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Ischemia-reperfusion injury: evidences for translational research
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First used in the early nineteenth century, the term ischemia
refers to impaired blood supply to tissues caused by
reduced or obstructed arterial inflow. Restoration of blood
flow at the earliest remains the cornerstone of all current
treatment options to ischemia, nevertheless reperfusion may
paradoxically induce and worsen ischemic tissue damage,
leading to ischemia-reperfusion injury (IRI). IRI contributes
to pathology in a wide range of conditions, such as single
organ infarction and revascularization (stroke; myocardial,
renal, intestinal infarction), multiple organ ischemia-
reperfusion (trauma, circulatory arrest, sickle cell disease,
sleep apnea), organ transplantation or surgery (1). The
mechanisms underlying IRI development have not been
completely defined yet, and include: (I) reduced ATP levels
and intracellular pH as a result of anaerobic metabolism and
lactate accumulation, followed by dysfunctional ATPase-
dependent ion transport mechanisms, intracellular and
mitochondrial calcium overload, cell swelling and rupture,
and cell death by necrotic, apoptotic and autophagic
mechanisms during prolonged ischemia; (II) generation
of reactive oxygen and nitrogen species (ROS, RNS) and
tissue infiltration by proinflammatory neutrophils upon
reperfusion; (III) opening of the mitochondrial permeability
transition pore as a common end-effector of the pathologic
events triggered by ischemia-reperfusion (2). In spite of the
progress achieved into the pathophysiology of ischemia and
reperfusion, the complete knowledge of IRI mechanisms
and the introduction of new treatments represent main
challenges. In fact, research in this field continues to be
afflicted by the failure to translate the results to clinically
effective therapies. Dissecting the complex pathways
involved in clinically relevant animal models of IRI is
needed to provide the rationale for novel therapeutic
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agents. However, a great deal of work is needed to translate
our current know-how from bench to bedside in the
continuing effort to enhance the overall success of clinical
IRI management.

In the past years, experimental models have provided
considerable advances in understanding IRI mechanisms,
as well as in testing new strategies to reduce tissue damage,
such as prolylhydroxylase inhibitors or adenosine receptor
agonists (3-5). To date however, due to complexity of IRI,
few pharmacological treatments have been investigated in
clinical Phase III trials to prove whether a pharmacological
or technical approach could be suitable to provide a
beneficial effect in humans. For instance, most clinical trials
consider the administration of caspase inhibitors, P-selectin
antagonists or antioxidant compounds in order to limit IRI
during organ transplantation (6).

The study by Karadimas and co-workers investigates the
neuroprotective role of riluzole on IRI induced by surgical
decompression in cervical spondylotic myelopathy (CSM).
The first interesting finding of this work is related to the
demonstration of a IRI mechanism underlying neurological
complications occurring after surgical decompression in
CSM. To this, the Authors analyzed data from human CSM
trials to record short- and long-term neurological outcomes;
afterwards, they performed surgical decompression in
a rat model of CSM finding a transient post-operative
neurological decline sustained by mitochondrial dysfunction
and oxidative damage in neurons.

Animal models are widely used to define molecular
mechanisms underlying spinal cord IRI and to conceive
novel therapeutic strategies. Iz vivo studies are carried out
both in large and in small animals (7). Insights gleaned in
preclinical models are not reliably translated to the human
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context, nevertheless the model applied in this study shows
a transient postoperative neurological decline similar to
that seen in humans. Moreover, they find that surgical
decompression of the spinal cord is associated with nuclear
oxidative damage in rat cervical spinal cord sections, and
this finding is also reported in post-mortem cervical spinal
cord sections from CSM patients who underwent surgical
decompression. The neural tissue is very susceptible to
oxidative damage, due to its high oxygen requirement (up
to 20% of the total oxygen intake, even though it is 2% of
the total body weight) and its low antioxidant activity with
respect to other tissues (8). Nevertheless, IRI in the spinal
cord is also caused by microglial activation as well as blood
spinal cord barrier disruption (9,10). Thus, a promising
therapeutic approach to CSM has to target multiple
mechanisms of injury.

The second outcome of this investigation is related
to the beneficial effect of riluzole in the recovery of
forelimb function, motor neuron and axonal preservation
as well as attenuation of neuropathic pain in CSM rats
after decompression surgery, which is associated with the
reduction of neuronal oxidative damage and mitochondrial
dysfunction. Riluzole (2-amino-6-trifluoromethoxy
benzothiazole) shows protective effects for the spinal cord
since it acts both as sodium channel blocker and as anti-
glutamatergic agent (11). This compound is effective in the
protection against experimental IRI not only in the spinal
cord, but also in the heart and retina (12-14). The study by
Karadimas et 4l. confirms iz vitro that the neuroprotective
effect of riluzole is related to its antioxidative properties.
In the last years, many promising compounds showing
antioxidant properties have been under investigation for
the prevention and treatment of neural IRI. However, some
evidences on other tissues, albeit proving oxidative stress,
suggest that the contribution of oxidative damage to human
IRI may be less than commonly thought and propose a re-
evaluation of the mechanism of IRI (15). It is conceivable
that the beneficial properties of riluzole in neural IRI may
be the result of a combination of different mechanisms.

The research field of neuroprotection is characterized
by a huge number of failed attempts to translate successful
therapeutic strategies for preventing neural IRI in the basic
science laboratory into the clinical setting. Many previous
translational approaches have been unsuccessful because of
the use of inappropriate experimental models, the clinical
testing of inconclusive therapies, and poor clinical trial
design. Above all, validation of the animal model in the
study of Karadimas ez /. allows the researchers to test the
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hypothesis that surgical decompression induces an IRI in
the spinal cord parenchyma. Moreover, since flow-sensitive
alternating inversion recovery magnetic resonance in CSM
rats shows an increase in the blood flow to the decompressed
spinal cord within 24 h of decompression surgery, this
suggests that diagnostic tools able to identify CSM patients
with high-risk of decompression-mediated IRI may help
in the selection of appropriate patients for well-designed
clinical trials. Finally, the results by Karadimas e 4/. seem
promising for the ongoing CSM-Protect multicenter clinical
trial, funded by AOSpine North America, which aims at
testing the efficacy of perioperative riluzole to improve
postsurgical recovery in CSM patients (16). As riluzole may
also reduce the blood-brain barrier and inhibit microglial
activation, this compound is a potential candidate to make
the translational leap to clinical trials from preclinical
research in spinal cord injury (11,17).

To conclude, this recent discovery promotes multicenter,
randomized clinical trials to investigate emerging
therapeutic strategies for reducing IRI and improving
clinical outcomes in CSM patients undergoing surgical
decompression.

Acknowledgements

F Bellanti is granted by Regione Puglia (Future In Research
Project).

Footnote

Provenance: This is a Guest Commentary commissioned
by Section Editor Zhaohui Huang, MD (Wuxi Oncology
institute, Affiliated Hospital of Jiangnan University, Wuxi,
China).
Conflicts of Interest: The author has no conflict of interest to
declare.

Comment on: Karadimas SK, Laliberte AM, Tetreault L, et al.
Riluzole blocks perioperative ischemia-reperfusion injury
and enhances postdecompression outcomes in cervical

spondylotic myelopathy. Sci Transl Med 2015;7:316ral94.

References

1. Eltzschig HK, Eckle T. Ischemia and reperfusion--from
mechanism to translation. Nat Med 2011;17:1391-401.
2. Kalogeris T, Baines CP, Krenz M, et al. Cell biology
of ischemia/reperfusion injury. Int Rev Cell Mol Biol

atm.amegroups.com Ann Transl Med 2016;4(Suppl 1):S55



Annals of Translational Medicine, Vol 4, Suppl 1 October 2016

10.

2012;298:229-317.

Hill P, Shukla D, Tran MG, et al. Inhibition of

hypoxia inducible factor hydroxylases protects against
renal ischemia-reperfusion injury. ] Am Soc Nephrol
2008;19:39-46.

Eckle T, Kohler D, Lehmann R, et al. Hypoxia-inducible
factor-1 is central to cardioprotection: a new paradigm for
ischemic preconditioning. Circulation 2008;118:166-75.
Wallace KL, Linden J. Adenosine A2A receptors induced
on iNKT and NK cells reduce pulmonary inflammation
and injury in mice with sickle cell disease. Blood
2010;116:5010-20.

Pantazi E, Bejaoui M, Folch-Puy E, et al. Advances in
treatment strategies for ischemia reperfusion injury. Expert
Opin Pharmacother 2016;17:169-79.

Zhang N, Fang M, Chen H, et al. Evaluation of spinal cord
injury animal models. Neural Regen Res 2014;9:2008-12.
Lalkovi¢ova M, Danielisovd V. Neuroprotection and
antioxidants. Neural Regen Res 2016;11:865-74.

Bell MT, Puskas F, Agoston VA, et al. Toll-like receptor
4-dependent microglial activation mediates spinal cord
ischemia-reperfusion injury. Circulation 2013;128:5152-6.
Yu Q, Huang J, Hu J, et al. Advance in spinal cord
ischemia reperfusion injury: Blood-spinal cord barrier and
remote ischemic preconditioning. Life Sci 2016;154:34-8.

Cite this article as: Bellanti F. Ischemia-reperfusion

injury: evidences for translational research. Ann Transl Med
2016;4(Suppl 1):S55. doi: 10.21037/atm.2016.10.52

© Annals of Translational Medicine. All rights reserved.

11.

12.

13.

14.

15.

17.

atm.amegroups.com

Page 3 of 3

Nagoshi N, Nakashima H, Fehlings MG. Riluzole as a
neuroprotective drug for spinal cord injury: from bench to
bedside. Molecules 2015;20:7775-89.

Ettaiche M, Fillacier K, Widmann C, et al. Riluzole
improves functional recovery after ischemia in the rat
retina. Invest Ophthalmol Vis Sci 1999;40:729-36.
Weiss S, Benoist D, White E, et al. Riluzole protects
against cardiac ischaemia and reperfusion damage via
block of the persistent sodium current. Br ] Pharmacol
2010;160:1072-82.

Wu Y, Satkunendrarajah K, Fehlings MG. Riluzole
improves outcome following ischemia-reperfusion injury
to the spinal cord by preventing delayed paraplegia.
Neuroscience 2014;265:302-12.

de Vries DK, Kortekaas KA, Tsikas D, et al. Oxidative
damage in clinical ischemia/reperfusion injury: a
reappraisal. Antioxid Redox Signal 2013;19:535-45.

. Fehlings MG, Wilson JR, Karadimas SK, et al. Clinical

evaluation of a neuroprotective drug in patients with
cervical spondylotic myelopathy undergoing surgical
treatment: design and rationale for the CSM-Protect trial.
Spine (Phila Pa 1976) 2013;38:S68-75.

Jiang K, Zhuang Y, Yan M, et al. Effects of riluzole on
P2X7R expression in the spinal cord in rat model of
neuropathic pain. Neurosci Lett 2016;618:127-33.

Ann Transl Med 2016;4(Suppl 1):S55



