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Acute ischemic stroke is a common cause of morbidity and mortality worldwide. Thrombolysis with recombinant tissue
plasminogen activator and endovascular thrombectomy are the main revascularization therapies for acute ischemic stroke.
However, ischemia-reperfusion injury after revascularization therapy can result in worsening outcomes. Among all possible
pathological mechanisms of ischemia-reperfusion injury, free radical damage (mainly oxidative/nitrosative stress injury) has
been found to play a key role in the process. Free radicals lead to protein dysfunction, DNA damage, and lipid peroxidation,
resulting in cell death. Additionally, free radical damage has a strong connection with inducing hemorrhagic transformation and
cerebral edema, which are the major complications of revascularization therapy, and mainly influencing neurological outcomes
due to the disruption of the blood-brain barrier. In order to get a better clinical prognosis, more and more studies focus on the
pharmaceutical and nonpharmaceutical neuroprotective therapies against free radical damage. This review discusses the
pathological mechanisms of free radicals in ischemia-reperfusion injury and adjunctive neuroprotective therapies combined with
revascularization therapy against free radical damage.

1. Introduction

Acute ischemic stroke is a leading cause of death and disabil-
ity worldwide [1–3]. Because of the growth of the older global
population, ischemic stroke incidence has increased in recent
decades [4]. Acute ischemic stroke contributes to a loss of
brain function mainly due to a reduction in cerebral blood
flow. Currently, intravenous administration of tissue plas-
minogen activator (tPA) and endovascular thrombectomy
are the two main treatment strategies for acute ischemic
stroke [5–7]. Currently, intravenous recombinant tissue
plasminogen activator (tPA) is the most effective treatment
strategy for acute ischemic stroke and remains the first-
choice treatment in clinics worldwide. However, there are
limitations in the clinical use of intravenous tPA. First, intra-
venous administration of tPA must be restricted to a strict

time window: within 4.5 hours between the last time the
patient exhibited normal behavior and the intravenous
treatment. The treatment time window is so narrow that
only a small number of patients are eligible for intravenous
tPA [8]. Besides, the low successful recanalization rate also
influences the rate of a favourable outcome [9]. Addition-
ally, complications such as hemorrhagic transformation
and fatal edema are severe and can sometimes aggravate
the disease [10].

Successful recanalization of the responsible cerebral ves-
sels which lead to blood reflow is the primary target after
the onset of acute ischemic stroke. However, there are also
possible complications after revascularization, among which
cerebral ischemia-reperfusion injury is one of the most seri-
ous. Ischemia-reperfusion injury is a common and inevitable
problem after revascularization therapy. Although successful
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recanalization leads to the restoration of cerebral circulation,
a fair amount of patients still do not improve in terms of
symptoms and function [11, 12]. Cerebral ischemia-
reperfusion injury is defined as a biochemical cascade that
causes deteriorative effects in ischemic brain tissue, which
compromises and antagonizes the beneficial effect of
recanalization [13–15]. During the cerebral ischemia reper-
fusion phase, the pathophysiological mechanisms include
the release of excitotoxic neurotransmitters, intracellular
Ca2+ accumulation, free radical damage, neuron apoptosis,
neuroinflammation, and lipolysis [16–22]. Among these
complex pathophysiological mechanisms, free radical dam-
age to the brain plays a pivotal role in the process of
ischemia-reperfusion injury during revascularization ther-
apy. In order to get favorable clinical outcomes, there is a
clear need to develop adjunctive neuroprotective therapies
against ischemia-reperfusion injury. In this review, we focus
on the role of two major free radicals (ROS and RNS) in
ischemia-reperfusion injury as well as on adjunctive thera-
pies, especially against oxidative/nitrosative stress, that com-
bine revascularization therapy.

2. Free Radicals

The brain only makes up 2% of the whole body weight, but
represents almost 20% of the body’s oxygen consumption,
generating more free radicals than other organs. Addition-
ally, brain tissues contain considerable amounts of lipids with
unsaturated fatty acids and high concentrations of iron, so
the brain is more vulnerable to free radical damage [23]. Free
radicals are divided into two main groups: reactive oxygen
species (ROS) and reactive nitrogen species (RNS). ROS
and RNS play key roles in many pathological processes dur-
ing ischemia reperfusion. Currently, free radicals’ toxicity in
ischemia-reperfusion injury is being intensively studied.

2.1. Oxidative Stress

2.1.1. ROS and Oxidative Stress. Oxidative stress is caused by
excess production of ROS. The major detrimental types of
ROS include superoxide anion (O2

−), hydroxyl radicals
(OH−), and hydrogen peroxide (H2O2). In the physiological
condition, superoxide dismutase (SOD), glutathione perox-
idase (GPX), catalase, and other antioxidant enzymes can
protect brain tissues against ROS cytotoxicity by catalysis,
maintaining a neutral balance [24, 25]. Additionally, ROS
play a physiological role in regulating immune system
function, maintaining redox homeostasis and participating
in many pathways even as secondary messengers [26].
While in the process of cerebral ischemia reperfusion,
especially during the reperfusion phase, production of free
radicals increases remarkably, leading to the breakdown of
antioxidant systems.

According to a previous study, excess generation of ROS
comes from four pathways: the mitochondrial chain respira-
tory chain; NADPH oxidases; reaction of arachidonic acid
catalyzed by cyclooxygenase 2; and xanthine and hypoxan-
thine via xanthine oxidase [27] (Figure 1). In the early phase
of stroke, ROS are mainly generated from mitochondria.

After the onset of ischemic stroke, the brain tissues lack oxy-
gen and glucose, which influences the generation of ATP.
With the lack of a supply of ATP, the concentration of cal-
cium in neurons increases, leading to a massive generation
of ROS by mitochondrial depolarization [28–30]. Along with
macrophage and other immune cell infiltration during neu-
roinflammation reactions, activation of NADPH oxidase in
these immune cells contributes to the generation of ROS,
which is called “oxygen burst” when it occurs during
reperfusion [31]. NADPH oxidase also produces ROS in
other cells, such as vascular endothelial cells. When blood
reflows, abundant oxygen arrives, accelerating the oxidative
damage. It is well known that oxidative stress can activate
proapoptotic signaling like the cytochrome c pathway,
inducing DNA damage, changes in protein structure and
function, and lipid peroxidation during ischemia and reper-
fusion [32–35]. Additionally, oxidative stress may directly
regulate some important molecules that are found in cellu-
lar signaling circuits, such as ion channels and protein
kinases [36–39]. In the following section, we will discuss
some mechanisms regarding ROS toxicity to brain tissues
during ischemia reperfusion.

2.1.2. Oxidative Stress Damage to Brain Tissue in Ischemia-
Reperfusion Injury. Oxidative stress can cause cell death via
DNA damage, lipid peroxidation, and changes in protein
structure and function (Figure 1). DNA damage is divided
into two groups: active DNA damage and passive DNA dam-
age, depending on the mechanisms of action. And oxidative
stress mainly causes passive DNA damage. Active DNA
damage is mediated by DNA endonucleases that mainly con-
tain caspase-activated deoxynuclease, apoptosis-inducing
factor, and endonuclease G, which cause DNA double-
strand to be fragmented. Passive DNA damage is caused by
DNA directly reacting with ROS or DNA indirectly reacting
with the products generated from the reaction of ROS and
lipids or proteins, leading to modifications of nucleotide
bases, such as apurinic/apyrmidinic sites, or formation of
single/double-stranded breaks [40]. The hydroxyl radical
(OH−), a type of ROS that is generated via the Fenton reac-
tion, can lead to lipid peroxidation. OH− reacts with unsatu-
rated fatty acids and produces an alkyl radical, which can
form a peroxyl radical (ROOS) in a reaction with molecular
oxygen. Then, ROOS receives hydrogen from another fatty
acid to produce a lipid hydroperoxide (ROOH) and a second
alkyl radical, which starts a cycle of lipid peroxidation [41].
Lipid peroxidation destroys the components of mem-
branes, leading to an increase in permeability, dysfunction
of organelles, and changes in ion transport [42]. Addition-
ally, the products of lipid peroxidation play a significant role
in oxidative stress injury. These products are a type of
reactive aldehyde and include malondialdehyde (MDA), 4-
hydroxynonenal (HNE), and acrolein [43–45]. They can
lead to the dysfunction of proteins by binding to thiol groups
and depletion of GSH through reactions with GSH-Px and
glutathione S-transferase, inducing more serious oxidative
stress injury.

ROS can also regulate some major apoptosis and necrosis
signaling pathways (Figure 1). Protein 53 (p53) is a pivotal
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Figure 1: ROS damage in ischemia-reperfusion injury. First, ROS-generated pathways: MRC; NOX; COX-2; XO. ROS react with DNA and
then cause passive DNA damage leading to base modification and SSBs which induce to apoptosis. Reaction of OH− with unsaturated fatty
acids generates ROO− which may also cause passive DNA damage. The products of lipid peroxidation such as MDA, HNE, and acrolein can
lead to protein dysfunction. Besides, lipid peroxidation increases membrane permeability inducing to mitochondrial swelling. P53 activated
by ROS can also cause mitochondrial swelling by MPTP opening via reaction of P53 with Cyp D. P53 induces Cyt C released from
mitochondria by reacting with Bcl-2 family proteins and subsequently leads to caspase cascade causing apoptosis. What is more, ROS can
activate JNK and p38 MAPK pathways which are activated by ASK1 and lead to apoptosis. MRC: mitochondrial respiratory chain; NOX:
NADPH oxidases; COX-2: cyclooxygenase-2; XDH: xanthine dehydrogenase; XO: xanthine oxidase; ROS: reactive oxygen species; SSBs:
single-strand breaks; ROO−: peroxyl radical; MDA: malondialdehyde; HNE: 4-hydroxynonenal; Cyp D: cyclophilin D; Cyt C: cytochrome
C; MPTP: mitochondrial permeability transition pore; ASK1: apoptosis signal-regulating kinase 1; JNK: c-Jun NH2-terminal kinase; p38
MAPK: p38 mitogen-activated protein kinase. “↑” demonstrates events that are increased or enhanced.
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molecule in the process of ROS inducing cell death [46, 47].
ROS can activate p53 by reacting with cyclophilin D, which
opens the mitochondrial permeability transition pore,
leading to mitochondrial swelling [48]. ROS can increase
the permeability of the mitochondrial membrane and result
in cytochrome c release by forming an inhibitory complex
during the reaction of p53 and Bcl-2 family proteins, such
as Bax and Bid. Cytochrome c can activate caspases by form-
ing a complex with apoptotic protease activating factor-1,
pro-caspase-9, and ATP, which induces apoptosis [49, 50].
P53 upregulated modulator of apoptosis (PUMA), a major
proapoptotic protein that is regulated by p53, which belongs
to the Bcl-2 protein family [51]. Some researchers have found
that inhibiting oxidative stress by abundant SOD1 may sup-
press PUMA expression, indicating the underlying relation-
ship between oxidative stress and PUMA [47]. Another
major pathway regulating cell death, the mitogen-activated
protein kinase (MAPK), is also regulated by ROS. It has been
reported that MAPK pathways can induce neuronal cell
death in the cortex and hippocampus in a transient forebrain
ischemia mouse model [52]. The MAPK pathway has three
major members: c-Jun NH2-terminal kinase (JNK), extra-
cellular signal-regulated kinase 1/2 (ERK 1/2), and p38
MAPK. JNK and p38 MAPK play key roles in promoting
apoptosis, though the function of ERK 1/2 in cell death is
controversial. The JNK and p38 MAPK pathways can be
activated by apoptosis signal-regulating kinase 1 (ASK1),
which is activated by ROS, leading to apoptosis during
ischemia reperfusion. Further, JNK’s long-lasting activation
is ROS dependent [53, 54].

As previously discussed, with the wave of neuroinflam-
mation, immune cells containing NADPH oxidase produce
considerable amounts of ROS, aggravating oxidation stress
injury. In turn, ROS can also activate these inflammatory
cells. ROS activate microglia, neutrophils, and macrophages
via the nuclear factor kappa B (NF-κB) pathway. Leucocytes
contain myeloperoxidase that can generate hypochloric acid,
an intense oxidant, because of the components of Cl− and
hydrogen peroxide [55].

2.2. Nitrosative Stress

2.2.1. RNS and Nitrosative Stress. Nitrosative stress is
mainly caused by RNS. RNS has two major species, NO
and ONOO−, which mainly participate in the process of
ischemia-reperfusion injury. Generally speaking, NO is gen-
erated from the enzymatic reaction of L-arginine and oxygen,
which is catalyzed by three types of nitric oxide synthase
(NOS), including endothelial NOS (eNOS), neuronal NOS
(nNOS), and inducible NOS (iNOS). Among these three
nitric oxide synthases, eNOS and nNOS are calcium
dependent, while iNOS is calcium independent. In most
cases, the low concentration of NO produced by eNOS is
physiological, whereas NO generated from nNOS and
iNOS is harmful. Thus, we can see that NO has two side
effects in the brain. The basal concentration of NO, which
is less than 10nmol/L, produced from eNOS plays an essen-
tial role in maintaining normal neurocrine, immunological,
and vascular physiology [56–61]. Huang et al. found that

eNOS knockout mice had larger infarcts than wild-type mice
in an ischemic stroke mouse model [62]. Additionally, eNOS
may produce a large portion of NO at the early stage of ische-
mia onset, contributing to mediating vasodilation protec-
tively [63]. Further excess production of NO, primarily
generated from activated nNOS and iNOS, is harmful to
the ischemic brain [64]. Gursoy et al. suggested that the over-
active eNOS may also be harmful and that partial inhibition
of eNOS may provide optimum prevention of ischemia-
reperfusion injury for the brain by inhibiting peroxynitrite
formation [65]. Compared to superoxide dismutase, O2

− pre-
fers to react with NO and form a strong oxidant peroxynitrite
(ONOO−), which has much stronger oxidation than NO and
O2

− alone [66].

2.2.2. Nitrosative Stress Damage to Brain Tissue in Ischemia-
Reperfusion Injury. Excess NO may lead to the breakdown of
the blood-brain barrier (BBB), cell death, and inflammation.
The activation of matrix metalloproteinase pathways which
is one type of crucial pathways in the opening of the BBB
and the distribution of tight junction proteins which are
the main components of the BBB are both influenced by
NO [63, 65–70]. NO can activate MMP-2 at the first stage
of BBB opening and activate MMP-9 at the second stage
[71–73]. Activated MMPs degrade the extracellular matrix
of the vascular wall and tight junction proteins. Excess NO,
especially produced from iNOS and nNOS, can result in cell
death via mitochondria dysfunction, pivotal protein modifi-
cation, and peroxynitrite formation. NO strongly inhibits
cytochrome c oxidase in the mitochondria respiratory chain
during the ischemia phase [74]. NO can react with protein
resulting in nitrosothiol formation or protein nitrosylation
[75, 76]. NO, especially generated from iNOS, enhances
cyclooxygenase-2 (COX-2) activity, which can mediate gluta-
mate excitotoxicity to produce more ROS and participate in
the inflammatory reaction because of proinflammatory pros-
taglandin E2, the product of the COX-2 reaction [77, 78].

ONOO−’s critical damage to the brain consists of cell
death and disruption of the BBB. Tyrosine nitration is a
major cause of cell death. ONOO− reacts with tyrosine to
form 3-nitrotyrosine, leading to dysfunction of some essen-
tial proteins because of changes in their structure, such as
inhibition of enzymatic activity, cytoskeletal protein disrup-
tion, and signal transduction damage [79, 80]. ONOO− reacts
with tyrosine through two pathways, including ONOO−

reacting with metal ions to produce nitronium ions, which
further react with tyrosine residues [81], and tyrosine react-
ing with the product of the reaction between ONOO− and
CO2 [82, 83]. Furthermore, ONOO− can react with key ele-
ments of DNA, such as guanine nucleotides and the sugar-
phosphate backbone, causing DNA damage due to the strong
nitration of ONOO−, and then activate PARP pathway [66].
PARP-1 is a type of DNA repair enzyme and is activated by
DNA damage induced by ONOO−. Massive activation of
PARP-1 exhausts NAD+, leading to cell death [84]. Addition-
ally, ONOO− can also cause dysfunction of the mitochondria
by regulating complexes I–V of the mitochondrial respira-
tory chain [85–89]. Membrane lipid peroxidation caused by
ONOO− can also lead to cell death [90]. Except for this

4 Oxidative Medicine and Cellular Longevity



critical influence, ONOO− is also associated with MMPs.
There are some studies that have found that ONOO− can
activate MMP-1, MMP-2, and MMP-9 by different mecha-
nisms [91–93], causing tight junction protein rearrangement
and dysfunction, leading to an increase in BBB permeability
and disruption of the BBB integrity during ischemia-
reperfusion injury.

3. Complications after
Revascularization Therapy

Revascularization therapy may cause severe complications,
such as hemorrhagic transformation and cerebral edema,
and free radical damage during ischemia reperfusion has a
strong connection with these complications (Figure 2).
Patients who experience these complications may get worse
outcomes, even the responsible large vessel recanalization.

3.1. Hemorrhagic Transformation. Hemorrhagic transforma-
tion is strongly connected with the integrity of the BBB. The
BBB is a semipermeable barrier between peripheral circula-
tion and the central nervous system, preventing some blood
substances from reaching the brain. The BBB contains vas-
cular endothelial cells, tight junctions, the basal membrane,
and pericyte and astrocyte end feet [94] (Figure 2). These
cells contain mitochondria and enzymes, such as NAPDH
oxidase and NOS [95–98]. During ischemia reperfusion after
thrombolysis or thrombectomy, H2O2 generated from
NADPH oxidase can increase BBB permeability through
redistribution of occludin and ZO-1, located in tight junc-
tions [99, 100]. Free radicals, especially NO and ONOO−,
activate the MMP pathways, which lead to collagen and lam-
inin degradation in the basal membrane, inducing break-
down of the BBB [97, 101–106] (Figure 2). Sumii et al.
found that MMPs participate in the tPA-associated hemor-
rhage progress [107], so it is possible that NO participates
in hemorrhagic transformation after tPA treatment mediated
by the MMP pathway. Additionally, tPA can upregulate
MMPs (especially MMP-9) by the lipoprotein receptor sig-
naling pathway and can reduce hemorrhagic volumes by
using MMP inhibitors [68, 107–110], but the effect of the
combination of NO and tPA on hemorrhagic transformation
is still unknown. Further, many researchers have found that
ONOO− can decrease tPA activity, influencing the process
of thrombosis and thrombolysis [111–113].

3.2. Cerebral Edema. Edema caused by free radicals can be
divided into vasogenic edema and cytotoxic edema. Vaso-
genic edema is related to the increased permeability of the
BBB, the mechanisms of which are discussed above. Cyto-
toxic edema is connected with the dysfunction of ion trans-
port in membranes. The ion transport proteins oxidized by
ROS include ion channels, ion pumps, ion exchangers, and
ion cotransporters. ROS can peroxidize membrane phospho-
lipids, oxidize sulfhydryl groups located on the ion transport
proteins, inhibit oxidative phosphorylation, and decrease
ATP levels, which will induce dysfunction of ion transport
leading to cytotoxic edema [114, 115] (Figure 2). Addition-
ally, ROS participate in inhibition of the uptake of glutamate

by Na+/glutamate transport. Massive glutamate released
during ischemia reperfusion destroys the homeostasis of
Na+, K+, and Ca2+, leading to dysfunction of membranes
and cytotoxic edema [116].

4. The Neuroprotective Therapies
Combined with Revascularization Therapy

Free radical damage in ischemia-reperfusion injury severely
impacts prognosis after revascularization therapy. Thus,
determining how to protect the brain from free radical dam-
age is extremely urgent. In the following section, we review
some of the most recent and effective therapies used to pre-
vent free radical damage in ischemia-reperfusion injury that
are used in combination with revascularization therapy.
The adjunctive strategies have been both understudied in
experimental and clinical research. The therapies are divided
into two groups: nonpharmaceutical and pharmaceutical.
Nonpharmaceutical therapies consist of remote ischemic
conditioning and hypothermia, and pharmaceutical thera-
pies consist of edaravone, uric acid, and citicoline.

4.1. Nonpharmaceutical Combined with
Revascularization Therapy

4.1.1. Remote Ischemic Conditioning. Remote ischemic con-
ditioning (RIC) was first introduced in a canine cardiac study
by Przyklenk et al. [117]. According to the initiation time of
the transient period of ischemia, RIC is divided into three
types: RIPC, RIPerC, and RIPostC. (1) RIPC is a strategy of
conducting a transient, precedent ischemic stimulus far from
the target organ or tissue to protect the target against subse-
quent, more prolonged, and severe ischemia or ischemia-
reperfusion injury [117, 118]. (2) RIPerC is a procedure in
which RIC is conducted during ischemia but before reperfu-
sion of the target organ [119, 120]. Compared with RIPC,
RIPerC is more suitable for clinical events because stroke is
an emergency situation during which RIPC cannot be per-
formed properly. Further, according to Hahn’s study, RIPerC
is more effective than RIPC in protecting the brain against
ischemia-reperfusion injury [121]. (3) RIPostC is a strategy
that involves starting RIC after the ischemic period of
the target organ, but during reperfusion [122]. After many
years of research, limbs have been found to be the most
suitable remote conditioned sites because of the effective-
ness, feasibility, and safety [123–125]. Animal experiments
primarily choose hind limbs [123, 125–127], while clinical
studies prefer to use upper limbs as the remote conditioned
site [124, 128].

The mechanisms of protection from ischemia-
reperfusion injury are under discussion, and some specific
mechanisms remain unknown (Figure 3). Pan et al. con-
cluded that there are three pathways that explain how RIC
protects the brain from ischemia-reperfusion injury: the
humoral pathway, immunological pathway, and neuronal
pathway [129]. In the humoral pathway, many humoral fac-
tors, such as NOS, erythropoietin, heme oxygenase-1, angio-
tensin-1, and adenosine A1 receptor, have been found in
ischemic stroke studies [130–132]. Pignataro et al. found that
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expression of nNOS in the central nervous system is elevated
by RIPostC in MCAO rats. Although nNOS is harmful dur-
ing ischemia reperfusion as discussed above, some studies
have already determined its role in protection in RIC by inhi-
bition of oxidative/nitrosative stress [132–134]. In addition
to nNOS, eNOS upregulated by the PI3K/Akt pathway also
takes part in neuroprotection in RIC [135]. These NO may
improve cerebral blood flow after ischemia onset. RIPostC
can also inhibit the activation of NADPH oxidase in neutro-
phils in a rat MCAOmodel [136]. Additionally, the immuno-
logical pathway leads to inhibition of systemic inflammation
[137], and the neuronal pathway protects the brain mainly
via participation of the vagus nerve combined with the
humoral pathway [127, 138, 139].

Although most of the evidence of protection by RIC is
from cardiac research, an increasing number of studies have
indicated that RIC is effective in protecting the brain against
ischemia-reperfusion injury. As mentioned previously,
RIPerC and RIPostC are more suitable for clinical events.
Hoda et al. used a murine embolic clot model of stroke,
which is better able to physiologically and clinically represent
human stroke cases, and found that RIPerC performed 2h
after MCAO combined with alteplase injected 4 h after
MCAO was more effective than RIPerC or alteplase alone
[126]. In 2014, Hougaard et al. conducted a randomized clin-
ical trial to show that RIPerC may be neuroprotective. Hou-
gaard et al. collected acute ischemic stroke patients within the

4.5 h thrombolysis time window and randomly conducted
prehospital RIPerC at a 1 : 1 ratio when patients were trans-
ferred to the hospital in an ambulance. When patients arrived
at the hospital, alteplase treatment was given immediately
after MRI scanning and National Institutes of Health Stroke
Scale scoring. Although penumbral salvage, final infarct size,
infarct growth, and clinical outcome did not differ between
groups, voxelwise analysis showed that prehospital RIPerC
reduced the tissue risk of the infarction and RIPerC had neu-
roprotective effects [128]. Thus, we can see that although RIC
is still new, it represents a promising treatment, and more
clinical research regarding this technique is needed.

4.1.2. Therapeutic Hypothermia. Therapeutic hypothermia as
a method of neuroprotection against acute ischemic stroke
has recently seen extensive research. Therapeutic hypother-
mia in ischemic stroke involves methods to reduce tempera-
ture (especially brain temperature) to a specific range during
or even after ischemia to protect neurons in the brain.
Methods to induce hypothermia include whole body surface
cooling or selective head cooling as well as whole body intra-
venous cooling or intra-arterial local cooling, which may or
may not be combined with hypothermia-inducing drugs.
Each method has advantages and disadvantages, and there
is no conclusion regarding which technique is best [140].
Generally speaking, therapeutic hypothermia is described
according to the target temperature as mild, moderate, and
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severe, corresponding to 35°C–32°C, 32°C–25°C, and <25°C,
respectively [141]. Although therapeutic hypothermia has
been widely researched and detailed in cardiac aspects, the
best methods and target temperature in acute ischemic stroke
are still under discussion.

The mechanism of hypothermia against ischemia-
reperfusion injury has been recently studied (Figure 3).
Hypothermia places the body in a low metabolic situation,
in which most physiological and pathophysiology activities
are at low levels. The body requires less oxygen and ATP;
thus, the brain can conserve energy, decreasing the genera-
tion of free radicals, lactate, and excitatory amino acids
[142, 143]. Many studies have documented that hypothermia
can inhibit the generation of free radicals against oxidative/
nitrosative stress during ischemia reperfusion, further pro-
tecting brain cells [144–148]. Ji et al. also found that mild
selective brain hypothermia during the ischemia phase can
reduce the volume of infarction, suppress induction of oxida-
tive DNA lesions, and attenuate prodeath signaling pathways
in a rat MCAO model [148]. Further, the immune system
response and apoptosis are also suppressed by hypothermia
[149–155]. Additionally, hypothermia can also prevent brain
edema and hemorrhage by protecting the BBB and suppress-
ing aquaporin 4 expression [156, 157].

Some studies have found that cooling experiments can
decrease the activity of tPA [141, 158]. However, therapeutic
hypothermia combined with revascularization therapy has
been studied, and a majority of the results indicate that
therapeutic hypothermia is safe and feasible, even in endo-
vascular treatment, despite many results regarding better
prognosis being neutral. Kallmunzer et al. found mild hypo-
thermia combined with tPA treatment may reduce infarct
volume and prevent the disruption of the BBB in a thrombo-
embolic stroke model, indicating that mild hypothermia has
neuroprotective function against ischemia-reperfusion injury
[159]. Studies in a rat embolic stroke model showed that mild
hypothermia may extend tPA therapeutic time window up to
6 hours [160]. However, Kollmar et al. found no significant
differences in the survival rate and final infarct volume
between IV tPA combined with mild hypothermia with IV
tPA alone in a rat thromboembolic occlusion model [161].
In terms of clinical trials, a randomized, multicenter trial
(ICTuS-L) found that mild IV tPA combined with hypother-
mia by endovascular medication using meperidine and bus-
pirone after whole infusion of tPA had no benefit in terms
of favorable outcomes at 90 days compared to IV tPA
alone, and pneumonia was found more frequently in the
hypothermia group [162]. A similar result was also found
in a single-blind, single-center study [163]. Although a ran-
domized controlled trial found fewer serious adverse events
than the ICTuS-L, adverse events, such as hypoxemia, hyper-
capnia, and acidosis in blood gas analysis as well as shivering,
hypomagnesemia, and hyponatremia, were higher than in
the normothermia group. Additionally, the results in terms
of a good outcome (modified Rankin Scale, 0–2) at 3 months
were the same. If a poor outcome was defined as mRS=3 to 6,
unlike the definition used in the article of mRS=4 to 6, the
results for a poor outcome also exhibited no difference
[164]. Although the previously discussed results are not

optimistic, a prospective cohort study found an inspiring
result. It was found that mild hypothermia could reduce the
risk of cerebral edema and hemorrhagic transformation and
had a better outcome in patients with anterior circulation
occlusion that was successfully recanalized by IV tPA or
endovascular treatment before conducting mild hypother-
mia, indicating the protection of hypothermia against
ischemia-reperfusion injury [165]. A similar conclusion was
also drawn from a 30-patient study [166]. The primary differ-
ence between these studies described above is that the
patients participating in Hong’s and Ma’s study all exhibited
anterior circulation occlusion and had successful recanaliza-
tion. Hypothermia protects the BBB by inhibiting the gener-
ation of free radicals when vast oxygen reflow along with
blood during reperfusion after successful recanalization, fur-
ther reducing cerebral edema and brain hemorrhage. Thus,
hypothermia may be more effective in patients with blood
reflow. The hypothermia group patients in the ICTuS-L
study were hospitalized in the intensive care units for at least
36 hours after treatment and may have received more atten-
tion, causing an ascertainment bias. Although most research
has presented neutral results, the better outcomes that were
found during reperfusion are still promising, especially after
successful recanalization. Its safety and feasibility may allow
hypothermia to be used more frequently or to even lengthen
the thrombolysis therapeutic window. Additionally, almost
all clinical researches regarding hypothermia combined
with intravenous thrombolysis or endovascular treatment
have been mild (35°C–32°C), so other ranges of target tem-
peratures should be the focus of further research. In brief,
the protection against ischemia-reperfusion injury during
recanalization may allow therapeutic hypothermia to be
more promising and useful.

4.2. Pharmaceutical Combined with
Revascularization Therapy

4.2.1. Edaravone. Edaravone, a free radical scavenger, has
been widely used as an acute stroke treatment in Japan and
China for a long period of time. Edaravone can eliminate free
radicals during ischemia reperfusion and has inhibitory
effects on lipid peroxidation in the arachidonate cascade.
Edaravone can also inhibit inflammatory responses during
ischemia reperfusion [167–169] (Figure 3). In an animal
experiment, edaravone enhanced the release of NO generated
from eNOS, but not from iNOS, which can play a protective
role in the brain [170]. Further, edaravone can inhibit matrix
metalloproteinase-9 (MMP-9) expression in the ischemic
brain and protect BBB integrity [171]. Edaravone functions
by attenuating cerebral edema, reducing hemorrhagic trans-
formation, and leading to neuroprotection. Because of its
numerous advantages, many researchers have focused on
edaravone connected with thrombolysis.

Proteolytic activity is one of the deleterious effects of tPA,
causing extravasation of tPA from the cerebral vessels, which
leads to neuronal damage. In a thromboembolic stroke
model, Kano et al. found that edaravone injection combined
with tPA concomitantly could protect reperfused cerebral
vessels and significantly attenuate extravasation, probably
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by prevention of peroxidation of vascular endothelial cells
[172]. Hemorrhagic transformation after thrombolytic ther-
apy is a severe complication, and edaravone can also play a
role in reduction of this symptom. Yagi et al. found that edar-
avone can inhibit tPA-induced cerebral hemorrhagic trans-
formation by inhibiting MMP-9 expression, both in vivo
and in vitro [171]. Further, Yamashita et al. found that edar-
avone can accelerate the thrombolysis speed induced by tPA
in animal models, indicating that edaravone may be useful in
thrombolysis with tPA in clinics [173]. Recently, many stud-
ies have illustrated that edaravone treatment combined with
thrombolysis with tPA is useful and feasible in clinical trials,
even in patients older than 80 years. In a multicenter, single-
blind, randomized, open-label study, patients injected with
edaravone combined with tPA simultaneously had more
early recanalization rates within 60 minutes after tPA infu-
sion and better neurological recovery at 24 hours, in compar-
ison with nonedaravone patients [174]. A Japanese research
showed that edaravone combined with tPA may improve
early outcomes with a lower mRS scores at discharge [175].
Additionally, PROTECT4.5, a prospective observational
study in which edaravone was injected intravenously twice
a day (in the morning and late afternoon) for several days
and tPA was administered at a dose of 0.6mg/kg, had better
outcomes at 3 months in patients with a NIHSS score≥ 16
and numerically lower incidence of symptomatic intracranial
hemorrhage within 36 hours compared to SITS-ISTR [176].
The same conclusion was also drawn in a retrospective study
including 129 consecutive patients [177]. Although this con-
clusion is gratifying, PROTECT4.5 is an observational and
nonrandomized study and the dose of tPA that was adminis-
tered was 0.6mg/kg. Nevertheless, cotreatment of edaravone
and tPA is fairly promising and has provided satisfying
results in many studies. To apply these findings to clinical
practice, a large-scale randomized clinical trial will need to
be undertaken in the future.

4.2.2. Uric Acid. Uric acid (UA) is the end oxidative product
of purine nucleotides catalyzed by xanthine oxidoreductase,
an endogenous free radical scavenger. UA can scavenge free
radicals, such as hydroxyl radicals, hydrogen peroxide, and
ONOO−. Additionally, UA can inhibit the Fenton reaction,
prevent mitochondrial damage, and suppress lipid peroxida-
tion [178] (Figure 3). Further, UA plays a key role in increas-
ing the activity of SOD3 via preventing the inhibition by
H2O2 under a vascular oxidant stress condition [179].

Presently, many researchers have found that UA has a
neuroprotective function, including those treated with
thrombolysis, due to its antioxidant properties. The high
serum uric acid at admission or obtained within a median
24 hours after stroke onset was independently associated
with better clinical outcome at 7 days or 90 days in tPA
patients [180–182]. However, Lee et al. found that higher ter-
tile serum UA levels (≥5.3mg/dl) drawn in the emergency
room were associated with excellent functional outcomes
(according to responder analysis) only in patients with severe
baseline deficits whose NIHSS score was ≥15, and the associ-
ation was found in males, but not in females [183]. The dif-
ferent conclusions between these studies may be due to the

different statistical methods and definitions of the endpoint
event. UA exhibits such strong antioxidation that some
studies have focused on whether exogenous UA may provide
protection in our brain. A rat experiment revealed that UA
injected intravenously combined with tPA reduced the
infarct volume and resulted in better neurologic function
than using tPA alone [184]. There are also some clinical
studies that have obtained good results regarding the use of
UA. In a multicenter, randomized, placebo-controlled, dou-
ble-blind, phase 2b/3 trial, UA treatment combined with
intravenous thrombolysis followed by thrombectomy was
found to be safe and improve stroke outcomes compared to
a placebo group, although the disability level at 90 days did
not differ between the two groups [185].

There is an interesting phenomenon that should be
addressed: UA exhibits different effects depending on gender.
Llull et al. found that cotreatment of UA and tPA could
reduce infarct growth and produce better outcomes than
the placebo group only in women, not in men [186]. The gen-
der difference was also present in the prognosis of the clinical
outcome at 90 days. Zhang et al. divided people into four
groups according to UA levels. The highest quartile of UA
level was beneficial for good functional outcomes in females,
while the second quartile of UA levels was an independent
predictor of better outcomes in males. Patients with the third
quartile of UA level were connected with the worst functional
outcomes in females, while the highest UA level had the
worst outcomes in males [187]. The mechanisms of this gen-
der difference are still unknown, but may be due to hormone
levels and different pathways. Premenopausal women have
an “estrogen defense” that may influence UA levels. Addi-
tionally, women have lower physiological levels of UA
and a lower UA-mediated antioxidant capacity, so they
may need antioxidants more urgently [188]. Considerable
experimental data has indicated that there are differences
in ischemia-induced cell death pathways between males
and females. Liu et al. found that females can benefit from
caspase inhibition, but not males [189]. These explanations
may illustrate the gender difference, but a firm conclusion
has not been drawn. More research should be conducted
regarding these gender differences, and more clinical trials
should be conducted.

4.2.3. Citicoline. Citicoline is an essential exogenous form
of cytidine-50-diphosphocholine that is involved in the
formation of phosphatidylcholine and is also very important
for maintenance of the membrane [190–194]. Ischemia-
reperfusion injury causes cell membranes to be broken down
and decreases the synthesis of structural phospholipids.
When the brain is under ischemia attack, membrane phos-
pholipids will be degraded into free fatty acids by phospholi-
pase A2 (PLA2) and free fatty acids will promote the
formation of free radicals [195] (Figure 3). Citicoline may
inhibit the activation of PLA2 and reduce the release of ara-
chidonic acid. Citicoline plays a key role in stabilizing and
repairing membranes, which can preserve the natural defense
of cells against oxidative damage [190, 196–199]. Addition-
ally, citicoline also favors the synthesis of nucleic acids and
proteins, especially at the nuclear and mitochondrial levels
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[191, 193]. Citicoline can make a critical difference in the
maintenance of cellular and subcellular functions, such as
restoring the activity of mitochondrial ATPAse and mem-
brane Na+/K+ ATPAse, maintaining ion homeostasis, inhi-
biting the generation of free radicals, and promoting the
reabsorption of cerebral edema [200, 201]. Citicoline can also
protect the BBB after ischemia followed by reperfusion [202]
and has antiapoptotic effects [203–206]. Citicoline may have
already been shown to be beneficial at different levels of the
ischemic cascade and for inhibiting reperfusion injury
against free radical damage in both experimental and clinical
studies [207–209].

Andersen et al. reported that a lower dose citicoline
combined with tPA reduced the size of brain infarcts more
than using tPA alone [210]. María et al. performed a rat
experiment that used an embolic stroke model that involved
treatment of tPA when combined with citicoline. The sample
was divided into 5 groups: control; only using tPA after
embolization; only using citicoline after embolization; first
using citicoline after embolization combined with subse-
quently intravenous infusion of tPA; and first using citicoline
after thrombolysis by injecting tPA intravenously 10 minutes
later. According to the rats’ mortality, neurological score,
volume of the ischemic lesion, and neuronal death after 72
hours, the use of citicoline after intravenous infusion of tPA
achieved the best effect; otherwise, using citicoline before
thrombolysis was the same as using tPA alone, indicating
that citicoline plays a key role in neuroprotection to inhibit
ischemia-reperfusion injury after revascularization [211].
Although animal experiments have exhibited good results,
clinical trials have not provided a satisfactory conclusion. In
a randomized, placebo-controlled, sequential trial, Dávalos
et al. concluded that citicoline had neutral effects in the treat-
ment of moderate to severe acute ischemic stroke, even in a
subgroup analysis of patients who received tPA [212]. How-
ever, there are many explanations for these neutral results
such as the high stroke care standard, which can benefit
recovery especially in nonthrombolysis patients, and the
higher average NIHSS value in Davalos’ study. Although a
number of studies support citicoline combined with tPA as
being beneficial for protecting the brain from ischemia-
reperfusion injury, there are still some disappointing results,
especially in clinical trials, and more research should be con-
ducted in this area.

5. Conclusions

Free radicals, especially ROS and RNS, have intense oxida-
tion or nitrification abilities in the human brain. During
cerebral ischemia reperfusion, especially with blood reflow,
massive generation of ROS and RNS leads to cell death via
DNA damage, protein dysfunction, and lipid peroxidization.
Oxidative/nitrosative stress in ischemia-reperfusion injury
also plays a key role in inducing hemorrhagic transformation
and cerebral edema after revascularization therapy. Fortu-
nately, many basic experiments and clinical trials have
indicated that cotreatment of antifree radical damage strat-
egies, including nonpharmaceutical therapies, such as RIC
and hypothermia, and pharmaceutical therapies, such as

edaravone, UA, and citicoline, with revascularization therapy
is safe and feasible. Further research regarding therapies that
prevent free radical damage in ischemia-reperfusion injury
combined with revascularization therapy should be under-
taken in the future. We will understand the pathomechan-
isms more deeply, and patients will get better benefits from
revascularization therapy.
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