO, had reduced infarction area 24 h later, albeit to a
lesser degree than per-RIC itself [83]. Likewise, in a rat
model using 8-min global cerebral ischemia, limb pre-RIC
increased NO levels and NOS activity following an dou-
ble peak pattern, both in serum (0 h and 48 h) and CAl
hippocampal region (6 h and 48 h) [77]. In chronic post-
RIC, applied daily, plasma nitrite levels were increased at
3 weeks, but no longer at 1 month or 4 months [45].
Cytokines circulating in blood are also altered by
ischemic stroke and limb RIC. In mouse model, limb pre-
RIC applied 1 h before MCAO [37] reduced TNFa in plasma
measured 24 h later, indicating that limb pre-RIC initially
reduces systemic inflammation. In rat, TNFu mRNA was
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increased in whole blood 48 h after IS [79] with similar
trends observed in whole brain. However, in serum, 3 days
after IS, TNFa levels are normal, while pre-RIC TNFa lev-
els in serum after 3 days were markedly increased [85]. In
the same study, serum interleukin 6 (IL-6) was increased
after IS in rat [85] and diabetic mouse [76], while pre-RIC
further exacerbated this increase at 3 days after IS in rat
[85], and pre-RIC and post-RIC mitigated the increase in
diabetic mouse at 48 h [76] with no change in IL-1f, IFN-y,
TNF-a, or IL-4. However, post-RIC in another study of rat
IS markedly reduced IL-6 mRNA in both whole blood and
whole brain 48 h later [79]. Two days after brain ischemia
in rat, protein levels of anti-inflammatory cytokines IL-4
and IL-10 are reduced in plasma and brain in one study [32]
but IL-10 mRNA is increased in blood after IS. When RIC
is applied in the absence of cerebral ischemia in rat, plasma
shows a 50% increase in protein levels of anti-inflammatory
cytokines IL-4 and IL-10 with no change in pro-inflamma-
tory cytokines IL-1f, IL-6, and IFN-y at 48 h [32]. However,
when post-RIC is performed just after ischemic stroke, 48 h
later, plasma protein levels of anti-inflammatory cytokines
IL-4 and IL-10 are 2- to threefold increased [32], but mRNA
of IL-10 is decreased in whole blood [79]. Pro-inflammatory
cytokines IL-1p, IL-6, and IFN-y were decreased in plasma
after post-RIC [32]; while systemic inhibition of HIFla
reverses both the neuroprotective effects of post-RIC and
protein cytokine profiles in plasma [32]. In aged rats, IL-1f,
IL-6, and IFN-y were increased 48 h after IS but not when
pre-RIC was applied 24 h before, while no changes were
observed in TNFa, IL-4, and IL-10 [22].

Exosomes and MicroRNAs

Exosomes and MicroRNAs may be involved in neuropro-
tective effects of limb RIC. Endothelial-derived exosomes
have been shown to provide a degree of protection against
ischemia/reperfusion injury in neuronal cells, including
reducing apoptosis and increasing proliferation [89]. Pre-
RIC plasma exosomes from mice are rich in HIF-1a, CD63,
TSG101, and CD81, and attenuate infarct size and neuro-
logical function when infused into IS model [92]. Exosomes
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extracted from human RIC plasma reduced DNA methyla-
tion and provided a degree of tolerance to oxygen/glucose
deprivation in vitro in SH-SY5Y neuroblastoma cells [94].
Fifty differentially expressed microRNAs have been iden-
tified in human plasma collected immediately after RIC,
including miR-126, which was upregulated and is postu-
lated to target DNA (cytosine-5)-methyltransferase 3B
(DNMT3B) which may in part explain the RIC exosome
induced reduction in DNA methylation [94].

MicroRNAs (miRNAs) are also candidate molecules that
could be involved in induction of limb RIC neuroprotection.
miRNAs can be found in blood linked to the carrier pro-
tein Argonaute-2 or inside exosomes that are produced by a
variety of cells both of which can traverse the blood—brain
barrier [97, 98]. In mouse plasma, 13 miRNAs were down-
regulated and 18 upregulated 24 h after limb RIC performed
on abdominal aorta [99]. However, different RIC protocols
can result in different miRNA expression profiles [100]. In
rat, presumed muscle-derived miR-29a was upregulated in
plasma after limb RIC was performed once a day for 4 weeks
[91]. In both mouse and human, miR-144 was upregulated
in plasma after limb RIC 4 cycles of 5-min ischemia/rep-
erfusion [90]; and in an MCAO stroke mouse model, miR-
144 introduced into circulation targeted PTEN resulting in
increased Akt pathway activity and inhibiting of apoptosis
in brain [93].

Circulating Blood Cells

Limb RIC causes changes in blood cell populations that may
have direct neuroprotective effects. In a mouse model of IS,
pre-RIC resulted in increased levels of 2,3-biphosphoglycer-
ate (2,3-BPG) in circulating erythrocytes after 24 h [87]. In
fact, 2,3-BPG facilitates the dissociation of oxygen-hemo-
globin bound, shifting the oxygen dissociation curve toward
increased oxygen delivery to ischemic brain tissue [87].
RIC also alters circulating immune cell composition
which appears to be dependent on an intact spleen [86, 88].
In addition, whereas normally splenic lymphocytes posi-
tively correlate with circulating B and T lymphocytes, fol-
lowing RIC, a negative correlation with circulating T lym-
phocytes was observed. In rat experimental ischemic stroke,
limb pre-RIC increased splenic volume, total lymphocytes
and the percentages of cytotoxic and natural killer T cells,
and B lymphocytes in the spleen after 3 days [86], whereas
an increase in CD8 +cytotoxic T cells is seen after 1 h and is
maintained after 3 days. In the blood, leukocyte populations
are also altered by RIC. The percentage of CD4 +helper T
cells is reduced by IS in rat and pre-RIC does not change

this. In the same pre-RIC model, however, the downregu-
lation in CD8 + cytotoxic T cells, NKT cells, B cells, and
noninflammatory resident monocytes, triggered by IS,
appears to be partially rescued by pre-RIC, 3 days after IS
[85]. In a mouse model of IS, after 2 days, CD4 + helper
T cells are decreased in the spleen and lymph nodes, and
post-RIC completely reverses this, with increasing trend also
observed in blood [79]. Cytotoxic CD8+ T cells and NKT
cells appear reduced in lymph nodes, spleen, and blood after
IS, with this trend being reversed by post-RIC [79]. B cells
and NK cells on the contrary appear to be increased by IS
in the lymph nodes, spleen, and blood after 24 h, with this
trend being reversed by post-RIC [79]. In a diabetic IS stroke
mouse model, the decrease in blood helper T cells (CD4 +)
and cytotoxic T cells (CD8 +) was reversed by pre-RIC but
unaltered by post-RIC after 48 h, while no changes were
observed in B cells or NK cells [76]. In mouse, IS-induced
reduction in splenic monocytes/macrophages is reversed by
rapid post-RIC within 24 h [47].

Noninflammatory monocytes were also increased after
IS in mouse blood but not in the spleen or lymph nodes,
while post-RIC reversed this; no changes in inflammatory
monocytes were observed in the blood, spleen, or lymph
nodes after IS and/or post-RIC [79, 88]. Although post-RIC
did not change relative values of pro-inflammatory or anti-
inflammatory monocyte subsets in spleen, pro-inflammatory
monocytes are increased in blood. In vitro cultured sple-
nocytes treated with post-RIC serum converted from anti-
inflammatory monocytes into pro-inflammatory monocytes,
with a greater shift observed with serum from severe stroke
with post-RIC [88]. This supports the notion that limb post-
RIC produces circulating factors that induce the spleen to
produce pro-inflammatory monocytes into circulation that
can infiltrate the brain and have a protective role. In rat brain,
contralateral to stroke lesion or in ipsilateral hemisphere,
post-RIC did not affect resident microglia measured 3 days
after stroke; however, in ipsilateral ischemic hemisphere,
there was increased infiltration of pro-inflammatory mono-
cytes, and reduced mRNA expression of MCP-1 and IL-1p
[88].

In mouse, blood monocyte depletion reversed the neuro-
protective effects of rapid post-RIC on infarct volume and
brain monocytes/macrophages [47]. In the same model,
rapid post-RIC attenuates the large increase of granulocyte
colony-stimulating factor (G-CSF) in ischemic cortex, and
the reduction in plasma G-CSF and splenic tissue mono-
cytes/macrophages induced by ischemic stroke [47], and this
regulation of inflammatory stimuli increases leptomeningeal
collateral circulation [47].
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Human Studies and Clinical Trials of Remote
Ischemic Conditioning (RIC)

Introduction

Similarly to experimental research settings, the first clini-
cal studies about RIC were made in myocardial infarction
patients. RIC procedure was applied in ST-segment eleva-
tion myocardial infarction, and has reported reductions in
infarcted area, some improvement of left-ventricle ejection
fractions, reduction of creatinine-kinase myocardial plasma
release or decreased troponin I levels [101-105]. Likewise,
in patients with stable ischemic heart failure chronically
treated with RIC (2 procedures per day during 6 weeks)
improved left-ventricle ejection fraction volume and
decreased B type natriuretic peptide levels were registered
[106]. In rheumatic heart disease patients undergoing valve
replacement, remote ischemic conditioning decreased the
release of serum cardiac troponin I and also improved liver
and lung biomarkers, indicating a potential systemic protec-
tive effect [107]. Recently, it was also found that strength
training in healthy volunteers along with 8 sessions of RIC
procedure improved muscle strength in wrist extensor mus-
cle [108].

Herein, the main focus is to review the potential protec-
tive effects of RIC targeting the brain in clinical settings.
Because there is not as much data for ischemic stroke as in
experimental models and also because the cellular mecha-
nisms RIC-mediated neuroprotection are similar for several
different disorders, our review also highlights other neuro-
logical diseases besides ischemic stroke.

RIC Clinical Trials in Neurological Disease: Potential
Cerebral Effects

In neurological disease, RIC-based strategies have been
tested for safety and efficacy in patients with acute ischemic
stroke, hemorrhagic stroke, middle cerebral or carotid artery
stenosis, and spinal cord lesion. RIC has also been evaluated
for cerebral complications associated with coronary artery
bypass grafting. Clinical trial RIC data relating to ischemic
stroke and other cerebral diseases is summarized in Tables 3
and 4, respectively.

Ischemic Stroke

In acute ischemic stroke, a proof-of-concept clinical trial
with 171 stroke patients showed that RIC is safe and can be
applied in the pre-hospital setting [113, 114]. In this study,
the primary outcome was penumbral salvage assessed on
multimodal magnetic resonance imaging and secondary

Table 3 (continued)

Status

Main results/observa-

RIC protocol*
tions

size and phase of study Primary outcomes Secondary outcomes

Type of patients/
pathology

Name of study

completed [119]

4 cycles applied before no RIC-induced effect

not applicable

safety, feasibility and

pilot study with 20

Acute ischemic stroke

no name

on intracranial pres-
sure, cranial perfu-
sion, mean arterial
pressure or middle
artery systolic flow

velocity

and immediately

assessment of any

patients treated with

thrombectomy

in patients treated

after recanalization,
and once a day for

7 days

serious RIC-related

adverse events

with thrombectomy

4 cycles applied within No difference was completed [120]

not applicable

safety

pilot study with 49

Acute ischemic stroke

no name

found in: hemor-

6-24 h of intravenous

thrombolysis

patients treated with
intravenous throm-

bolysis

in patients treated

rhagic transforma-

intravenous throm-

bolysis

tion, clinical score,

adverse events, blood

pressure

But RIC group pre-

sented lower levels

of C reactive protein

@ Springer



Molecular Neurobiology (2022) 59:294-325

314

[Lz1]

[9zT1]

[zl

[¥e1]

[ezT]

(el

[121]

payordwod

payerdwod

pajerdwoo

pajerdwod

pajodwod

payerdwod

pajodwod

s1ojourered pazA|

-BUR OU) UI 90UIYIP

ou IIM ‘9[qISed) pue
gyes st ampadsord DY

9[qIsed) pue

oJes st arnpadoxd DTy
KI9)Ie [81Q2I90

J[PPIW JO SANIOO[A

UBJW ) 9SBAIOAP pue

ainssaid [erueroenur
UO 9sBaIOUT ‘UTRIq
Q) UT S[AJ] [OIIA]S
pue uorjer 9jeaniAd
/21B108] JO UOTIINPAY

uonenuaduod ewserd
goo1S Jo asearoop

SI99)UN[OA AYJ[eay

ur a1nssa1d poojq uo

uononpai nq ‘syuaryed

SISouR)s YDIA Ul A1

-00[0A MOJJ UBIW

10 Xapul uoneuagAxo
‘a1el 113 UO 103]0 OU

dnoi3 wreys ur syoepe

STWIAYOST JUSISUBT)

11 pue suonjoreyur

g ormym dnoi3 Oy

ur s$)[o.)IEe OTWAYOSI

JUAISURI) / PUE SUON)
-0TeJUI 7 )09JJ0 Ied[d OU

00€ Aep e 9ouaIINdAI

D[0Ns JO %6, 0}

9,1°97 WOIJ UOONPAI

pue uorsnjiad ureiq
Jo Juawaaordwr DIy

(891) skep [ Sur
-Imp Y 8 10 $7 KI9A

pordde . .s9[04ko ¢

(3a1)
sAep ¢ 1oy Aep 1930

Kxaa9 pardde so104o ¢

(32D HVS
Surmorroj sAep g1 01 ¢
SAep 9AIINOISUOD-UOU

ur pardde so[o4d ¢

(Suruonipuooaxd
—A1931ns 210J0q UOT)
-eordde o[3urs) 9[040 ¢

(uon
-eordde o13urs) s9[0Ao ¢

skep 081
10J A[rep pue Are
-19)e1q pardde so[o4o ¢

skep 00¢
10J A[rep pue A[e
-19)e1q pardde s9[o4o ¢

oeds unyuey
pagipoul fpuowr ¢
puE BIWUAYDST [BIQIIID
pakerop ‘wiseds 1o1d

-do(q [erueIosuely,

dn-morjoj 18

S9IN)eJ [BOI30[0INAU
pU® JOIBJUT [BIQIID IO
SOYIp [ed1So[oInau

mau jo juswdoreasp

9[qeordde jou

s[oA9[ ewsed
ase[oud oyroads
-uoInau pue goo1s
(sdgs) srenualod
PaYoAd -K10SU9S0)

-BUWOS 9AJOU URIPIN

K)Io0[eA
MO} UBdW JO Xpul

uoneuagAxo ‘vjel Jreay

030

9[eds unjuey payipow
JIo (Qurfeseq ay) WOy
jutod | > 10 syurod

8 <) 21008 SSHIN

Y Jo Juowraroxdwur

-0
SIOA0DQI 9[BIS UDJURY

PAYIPOW YoTym 0} dwn

Kyoyes ‘quuip oy ur
Km([ur 10 SISOQUUOIY)

snouda jo yuawdo[orap

(quur pauonIpuod Sy
0y Anfur 1o ‘Sursmiq
‘SISOQUIOIY) SNOUA
doap jo juowdoroaap)
[eL1) [eoTUT]O IoSTe] €
10§ AJ[IQISe9) pue A)oyes

SOINJEQ) JI[oqe)oW pue

orwreuApoway [eIqaIa)

[e11) [BOTUT[O Jo3Ie] B
10§ A)N[IQISE9J pue A)oyes

Aiqises) pue Kjoyes

QOUALINDIAI X0I)S

AOUALINDAI 301)S

sjuaned ¢¢ ‘q oseyd

syuaned (g ‘7 oseyd

sjuonjed 4 Apms joq1d

syuaned oy ‘Apms jorid

s1aounjoA Ayjfeay

7 pUe SISOU)S

VO [Blole[Iun yim
syuoned (o ‘Apms Joqid

SISOUQ)S [BLI9)IE [eTU
-e1oenur onewojdwAs
ym sjuoned uerreu

-o3eUOU puE 0300 §G

SISOUQ]S [BLISLIE
[eIUBIOBTUI OTJEWO)

-dwAs yym syuared g9

‘Kpms 3doouoo-jo-yoord

(HVS)
93eyLI0WY prou

-yoeIeqns [ewsAInauy

(HVS)
9eyLI0WY prou

-yorIeqns [ewsAInouy

(HVS)
a3eyrIoway prou

-yoeIeqns [ewsAInouy

K1331ms uors
-s21dwooap 2A10[0
Suro31opun 03 Jotxd
syuaned AyjedojeAwr

onojApuods [es1are)

SISOUQ)S
KI0)Ie [81GR190 Q[PPIA

SISOUQ]S [BLIS)IE [eTU
-eroenur onewo)dwAig

SISOUQ)S [BLIS)IE [eIU
-e1oenur onewoldwAg

Quieu ou

Queu ou

uieu ou

ueu ou

uwreu ou

Qureu ou

ueu ou

¥4

sme)s

suon
-BAIOSQO/S)[NSAI UTB]A]

«[1000301d DI

SQWONO AIBPU0IAS

SQwooNo A1ewLld

Apms jo aseyd pue 9z1s

A30

-foyyed/syuaned jo odA1, Apms jo swreN

SOSLASIP [81qI100 1ay)0 Sunedie; (DY) SuruonIpuod dSIuaydST JJOWAI JO S[BLI) [EdIUI]) { 3|qel

pringer

A's



315

Molecular Neurobiology (2022) 59:294-325

uoneIuALI)
qurT jo yjuowspnf pue
g pue v 1S9, Sunjey
[Tel], 1S9], uonero
-0SSY PIOpA [8I0
PS[[0NUOY) “PISIAY
-1s9, Sururea|
1eqieA sunydoy Aq
Passasse uonouny

[oc1] parerdwos  aanu3od paroidwr Dy

IoPEW AIYM
Jo sommow SurSewr

UOISUQ) UOISNYJIP

QUIN[OA UOISI[ JO)Jet

9)IYM ‘UOBIIUIOUOD

syquowr 9 urejord 9ATIOBAI ) 9AT)

SJUQUISSASSE [BIS0]

BIUSIAP JB[NOSEA

10J A[rep S9[0Ad ¢ -1suas-y31y ur saduey) -oyoAsdomnou uroueyo  sjuened £ ¢ ‘Apms jonid OTWIAYDST [BI1100qNS Qureu ou
QurdIsAoowoy
pue Jq'T ‘[0I21s[0Yd
810} ‘sopLIddA[3AL JOo
s[oa9[ ewise[d paonpax dn-morjoy
PUE SONI[IqE JAIINOIX Ieok-T 18 s1ojowrered
pue [erjedsonsia OTWRUAPOWY [BIQIAD
pasoxduwr ‘sanis puE ‘SIoyIewolq Juw
-uoyurradAy 1opewr ek | ewserd ‘uonoung -1redwr 9ANTUZ0D PIIA
[621] pererdwod AIYM Pasearddp DI  I0J Aep B 901m] S9[0AD G oAnIu300 Jo soueyo  suorso[ ureiq ur d3ueyd  syuened ¢ ‘Apmisjofid  —oSBISIp [9SSAA [[BWS Qureu ou
JaSUO jons uotsuedxa
Io)e ] Pue £ ‘¢ ‘1 BWOJBWAY ‘QUINJOA
sAep Je pawrojrad oq Yoom  ewopa [ewojewoyrrad
[821]  SuroSuo [[m AydeiSowo) [erued Quo 10J AJTep S9[9A0 pue BwWOjeWOH Apms joqid pozrwopuey  93eyIIOWY [BIURIORNU] [-HOIYd
suon A30
Jou LN -BATISQO/SI[NSAT UTRIA] «[000301d O SQUI00INO ATRPUOIAS sowoojno Arewtiy  Apnys jo oseyd pue az1s  -joyyed/sjuened jo adA1, Apmis jo swreN

(ponunuoo) ¢ sjqey

pringer

A's



316

Molecular Neurobiology (2022) 59:294-325

outcome was infarct growth at 24-h and 1-month follow-up.
Despite most results were neutral, RIC should have poten-
tial benefit in reducing the risk of infarction growth after
1 month [113, 114].

RECAST (Remote Ischemic Conditioning After Stroke
Trial) was a pilot randomized placebo controlled phase II
trial in acute ischemic stroke. RECAST was first developed
with 26 patients and had a primary outcome of feasibility
and tolerability and a secondary outcome including blood
biomarkers and 90-day NIHSS [110]. Despite RIC increased
plasma concentration of heat shock protein-27 (HSP-27), no
plasma level changes in S1008, troponin-T, HSP-60, HSP-
70, HSP-90, or matrix metalloproteinase-9 (MMP-9) were
observed [110]. Finally, RIC improved neurological outcome
assessed by a decrease on 90-day NIHSS [110]. RECAST
was further developed as a phase IIb clinical trial with 60
acute ischemic stroke patients randomized 1:1 to receive
RIC [111]. Again, feasibility and safety were warranted, but
no changes in NIHSS or in plasma levels of neuron-specific
enolase or MMP-9, except of S10063 plasma concentration
that decreased in RIC group [111]. RECAST-3 is the phase
III prospective randomized multicenter clinical trial that is
in progress and will include 1300 participants [112]. In this
phase III, four doses of RIC (4 cycles of 5 min of ischemia)
will be applied: the first one within 6 h or less of stroke
onset, second dose at 2 h after the first dose, and doses 3
and 4 will be applied at the second day after stroke onset.

Another pilot study was performed to assess feasibility
and safety of RIC as adjuvant therapy along with thrombec-
tomy for acute ischemic stroke [119]. Twenty patients were
treated with RIC procedure at 3 time points: immediately
before canalization, immediately after canalization, and
7 days after thrombectomy. No RIC-induced effect was
found on intracranial pressure, cranial perfusion, mean arte-
rial pressure, or middle artery systolic flow velocity [119].

Symptomatic intracranial arterial stenosis is a major
cause of stroke. Daily and bilateral application of RIC (5
cycles of 5 min of ischemia and 5 min of reperfusion) for
about 300 days reduced (from 26.7 to 7.9%) the stroke recur-
rence in patients with intracranial arterial stenosis [121].
Likewise, in octo- and nonagenarians, the same study was
performed for 180 days with a reduction of stroke recur-
rence in RIC group patients [122]. Nevertheless, a single
procedure of RIC (5 cycles of 5 min of ischemia and 5 min
of reperfusion) did not alter heart rate, oxygenation index,
or mean flow velocity in patients with middle cerebral artery
stenosis, a reduction in blood pressure in healthy volunteers
was the single RIC effect found [123]. Thus, these data sug-
gest that chronic application of RIC might present more effi-
cient results in neuroprotection than a single acute treatment.

The potential protection of RIC against ischemic injury
in patients with severe carotid artery stenosis undergo-
ing carotid artery stenting was tested [131]. Two RIC
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procedures applied daily during 2 weeks before carotid
artery stenting significantly decreased the incidence of
new ischemic lesions assessed by new diffusion-weighted
imaging lesions 48 h after stenting. Nevertheless, RIC did
not change plasma concentrations of neuron-specific eno-
lase or S1008 nor clinical outcomes after 6 months [131].

RESCUE BRAIN was a French multicenter randomized
clinical trial of remote ischemic per-conditioning in the
treatment of acute ischemic stroke, which included 188
patients receiving either remote ischemic per-condition-
ing or sham procedure during or after reperfusion treat-
ments, up to 6 h after the stroke onset. Infarct volume at
24 h was the primary outcome, but no significant changes
were observed between intervention and control groups
[115]. Likewise, at 3 months, no significant difference was
found in mortality or symptomatic intracerebral hemor-
rhage [115].

RESIST is a clinical trial of remote ischemic per- and
post-conditioning for treatment of acute stroke ongoing in
Denmark whose protocol was described in [109]. Authors
intend to include 1000 patients with diagnosis of acute
ischemic stroke and intracerebral hemorrhage along with
1500 patients with a pre-hospital presumed stroke, with the
3-month follow-up modified ranking scale score as the pri-
mary outcome [109]. Since this clinical trial is larger than
the previous ones, it holds expectations for potential benefi-
cial outcomes of RIC.

REPOST is another randomized clinical trial for remote
ischemic post-conditioning (RIPostC) in ischemic stroke
that is ongoing in the Netherlands [117]. In this clinical
study, RIPostC procedure is applied to stroke patients twice
a day during hospitalization; primary outcome is infarct size
assessed by MRI diffusion-weighted image at the end of
hospitalization [117]. In fact, one may speculate that remote
conditioning triggers mild responses by the organism, which
would need chronic application for generating beneficial
effects. Accordingly, Liu and colleagues have described a
protocol, which is ongoing and only includes patients with
acute minor ischemic stroke or transient ischemic attack
[118]. In this clinical trial, RIC is used as adjuvant treatment
for secondary stroke prevention. Again, it may be considered
that RIC might present a mild and long-term effect, which
can be more efficient for less severe ischemic events.

Other clinical trials are in progress, namely REMOTE-
CAT (NCT03375762), REVISE 2 (NCT030445055), and
RICE PAC (NCT03152799).

Another pilot study with 49 acute stroke patients assessed
the effect of RIC in combination with treatment with intrave-
nous thrombolysis [120]. RIC procedure was applied within
6 to 24 h of thrombolysis treatment. The two groups were
followed up for 90 days and no differences between RIC and
sham group were found regarding blood pressure, hemor-
rhage transformation, or adverse effects. Nevertheless, the
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levels of high sensitivity C reactive protein were lower for
RIC group [120].

Finally, in stroke survivors, the application of RIC (5
cycles of 5 min of ischemia) at their paretic leg every other
day for 2 weeks improved the self-selected walking speed
and increased the time to fatigue, when compared the sham
RIC applied patients [132]. Although not being a direct cer-
ebral effect, RIC may improve stroke patient quality of life.

Subarachnoid Hemorrhage and Intracerebral Hemorrhage

RIC was first assessed in a small pilot study with 4 patients
with aneurysmal subarachnoid hemorrhage (SAH). Three
to four sessions of 4 cycles were applied during 2 to 12
non-consecutive days following SAH [125]. In the 4 tested
patients, RIC appeared to increase the mean of intracranial
pressure and decrease the mean velocities in the middle cer-
ebral artery. Brain microdialysis revealed that RIC might
reduce lactate/pyruvate ratio and glycerol levels [125]. One
year later, same authors performed a similar study, consid-
ered phase I clinical trial with 20 aneurysmal SAH patients
[126]. In this study, the primary outcome was the develop-
ment of deep venous thrombosis, bruising, or injury to the
conditioned limb. None of these outcomes was registered,
meaning the clinical trial is safe and feasible [126]. The main
conclusion is the need for subsequent larger clinical trials. A
similar study was performed by Koch and colleagues with 34
aneurysmal SAH patients for safety and feasibility purposes
[127]. The analyzed parameters were transcranial Doppler
signs of vasospasm, delayed cerebral ischemia, and 3-month
modified Rankin scale with no statistical difference between
control and treated groups. Herein, the authors also tested
different times of ischemia during RIC procedure, namely 5,
7.5, and 10 min of ischemia with no difference on outcomes
or potential injury [127].

Finally, another pilot study will be performed for RIC in
the treatment of intracerebral hemorrhage (RICH-1) [128].
Patients will be daily treated within 24—48 h of the onset for
one week. Primary outcome is safety and secondary out-
come will be the volume of hematoma and perihematomal
edema, functional outcomes, and the incidence of adverse
events. Moreover, cranial tomography will be performed at
days 1, 3, 7, and 14 after stroke onset [128].

Other Potential Cerebral Beneficial Effects of RIC

Remote ischemic preconditioning (RIPC) was tested in
patients with cervical spondylotic myelopathy prior to
undergoing elective decompression surgery, including 20
patients in each group: intervention and control [124]. While
RIPC has reduced serum levels of neuron-specific enolase
and S100B, no effect was found in the median nerve soma-
tosensory-evoked potential [124]. This suggests some effects

of RIPC on neurological complications following spinal cord
surgery, but many more studies are needed.

Long-term administration of RIC procedure was tested in
patients with mild cognitive impairment related to small ves-
sel disease. In fact, 5 cycles of RIC were applied twice a day
during 1 year in 14 patients, while 16 patients corresponded
to control group without any treatment [129]. After 1 year,
RIC reduced the volume of white matter hyperintensities and
improved the visuospatial and executive abilities, while no
difference was found in the number of lacunes between the
two groups. The major effects were found in plasma charac-
teristics, namely RIC promoted marked reduction in plasma
triglycerides, total cholesterol, low-density lipoprotein, and
homocysteine [129]. Despite the reduced number of patients,
this is a promising study since RIC might act more effi-
ciently when applied in a long-term (chronic) manner due
to its mild immediate effect. Likewise, in patients with sub-
cortical ischemic vascular dementia, chronic RIC has been
tested as daily applications for 6 months [130]. This rand-
omized study included 37 patients: 18 underwent 5 cycles
of brief bilateral upper limb compression at 200 mmHg; 9
controls underwent the same procedure with compression at
60 mmHg; and 10 controls had no procedure. RIC-treated
patients showed cognitive improvement assessed by neu-
ropsychological tests [130].

Following coronary artery bypass grafting (CABG), silent
episodes of brain ischemia can occur; thus, RIC procedure
holds potential as a pre-operatory preventive treatment. RIC
or sham procedure were tested in 70 patients undergoing
CABG, with structural brain magnetic resonance imaging
(MRI) for connectivity analysis and neurological evalua-
tion [133]. No difference between groups was found in new
ischemic brain lesions or functional connectivity profile;
however, RIC reduced the pooled volume of ischemic brain
lesions [133].

Finally, young healthy adults underwent a cognitive and
motor training along with 7-day daily RIC procedure or
sham procedure for the evaluation of cognitive and motor
learning. In fact, RIC promoted cognitive and motor learning
enhancement, which can potentially by used in rehabilitation
of cerebral injured patients [134].

Mechanisms of RIC in the Inter-organ
Communication

Most of these clinical trials are mainly focused on disclosing
the potential beneficial cerebral and cardiovascular effect
of RIC in humans. Nevertheless, some of them were also
devoted to describe the underlying mechanism of remote
protection and inter-organ communication, as described in
the following section. Furthermore, we also review several
publications concerning human interventional studies in
healthy volunteers for the assessment of RIC-associated
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mechanisms, which are mainly based on modulation of auto-
nomic nervous system or humoral factors. Likewise, other
RIC-induced responses can be associated with microcircu-
lation, endothelial function, or inflammation control. These
responses can be considered beneficial consequences of RIC
or as signaling events for inter-organ communication and
neuroprotection.

Autonomic Nervous System

Data generated in experimental models pointed to the
involvement of autonomic nervous system in RIC signaling
and inter-organ communication. In fact, blockade of opioid
receptors or muscarinic receptors, bilateral vagotomy, or
spinal cord resection abolished RIC protection in animal
models [135-137]. In healthy volunteers, ischemia—reper-
fusion (IR) procedure was applied in forearm for promot-
ing lesion which was assessed by the activation of muscle
sympathetic nerve activity, finger reactive hyperemia, and
oxidative stress (reduced glutathione (GSH) in erythro-
cytes). Pre-treatment with 2 cycles of 5 min of RIC in one
leg delayed the IR-induced increase on muscle sympathetic
nerve activity measured in contralateral leg by microneurog-
raphy [138]. Likewise, RIC limited the increase on eryth-
rocyte-derived GSH levels during ischemia and promoted
vasodilation [138]. Other studies used heart rate variability
(HRV) to follow autonomic nervous system response to RIC
in healthy volunteers. In a pilot study using young and senior
(> 60 years old) sub-groups, HRV analysis demonstrated that
the non-linear parameter SD2 (associated with long-term
HRYV) increased significantly in response to RIC procedure,
suggesting the activation of both sympathetic and parasym-
pathetic nervous system, in particular via the slow sympa-
thetic response to the baroreceptors stimulation and via fast
vagal parasympathetic response [139]. In addition, another
study with 50 subjects analyzed HRYV is several time points:
1 h before RIC procedure and 1, 3, 3,6, 9, 12, and 24 h
after. Similarly, the time domain SDNN and the non-linear
SD2 parameters increased 1 h after RIC, while 12 h later
only SD2 increase [140]. Khaliulin and colleagues found
a reduction on porphyrin fluorescence in the blood, as well
as an increase in power of very low frequency band in ECG
recording; both facts indicate an increased stress resistance
response [141].

Humoral Factors

In human healthy subjects, RIC procedure increased the
levels of nitrite in plasma and platelet rich plasma [142].
Of note, nitrite is an oxidation product of NO, being an
indirect measure of NO. Although NO is associated with
vasomodulation, Dezfulian and colleagues have demon-
strated that RIC-derived human plasma protects myocytes
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against cell death induced by hypoxia/reoxygenation in an
in vitro cell model [142]. Moreover, RIC reduced plate-
let mitochondrial respiration and increased mitochondrial
anion superoxide production, which can be associated to
NO binding to mitochondrial respiratory chain reaction
complexes [142]. Exosomes-mediated intercellular com-
munication may be another factor involved in RIC sign-
aling to distant organs due to the ability of transferring
microRNAs, lipids, and proteins. In fact, exosomal miRNA
126 was found in plasma of healthy volunteers subjected
to RIC procedure [94]. Similar to miRNA 126-induced
neuroprotection against stroke in experimental models
[143], exosomes isolated from RIC-derived human plasma
prevented neuronal cell death using the in vitro model of
SH-SYSY cells [94].

A microarray for the analysis of blood gene expres-
sion was done 15 min and 24 h after RIC procedure in 4
healthy volunteers subject to RIC, with the identification
of 169 genes differently expressed [144]. Konstantinov and
colleagues highlighted the potential anti-inflammatory pat-
tern of gene expression derived from RIC, pointing to the
upregulation of anti-inflammatory heat shock protein (HSP)
70 and calpastatin genes, while downregulation of immunity
response genes, namely TLR4 and TNF signaling pathway
TNFRG6 [144]. Proteomic studies based on 2 dimensional dif-
ference in gel electrophoresis (2DIGE) and mass spectrom-
etry (MS) were performed to identify potential modifications
on the composition of circulating plasma proteins following
RIC [145]. Six proteins were found to change in response to
RIC when analysis was done by 2DIGE, while 48 proteins
were found in MS analyses, being only 3 of them common
in both analysis. This sort of large proteomic approaches
must follow further validations with different analytical tech-
niques, as well as functional validation using experimental
models. In another study, three cycles (5 min ischemia and
5 min of reperfusion) of RIC were applied in 60 healthy
young volunteers followed by proteomic analysis at 1, 3,
8, 24, and 48 h [146]. Fourteen proteins were found differ-
ently present in the serum, most of them (11 proteins) at 1 h
after RIC. These proteins are involved in mechanisms related
to coagulation, apoptosis, lipid metabolism, and immune
system [146]. Furthermore, mass spectrometry proteomic
analysis was done in plasma derived from children with
cyanotic heart disease undergoing cardiopulmonary bypass
surgery treated or not with remote ischemic precondition-
ing (RIPreC). Protein pattern in the plasma was different
only 6 h after RIPreC with the increased concentration of
six proteins: inter-alpha globulin inhibitor, fibrinogen pre-
proprotein, complement-C3 precursor, complement C4B,
apolipoprotein B100, and urinary proteinase inhibitor [147].
In fact, the large heterogeneity of reported data and lack of
reproducibility might be due to inter-donor variability, age,
and different data analysis processes [148].
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RIC procedure applied in traumatic brain injury or
cervical spondylotic myelopathy patients reduced the lev-
els of neuron-specific enolase (NSE) and S1008, which
are serum biomarkers for acute brain injury [124, 149].
Despite being a good indication of RIC-induced neuro-
protection, NSE and S1008 may be not involved in neuro-
protection signaling triggered by RIC.

Finally, recent metabolomic profiling of human cere-
brospinal fluid after daily RIC, applied during 3 consecu-
tive days, showed increased creatine, ethanolamine, and
isobutyrate, and decreased phenylalanine, hypoxanthine,
and tyrosine [150]; beyond being evidence of altered path-
ways of energy and amino-acids metabolism in the central
nervous system, the significance of these results to RIC-
induced neuroprotection remains to be determined.

Endothelial Function and Blood Circulation

Endothelial function and blood circulation (vasodilation),
which are key events in response and protection against
ischemia and reperfusion, can be assessed by blood flow-
mediated dilation of the brachial artery or by skin micro-
circulation using cutaneous vascular conductance. Sev-
eral studies in clinical settings were conducted to evaluate
blood circulation and endothelial function in response to
RIC. In the arm, 20 min of ischemia followed by reperfu-
sion decreased endothelial function, which was assessed
by blood flow-mediated dilation. The ischemia-reper-
fusion-induced decrease of flow-mediated dilation was
partially reverted by RIC procedure in the contralateral
arm or leg, applied before (pre) or after (post) ischemia
[151, 152]. Moreover, RIC-triggered improvement of flow-
mediated dilation was reverted by pharmacological treat-
ment with glibenclamide, a sulfonylurea that inhibits ATP-
sensitive potassium channels, indicating that endothelial
protection depends on K ,rp channel activation in humans
[151]. Likewise, administration of the autonomic ganglion
blocker trimetaphan also reduced the RIC-induced vaso-
protection [152]. In addition, RIC procedure in the arm of
healthy subjects improved microcirculation assessed in the
thigh, in particular at the third cycle tissue oxygen satura-
tion and capillary blood flow increased [153]. Likewise,
7 days daily based RIC improved flow-mediated dilation
and skin microcirculation (cutaneous vascular conduct-
ance assessment) in the RIC arm and the contralateral arm,
suggesting a local and distant effect of RIC [154]. Finally,
1 week of twice a day, RIC application improved coro-
nary microcirculation in healthy and heart failure patients
[155]. Coronary microcirculation was measured by tran-
sthoracic Doppler echocardiography assessed by coronary
flow reserve [155].

RIC Controversies and Remaining Questions

Translation of Knowledge from Experimental
Models and Basic Research to Clinical Settings

RIC-based clinical trials have just begun and much data is
still needed in order to reveal the real potential protective
role of RIC in clinical settings. Nevertheless, one can par-
tially predict less successful results in clinical trials than
experimental models, with a complex translation of knowl-
edge due to the features of the animals used. In fact, in the
majority of models, the animals are young, in some cases
adolescent, without any other co-morbidities that usually
are associated with stroke patients, namely hypertension,
diabetes, atherosclerosis, etc. Although the maintenance
and use of aged animals are highly expensive, this should
be taken into account when performing pre-clinical basic
research about age-related disease.

In addition, basic research-associated technology
(proteomic, metabolomics, transcriptomics, etc.) should
be more explored to identify potential biochemical fac-
tors and circulating cells (leukocytes and erythrocytes)
involved in the communication between the remote
ischemic conditioned limb and the brain in human sub-
jects. Taking advantage of the mild invasive procedure,
such as blood collection, it is possible to investigate the
RIC-associated molecular and cellular underlying mecha-
nisms within human samples. Thus, a deep knowledge
about the signaling mechanisms of RIC in humans could
be reached.

Real Therapeutic Properties of RIC in Ischemic
Stroke Clinical Settings

For acute ischemic stroke, several clinical trials have
revealed the feasibility and safety of RIC. Although the
first results regarding the beneficial outcomes of RIC are
not yet clear, there are some clues indicating the poten-
tial beneficial effects of RIC. Thus, ongoing clinical trials
are still promising. For example, RESIST, Danish clinical
trial of remote ischemic per- and post-conditioning, will
include 1000 stroke patients [109].

Patient selection may be a key factor to access the thera-
peutical potential of RIC, since age and co-morbidities
may influence RIC efficacy. Since RIC triggers endoge-
nous defense mechanism, one could argue that its effect are
mild, and therefore only beneficial in non-severe strokes.
On the other hand, RIC impact on cerebral blood flow and
on brain parenchyma can be dependent on the presence
of salvageable penumbra. Thus, it would be important to
correlate RIC improvement in patient’s outcome with the
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existence of salvageable penumbra. Also, RIC can have
reduced impact in patients with early recanalization, but
useful in those with longer treatments delays or failed
recanalization therapies.

Finally, how co-morbidities can influence the beneficial
effect of RIC is still unclear. Most of the completed RIC
clinical studies are pilot studies that only provide prelimi-
nary data. Thus, larger clinical trials, allowing subgroup
analysis, are needed for understanding the potential influ-
ence of co-morbidities such as diabetes, atherosclerosis,
hypertension, age, and others on the benefits RIC treatment.

RIC Application for Chronic Cerebral Diseases

RIC may also be more efficient in long-term applications in
chronic diseases. In fact, Meng and colleagues have demon-
strated that daily application of RIC during 300 or 180 days
(the last one for octo- and nonagenarians) decreased the
recurrence of stroke in patients with intracranial arterial ste-
nosis [121, 122]. RIC was also tested for 1 year in patients
with mild cognitive impairment caused by small vessel dis-
ease, improving some visuospatial and executive abilities
and decreasing the volume of white matter hyperintensi-
ties, despite being a pilot study with only 29 patients [129].
A second study with 37 patients with vascular dementia,
that applied RIC daily during 6 months, also reported an
improvement in cognitive functions [130]. Likewise, chronic
application of post-RIC in an experimental model of vas-
cular cognitive impairment also improved cerebral blood
flow and protected the brain parenchyma [74]. Thus, one can
speculate that chronic RIC treatment holds great beneficial
potential if applied chronically for patients with high risk of
cerebral vascular diseases, including vascular dementia and
white matter disease, among others. As a secondary stroke
prevention treatment, RIC beneficial effects may also depend
on ischemic stroke etiology, being potentially more effective
in patients with large vessel disease when compared with
cardioembolic stroke.

Concluding Remarks and Perspectives

Pre-clinical studies showed the potential neuroprotective
effect of RIC and disclose its associated pathways and sign-
aling. This therapy is based on the promotion of physiologi-
cal protective mechanisms, and can inspire new targeted
therapies built upon these same principals. In the translation
to clinical practice, RIC results are modest so far. Type of
RIC, clinical application, and patient selection criteria are
of utmost importance in order to establish the RIC role in
patient care. If efficient, RIC will most certainly be applied
as an add-on therapy, together in other strategies for acute
stroke treatment or stroke prevention.
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