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Abstract

Stroke is one of the leading causes of disability and mortality affecting millions worldwide with an ever-increasing prevalence in
developing countries. The psychological and physical burdens, decreased quality of life and the considerable cost generated, can
only emphasis the need for additional, better and more effective management options. The concept of neuroprotection is a mean
to achieve better outcome through exploiting the complex pathophysiological changes deriving from stroke, and have been and
continue to be the focus of numerous therapeutic strategies. Several compounds targeting various ischemic stroke mechanisms
from excitotoxicity, apoptosis, and oxidative stress to inflammation have been explored with the majority yielding disappointing
results in clinical phase. Yet, few have proven their worth and others remain promising showing that neuroprotection is still a
viable option. In this review, potential targets for neuroprotection and the corresponding targeting treatments are discussed,
additionally; a summary of clinically explored compounds, their mechanisms and the outcome is provided.
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Introduction

Stroke, as one of the leading causes of death and occurring seconds to minutes after stroke.
disability [1], can be traced back to the 2™ Neuroprotection, one of those  explored
millennium BC [2] when Hippocrates first mentioned ~ complementary alternatives, has been studied, with
it as a phenomenon of sudden paralysis associated the earlier clinical trials dating back to the 1980s
with ischemia. He initially referred to it as Apoplexy, [11], and has yielded various degree of success [12].
from the Greek word meaning “struck down with  Neuroprotection is basically defined as the process
violence” [3]. Acute ischemic stroke or cerebral —aiming to limit or reduce the volume of an infarct,
ischemia refers to a sudden brain cells death due to and salvage surrounding vulnerable cells by
inadequate blood supply. This acts as a precursor for ~ inhibition of intracellular calcium increase, and or
a devastation cascade of pathophysiological events activation of free radical reactions and cell death
starting by an energy metabolism failure, membrane  [13]. The final goal is to prevent or slow disease
depolarization, inhibition of protein synthesis, Ca®*  progression as well as secondary injuries through
influx, overstimulation and glutamate release, Stopping or at least slowing neuronal loss. The main
cytoskeleton and membranes damage, microglial- targets for neuroprotective therapy are oxidative
activated inflammation and lysosomal membrane  Stress,  mitochondrial  dysfunction,  apoptosis,
rupture inducing cell death [4-6]. These events autophagy, excitotoxicity, and inflammatory changes
combined act synergistically with an amplifying [8]. These pathophysiological changes, sometimes
effect than their own [7]. referred to as the ischemic cascade (Figure 1) [14] ,
Although the prevalence and cost of stroke are subsequent to stroke and are responsible for the
exponentially increased throughout the ages, death of most ischemic neurons.

currently the only approved treatment is tissue Several potential pharmacological agents with direct

plasminogen activator (rtPA), which, is not suitable or indirect effects on above ischemic stroke-related
to a larger number of patients due to its limitations: a ~ changes have been studied for their neurotrotective

shorted time window and increased risk of potential and underwent several clinical trials in hope
subsequent hemorrhage [8-10]. of a future implementation as anti-ischemic agents.
New approaches for ischemic stroke management This review aims to examine the pathophysiological
have been extensively studied with some directly ~mechanisms of interest for neuroprotection and
aimed at the pathophysiological changes induced or
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provides an overview of clinically tested
neuroprotective treatments regardless of the outcome.

1. Ischemic mechanisms targeted by
Neuroprotection

1.1 Excitotoxicity

Excitotoxicity is a process defined by excess
stimulation of nerve cells due to a release of toxic
amounts of neurotransmitters such as glutamate into
the extracellular space [15], resulting eventually in
cell death by apoptosis [16-18]. This is a result of a
pathological excess of glutamate, inducing an over
activation of glutamate receptors (N-Methyl-D-
aspartate (NMDA) receptor, a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptor),
an intracellular shift of high levels of calcium and
neuronal depolarization [19-21]. Higher intracellular
calcium levels have dramatic effects on neuronal
cells. Excess of calcium serves as an activator for
several enzymes, such as phospholipases, proteases
and calpain [22], with a devastating effect on cellular
structure and deoxyribonucleic acid (DNA). Another
immediate effect of higher calcium levels in the
cytosol is unlocking the transition membranes of
mitochondria, which acts as a loophole thus
increasing permeability, causing swell and release of
reactive oxygen species [21]. Additionally, all this
changes affect the production of adenosine
triphosphate (ATP) [23] leading to a loss of ion
gradients and a stop of glutamate uptake, further
damaging the activation of glutamate receptors, due to
buildup [24]. Therefore glutamate excitotoxicity is an
important aspect of stroke pathology and a precursor
to the initiation of necrosis, apoptosis, and autophagy.
Several methods have been explored in the aim of
improving the outcome by directly influencing the
excitotoxicity process. The general idea is to achieve
an inhibition of glutamate release and or block the
action of glutamate receptors in the brain. Various
drugs (Table 1) underwent clinical trials with many
unsatisfactory results.

1.2 Calcium channel blockers

This subgroup is comprised of drugs such as
Nimodipine, a dihydropyridine calcium channel
blocker originally developed for hypertension
treatment; now mainly used to prevent cerebral
vasospasm and associated ischemia. It has been
proposed as a neuroprotectant due to its action on
voltage dependent calcium channels. Although
promising at first, around 28 trials assessing its effects
on ischemic stroke patients have shown that there was
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no difference in death rates or clear improvement of
disabilities seen on patients that were given
Nimodipine compared to the control group [25].

1.3 NMDA antagonists

NMDA antagonists, mainly comprised of anesthetics
possessing an inhibiting or antagonizing effect on the
action of NMDA receptor (NMDAR), have been
explored for treatment of excitotoxicity due to the
ionotropic nature of NMDAR. They are classified into
four categories, with competitive (bind to and block
the binding site of glutamate) and noncompetitive
(inhibit NMDAR by binding to allosteric sites)
antagonists being subject of our focus. Among
NMDA antagonists, Magnesium, a noncompetitive
antagonist and voltage-gated calcium channel blocker
[26]. Magnesium has been investigated as a potential
anti-excitotoxicity treatment and has shown promises
particularly upon immediate administration after
surgical occlusion of middle cerebral artery (MCA) in
rat stroke model [27]. Two main studies assessing the
efficacy of magnesium have been conducted (the
Intravenous Magnesium Efficacy in Stroke trial
(IMAGES), being a multicenter randomized
controlled trial (RCT) with administration of high
dose of magnesium within 12h of onset of stroke [28];
and the FAST-MAG, a multicenter randomized
double-blind placebo-controlled trial [29], with
administration of magnesium within 2h of onset at
phase IIl trial [30]. Unfortunately, both studies
showed no significant benefit in outcome, whether
death or disability in comparison to the control group
[28, 30]. Another competitive antagonist, Selfotel
[31], has shown, in experimental studies, to
significantly reduce the size of infarct [32] if given
within 5min of MCA occlusion [33]. It has proven to
be effective and safe in human at a phase Il study with
a significant improvement of the outcome assessed by
an independent Barthel index score on day 90
compared to control [34]. However, the phase Il
trials, two double-blinded randomized placebo-
controlled parallel-design trials involving a total of
567 patients with within 6 h after stroke onset
administration, were abandoned due to high mortality
and no therapeutic benefit in primary outcome [35].

1.4 AMPA antagonists

A competitive AMPA receptor (AMPAR) antagonist
YM872, known as Zonampanel, a quinoxalinedione
derived drug, has also been investigated for its
neuroprotective properties [36]. It has been proven
that YM872 can reduce infarct volume and improve
symptoms on rat embolic stroke model [37]. The



Table 1: Summary of clinically explored neuroprotective agents in ischemic stroke: mechanisms and outcome.

Compounds  Mechanisms Outcome
Nimodipine Ca®* channel blocker. No benefit observed
Magnesium Anti-excitotoxic, non-competitive NMDA antagonist

(voltage-gated Ca?* channels). No outcome improvement seen
Zonampanel AMPA receptor blocker. Early termination due to side effects
Nicardipine Ca®* channel blocker. No benefit observed
Flunarizine Ca?* channel blocker. No benefit observed
Selfotel Competitive NMDA antagonist. No benefit observed, increased mortality
Aptiganel Non-competitive NMDA antagonist. No benefit observed
Clomethiazole GABA agonist. No benefit observed
ZK-200775 AMPA antagonist. Worsen outcome
Fosphenytoin Na* channel blocker. No benefit observed
BMS-204352 K* channel opener. No benefit observed
Eliprodil NMDA blocker (polyamine site). Abandoned (interferes with neuronal survival)
Gavestinel Glycine site antagonist. No benefit observed
Lubeluzole Blockage of ion channel and NO inhibitor. No benefit observed
Enlimomab Anti-ICAM-1 antibody (leucocyte adhesion inhibitor).  Not effective, may worsen outcome
Ramecemide Non-competitive NMDA antagonist. No outcome improvement seen
Trafermin Growth factor. No benefit observed
G-CSF Anti-excitotoxicity, anti-inflammatory, anti-apoptosis,

Cerebrolysin
Erythropoietin

Fingolimod

Ginsenoside-Rd
Glyceryl
trinitrate
Minocycline

Repinotan

Hypothermia

Cyclosporin A
Citicoline

Resveratrol

Ebselen
Tirilazad

Albumin
Statin

Edaravone

NXY-059
Uric acid
Dextrorphan

angiogenesis and neurogenesis enhancer.
Enhancement of neurogenesis, stabilization of cell
integrity, apoptotic cells reduction
Anti-excitotoxicity, anti-inflammatory, anti-apoptosis,
angiogenesis and neurogenesis enhancer.
Immunomodulatory agent, regulation of myelination
and microglial activation, proliferation and migration
of neural precursor cells, anti-apoptotic and anti-
inflammatory.

Ca2+ channel antagonist.

Reduction of lesion size, increase blood flow and
induction of transient ROS production.
Anti-inflammatory, anti-apoptotic, antioxidant and
reduction of microglial activation and MMP-9.
5-HT 4 receptor agonist.

Reduction of cerebral metabolism, anti-inflammatory,
antioxidant, prevention of apoptosis, reduction of
BBB disruption and edema.

Anti-excitotoxicity and anti-inflammatory.
Stimulation/restoration of Na*/K*" ATPase activity;
prevention of neuronal ATP loss and of PLA2
activation; induction of glutathione reductase activity;
increase in the Bcl-2 expression; up regulation of
SIRT 1 protein; down regulation of procaspase and
caspase expression.

Activation of SIRT1, AMPA-activated kinase and
nuclear factorNrf2.

Antioxidant (free radical scavenger).

Inhibition of lipid peroxidation (free radical
scavenger).

Promotion of Collateral circulation, reduction of
swelling.

HMG-CoA reductase inhibition (antioxidant).
Antioxidant (ROS scavenger).

Antioxidant.
Antioxidant (ROS scavenger).
Non-competitive NMDA antagonist.
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No benefit observed

Possible benefit
No improvement of functional outcome
observed

Further clinical investigation needed

Improves outcome

Ongoing

NeuMAST (phase IV stopped due to futility);
ongoing further investigation

No benefit observed

Improves outcome
Further clinical investigation needed

Improves outcome
Further clinical investigation needed

Ongoing

No benefit observed
No clinical benefit, safety concerns

Ongoing

Improves size of ischemic stroke lesions and
neurological deficits in small vessel occlusion
within lyear

Mixed results

Ongoing

No benefit observed



NBP Anti-oxidation, anti-inflammation, promotion of
neurogenesis, improvement of mitochondrial Improves outcome
functions, inhibition of platelet aggregation.
HUK Activation of bradykinin B1 and B2 receptors, anti-
inflammation, anti-apoptosis, promoting angiogenesis,  Improves outcome
cerebral perfusion and neurogenesis.
Note: GABA=Gamma-Aminobutyric acid; ICAM-1=Intercellular Adhesion Molecule 1; MMP-9=Matrix
metallopeptidase  9; 5-HTi4=5-Hydroxytryptamine 1A; BBB=Blood-brain barrier; NO=Nitric Oxide;

ATP=Adenosine triphosphate; PLA2=Phospholipase A2; Bcl-2 =B-cell lymphoma 2; SIRT [ =NAD-dependent
deacetylase sirtuin-1; Nrf2=Erythroid-derived 2; HMG-CoA=3-Hydroxy-3-methylglutaryl-coenzyme A.
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Figure 1: Pathophysiological changes during ischemic stroke. nNOS=Neuronal nitric oxide synthase;

ROS=Reactive oxygen TNF-a=Tumor

metalloproteinase.

species;

mechanism is believed to be through the reduction of
cortical tissue loss and cerebral edema [38].
However, clinical trials were early terminated due to
severe side effects such as hallucinations, catatonia,
and agitation [39].

2. Apoptosis

For a long time, post stroke cell death has been
considered exclusively a result of necrosis defined by
damaging events culminating in plasma membrane

necrosis
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factor-a; IL-B =Interleukin-f; MMP=Matrix

disruption and release of intracellular content [40].
This event occurs within the ischemic penumbra [41].

Nonetheless, further evidence has shown that
apoptosis, a form of programmed cell death, plays a
prominent role after ischemic brain injury in animal
models [42, 43]. This phenomenon is essentially
defined by the apoptotic cascades involving a myriad
of changes among which: an increase of intracellular
calcium; an increased expression of proteins such as
prostate apoptosis response-4, which promotes



mitochondrial dysfunction and stops the anti-
apoptotic ~ process;  mitochondrial  membrane
depolarization; and release of cytochrome c, with
activation of caspases and nuclear DNA as ultimate
result [44]. Recently, the aim of achieving
neuroprotection through countering the effects of
apoptosis has obtained a great deal of attention [45].
Several anti-apoptotic compounds have been
successfully tested in experimental models with
significant reduction of infarct, inhibition of caspase,
blockage of pro-apoptotic gene expression and
stimulation of anti-apoptotic gene expression.
However, experimental results have not always been
concordant with clinical ones. Among clinically
evaluated formulas, erythropoietin (EPO) and
cerebrolysin  have been tested for possible
implementation for post stroke treatment.

2.1 Erythropoietin (EPO)

Besides its well-know function which is red blood
cell production through stimulation of erythropoiesis,
controversial studies have shown EPO to possess a
range of actions including stimulation of
angiogenesis, promotion of cell survival via
activation of EPO receptors, resulting in an anti-
apoptotic effect on ischemic tissues [46, 47]. It’s
effect on apoptotic and anti-apoptotic gene is
believed to be through an increased expression of
apoptosis-inhibitor genes XIAP and c-lIAP2,
demonstrated in cortical cells pre-incubated with
recombinant human erythropoietin (rhEPO) [48].
Furthermore, an increase in B-cell lymphoma extra-
large (bcl-xL) expression in the hippocampal CAl
region of ischemia was shown after rhEPO
administration [49]. Although pilot trial demonstrated
the safety and benefit of EPO in stroke patients [50],
those findings were not further validated by a larger
study [51]. Moreover, a larger study (AXIS-2) of 328
stroke patients receiving either granulocyte-colony
stimulating factor (G-CSF) or placebo within 9 h
after stroke onset found no differences regarding the
primary endpoint and clinical outcome at day 90 [9].
This typically outlined the problems associated with
translation from experimental to clinical.

2.2 Cerebrolysin

Cerebrolysin is a mixture of purified porcine brain-
derived peptides of low molecular weight
neuropeptides and free aminoacids [52], including
(not limited to) brain-derived neurotrophic factor,
glial cell line-derived neurotrophic factor, nerve
growth factor, and ciliary neurotrophic factor [53]. It
has demonstrated neuroprotective properties and
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effectiveness against excitotoxicity, by inhibiting free
radical formation, microglial activation, neuro-
inflammation, calpain activation/apoptosis, and
exhibited neurotrophic activity [54-57]. Previous
studies came to the conclusion that cerebrolysin
significantly improved functional outcome [58] but
did not reduce infarct size, this is believed to be due
to an augmentation of proliferation, migration, and
surviving of neuroblasts [59]; moreover, a decrease
in the pulsatility index (PI) of the right middle
cerebral artery was observed on day 30, 60, and 90 in
one of those studies [60]. All these findings are
suggestive of a clinical usage for cerebrolysin in
acute ischemic stroke although further investigation
is required.

3. Inflammation

The first reported inflammation of the central nervous
system dated as early as 1900s, with further findings
implicating  inflammatory  mediators in  the
modulatory process of neurogenesis. Any form of
insult to the brain whether is it hypoxia, ischemia or
infection, has profound consequences and elicits a
characteristic  inflammation  response.  Brain
inflammation has been seen as a secondary injury
mechanism following stroke [61, 62] and is a result
of several factors, such as reactive oxygen species or
necrotic cells; with the key players and mediators
being microglia, astrocytes and peripheral
macrophages. Those factors lead to microglial
activation, resulting in more cytokine generation and
adhesion molecules induction within the cerebral
blood vessels [63, 64]. Adhesion molecules in turn
induce adhesion of circulating leukocytes causing
micro-vascular occlusion and infiltration of immune
cells into the brain parenchyma. Activated
inflammatory cells then elaborate a variety of
cytotoxic molecules such as an array of pro- and anti-
inflammatory cytokines and chemokines, which have
double-edged effects. On one hand providing
immune protection to the brain and on the other hand
initiating a regenerative loop of inflammation leading
to disruption of the blood-brain barrier [65] and
neuronal death [66]. During the years and following
successful experimental studies, few clinical trials
have been carried out to assess the value of some
anti-inflammatory strategies. Although several of
these trials resulted in a failure due to unforeseen side
effects or inefficacy, few still hold great promises.

3.1 Targeted temperature management (TTM)
TTM’s aim is to improve outcomes after an ischemic
period or stroke through body temperature



management for a specific duration [67]. It was
believed that hypothermia acts as neuro-protectant by
slowing cellular metabolism and decreasing the
brain’s oxygen demand [68-71]. Later on, several
studies conducted have shown that hypothermia
affects pathways that extend beyond those limits. The
mechanisms underlying the neuroprotective effects of
hypothermia are found to be throughout a decrease
in: cerebral metabolism (decrease 6-10% per °C
below 37 °C), mitochondrial injury and dysfunction,
reperfusion injury, ion pump dysfunction, influx of
calcium into cell, neuro-excitotoxicity, cell
membrane leakage, formation of cytotoxic edema,
intracellular acidosis, production of free radicals,
apoptosis, calpain-mediated proteolysis, DNA injury,
vascular permeability, permeability of the blood-
brain barrier, coagulation activation, formation of

micro-thrombi, immune response, neuro-
inflammation, and an improved tolerance for
ischemia [72].

However, using a single factor to explain the
neuroprotective effect of hypothermia is proven to be
quite challenging due to the fact that hypothermia
affects several pathways of the ischemic cascade
ranging from excitotoxicity, apoptosis, inflammation,
free radical production, blood flow and intracranial
pressure [73, 74]. On the immunological count,
hypothermia’s main effect is not only through
activation of microglia and reduction of neutrophils
in ischemic areas [75]; but also reduction of reactive
oxygen species (ROS) [76], adhesion molecules,
macrophage inflammatory  protein-3 o, pro-
inflammatory cytokines, tumor necrosis factor alpha
(TNF- o), interleukin 6 (IL-6), interleukin 10 (IL-10)
[77], reactive nitrogen species, and most importantly
nuclear  factor  kappa-light-chain-enhancer  of
activated B cells (NF-xB). Additionally, it has been
shown to affect the mitogen-activated protein kinase,
an important enzyme system in inflammation [78].
All this evidences are suggestive of the important
future role that targeted temperature management
might play in post stroke therapy.

3.2 Minocycline

Minocycline, a broad-spectrum  bacteriostatic
antibiotic, member of the tetracycline family, has
been found to possess several neuroprotective
properties ranging from anti-inflammation [79], anti-
apoptosis, blood-brain barrier (BBB) protection,
reduction of microglial activation [80, 81], Matrix
Metalloproteinase (MMP)-9 reduction [82], to nitric
oxide (NO) production.  The anti-inflammatory
functions of minocycline are believed to be by
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inhibition several cellular targets, including caspase-3
[83], caspase-1 [84], cyclo-oxygenase-2, inducible
nitric oxide synthase [85], p38 mitogen-activated
protein kinase [81], TNF- a, and blockade of NF-kB.
Whereas its BBB integrity protection comes from its
inhibition of hypoxia-inducible factor 1-alpha (HIF-
la)-mediated cellular responses through the NAD-
dependent deacetylase sirtuin-3 (SIRT-3)/ prolyl
hydroxylase domain-containing protein 2 (PHD-2)
pathway [86]. However, further clinical studies for a
possible therapeutic use against ischemic stroke are
still much needed.

4. Oxidative stress

Oxidative stress in stroke translate by an increased
production of reactive oxygen species and other free
radicals; with phospholipase A2 and arachidonic acid
playing a major role in this process. During ischemia,

glutamate release and increase intracellular Ca2t

activate cytosolic Ca2+-dependent PLAZ2 [87] leading
to hydrolysis of phospholipids and free fatty acids
release [88]. On the other hand, intracellular free
arachidonic acid accumulation promotes the
formation of oxygen reactive species, which
amplifies oxidative damage [88]. The final result is a
direct neuron cell death or other events such as
mitochondrial dysfunction, glial cell activation,
protein misfolding [89, 90], disruption of gene
expression and cellular signaling [91], and
proteasomal malfunction [92]; with several of those
mechanism leading to apoptosis. It has been shown
that oxidative stress is a byproduct of excitotoxicity,
cellular respiration inhibition, and inflammation [93].
Although the neutralization of oxidative stress
presents an interesting potential therapeutic option
for stroke, the discovering of viable compounds has
proven quite challenging.

4.1 Citicoline

Also known as cytidine diphosphate-choline (CDP-
Choline), is a two molecules compound: cytidine and
choline, and an intermediary in the generation of
phosphatidylcholine from choline. It has been shown,
in experimental studies, to be multi-targeted and
effective against several disorders of the central
nervous system [94-96]; with both molecules capable
of passing through the blood-brain barrier [97]. In
those of stroke, Citicoline has been shown to have a
larger time window with multistage effects [98, 99].
Similar findings have been found in clinical studies
with a clear functional outcome improvement. The
antioxidant effect of citicoline is believed to be
through preventing or attenuating the activation of



phospholipase A2 in membrane and mitochondria
[100], stabilizing cell membranes, decreasing
arachidonic acid [101] and extra free fatty acids after
reperfusion. Additionally, it has shown to modulate
synthesis of glutathione through the choline-S-
adenosyl-L-methionine  pathway [102]. Thus
citicoline represents an extra in stroke treatment.

4.2 Resveratrol

Resveratrol is a type of natural phenol and a
phytoalexin produced by plants as a response to
bacterial, fungal infection or injury [103]. Originally
known for its antioxidant properties and availability
in grapes, blueberries, mulberries skin [104];
resveratrol has been shown to improve outcomes in
acute central nervous system injuries [105].
However, through which exact mechanism it exerts
that effect still remains elusive [106, 107]. It is
believed to be by activation of a nicotinamide

adenine dinucleotide (NAD™)-dependent deacetylase,
which improves survival [108, 109]. Additionally, it
also activates AMP-activated kinase [110] and
nuclear factor (erythroid derived 2)-like 2(Nrf2)
[111]. Extensive studies on resveratrol effects have
suggested that it can be a determinant option for
future stroke management. Although further clinical
studies for better understanding and quantification of
its effects are essentials.

5. Multi-targeting options

On the quest for new therapeutic options for stroke,
many compounds have shown a multi-targeted and
multi-purposed effect on the pathophysiological
changes deriving from ischemia; among which two
compounds: N-Butylphthalide (NBP) and Human
Urinary Kallidinogenase, already approved and
implemented for clinical usage in China.

5.1 N-Butylphthalide (NBP)

One of the constituents in celery oil has shown
remarkable multi-targeted neuroprotective properties.
It demonstrated anti-platelet aggregation and anti-
thrombotic effects, which are believe to be through
increasing cyclic adenosine monophosphate (CAMP)
levels in platelets and inhibiting serotonin release
[112]. Extensive studies have also concluded that
NBP possesses anti-apoptotic effect by increasing
levels of Bcl-2 and HIF-1 a, and decreasing caspase-
3 expression [113]. Additionally, it exhibited
protective properties against mitochondrial damage
through improvement of Na*/K*-ATPase and Ca2*-
ATPase in mitochondria, and reduction of
cytochrome ¢ release [114]. Furthermore, NBP has
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shown antioxidant effects after long term
administration in experimental models. The basic
mechanism is through increasing malondialdehyde
(MDA) levels [115] and reducing hydrogen peroxide
(H2O5)-dependent ROS accumulation [116]. All

those findings indicated it’s efficiency against stroke.
After extensive clinical trials, NBP has already been
approved and used in China for 12 years with
satisfactory results.

5.2 Human Urinary Kallidinogenase (HUK)

Tissue kallikrein, a component of the kallikrein/kinin
system (KKS), has been shown to possess protective
effects against ischemic stroke in clinical and
experimental studies. Human urinary
kallidinogenase, a KKS regulator and kallikrein
producer, exhibited anti-inflammatory,  anti-
apoptotic, angiogenesis and neurogenesis promoting
effects [117], and has been approved for stroke
treatment in China. Several studies demonstrated that
HUK ameliorates functional deficits [118, 119],
promotes angiogenensis and improves cerebral-blood
flow [120]. The basic mechanism is through up-
regulating vascular endothelial growth factor and
apelin/APJ pathway [121] and activating the
bradykinin B1 and B2 receptors [122]. Additionally,
HUK have been shown to improve cognition and
decrease AP1-40 and AP1-42 serum levels [123].
Furthermore, tissue kallikrein pre-treatment have
been shown to alleviate glutamate-induced oxidative
stress through inhibition of neuronal nitric oxide
synthase activity and activation of extracellular
signal-regulated kinase 1 (ERK1) and NF-B;
resulting in enhancement of brain derived
neurotrophic factor mMRNA and anti-apoptotic gene
Bcl-2 protein [124].

Summary

The quest for new therapeutic options for the
management of ischemic stroke has been an ever
captivating. However, due to the intricacy of its
pathology, developing new neuroprotective drugs
have proven to be an even greater challenge. On one
hand, an ever-increasing number of failed clinical
translations, emphasizing the complexity of stroke
and the need of higher quality controlled studies; on
the other hand, the dual effect of many post stroke
pathophysiological activities which, can be beneficial
or harmful depending on the concentration, timing,
location and circumstances of  occurrence.
Nevertheless, positive results, with few compounds
successfully implemented for clinical use, have
shown us that although the process of discovering



new effective neuroprotective options might be long
and sometimes disappointing, neuroprotection is still
a viable and one of the best options for future
treatments.
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