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Abstract

Neurological disorders represent major health concerns in terms of comorbidity and mortality
worldwide. Despite a tremendous increase in our understanding of the pathophysiological
processes involved in disease progression and prevention, the accumulated knowledge so far
resulted in relatively moderate translational benefits in terms of therapeutic interventions and
enhanced clinical outcomes. Aiming at specific neural molecular pathways, different strategies
have been geared to target the development and progression of such disorders. The kallikrein-kinin
system (KKS) is among the most delineated candidate systems due to its ubiquitous roles
mediating several of the pathophysiological features of these neurological disorders as well as
being implicated in regulating various brain functions. Several experimental KKS models revealed
that the inhibition or stimulation of the two receptors of the KKS system (B1R and B2R) can
exhibit neuroprotective and/or adverse pathological outcomes. This updated review provides
background details of the KKS components and their functions in different neurological disorders
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including temporal lobe epilepsy, traumatic brain injury, stroke, spinal cord injury, Alzheimer’s
disease, multiple sclerosis and glioma. Finally, this work will highlight the putative roles of the
KKS components as potential neurotherapeutic targets and provide future perspectives on the
possibility of translating these findings into potential clinical biomarkers in neurological disease.
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1. The kallikrein-kinin system and its role in the brain

The kallikrein-kinin system (KKS) constitutes an inflammatory response system that
influences the biological systems with a number of pleiotropic functions that have critical
roles in vascular permeability and inflammation as well as thrombosis and blood coagulation
(Costa-Neto, Dillenburg-Pilla et al. 2008). The discovery of the KKS and the subsequent
studies that revealed its components dramatically increased our understanding of disease
processes (Costa-Neto, Dillenburg-Pilla et al. 2008). While the KKS plays a pivotal role in
maintaining normal physiology such as vascular smooth muscle tone, its dysfunction yields
detrimental outcomes to the organs involved (Marcondes and Antunes 2005). Indeed, the
KKS has been linked to various disorders including: diabetic nephropathy and retinopathy
(Jaffa, Kobeissy et al. 2012, Liu and Feener 2013), cardiovascular diseases (Delemasure,
Blaes et al. 2013) and diseases of the kidney (Kakoki and Smithies 2009). In addition, the
KKS components identified in the nervous system influence the integrity of the
neurovascular unit and participate in the progression of neurological diseases (Perry 1991,
Raidoo, Ramsaroop et al. 1996, Leeb-Lundberg, Marceau et al. 2005, Guevara-Lora 2012).

The major constituents of the KKS are the kallikrein enzymes, plasma kallikrein
(Scarisbrick, Sabharwal et al.) and tissue kallikrein (TK or KLK1), which are serine
proteases whose role is, in part, to liberate bradykinin (BK) and kallidin, respectively, from
kininogens. Prekallikrein is synthesized by the liver and secreted into the blood for further
processing. This enzyme is linked to the coagulation pathways at the level of factor Xlla
which converts the prekallikrein into PK (Colman, Sartor et al. 1998, Schmaier 2016). The
high-molecular-weight kininogen (HK) is processed by PK and releases the nonapeptide
BK: Argl-Pro2-Pro3-Gly*-Phe®-Serb-Pro’-Phe8-Arg®, while the low-molecular-weight
kininogen (LK) is processed by TK and produces a decapeptide: Lys!-Arg2-Pro3-Pro?-Gly®-
Phe8-Ser”-Pro8-Phe®-Arg10 referred to as kallidin or Lys-BK. Moreover, both the LK and
HK belong to the cystatin superfamily and have identical N-terminus but differ at their C-
terminus (Brown and Dziegielewska 1997). The mature HK is a single chain glycoprotein
composed of 626 amino acids with a molecular weight of 120 kDa, and can be divided into 6
domains (Pathak, Wong et al. 2013). The first 3 domains compose the heavy chain of the
HK, while the last 2 domains make its light chain. Each domain has specific properties
accounting for the versatile functions of the HK (Zhang, Claffey et al. 2000). The proposed
role(s) of these domains include:

m Domain D2: allows interaction with the endothelial cell receptor C1q
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L] Domain D3: allows interaction with platelets

" Domain D4: anchors BK

L] Domain D5 (Histidine-rich domain): permits binding to anionic surfaces

L] Domain D6: facilitates binding of the PK and Hageman factor (coagulation
factor XII)

In contrast, the LK is a splice variant composed of 409 amino acids with a molecular weight
of 65 kDa. The heavy chain of the LK is composed of 3 domains identical to the ones
composing the heavy chain of the HK, namely domains D1, D2 and D3. However, the light
chain of the LK consists of only one domain, domain D5. Therefore, the main difference
between the HK and LK is the lack of the D6 domain at the C-terminus of the LK illustrated
in Figure 1 (Colman and Schmaier 1997). Although kininogens act as a kinin precursors, yet
they have other roles in coagulation, fibrinolysis, protease inhibition and angiogenesis
(Saito, Goldsmith et al. 1976, Schmaier, Zuckerberg et al. 1983, Hayashi, Amano et al.
2002).

As defined by Gilman and others, kinins are a group of oligopeptides with similar chemistry
and pharmacological characteristics (Gilman 1990, Walker, Perkins et al. 1995). On the
cerebrovascular level, these polypeptides belong to the family of autacoids that possess
autocrine and/or paracrine functions due to their short-lived duration (Cyr, Lepage et al.
2001). They are involved in vasodilation, increasing vascular leakage and fluid
extravasation, development of angioedema, blood pressure regulation, electrolyte
homeostasis, renal hemodynamics, pain regulation, prostaglandin generation, and anti-
thrombotic and anti-fibrotic activities (Jaffa, Rust et al. 1995, Nussberger, Cugno et al. 2002,
Leeb-Lundberg, Marceau et al. 2005, Bergmann, Zheng et al. 2006, Tomita, Sanford et al.
2012). With a less than 30 seconds half-life and following their transient activity, Kinins are
subject to rapid degradation by peptidases known as kininases (Kayashima, Smithies et al.
2012). The kininase I-type, carboxypeptidase M (CPM), converts BK and kallidin into des-
Arg®-BK and des-Arg!0-kallidin, respectively (Zhang, Tan et al. 2011). Both kallidin and
BK are digested by kininase Il (dipeptidylcarboxypeptidase A, angiotensin converting
enzyme (ACE)) which is the major BK proteolytic protease in plasma (Sheikh and Kaplan
1986, Erdos 1990, Jaspard, Wei et al. 1993). The same enzyme also converts angiotensin |
into angiotensin 11 (Fuchs, Xiao et al. 2008). Together, kinins and their breakdown products
encompass a diverse group of mediators that regulate several inflammatory pathways as
described below (Gilman 1990).

1.1 Kinin receptors: kinin 1 and kinin 2 receptors

There are two receptors through which kinins act: kinin 1 receptor (B1R) and kinin 2
receptor (B2R). These two receptors belong to the family of G-protein coupled receptors
(GPCRs) (Hess, Borkowski et al. 1992, Menke, Borkowski et al. 1994). In general, BK and
kallidin bind to B2R which is ubiquitously expressed in healthy tissues whereas des-Arg®-
BK and des-Arg1%-kallidin bind to B1R which is expressed under stressful tissue insults
(Marceau, Hess et al. 1998, Trabold, Eros et al. 2010). In the nervous system, B2R is
localized in the cerebral cortex, thalamus, hypothalamus, brain stem, basal nuclei, ependyma
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of the lateral and third ventricles while B1R is present on neurons of the thalamus, spinal
cord and hypothalamus (Raidoo and Bhoola 1997). Differential localization of KKS
components in the CNS are summarized by Guevara-Lora I. (Guevara-Lora 2012). The
sequence of events in the kinins activation process is illustrated in Figure 2.

Of interest, TK has been implicated in different brain insults; for example, during brain
injury, released proteolytic enzymes activate TK that converts LK into Kallidin, which may
be further converted into BK via an aminopeptidase. Prolylcarboxypeptidase (PRCP), a
brain-rich prekallikrein activator, promotes activation of plasma pre-kallikrein (Shariat-
Madar, Mahdi et al. 2002, Shariat-Madar, Mahdi et al. 2004, Wallingford, Perroud et al.
2009). Similarly, Hageman factor activates PK converting HK into BK. B2R is preferentially
activated by BK or Kallidin, the breakdown products of which bind preferentially to B1R.

Furthermore, it has been shown that the expression of both receptors, B1R and B2R, is
induced under pathological conditions of tissue injury due to oxidative stress, pro-
inflammatory stimuli such as lipopolysaccharides, endotoxins, cytokines (IL-1f and TNF-a)
exposure, and vasoactive peptide stimuli as observed in the renin-angiotensin system (Reza,
Rasool et al.) (Sabourin, Morissette et al. 2002, Tschope, Schultheiss et al. 2002, Bossi,
Fischetti et al. 2009, Jaffa, Kobeissy et al. 2012, Naffah-Mazzacoratti Mda, Gouveia et al.
2014). On the regulation of kinin receptors, post-translational modifications are common
regulatory mechanisms in the KKS system. For instance, for B2R to sequester and get
desensitized, its phosphorylation is required (Bachvarov, Houle et al. 2001, Blaukat, Pizard
et al. 2001). The pharmacokinetic capacity of B2R to couple and uncouple to G-proteins has
been found to be regulated by palmitoylation (Pizard, Blaukat et al. 2001). N-glycosylation
is required for the efficient expression of B2R on the cell surface (Hess, Borkowski et al.
1992).

Although renin is found at low levels in the brain, yet the prorenin receptor (PRR) was
recently identified to have high expression levels in the brain neurons and astrocytes (Shan,
Cuadra et al. 2008, Takahashi, Hiraishi et al. 2010). This, in turn, can highlight on the
critical roles of angiotensin receptors; the balance between the KKS and RAS is vital to
maintain cerebrovascular homeostasis and blood-brain barrier (BBB) permeability in a
multitude of neurological disorders including epilepsy, demyelinating diseases, stroke and
dementias (Naffah-Mazzacoratti Mda, Gouveia et al. 2014). AbdAlla et al. showed that the
B2R - Angiotensin Il type 1 (AT1) receptor heterodimerization increased the responsiveness
of the receptor to angiotensin Il whereas B2R - B1R heterodimerization augments B1R
signaling (AbdAlla, Lother et al. 2000, Kang, Ryberg et al. 2004). These findings have
increased our knowledge of the KKS cross-talk between the neural involvement and other
biological systems.

Different studies have discussed KKS involvement in both regular and pathophysiological
brain functions indicating that regulation of the receptors of the KKS system (B1R and
B2R), can exhibit neuroprotective and/or pathological outcomes. These conflicting
evaluation generated more complications and confusion in the understanding of the KKS
regulation as will be discussed in different sections (Albert-Weissenberger, Siren et al.
2013).
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1.2 Kinin signaling: pathways cross talk in systems physiology

In the brain, TK has been identified in different brain regions including: the cerebral cortex,
brain stem, cerebellum, hypothalamus, pituitary, pineal gland and its surrounding blood
vessels, and the ependymal lining cells of the third ventricle (Scicli, Forbes et al. 1984,
Simson, Dom et al. 1985, Chao, Chao et al. 1987, Kitagawa, Kizuki et al. 1991). The
presence of TK in both endothelial cells and smooth muscle cells made it an essential factor
in regulating vascular wall tone (YYayama, Shibata et al. 1998, Bergaya, Meneton et al.
2001). B2R activation raises intracellular calcium concentrations via activation of the
phospholipase C (PLC) that subsequently produces diacylglycerol (DAG) and inositol 1,4,5-
triphosphate (IP3) (Pinheiro, Paramos-de-Carvalho et al. 2013) (Leung, Cheng et al. 2006).
This is followed by activation of protein kinase C (PKC), activation of phospholipase A2
(PLA2) and arachidonic acid production (Lal, Proulx et al. 1998, Li, Oehrlein et al. 1998).
This elevation is followed by increased levels of inflammatory molecules such as
prostaglandins and oxidative stress mediators, including reactive oxygen species (ROS) and
nitric oxide (NO) (Raslan, Schwarz et al. 2010). Similarly, B1R also increases DAG and IP3
promoting the release of arachidonic acid (Tropea, Gummelt et al. 1993).

Upon binding of endothelium-derived relaxing factors (EDRFs) to their pertussis toxin-
sensitive G(i) (serotonin and thrombin) or pertussis toxin-insensitive G(q) (Aguiar, Tuon et
al.) (BK, histamine, ADP) receptors, downstream signaling responsible for NO generation is
activated (Vanhoutte, Shimokawa et al. 2009). Specifically, nitric oxide synthase (endothelial
or type Il1, eNOS) converts L-arginine to NO that diffuses through the endothelial cell
membrane and reaches the underlying vascular smooth muscle cells (VSMCs) (Tousoulis,
Kampoli et al. 2012). Although eNOS activation is involved in B1R signaling (Ignjatovic,
Stanisavljevic et al. 2004), new data on B1R-dependent NO release suggest that it is
mediated through the inducible isoform of NOS (iNOS), and not eNOS (Brovkovych, Zhang
et al. 2011). Nevertheless, the released NO stimulates guanylyl cyclase (GC) in VSMCs,
increases the production of cyclic guanosine monophosphate (cGMP) leading to the opening
of potassium channels and hyperpolarization (Archer, Huang et al. 1994, Francis, Busch et
al. 2010). Besides NO and prostacyclin, several endothelium-derived factors (EDHFs) such
as arachidonic acid generated by the action of PLA2, may cause NO-independent
hyperpolarizations of the VSMCs (Murota, Morita et al. 1987, Campbell, Gebremedhin et al.
1996, Bryan, You et al. 2005, Feletou and Vanhoutte 2006, Fleming and Busse 2006).
Interestingly, more profound and prolonged NO production is noted with B1R compared to
B2R, likely due to the rapid desensitization and internalization of B2R. In disease, when the
ability of the endothelial cells to provoke hyperpolarizations- (whether NO-dependent or
not)- is impaired, endothelial dysfunction appears to be one of the initial major steps
resulting in atherosclerosis, stroke and coronary disease (Ross 1999, Vanhoutte 2003). In
fact, besides its atheroprotective role, NO inhibits platelet aggregation, expression of
adhesion molecules, infiltration of leukocytes, and the release of vasoconstrictors; hence,
reducing the extent of inflammatory processes (Cooke 2004, Voetsch, Jin et al. 2004).

Taking into consideration that BK receptors belong to Class A Rhodopsin-like family of the
seven transmembrane receptors, researchers have focused on downstream proteins and
associated-pathways specific to this type of GPCRs (Roberts 1989, Farmer and Burch 1992,
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Hall 1997, Leeb-Lundberg, Marceau et al. 2005). Kinin signaling is essential for cell
survival, proliferation, protection against oxidative stress as well as for maintaining cellular
integrity and promoting differentiation as discussed later. For instance, Liu et al.
demonstrated that TK upregulates the expression of the anti-apoptotic survival genes: brain-
derived neurotrophic factor (BDNF) and Bcl-2 genes (Liu, Zhang et al. 2009). A parallel
work emphasized the antioxidant features of TK and its ability to inhibit apoptosis, decrease
ischemia-acidosis/reperfusion-induced injury, and promote /in vitro cell survival via
activation of the ERK1/2 signaling pathway (Zhang, Larner et al. 2009). BK was shown to
activate the ERK/EIK-1/Ap-1 pathway in mesangial cells while its signaling process was
mainly dependent on protein tyrosine phosphorylation (El-Dahr, Dipp et al. 1998). Tang et
al. investigated the role and the mechanism of B2R in neuronal damage on a hypoxia/
reperfusion (H/R) model of primary cultured neurons (Liu, Zhang et al. 2009). Following
H/R, B2R expression was found to be increased as a physiologic response to neurological
insult. Furthermore, it was discovered that BK could alleviate neuronal damage, increase
ERKZ1/2 phosphorylation, reduce LDH release and decrease caspase-3 activity post-H/R
(Liu, Zhang et al. 2009). In another study, B2R was shown to play a critical role in
promoting calmodulin kinase 1I-mediated neuronal differentiation and maturation of major
b-series gangliosides such as GT1b, GD1b and GD3 gangliosides. Indeed, exogenous
gangliosides not only stimulate neuronal cells and induce calcium release from intracellular
synaptic stores, but also activate calcium/calmodulin-dependent protein kinase 11 (CaMKII)
and cdc42, and; thus, promoting the reorganization of cytoskeletal actin and dendritic
differentiation (Kanatsu, Chen et al. 2012).

The neuroprotective role of BK was shown in a study by Martins et al., where BK showed
marked neuroprotection of pyramidal neurons against N-methyl-D-aspartate (NMDA)-
mediated excitotoxicity (Martins, Alves et al. 2012). This vital protective role involved the
activation of phosphatidylinositol-4,5-bisphosphate 3-kinase (P13K), which is responsible
for Bad protein phosphorylation and consequent anti-apoptotic activity. Neuroprotection
mediated by BK was independent of the MEK/MAPK activation cascade. In an attempt to
study the role of BK on BR2, an immortalized murine microglial cell line, Ben-Shmuel et al.
demonstrated that BK was capable of attenuating LPS-induced microglial cell death via BIR
and B2R activation, and was also capable of reducing NO production by coupling to Ga,
proteins and inhibiting the cAMP-PKA-CREB downstream signaling pathway (Ben-Shmuel,
Danon et al. 2013). Thus, in this particular case, BK was shown to have a neuroprotective
and an anti-inflammatory role. Also, downstream to BK, activating the ERK/NF-xB and
JNK/c-Jun cascades by a Nox/ROS-dependent signal, which enhances c-Fos/AP-1 activity,
in rat brain astrocytes (RBA-1) is essential for Heme Oxygenase-1 (HO-1) up-regulation and
activation (Hsieh, Wang et al. 2010). Indeed, HO-1 is a stress-inducible protein that acts
downstream of interleukin-10 and represents a potential therapeutic target for treating
inflammatory diseases (Lee and Chau 2002). Also, activation of the ROS-dependent NF-E2-
related factor 2 in astrocytes, was shown to contribute to HO-1 induction via BK (Hsieh,
Wang et al. 2010).

Enzymatically-generated kinins are agonists of the B2R and must be processed by a
carboxypeptidase to generate B1R agonists: des-Arg®-BDK or des-Argl0-kallidin (Zhang,
Tan et al. 2008). In fact, B1R heterodimerizes with CPM producing des-Arg®-BK to
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generate signals stimulating pro-inflammatory processes (Zhang, Tan et al. 2008). In
addition, the B1R- and CPM- dependent calcium signals require activation of the B2R by
BK (Zhang, Tan et al. 2008). Previously, in neuro-2A cell model and in rat astrocytes
exposed to BK, Ikeda et al. have shown that calcium increase was suppressed by a B2R
antagonist, Hoe-140, but not by a B1R antagonist, des-Arg-Hoe-140, suggesting that the
effect occurred specifically through B2R activation (lkeda, Ueno et al. 2000). In a recent
study, RT-gPCR confirmed the expression of B1R and B2R in U-138MG and U-251MG
human glioma cell lines, and the activation of these receptors by des-Arg®-BK (B1R agonist)
and BK (B2R agonist) highlighted on the role of these receptors in glioma cell expansion,
growth and viability (Nicoletti, Erig et al. 2014). Nevertheless, treatment of these cell lines
with SSR240612 (B1R antagonist) and HOE-140 lead to glioblastoma cell death in a
concentration-dependent manner (Nicoletti, Erig et al. 2014). Moreover, the kinin-induced
proliferative outcomes of these glioblastoma cell lineages were associated to the activation
of PI3K/Akt and ERK 1/2 pathways (Nicoletti, Erig et al. 2014), confirming the previous
findings of Zhang et al. (Zhang, Larner et al. 2009) and Liu et al. (Liu, Zhang et al. 2009)
[discussed above].

1.3 Kinin signaling: pathways cross talk in neuroinflammation

Neuroinflammation is a complex orchestration of inflammatory infiltrates mainly
neutrophils and microglia and their downstream consequences in terms of the released
interleukins, cytokines and chemokines ultimately causing apoptosis, neurodegeneration,
altered astrocytic function, vasodilation and increased permeability (Cherry, Olschowka et
al. 2014). While a balanced neuroinflammatory response to an initial mechanical or
chemical insult is necessary for healing and regeneration, uncontrolled inflammation may
cause permanent neuronal loss, scarring and cytodestruction (Gao and Hong 2008, Abou-El-
Hassan and Zaraket 2017).

Inflammation is the first line of defense of an organism following an injury or infection. It
results in local vasodilation due to the release of mast cell and platelet constituents
including: histamine, leukotrienes, serotonin and prostaglandins (Theoharides, Alysandratos
et al. 2012). BK is another important vasodilator that has been shown to induce
vasodilatation of resistance arteries in humans via nitric oxide (O'Kane, Webb et al. 1994)
and endothelium-derived hyperpolarizing factor (EDHF) (Honing, Smits et al. 2000).

Kinins are well known inflammatory regulators outside the central nervous system (CNS).
Despite a well-known distribution of the kinin system throughout the brain, the exact role of
BK in the CNS is still under-investigated (Sarit, Lajos et al. 2012). Given the distribution of
B1R and B2R in the CNS discussed above and their presence on neurons, astrocytes,
microglia, oligodendrocytes, and endothelial cells (Jeftinija, Jeftinija et al. 1996, Simpson,
Mehotra et al. 1997, Abbott 2000, Fleisher-Berkovich, Filipovich-Rimon et al. 2010), it has
been proposed that, by acting on B1R and B2R, BK and substance P exert a significant pro-
inflammatory role and can induce a neurogenic inflammation resulting in vasodilation,
plasma extravasation and subsequent development of edema and neuronal degeneration
(Raslan, Schwarz et al. 2010, Thornton, Ziebell et al. 2010). At the level of astrocytes, for
instance, astrogliosis develops following an injury (Eng and Ghirnikar 1994). Subsequently,
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astrocytes then release calcium, ROS, glutamate, MMP-9, PLA2 and IL-6 in a B2R-
activated ERK1/2 pathway and not via B1R (Jeftinija, Jeftinija et al. 1996, Hsieh, Yen et al.
2004, Hsieh, Wu et al. 2006, Kim, Cho et al. 2010). Microglia were also found to host B2R
whose role was found to be neuroprotective in terms of lipopolysaccharide-induced
microglial activation after the administration of BK whereas B1R stimulation induced
microglial migration (Ifuku, Farber et al. 2007, Noda, Kariura et al. 2007). In addition, these
mediators provoke BBB disruption; leading to edema, neuronal injury and eventually
neuronal and glial cell death, further highlighting the prominent role of kinins in brain
inflammation (Su, Cui et al. 2009, Raslan, Schwarz et al.). One of the findings related to the
BK mechanism of action is its ability to regulate Claudin-5, a tight junction protein mainly
found in the BBB (Zhou, Yang et al. 2014). In particular, Zhou et al. demonstrated that BK
provokes intracellular calcium release in primary cultures of rat brain microvascular
endothelial cells (BMECs) via the activation of IP3 and Ryanodine receptors found on the
surface of the endoplasmic reticulum (ER). This calcium induced-calcium release provoked
the internalization and downregulation of claudin-5, followed by a disruption of BBB
permeability (Zhou, Yang et al. 2014). For instance, inhibition of calcium-dependent
potassium channels resulted in significant inhibition of vasodilatation in cerebral arterioles
exposed to hydrogen peroxide or BK-induced hydrogen peroxide (Gorlach and Wahl 1996,
Sobey, Heistad et al. 1997).

Oxidative stress characterized by an excessive production of RAS byproducts, ROS and
NADPH oxidase (Nox) along with matrix metalloproteinase-9 (MMP-9), cytosolic
phospholipase A2 (cPLA2), cyclooxygenase-2 (COX-2), iNOS induced by proinflammatory
factors such as cytokines, interleukins (IL) and peroxidants is usually thought to be
responsible for tissue injury associated with a range of brain injury, inflammation, and
degenerative diseases (Theodoropoulos and Loumos 1991, Abbott 2000, Stegbauer, Lee et
al. 2009, Uttara, Singh et al. 2009, Labandeira-Garcia, Rodriguez-Perez et al. 2017, Regoli
and Gobeil 2017). A recent work by Yang et al. highlighted the contribution of BK in
enhancing the production and release of different molecules mediating apoptotic cell death
from astrocytes (Yang, Hsieh et al. 2013). More specifically, BK-treated RBA-1 cells were
shown to release neurotoxic factors such as ROS, MMP-9 and HO-1/CO, inducing neuronal
apoptosis via a caspase-3-dependent pathway. These multiple inflammatory effectors can be
responsible for neurodegenerative disorders leading to neural injury, making BK a promising
target in strategic pharmacological interventions (Yang, Hsieh et al. 2013). As shown in the
previous section, BK has a protective effect in the health state, however; under stressful
circumstances, BK worsens the initial insult.

Neuroglial cells are particularly susceptible to the injurious effects of oxidative stress. In
brain astrocytes, Wu et al. showed that IL-1beta stimulated c-Src-dependent transactivation
of platelet-derived growth factor receptor (PDGFR) acting downstream through the PDGFR/
PI3K/Akt cascade to increase proMMP-9 expression (Wu, Hsieh et al. 2008). MMP-9 gene
up-regulation and cell migration were found to be induced by BK via activation of a PKC-
delta-dependent ERK/EIk-1 pathway resulting in tissue remodeling (Hsieh, Wu et al. 2008).
Specifically, downstream to PKC-delta, ERK1/2 undergoes phosphorylation and
translocation activating transcription factor EIk-1. Recently, Lin et al. showed that BK may
also induce MMP-9 expression via the AP-1 (c-Fos/c-Jun) PKC-a-mediated NADPH
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oxidase 2 (Nox2) Nox2/ROS signaling pathway (Lin, Hsieh et al. 2012). From a different
approach, BK activated PKC-delta, p42/p44 MAPK, and NF-xB sequence inducing
cytosolic phospholipase A2 (cPLA?2) expression as well as iNOS gene up-regulation (Hsieh,
Wau et al. 2006, Wang, Hsieh et al. 2011). Produced NO enhanced astrocyte migration
through tyrosine nitration of MMP-9 (Wang, Hsieh et al. 2011). IL-1 and TNF-a may also
modulate cPLA2 activity and expression (Xu, Chalimoniuk et al. 2003). In the context of
neurodegeneration, Stephenson et al. showed an increase in immunoreactivity to cPLA2 in
astrocytes in the cortex of Alzheimer’s disease (AD) patients (Stephenson, Rash et al. 1999).
The same pathway (PKC-delta, p42/p44, MAPK and NF-xB) resulted in upregulation of
BK-induced cyclooxygenase-2 (COX-2) expression and prostaglandin E2 (PGE2) release
(Hsieh, Wang et al. 2007). In the brain tissue, COX-2 leads to increased synthesis of
prostanoids, potent inflammatory mediators that are upregulated in neuroinflammatory
conditions (Ohtsuki, Kitagawa et al. 1996, Brambilla, Neary et al. 2002). At the level of
enzymatic Kallidin formation, TK diminished glutamate-induced apoptosis by activating
B2R that phosphorylated ERK1/2 (mainly ERK1), and in turn activated the transcription
factor NF-xB (Liu, Zhang et al. 2009), which controls the expression of many inflammatory
components and blocks cell apoptosis (Li and Stark 2002). Furthermore, tissue factor
pathway inhibitor-2 (TFPI-2), a serine proteinase inhibitor of PK, promoted apoptosis via
the Fas/FasL signaling pathway (Pan, Shi et al. 2011). Taken together, these findings
underline a new set of mechanisms through which brain injury and inflammatory diseases
can occur. All the above-mentioned downstream proteins/pathways, activated by the BK
receptors, have been summarized and linked all together, and are illustrated in Figure 3.

The distribution of the KKS system is quite complex as different components are present in
the plasma, on the surface of blood cells and in various tissue types. The tight regulatory
pathways add to its complexity as kinins are regulated by several metallopeptidases and
serpins besides its multiple interactions with other biological systems such as the RAS
(Motta and Tersariol 2017). Downstream KKS events are interlinked and may be activated
by other mediators such as the RAS and complement pathways, not only those part of the
KKS. However, as described, the multitude of pathways involved in disease progression is
beneficial in terms of therapy. Combinatorial inhibition of at least two pro-inflammatory
promoters may offer more protection by acting on several secondary sequelae including
BBB disturbance, excitotoxicity, generation of ROS, edema, inflammation and scarring (Wu
2015, Soley Bda, Morais et al. 2016). Development of brain atrophy and subsequent
dementia is a major debilitating consequence of severe injury to the nervous system caused,
in part, by uncontrolled activation of the KKS pathways in disease (Bryant and Shariat-
Madar 2009). It is therefore imperative to counteract the development and progression of
long-term secondary consequences. For this, two approaches are possible: Up-down and
down-up. In the up-down approach, a certain mediator (such as BK) that is inhibited would
terminate all of its effector functions, whether beneficial or otherwise. In the down-up
approach, the molecular effectors themselves (such as MMP) are inhibited, thus providing a
more specific outcome. Post-intervention outcomes were also time-dependent, as KKS
neuroinflammatory pathways display temporal alterations (Austinat, Braeuninger et al.
2009). Further research questions may focus on delineating the extent of pathway activation
to best identify the optimal period of intervention at which KKS inhibitors are most
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beneficial. In parallel, dosing requirements and how long a therapy should be kept along
with its associated side-effects are aspects that need to be established. Nevertheless,
combining both approaches in the KKS pathways would be interesting to investigate.

2. The kinin system in neurological disorders: a novel contribution

Neurological disorders encompass a number of different causalities including: genetic
origins, congenital abnormalities, infections, lifestyle (diabetic neuropathy) or can be due to
CNS insults such as brain/spinal cord injury. Diseases of the nervous system have distressing
consequences and are extensively spread among the population, particularly among the
elderly (Simonato, Bennett et al. 2013). Therefore, understanding mechanisms underlying
these disorders is critical to identify effective neurotherapies and markers against these
disorders. Of interest, kinins have recently emerged as “novel” potent stimulators of neural
and neuroglial tissues inducing the synthesis and release of different pro-inflammatory
mediators such as prostanoids and cytotoxins, which will lead to neural tissue damage and
BBB disruption (Walker, Perkins et al. 1995). Nowadays, the participation of kinins in
neurological disorders is under thorough investigation due to their key vital contribution in
several neurological disorders. Having discussed the kinin global signaling pathways in the
previous sections, in this part, we will review the physiological and pathological role of the
KKS in the main neurological disorders, and present evidence of how this knowledge can be
translated into new potential therapies.

2.1 Temporal lobe epilepsy

Temporal lobe epilepsy (TLE) is the most common and most studied adult epileptic
syndrome (Zhang, Cui et al. 2002, Krook-Magnuson, Armstrong et al. 2013, Lee and Lee
2013, Pelliccia, Mai et al. 2013, Kandratavicius, Peixoto-Santos et al. 2015). The necessity
to develop new drugs acting through different mechanisms resides in the fact that some
patients are resistant to the currently available pharmacological therapies (Garga and
Lowenstein 2006). In particular, one-third of epileptic patients develop resistance to modern
anti-epileptic drugs (AEDs) such as phenytoin, carbamazepine, and valproate (Jain 2009).
This resistance is thought to be nonspecific and involves the ATP-binding cassette sub-
family B member 1 (ABCB1). Thus, novel treatment strategies would require the
development of AEDs that are not ABCBL1 substrates and that can inhibit or evade ABCB1
(Jain 2009). New AEDs have been designed to inhibit glutamatergic excitatory
neurotransmission and despite their promising effects in terms of improved mood, these new
AEDs were associated with anxiogenic effects (Mitchell, Seri et al. 2012). In this regard,
some studies have been focusing on the KKS, which is activated in parallel to the glutamate
excitatory pathway in the brain (Rodi, Couture et al. 2005). In 1999, Bregola et al.
demonstrated that stimulation of B1R significantly increased glutamate outflow in cortical
and hippocampal slices of two different models of TLE: kainate-treated (generalized
seizures) and kindled (gradually intensifying seizures from local to generalized) rats;
suggesting that the biological activity of BIR may involve epileptic hyper-excitability
(Bregola, Varani et al. 1999).
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Later on, Ongali et al. performed an autoradiographic analysis, a technique used to visualize
radioactively labeled molecules or fragments using an X-ray film, and demonstrated a
noteworthy drop of B2R binding sites, complemented by a marked rise in B1R labeling in
the brain of rats submitted to the electric kindling model of epilepsy (Ongali, Campos et al.
2003). These discoveries provided evidence for the “pivotal” role of these two receptors in
mediating epilepsy. It has also been shown that B1R contributes to the modulation of
epileptic neuronal excitability (Mazzuferi, Binaschi et al. 2005).

Arganaraz et al. demonstrated enhanced kinin B1R and B2R mRNA levels in the
hippocampi of pilocarpine model of epilepsy adult male Wistar rats 6 hours, 5 and 60 days
after status epilepticus (SE) onset, further corroborating the involvement of B1R and B2R
during acute, silent and chronic periods of TLE (Arganaraz, Silva et al. 2004). These
findings were reiterated in human patients with TLE (Perosa, Arganaraz et al. 2007).
Recently, thimet oligopeptidase (TOP), a metalloprotease whose substrates include BK, was
found to be decreased in levels and activity in TLE patients compared to controls, thus
potentially explaining the increase in KKS activation due to the low kininase TOP activity
(Simoes, Visniauskas et al. 2014). More specifically, kinin B1R was considered to have a
pro-convulsant role, as its absence reduced hippocampal cell death and mossy fiber
sprouting, while the kinin B2R played an anticonvulsant role with an opposite effect on
epileptogenesis (Adolfo Arganaraz, Regina Perosa et al. 2004).

Moreover, kinin receptors were found to be amplified in the pilocarpine-induced epilepsy
animal model, with the preponderance of B2R in the acute disease state and B1R during the
silent period (Silva, Goto et al. 2008). However, the fundamental role of B1IR and B2R in
TLE models is suggested to be unrelated to the inflammatory process, and kinin receptors in
the CNS can be involved in seizure mechanisms by inducing an alteration in kininergic
neurochemical exclusive pathways (Pereira, Gitai et al. 2008). In response to this last
assumption, a recent study revealed an overexpression of the KKS and a neuron—glia
interaction in the inflammatory process found in refractory TLE, associated with
hippocampal sclerosis (TLE-HS) (Simoes, Perosa et al. 2011). This study focused on the co-
localization of Kallikrein 1, a tissue enzyme responsible for kinin release in the
inflammatory cascade, with B1R and B2R in the hippocampus of patients with TLE-HS
(Simoes, Perosa et al. 2011).

In another study, Rodi et al. showed that B1R knockout (KO) mice were more vulnerable to
kainate and kindling seizures compared to wild-type (WT) mice and this excitability was
mainly due to the overexpression of B2R in the dorsal hippocampus and the piriform cortex
of B1 KO mice (Rodi, Buzzi et al. 2013). As a proof of concept, kainic acid (KA) seizures
ceased following pretreatment with the B2R antagonists HOE-140 (icatibant, 100nM) or LF
16-0687 (anatibant, 1IM) (Rodi, Buzzi et al. 2013).

All together, these studies indicate that the early molecular and cellular events leading to the
alteration of a normal brain into an epileptic one involves B2R up-regulation when B1R is
not present yet (Rodi, Buzzi et al. 2013), while later epileptic events (i.e. maintenance of
hyper-excitability) depends on B1R expression (Bregola, Varani et al. 1999, Mazzuferi,
Binaschi et al. 2005).
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2.2 Traumatic brain injury

Traumatic brain injury (TBI) imposes a major public health concern worldwide and
represents a leading cause of death, especially amongst young adults, (Maas, Stocchetti et al.
2008). Its incidence is rising sharply (Roozenbeek, Maas et al. 2013) and the current surge in
military conflicts has resulted in a pronounced increase of military personnel returning from
combat with mild TBI (Ling, Bandak et al. 2009). However, TBI is merely the tip of the
iceberg; some of the TBI patients suffer multiple different long-term complications,
including cognitive impairment, movement disorders, visual and/or auditory deficits,
neuropsychiatric disorders, post-traumatic stress disorder (PTSD), chronic pain, and, may
have a higher risk for the later development of post-traumatic epilepsy and dementia of the
Alzheimer’s type (Risdall and Menon 2011, Shively, Scher et al. 2012).

The concept of TBI has changed and evolved over time, and currently, it is deemed a chronic
disease process rather than an “event” (Masel and DeWitt 2010). Brain injury consists of
two phases: primary and secondary injury (Table I, Figure 4). The original primary
mechanical damage occurs at the time of the traumatic incident and is permanent and solely
amenable to preventative actions (Abou-El-Hassan, Dia et al. 2017). The secondary phase,
which occurs subsequent to the primary insult, is a multifactorial process started at the time
of impact and evolving over the successive subacute phases to the chronic stages of recovery
(Vink and Nimmo 2009). This secondary phase involves a variety of cellular responses and
complex cascades of neurochemical and neurometabolic events aimed at restoring
homeostasis (Abou-El-Hassan, Sukhon et al. 2017). Indeed, kininogen levels increase
immediately following brain trauma and remain as such for 15 hours suggesting that the
secondary post-injury events are related to endothelial and vascular repair mechanisms
(Ellis, Chao et al. 1989).

Several published works have been conducted in order to understand the role of BK
following brain trauma (Albert-Weissenberger, Siren et al. 2013, Hopp and Albert-
Weissenberger 2015). The KKS was shown to be an essential mediator of secondary brain
impairment, namely vasogenic brain edema (Stover, Dohse et al. 2000). Experimental
models of CNS injury demonstrated that BK has a multifactorial involvement in the
secondary phase of TBI. Indeed, BK triggers the release of glutamate and aspartate, and acts
as a potent endothelium-dependent dilator of the brain vasculature (Rosenblum 1986,
Jeftinija, Jeftinija et al. 1996, Thornton, Ziebell et al. 2010). Trabold et al. examined the role
of the KKS in a mouse controlled cortical impact (CCI) model and demonstrated that BK
levels were considerably increased 2 hours post-CCl, before decreasing over subsequent
hours (Trabold, Eros et al. 2010). Indeed, in mongrel cats with vasogenic edema and
disrupted BBB induced by cold injury and focal trauma, respectively, plasma kininogens
were found to penetrate into necrotic and edematous brain tissue where activation of the
KKS provoked additional cerebral ischemia (Maier-Hauff, Baethmann et al. 1984). In
addition, cerebral edema was shown to be reduced in the presence of CP-0127, a specific BK
antagonist, in a cold lesion model in rats (Narotam, Rodell et al. 1998). Consistently in a
randomized, single-blind pilot study, 7-day infusion of CP-0127 (3.0 ug/kg/min) was
compared to placebo in patients with focal cerebral contusions with an initial Glasgow
Coma Score (GCS) of 9-14. CP-0127 seemed to block the secondary brain swelling by
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acting on the cerebral vasculature and limiting dys-autoregulation or by acting on the BBB
to reduce cerebral edema (Narotam, Rodell et al. 1998). In this study, this BK antagonist
proved to be extremely beneficial in preventing brain edema associated with cerebral
contusion and obviating the need for neurosurgical intervention in the majority of treated
patients. In one study, brain swelling due to perifocal cold injury edema in rabbits exposed
to aprotinin and soybean trypsin inhibitor in order to inhibit the KKS, by interfering with
plasma and TK, resulted in marked reduction of vasogenic edema, assessed by the decrease
in weight of the traumatized hemisphere (Unterberg, Dautermann et al. 1986). In parallel, a
recent study by Hopp et al. revealed a decrease in bradykinin-induced post-traumatic lesion
size, brain edema and inflammation after inhibition of factor Xlla, a factor involved in the
activation of PK (Hopp, Nolte et al. 2017).

In regards to the mRNA levels of B1R and B2R, there was a four-fold rise in the expression
of the BIR mRNA at 6 hours after CCI (Trabold, Eros et al. 2010). In this same study,
Trabold et al. further confirmed the role of BK and its receptors in TBI by using genetically
engineered transgenic mice, which were deficient in either B1R or B2R. The authors found
out that B2R™/~ animals had a decrease of brain water content by 50% and did better on
functional outcome tests following injury, in comparison to wild-type animals (Trabold, Eros
et al. 2010). Albert-Weissenberger et al. showed an increase of kinin receptor mRNA levels
on day 7, at later stages post-weight-drop brain injury, along with reduced axonal injury and
astrogliosis post B1R blocking (Albert-Weissenberger, Stetter et al. 2012). Raslan et al.;
however, reported that B1R inhibition rather than B2R reduced brain edema (Raslan,
Schwarz et al. 2010).

In terms of B2R antagonism, a recent study by Ferreira et al. revealed that a subcutaneous
injection of HOE-140 (10 nmol/kg) could protect against memory impairment in a moderate
lateral fluid percussion injury (mLFPI) mouse model, where a plastic cannula was fixed into
a 3 mm burr hole in the mice right parietal bone and connected to a fluid percussion device
producing TBI (Ferreira, Rodrigues et al. 2014). The protective role of HOE-140 against
memory deficits was explained by the reduction of inflammatory IL-1beta, TNF-a and
oxidative-NOX in mLFPI-mediated impairments, which further prevented the increase in
lesion volume. The reduction of such secondary brain damages resulted in a better cognitive
performance, tested via object recognition task and elevated plus maze. Thus, this study
demonstrated the protective involvement of B2R in memory deficits and brain damage post-
mLFPI in mice (Ferreira, Rodrigues et al. 2014). Furthermore, recently, our lab has
demonstrated that inhibition of B2R, using HOE-140, might play a protective role in PC12
cells subjected to the neurotoxic apoptotic specific drug staurosporine (STS) when compared
to the inhibition of B1R and controls (Nokkari, Mouhieddine et al. 2015). STS was used to
simulate cell activity following TBI (Zhang, Larner et al. 2009, Xu, Fan et al. 2014).
Interestingly, we have shown a marked reduction in intracellular calcium release following
B2R inhibition, exclusively. These effects were maintained following STS treatment,
suggesting the potential therapeutic role of HOE-140. We also conducted a neuroproteomics
study and identified a “survival” biological process developed by PC12 cell line post-
HOE-140 treatment (Nokkari, Mouhieddine et al. 2015). The ability of PC12 cells to endure
STS-mediated neurotoxicity, in the presence of a B2R antagonist, was shown to require
activation of the transcription factor NF-xB, in addition to the presence of proteins such as
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Thioredoxin (TXN), Carbonyl reductase 1 (CBR1), aldehyde dehydrogenase 3 family
member Al (ALDH3AL), Histidine triad nucleotide-binding protein 1 (HINT1) and
Microtubule-associated protein RP/EB family member 1 (MAPREL); all of which are linked
to cell death and inflammatory pathways following TBI (Kobeissy, Ottens et al. 2006,
Kobeissy, Sadasivan et al. 2010, Boutte, Yao et al. 2012, Guingab-Cagmat, Newsom et al.
2012). The brain-specific creatine kinase B-type (CKB) was also discovered and was found
to be upregulated in PC12 cells treated with STS and HOE-140 (Nokkari 2014).
Remarkably, this protein was shown to lower oxidative stress and was also found to be
involved in neuroprotection (Cunha, Martin-de-Saavedra et al. 2014). Stover et al.
demonstrated that CCl-injured rats had 25% and 27% reduced vasogenic brain edema after
administration of a low (3 mg/kg) and high dose (30 mg/kg) of the LF 16-0687Ms B2R
antagonist (Pelliccia, Mai et al.). They also noted a decreased level of taurine, hypoxanthine
and xanthine in the CSF of the brain-injured rats post-LF 16-0687Ms administration,
suggesting a protective role of the B2R antagonist in the reduction of post-traumatic brain
edema (Stover, Dohse et al. 2000). A similar outcome was reported when TBI was caused by
either weight-drop closed head injury or a left parietal cortex focal cold injury (Pruneau,
Chorny et al. 1999, Schulz, Plesnila et al. 2000). The therapeutic role of the B2R antagonist
was further demonstrated in a study conducted by Hellal et al. on mice models of closed-
head trauma (Hellal, Pruneau et al. 2003). In this study, B2R antagonist LF 16-0687Ms
given 30 minutes post-injury lowered neurological deficit and cerebral edema when assessed
4 hours post-trauma-induced diffuse injury (Hellal, Pruneau et al. 2003). Similarly, the
authors showed that neurological function was improved in B2R™/~ mice when compared to
B2R** mice; thus, providing evidence that B2R plays a detrimental role in the development
of neurological deficits, as well as in the inflammatory secondary damage resulting from
diffuse TBI (Hellal, Pruneau et al. 2003). Comparable results were obtained by lvashkova et
al. after infusion of the B2R antagonist LF 18-1505T on CHT rat models; (Ivashkova,
Svetnitsky et al. 2006). Another study emphasized the neuroprotective role of the B2R
antagonist as compared to the B1R antagonist B9858. Specifically, HOE-140 was shown to
reduce lesion volume and brain swelling induced by cold injury (=78°C) in the parietal
cortex of rats and mice, a therapeutic effect that was not reproduced when using a B1R
antagonist (Gorlach, Hortobagyi et al. 2001). The B2R antagonist reduced brain edema and
improved neurological outcome after closed head trauma in rats without affecting
physiologic values such as blood pressure and glucose concentration (Ivashkova, Svetnitsky
et al. 2006). At the clinical level, there is no evidence on the effectivity of B2R antagonism
in reducing mortality or disability after TBI (Ker and Blackhall 2008).

In a recent study by Hopp et al. aiming to study the neuroinflammotary outcomes post-factor
Xl inhibition, secondary brain damage was found to be alleviated in a cortical cryogenic
lesion model in mice after inhibition of activated factor XII using recombinant human
albumin-fused Infestin-4 (Hopp, Nolte et al. 2017). In the study, quantification of some
interleukins, chemokines, cytokines, and adhesion molecules revealed a reduction in BBB
disruption and brain edema as well as brain lesion size, thereby, promoting the therapeutic
potential of pharmacological blocking of activated factor XII. In a CCI animal model,
treatment with C1-INH at 10 min or 1-hour post-CClI revealed smaller lesions and better
cognitive function (Longhi, Perego et al. 2008, Longhi, Perego et al. 2009).
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On the translational level, Kunz et al. performed a comparative clinical study on 29 patients
diagnosed with acute cerebral lesions (TBI, subarachnoid hemorrhage (SAH), intracerebral
hemorrhage (ICH) and ischemic stroke) (Kunz, Nussberger et al. 2013). Blood and CSF of
patients were collected and processed to measure BK concentrations along with the extent of
cerebral edema and ICP, which were compared to 7 patients with lumbar drainage as
controls. The results confirmed the presence of an association between acute cerebral lesions
and increased levels of BK in the CSF. Specifically, cerebral edema and ICP extent were
associated with elevated CSF BK levels in TBI, SAH and ICH. As suggested in the study,
BK-blocking agents could be potential novel therapeutic intervention in brain injuries
(Kunz, Nussberger et al. 2013). Also, plasma and cerebrospinal fluid (CSF) levels of the
stable BK metabolite, BK1-5, were considerably and distinctly increased in patients with
acute trauma (34700 fmol/ml in patients vs. 34.9 fmol/ml in normal volunteers) (Marmarou,
Guy et al. 2005).

Since different components of the KSS are present in the blood and CSF of brain trauma
patients as well as in the biofluids of animal models of TBI strengthen the promising role of
B2R antagonists in reducing brain edema, cytodestruction and neuroinflammation. However,
data from clinical trials of B2R blockage did not provide successful translational benefits
due to either adverse effects of B2R blocking agents or the low number of study participants
(Marmarou, Nichols et al. 1999, Mahmoudian, Mehrpour et al. 2003, Marmarou, Guy et al.
2005, Shakur, Andrews et al. 2009).

Further well-designed and supported studies are needed to ascertain the prognosis of using
B2R antagonists in terms of mortality and/or disability. Variation in the available TBI
models (closed-head weight-drop, fluid percussion, CCI, cryogenic injury) besides
inconsistent methodologies may justify some of the observed discrepancies.

Stroke injury includes both ischemic and non-traumatic hemorrhage to the brain. Ischemic
stroke is the most prevalent representing 80% or more of all strokes (Chao and Chao 2005,
Hirtz, Thurman et al. 2007), and up till now, the middle cerebral artery occlusion (MCAQ)
model is the best candidate to study ischemic stroke (Chao and Chao 2005). In MCAO,
MRNA and protein levels of B1R and B2R were significantly elevated as early as 4 hours
post-insult and persisted through day 3 (Austinat, Braeuninger et al. 2009). In parallel, there
is an increase in BK and kallidin levels, maximally at 12 hours post-MCAOQO (Groger,
Lebesgue et al. 2005).

Liu et al. exposed human SH-SY5Y cells to oxygen and glucose deprivation (OGD) after
which treatment with TK was found to enhance induction of autophagy by B2R upregulation
(Liu, Lu et al. 2016). B2R antagonism in parallel to TK treatment resulted in a decrease in
inflammation, oxidative stress, mortality rate and post-ischemic brain injury (Chao and Chao
2006). Pathways activated by TK included mitogen-activated protein kinase 1/2 (MEK1/2)/
ERK1/2 and AMP-activated protein kinase (AMPK)/tuberous sclerosis complex 2 (TSC2)/
mammalian target of rapamycin (mTOR) (Liu, Zhang et al. 2009, Liu, Lu et al. 2016). Since
diabetics are at an increased risk of developing ischemic stroke, TK administration was
reported to be neuroprotective in terms of alleviating cerebral Ischemia-Reperfusion (I/R)
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Injury by activating the B2R-ERK1/2-CREB-Bcl-2 signaling cascade at the molecular level
and reduced the infarct volume at the structural level (Shi, Yuan et al. 2016). In a different
study, TK was shown to protect against I/R injury through the B2R Homerlb/c-ERK1/2 and
Homerlb/c-PI13K-Akt signaling pathways (Su, Tang et al. 2012). Furthermore, in a rat stroke
model, immediate rather than delayed TK treatment resulted in remarkably enhanced
neurological deficits and decreased infarct size accomplished via suppressing TLR4/NF-xB
levels and activating Nrf2 signaling pathway (Yang, Su et al. 2017). Thus, taken together, all
of the above evidence supports TK as a potential therapeutic strategy for management of
ischemic stroke.

Given the recent evidence that urinary TK is a stronger predictor of stroke recurrence
compared to plasma TK (Zhang, Ding et al. 2011, Ran, Zhang et al. 2015), human urinary
kallidinogenase (HUK), a TK extracted from urine, was recently reported to promote neuro-
repair mechanisms; particularly angiogenesis in an MCAO animal stroke model via an
ERK1/2 dependent-pathway (Han, Li et al. 2015). In a clinical trial to assess the clinical
efficacy of HUK in treating acute cerebral infarction, 110 patients were randomly assigned
two groups: one receiving HUK at a dose of 0.15 PNA unit in 100 mL saline infused
intravenously once a day for 14 days and another control group (Li, Zha et al. 2015). Pre-
treatment National Institutes of Health Stroke Scale (NIHSS) scores between the two groups
were not significantly different, whereas NIHSS scores of both groups declined post-
treatment and more so in the HUK group indicating the clinical efficacy of HUK in reducing
stroke-induced impairment. Also, patients with level 3 hypertension who received HUK had
a significantly lower Modified Rankin Scale (mRS) score and a higher recovery rate
compared to the control group (Wu, Lyu et al. 2017). Unlike kallidin, BK concentrations
were not significantly different between controls and stroke patients, yet, high PK levels
may increase the risk of stroke in young women (Wagner, Kalb et al. 2002, Siegerink,
Govers-Riemslag et al. 2010). This highlights the role of urinary TK as a predictor of stroke
recurrence.

The role of PK in ischemic stroke has been investigated. As stated previously, PK cleaves
HK into BK and activates coagulation factor XII. It can be inferred that PK is involved in
thrombus formation and inflammation, which are the underlying causes of stroke.
Interestingly, Gob et al. demonstrated that PK-deficient MCAO mice were less vulnerable to
brain infarctions, infarct-associated hemorrhage and neurological deficits when compared to
controls (Gob, Reymann et al. 2015). Furthermore, the maintenance of an intact BBB in
prekallikrein deficient mice (klkb1~") highlighted the usefulness of PK inhibition in
fighting thromboembolic consequences observed in stroke (Gob, Reymann et al. 2015).
Mechanistically, Stavrou et al. recently showed that the reduced thrombosis observed in
klkb1~"= mice was found to be due to increased Mas receptor, prostacyclin, aortic
vasculoprotective transcription factors (Sirtl and KLF4) and decreased tissue factor
(Stavrou, Fang et al. 2015). Storini et al. demonstrated in their brain ischemia/reperfusion
mouse model that DX-88 (a selective recombinant inhibitor of human PK), a drug approved
for the treatment of hereditary angioedema which is a disease characterized by a deficiency
of C1 inhibitor (C1-INH), induces a dose-dependent decline in the ischemic volume and
swelling, lowers the amount of dying neurons, and drastically diminishes functional
neurological damage for up to 7 days post-ischemia (Storini, Bergamaschini et al. 2006)
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(Caliezi, Wuillemin et al. 2000). C1-INH, an inhibitor of C1 and activated factor XII, is one
of the major endogenous PK inhibitors (Caliezi, Wuillemin et al. 2000) and was found to
reduce the infarct size post-MCAQ in mice (De Simoni, Storini et al. 2003, Heydenreich,
Nolte et al. 2012) via anti-inflammatory and anti-apoptotic mechanisms (Storini, Rossi et al.
2005). Aprotinin, another serine protease inhibitor, was found to reduce the risk of stroke in
patients undergoing extracorporeal circulation when given at high doses along with
improved neurologic deficits (Levy, Pifarre et al. 1995, Homi, Sheng et al. 2010). On the
contrary, Mangano et al. reported an increased risk of stroke using aprotinin after which it
was withdrawn from the market (Mangano, Tudor et al. 2006). A newer kallikrein inhibitor,
CU-2010, had better myocardial outcomes but similar antifibrinolytic capacity compared to
aprotinin (Dietrich, Nicklisch et al. 2009, Szabo, Veres et al. 2010).

A novel study by Langhauser et al. indicated that in a model of acute ischemic stroke in
kininogen deficient Kgn1~'~ mice, ischemic neurodegeneration and BBB permeability were
prevented by a combination of antithrombotic and anti-inflammatory mechanisms but
without increasing the risk of intracerebral hemorrhage (Langhauser, Gob et al. 2012). In
MCAO-mice, tissue plasminogen activator (tPA) was found to promote PK activity via a
factor XII-dependent mechanism exacerbating intracranial hemorrhage, edema and
infarction (Simao, Ustunkaya et al. 2017). To decipher the role of factor XII in stroke, in
factor XII-deficient mice as wells as in its inhibition using Infestin-4, significant protection
against ischemia without an adverse increased risk of bleeding was noted (Kleinschnitz,
Stoll et al. 2006, Hagedorn, Schmidbauer et al. 2010). Also, PK inhibition post-tPA
treatment reduced MMP-9 levels resulting in reduced BBB permeability. Administration of
both tPA and PK inhibitor lead to increased clot dissolution 7 vitro suggesting that the
combined therapy of these two compounds may reduce cerebrovascular thrombotic disease
without increasing the likelihood of bleeding. Clear evidence on the role of factor XII has
been obtained in animal models; yet, in human, the data yielded contrasting findings. In
young women, high levels of factor Xlla raised the odds ratio for stroke whereas in a study
of 21 patients deficient for factor XII showed no thrombotic events over a 15-year follow-up
period (Siegerink, Govers-Riemslag et al. 2010) (Girolami, Randi et al. 2005). Thus, further
clinical research with well-controlled variables is warranted to accurately figure the
protective outcomes of inhibiting factor XII.

The role of BK in neuronal damage has also been investigated in different experimental
stroke models. After 8-minute long four-vessel occlusion of the forebrain in male Wistar
rats, assessment at 3 days after reperfusion showed that BK administration attenuated the
extensive neuronal degeneration via a decrease in cytoplasmic mitochondrial enzyme
manganese superoxide dismutase (MnSOD) and caspase-3 as compared to placebo rats
(Danielisova, Gottlieb et al. 2009). Interestingly, MnSOD is a mitochondrial anti-oxidant
enzyme in the cytosol; hence a probable mechanism of protection might involve blockage of
mitochondrial proteins release to the cytoplasm, in addition to blockage of the mitochondrial
pathway of apoptosis in post-ischemic brain injury (Danielisova, Gottlieb et al. 2008). In
another study by Bovenzi et al., BK treatment on primary porcine cerebral microvascular
endothelial cells () CMVEC) and brain micro-vessels in organo-typic explants revealed a
major decline in the endothelial cell death elicited by hydrogen peroxide and
lipopolysaccharides (Bovenzi, Savard et al. 2010). This phenomenon is thought to be
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triggered by reprogramming genes taking part in cell survival, such as Bc/-2,
cyclooxygenase-2, and copper zinc-SOD (CuznSOD). From a different approach,
Danielisova et al. focused their study on the consequences of BK on endogenous SOD after
transient forebrain ischemia in rats (Danielisova, Gottlieb et al. 2008). The authors also
found a marked reduction in the activity of CuZnSOD 3 days post-ischemia, while the
activity of MnSOD was found to be significantly increased. Given these mechanisms,
Danielisova et al. confirmed that the administration of BK prior to the onset of permanent
detrimental ischemic injury-related changes is neuroprotective (Danielisova, Gottlieb et al.
2014). Indeed, BK post-conditioning in a rat model reduced total infarct volumes, decreased
the number of impaired neurons in the hippocampal CA1 region and inhibited the activity of
the endogenous antioxidant enzymes, SOD and catalase enzymes. Importantly, BK treatment
was shown to be effective after a strong MCAO attack (60 minutes) and also many hours
post cerebral ischemia (Danielisova, Gottlieb et al. 2014). Furthermore, BK is thought to
indirectly participate in the mechanism of action of ACE inhibitors as it was shown to confer
microvascular endothelial protection and maintenance of vascular integrity in animal disease
models and patients treated with ACE inhibitor and AT1 receptor antagonists (ARA)
(Duncan, Kladis et al. 2000, Matsumoto, Manabe et al. 2003, Battegay, de Miguel et al.
2007, Bovenzi, Savard et al. 2010). BK conditioning was also found to show behavioral and
memory improvements as assessed by a Barnes maze (Lalkovicova, Bonova et al. 2015).
This finding provides a neuroprotective role of BK from transient global cerebral ischemia/
reperfusion injury.

In the scope of endogenous regulation, urodilatin, a hormone that causes natriuresis, was
reported to reduce brain edema in MCAO mice, highlighting the existence of endogenous
BK antagonist and its potential to reverse the detrimental consequences of the KSS in stroke
(Dobrivojevic, Spiranec et al. 2016). It was shown by Smeda et al. that Kyoto Wistar stroke-
prone spontaneously hypertensive rats (SHRsp) with hypertensive encephalopathy (HE) or
cerebral hemorrhage could not vasodilate to BK; however, protease-activated receptor 2
(PAR2) expression and vasodilation function were not affected in the MCA SHRsp after HE
or cerebral hemorrhage. Therefore, PAR2 could be pharmacologically used to stimulate
cerebrovascular dilation, ameliorating cerebrovascular vasospasm, which often occurs after
cerebral hemorrhage (Smeda, McGuire et al. 2010).

Following the discovery of the beneficial effects of the specific non-peptide competitive
B2R antagonist LF 16-0687Ms on brain edema evolution, and functional recovery post-TBI,
the role of this same antagonist was investigated in rats with focal cerebral ischemia model
(Zausinger, Lumenta et al. 2002). In this study, Sprague-Dawley rats were subjected to
MCAQO for 90 mins by an intraluminal filament and cerebral blood flow was recorded by
flowmetry. B2R antagonism attenuated post-ischemic brain swelling, improved functional
neurological recovery and limited ischemic tissue damage. Similarly, subarachnoid
hemorrhage (SAH), mortality and secondary brain damage post-SAH in BK-knockout mice
is mediated by B2R signaling (Scholler, Feiler et al. 2011). LF 16-0687Ms used by Klasner
et al. and Ding-Zhou et al. and CP-0597 used by Relton et al. also reported similar findings
in MCAO animal models, whereby B2R antagonism resulted in reduced infarct volume,
penumbral damage, necrotic neurons, edema and functional outcomes (Relton, Beckey et al.
1997, Ding-Zhou, Margaill et al. 2003, Klasner, Lumenta et al. 2006). Similar protective
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findings were also reported using Bradyzide, a highly selective B2R antagonist (Su, Cui et
al. 2009). The KKS promotes ischemic-stroke induced brain injuries via B2R (Groger,
Lebesgue et al. 2005). In the study, tissue BK was maximally increased 12 hrs post-45 mins
MCAQ in mice, while B2R was upregulated 2 hrs after ischemia and remained so up to 24
hrs. Indeed, B2-/- mice had improved motor function, smaller infarcts, less brain edema
and survived longer.

On the other hand, Xia et al. demonstrated that MCAO-induced ischemic/reperfusion
damage was intensified in B2R knockout mice (Xia, Smith et al. 2006); while in another
study they discovered that the presence of kallikrein leading to B2R activation, is necessary
to prevent H/R-induced astrocytic apoptosis (Xia, Yin et al. 2004). Similar opposite results
were reported by Austinat et al. when inhibiting B1R resulted in less brain infarction and
edema formation in mice, whereas blocking B2R failed to give similar neuroprotective effect
(Austinat, Braeuninger et al. 2009). In diabetic rats exposed to I/R injury, both B1R and B2R
were upregulated relatively more in astrocytes and neurons, respectively (Sang, Liu et al.
2016). The study also showed the contrary to B2R antagonism, B1R inhibition yielded
reduced infarct volume, neurological deficits, apoptosis, and degeneration at 24 hrs after
reperfusion. In the context of diabetes, selective blockade or activation opens new avenues
for ischemic stroke treatment. For instance, Desposito et al. recently showed a reduction in
neurological deficit and infarct size in diabetic mice treated with B1R-agonist by 42-52%
and IS by 66-71%, respectively (Desposito, Zadigue et al. 2017). Importantly, the beneficial
effects of the KKS encompass the reduction of inflammatory cell infiltration, infarct size,
neurological dysfunction, neuronal/glial cell apoptosis, as well as the promotion of
angiogenesis and neurogenesis in ischemic brain (Ping, Chun et al. 2005). These effects are
supplemented by a reduction of oxidative stress and activation of the apoptotic Akt-mediated
signaling pathways (Ping, Chun et al. 2005).

2.4 Spinal cord injury

Spinal cord injury is a devastating condition that is generally caused by high-speed and
impact injuries such as car accidents, falls, sport injuries and violence (Scicli, Forbes et al.).
Damage to the spinal cord includes oligodendrocyte loss and consequent demyelination and
impaired axonal function causing impairments/loss of motor, sensory, or autonomic
function. In addition, edema and disruption of the blood spinal cord barrier (BSCB) are also
observed (Kumar, Ropper et al. 2016). Controlling inflammatory process to prevent damage
spread is emerging as an important component of the therapeutic strategy for SCI (Thornton,
Ziebell et al. 2010).

Yan-feng et al. further confirmed the protective role of BK in the spinal cord ischemic injury
in rats (Yan-Feng, Gang et al. 2008). They showed that BK pre-conditioning increased the
expression of the basic fibroblast growth factor protein (bFGF) after ischemia. bFGF
elevation activates or augments the signal transmission pathway in spinal cord parenchymal
cells to protect neurons from injury (Xu, Kitada et al. 2006). However, this is not the case in
post-conditioning where the tissue has already been ischemic (Yan-Feng, Gang et al. 2008).
Following SCI, short-term outcomes post-BK treatment resulted in depolarization of
interneurons and motoneurons in the ventral horn whereas long-term outcomes include
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spinal cord plasticity characterized by upregulation of glial-derived neurotrophic factor and
an increase in microglia numbers via B2R (Mandadi, Leduc-Pessah et al. 2016). In fact,
kininogen content in traumatized cord segments in rats increased temporally and kinin levels
increased up to 40-fold in 2 hrs indicating the conversion of accumulated kininogen into
Kinin resulting in vasogenic brain edema and posttraumatic vascular injury (Xu, Hsu et al.
1991). Moreover, the modifications in the expression of aquaporin-4 (AQP4) - a protein
highly expressed in the glial cells of the spinal cord - occur in parallel to water content
changes in injured spinal cords. Knowing that BK pre-conditioning can help restore BSCB
integrity, Xu et al., investigated whether pre-ischemic administration of BK could alter the
expression of AQP4 (Xu, Gu et al. 2008). They found that BK was capable of reducing the
expression level of AQP4 protein in the white matter, contributing to spinal cord edema fluid
clearance, 72 hours post-reperfusion (Xu, Gu et al. 2008). These findings shed light on the
molecular mechanism of spinal cord ischemic edema.

Secondary damage post-SCl is partly caused by inflammatory astrogliosis essentially
regulated by PAR2 (Radulovic, Yoon et al. 2015). Greater motor coordination and strength
were observed in SCI mice lacking PAR2 along with attenuated levels of glial fibrillary
acidic protein (GFAP), vimentin and neurocan referred to as key hallmarks of astrogliosis,
besides downregulation of TNF, IL-1p and IL-6. Mechanistically, the study revealed that
neurosin (kallikrein 6) promotes IL-6 secretion in a PAR2 and STAT3-dependent manner.
Therefore, designing antagonists designed against PAR2 represents a new approach in an
attempt to downgrade the severity of secondary neurotrauma. To determine the role of a
select number of kallikreins in the pathogenesis of SCI, Radulovic et al. quantified RNA of
kallikrein 1, 5, 6, 7, 8 and 9 in postmortem human traumatic SCI cases (Radulovic, Yoon et
al. 2013). The most marked elevation that remained so chronically is kallikrein 9 knowing
that kallikreins 5, 6, 7 and 8 may activate pro-kallikrein 9 (Yoon, Blaber et al. 2009).
Kallikreins 1, 5, 6, 7 and 9 are neurotoxic whose targeting should be considered in future
neuroprotective strategies (Scarisbrick, Sabharwal et al. 2006, Scarisbrick, Linbo et al. 2008,
Radulovic, Yoon et al. 2013, Yoon, Radulovic et al. 2013).

Administration of HOE-140 in an SCI rat model attenuated the extravasation of Evans blue
and [131]1-sodium tracers indicating that disruption of BSCB permeability is also mediated
via B2R (Sharma 2000). In overactive urinary bladder (OAB) rats subjected to SCI, B1R
expression was elevated in the urinary bladder, dorsal root ganglion and spinal cord and that
of B2R was elevated in the spinal cord (Forner, Andrade et al. 2012). More importantly,
cystometry showed reduced amplitude and frequency of non-voiding contractions (NVCs)
with both B1R and B2R antagonism. In terms of post-SCI neuropathic pain, transient
receptor potential vanilloid subtype 1 (TRPV1) antagonist improved thermal hyperalgesia
whereas B1R antagonist appeared to reverse thermal hyperalgesia (Rajpal, Gerovac et al.
2007). BK-induced hyperalgesia was inhibited by the selective TRPV4 antagonist
HC-067047 in a PKC-dependent fashion, the outcome that was also inhibited using PKCe
inhibitor (eV1-2) (Costa, Bicca et al. 2017). DomBourian et al. reported similar findings in
rats subject to SCI (DomBourian, Turner et al. 2006). Successively, Pan et al. have
established that BK participates in the early phase of BSCB disruption (Pan, Kastin et al.
2001). Importantly, B9430, a non-selective B1R and B2R antagonist, prevented BSCB
breakdown without disturbing the selective transport system for TNF-a. (required for neuro-
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regeneration). Thus, B9430 is considered an interesting potential therapeutic candidate to
decrease tissue damage induced by SCI (Pan, Kastin et al. 2001). Thus, spinal cord ischemia
protection mediated via BK pre-conditioning occurs via protection of vasculature,
diminished permeability of the BSCB and amelioration of the ischemic neurons (Yan-Feng,
Gang et al. 2008).

2.5 Alzheimer’s disease

Alzheimer’s disease (AD) is portrayed by the deposition of p-amyloid (AB) protein and
neurofibrillary tangles of tau protein in the brain. This p-amyloid protein is a fragment of a
larger protein, the amyloid precursor protein (APP) (Portt, Norman et al.). Particularly, the
1-11 region of A is essential for activation of the contact-kinin system in AD
(Bergamaschini, Donarini et al. 2001). In fact, HK has been massively cleaved in the CSF of
AD patients potentially indicating an interaction of Ap with factor XII and kallikrein
production (Bergamaschini, Parnetti et al. 1998).

The role of the plasma KKS has been experimented by Ashby et al. on human brain tissues
from post-mortem-confirmed cases of sporadic AD, vascular dementia (VaD) and controls
(Ashby, Love et al. 2012). Enolase mMRNA and protein levels were evaluated prior to PK
measurements, to adjust for neuronal loss (Ashby, Love et al. 2012). It was demonstrated
that adjusted PK mRNA and protein levels were particularly elevated in the frontal cortex in
AD, and in both the frontal and temporal cortex in VaD (Ashby, Love et al. 2012). Moreover,
PK activity was shown to be raised in both the frontal and temporal cortex in AD, which
may be a consequence of Ap accumulation (Ashby, Love et al. 2012). As PK is the enzyme
that activates BK, it was also inferred that increased PK in AD correlates with increased BK
release, whose activity was indeed found to induce the processing of APP via a-secretase
(Nitsch, Kim et al. 1998, Ashby, Love et al. 2012). In addition, lores-Marcal et al. showed
that the KKS activation leads to an increase in CSF levels of BK in rats submitted to
neurodegeneration (lores-Marcal, Viel et al. 2006). Remarkably, only the degradation
product of BK (Arg-Pro-Pro) was detected in the brain, implying the contribution of the
kinin processing enzymes: prolyl oligopeptidase (POP) and/or neprilysin (lores-Marcal, Viel
et al. 2006). Given the fact that POP regulates the process of neuropeptides and inactivates
BK, which is itself involved in senile AR plaque formation in AD, POP should be tightly
controlled (Myohanen, Garcia-Horsman et al. 2009). However, BK is a double-edged sword
and concerns should be raised about its dual role. In fact, although BK exerts inflammatory
effects on neurons, it can also exert a neuroprotective effect on glial cells (Viel and Buck
2011).

Still, in the quest of early detectable AD features, Khan et al. presented ERK1 and ERK2 as
peripheral molecular biomarkers, phosphorylated in response to BK-mediated activation of
the inflammatory PKC pathway (Khan and Alkon 2006). Thus, differential ERK1 and ERK2
phosphorylation might be a clinically useful tool in the early diagnosis of AD (Khan and
Alkon 2006). The secretory processing of APP can be quickened by the activation of
different GPCRs, notably B2R (Racchi, lanna et al. 1998). However, in PC12 cells, BK-
induced increase in APP secretion is mediated by PKC; while in NRK-49F cells,
vasopressin-mediated APP processing is PKC-independent (Nitsch, Kim et al. 1998).
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Modulation of neuropeptide receptors offers a conceivable novel strategy for the treatment
of AD (Nitsch, Kim et al. 1998). Racchi et al. were among the first researchers to discover
that APP secretion in human skin fibroblasts depends on the interaction of BK with B2R, but
is independent of PKC activation (Racchi, lanna et al. 1998). It is thought that the
pathophysiological aspect of AD is due to a variation in signal transduction. In 1995, after
demonstrating that human skin fibroblasts contain BK receptors that are intertwined with the
phosphoinositide pathway (Huang, Toral-Barza et al. 1991), Huang et al. showed that the
increase in BK-stimulated IP3 formation in AD fibroblasts was associated with an elevated
BK receptor humber, and that this scenario was occurring following PKC down-regulation
(Huang, Lin et al. 1995, Huang and Gibson 1996). Furthermore, in another study performed
on BK-treated human skin fibroblasts, the effect of BK on soluble APP secretion appeared to
be B2R-dependent and PKC-independent (Racchi, lanna et al. 1998). Moreover, Racchi et
al. suggested that the alteration in PKC activity, adenylate cyclase activity and inositol
turnover in familial and sporadic AD fibroblasts could present different phenotypical
patterns linked to the presence or absence of specific mutations (Racchi, lanna et al. 1998).
In terms of calcium homeostasis, BK-induced greater calcium release primarily from
intracellular stores in cultured fibroblasts isolated from AD patients compared to healthy
controls (Peterson, Ratan et al. 1988, Ito, Oka et al. 1994, Gibson, Zhang et al. 1996). More
specifically, B2R activation was shown to lead to Ser phosphorylation of the fau
microtubule-associated protein in skin fibroblasts, in individuals who have or will develop
AD because of Presenilin 1 mutations or Trisomy 21 (Jong, Ford et al. 2003). Also, CaM
Kinase 1l and GSK-3 were elevated in accordance with tau hyperphosphorylation post-BK in
rat brain (Sengupta, Grundke-Igbal et al. 2006). Interestingly, injection of BK to rat
hippocampus induced Alzheimer-like tau hyperphosphorylation in addition to a
characteristic abnormal behavior as observed using an electronic attack jump platform
(Wang and Wang 2002). This various signaling cascades in early features of AD represents
an interesting molecular signature accessible in the brain but more easily in peripheral
tissues (Hongpaisan, Sun et al. 2011). Furthermore, Khan et al. demonstrated that the
ERK1/2 PKC-based biomarker (AD-biomarker) as assessed in skin fibroblasts has a high
specificity and sensitivity at early stages of the disease, as confirmed by autopsy validation
and clinical diagnosis (Khan and Alkon 2010). This peripheral biomarker has a remarkable
pathophysiological relevance and diagnostic accuracy, and is more convenient for an early
detection of AD as compared to direct measures of amyloid plaques, tau protein, AB1_ 49
and/or AB1_ 4> in the CSF of more advanced cases (Khan and Alkon 2010).

After the introduction of AP1_49, a significant increase in cGMP production was observed
which was inhibited by a BR2 antagonist as well as by a selective PK inhibitor further
indicating the activation of KSS in AD (Wirth, Fink et al. 1999). In a recent study, Prediger
et al. reported that intracerebroventricular injection of Ap1_ 40 peptide results in the
upregulation of the kinin B1R in the hippocampus and cortex of mice, and that the genetic
deletion or pharmacological antagonism of kinin B1R and B2R is capable of ameliorating
the cognitive deficits in AB1_ 4o-treated mice (Prediger, Medeiros et al. 2008). Noteworthy,
both B1R and B2R antagonists, and principally the new orally active non-peptide
antagonists, represent a putative therapeutic candidate for AD treatment (Prediger, Medeiros
et al. 2008). In 2013, Lacoste et al. revealed the detrimental role of B1R on cognition and
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cerebral vessels in an AD transgenic mouse model, expressing the human APP gene (Tg-
SwDI) (Lacoste, Tong et al. 2013). The study demonstrated a selective increase in astrocytic
B1R protein expression, mainly concomitant with the presence of Ap plaques in the
hippocampus of the APP-transgenic mouse brain (Lacoste, Tong et al. 2013). Moreover,
treatment of the APP cell line with the selective brain-penetrant B1R antagonist
(SSR240612) reduced soluble brain AB1_4, diffuse and dense-core AP plaque levels, and
led to an improvement in spatial learning and memory performance, better cerebrovascular
function and reactivity, a reduction in microglial activation, along with amyloidosis repeal
(Lacoste, Tong et al. 2013). Consistently, B1R proved to be involved in neurodegeneration
and memory loss as knock-out B1R mice, and not knock-out B2R mice, had better memory
retention measured by the frequency of conditioned avoidance responses (Lemos, Amaral et
al. 2010). Hence, this work ascertains the deleterious effect of B1R in AD pathogenesis and
proposes the use of SSR240612 as a potential neuroprotective therapy (Lacoste, Tong et al.
2013). A similar study was performed by Passos et al. with the same transgenic mouse
model described above (Tg-SwDI); however, a different B1R antagonist was used: R-715
(Passos, Medeiros et al. 2013). Here, inhibition of B1R significantly increased the deposition
of Ap40 plaques in the brain, which was immediately followed by a marked reduction in the
activation of glial cells and in the levels of pro-inflammatory molecules (Passos, Medeiros et
al. 2013). Similarly, Asraf et al. recently showed that R-715 but not HOE 140 increased NO
and TNF-a release besides microglial accumulation and amyloid deposition (Asraf, Torika
et al. 2017). By regulating Ap deposition and reducing neuroinflammation, the B1IR
represents a novel potential therapeutic approach for AD (Passos, Medeiros et al. 2013).

On one hand, these studies insinuate that B1R is involved in the pathogenesis of AD, as its
inhibition abolishes amyloidosis, cerebrovascular and memory deficits. On the other hand,
activation of B2R was linked to memory preservation (Caetano, Dong-Creste et al. 2015).

2.6 Multiple sclerosis

Multiple Sclerosis is a chronic, progressive immune-mediated disease in which myelin
sheaths around axons of the brain and spinal cord deteriorate (Grigoriadis, van Pesch et al.
2015). These processes are closely related to diffuse neurodegeneration. Although the
underlying mechanisms are still not fully elucidated, the inflammatory demyelinating
disease process is believed to be driven by a T cell-mediated attack and failure of
oligodendrocytes to counterbalance the demyelination (Nakahara, Maeda et al. 2012).
Inflammation is an important hallmark of MS whereby myelin protein-specific T cells enter
the brain, due to BBB disruption, and attack the myelin sheath (Compston and Coles 2008).
A new method to treat MS consists of diminishing the infiltration of immune cells into the
CNS via monoclonal antibodies (such as Natalizumab). Since BK has the ability to alter
leukocyte recruitment by the production of chemo-attractant molecules, namely chemokines,
the KKS has been investigated in the quest for potential therapeutic targets for MS (Souza,
Lomez et al. 2004, Dutra 2017).

One study conducted on experimental autoimmune encephalomyelitis (EAE), which is an
experimental animal model of human MS, demonstrated that B2R has two major effects on
EAE severity: (/) regulating the expression of chemokines, including CCL2 and CCL5, and
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(Schuhmann, Mokhtarzadeh et al.) (7i) modulating leukocyte recruitment and inflammatory
lesions in the CNS (Dos Santos, Roffe et al. 2008). Activation of B1R using B1R agonist
R838, unlike B1R antagonist R715, limits encephalitogenic T lymphocyte recruitment to the
CNS in a viral model of MS (Schulze-Topphoff, Prat et al. 2009). Furthermore,
pharmacological modulation revealed that migration of human Th17 lymphocytes across the
BBB endothelium is regulated by B1R indicating its crucial role in neuroinflammation and
immune cell infiltration (Blaber, Ciric et al. 2004). Another study recognized B1R as a
mediator of BBB disturbance and immune cell transport in EAE (Gobel, Pankratz et al.
2011). Dutra et al. established the central role of B1R in EAE and suggested that B1R
exhibits a double role in the development of EAE via diverse mechanisms at every stage of
the disease, mostly via modulation of Th1l and Th17- myelin-specific lymphocytes and glial
cell-dependent pathways (Dutra, Leite et al. 2011).

It was also demonstrated that B1R-knock out EAE mice show less cognitive deficits and
cholinergic dysfunction, along with blocked mMRNA expression of IL-17 and INF-gamma,
which are pro-inflammatory cytokines, in the lymph nodes, prefrontal cortex and spleen
when compared to control mice (Dutra, Moreira et al. 2013). In addition, B1R was found to
participate in the modulation of EAE neuropathic pain, by causing changes in astrocytic
reactivity (Dutra, Bento et al. 2013). Therefore, MS patients suffering from neuropathic pain
can benefit from treatment with B1R selective antagonists or drugs that reduce kinin release.
Elevations in the levels of proinflammatory cytokines (11-6, TNF-a,, but not IL-1p),
chemokines (MCP-1, MIP-3a, LIX), fractalkine and VEGF observed in EAE rats, were
significantly downregulated post-B1R antagonism using DALBK (Podsiadlo, Sulkowski et
al. 2017). However, a decrease in neuroprotective factors such as IL-10, IL-4, and CNTF
was noticed. In a different study conducted on EAE rats, DALBK consistently prevented
IFN-induced up-regulation of TNF-a and IL-6 release in astrocyte culture (Dutra, Bento et
al. 2013). From a different perspective, Dutra et al. revealed that B1R gene deletion or
antagonism significantly inhibited sensory hypersensitivity indicating a possible treatment of
neuropathic pain in patients suffering from MS. In blood-derived mononuclear cells serially
collected from 6 MS patients, Prat et al. quantified BLR mRNA levels and were found to
correlate positively with the volume of magnetic resonance imaging (MRI) T2-weighted
lesion (Prat, Biernacki et al. 2005). This finding promotes the use of this B1R as an index of
disease activity in MS.

In a recent study, Enalapril, an ACE inhibitor, was administered to EAE mice at a dosage of
0.2 or 1.0 mg/kg/day (Uzawa, Mori et al. 2014). Interestingly, Enalapril alleviated the
severity of EAE, attenuated CNS inflammation, demyelination and infiltration of IL-17-
positive cells into the CNS, and enhanced serum BK levels (Uzawa, Mori et al. 2014). These
favorable effects disappeared in the presence of R-715, a B1R antagonist (Uzawa, Mori et al.
2014). High levels of factor XII activity are present in the plasma of MS patients during
relapse (Gobel, Pankratz et al. 2016). Targeting factor XII renders mice less susceptible to
EAE along with a reduced number of IL-17-producing T cells indicating the promising role
of combating factor XI1I in MS. ACE inhibitors were also reported to abolish apoptosis in
growing control cultures (Weissgarten, Berman et al. 2007). Taken together, these results
demonstrate the above-mentioned unfavorable role of B1R antagonists on EAE mice
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models. However, tight control of the KKS, through ACE inhibitors or B1R inhibitors,
remains a valid therapeutic strategy for MS.

Human tissue factor pathway inhibitor-2 (TFPI-2) protein that inhibits PK, inversely
correlates with the progression of human gliomas; highest levels in the normal brain, lesser
in low-grade gliomas and astrocytomas, and negligible levels in glioblastomas (Rao, Lakka
et al. 2001). Further research by Konduri et al. revealed that TFPI-2 significantly promotes
survival and importantly, an invasive phenotype of human gliomas (Koshikawa, Nakamura et
al. 1996, Konduri, Rao et al. 2001, Tasiou, Konduri et al. 2001).

To elucidate the interactions between GBM cells and mesenchymal stem cells (MSC), Pillat
et al. showed that BK reduced B1R and B2R in MSC, with concomitant elevation of these
receptors in the GBM cell line, suggesting a BK-mediated GBM-MSC crosstalk essential for
tumor progression and invasion (Pillat, Oliveira et al. 2016). Therapeutically and in an
attempt to overcome the tight BBB, in the malignant F98 glioma rat model, treatment with
B1R and B2R agonists enhanced delivery of the anticancer drug carboplatin to the brain as
detected using inductively coupled plasma-mass spectrometry (Cote, Savard et al. 2013).
Similar finding was previously reported by Cote et al. whereby a B2R analogue (R523)
allowed the extravasation of hydrophilic macromolecular compounds towards the tumor
(Cote, Savard et al. 2010). This approach increased survival and eventually, proves to be a
novel way of improving neuro-bioavailability of chemotherapeutic agents.

To investigate the role of kinin receptors in brain malignancy, Nicoletti et al. injected
GL-261 glioma cells into the right striatum of adult wild-type, B1R and B2R knockout
(KOB1R and KOB2R) and B1R B2R double knockout mice (KOB1B2R) (Nicoletti, Senecal
et al. 2016). In KOB1R or SSR240612-treated mice, tumor growth progressed
uncontrollably which was blunted using HOE-140 whereas in KOB1B2R mice or upon
combined administration of both B1R and B2R antagonists, elevation of B1R was
normalized and a decrease in tumor size and mitotic index were noted. The same study
revealed marked B1R immunopositivity in low-grade glioma patients indicating that either
double receptor antagonism or B1R stimulation is of therapeutic value in the management of
glioblastomas (Nicoletti, Senecal et al. 2016).

3. Kinin receptors at the borderline between therapeutic tools and

biomarkers

3.1 Kinins as therapeutic targets

Over the past years, numerous studies have focused on B1R and B2R manipulation
(inhibition and/or activation) as therapeutic targets in the treatment of different brain
disorders such as temporal lobe epilepsy (Arganaraz, Silva et al. 2004), spinal cord injury
(Xu, Kitada et al. 2006, Xu, Gu et al. 2008, Yan-Feng, Gang et al. 2008), Alzheimer’s
disease (Huang, Lin et al. 1995, Nitsch, Kim et al. 1998, Jong, Ford et al. 2003, Prediger,
Medeiros et al. 2008, Lacoste, Tong et al. 2013, Passos, Medeiros et al. 2013), ischemic
stroke (Xia, Yin et al. 2004, Xia, Smith et al. 2006, Austinat, Braeuninger et al. 2009, Liu,
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Zhang et al. 2009, Scholler, Feiler et al. 2011, Woodfin, Hu et al. 2011, Waldner, Baethmann
et al. 2012, Danielisova, Gottlieb et al. 2014) TBI (Narotam, Rodell et al. 1998, Gorlach,
Hortobagyi et al. 2001, Zausinger, Lumenta et al. 2002, Hellal, Pruneau et al. 2003,
Ivashkova, Svetnitsky et al. 2006, Liu, Zhang et al. 2009, Woodfin, Hu et al. 2011, Waldner,
Baethmann et al. 2012, Albert-Weissenberger, Siren et al. 2013), and febrile illness (Soares,
Santos et al. 2017). Nevertheless, the results obtained were controversial. Actually, some
studies have emphasized the implication and protective role of B1R in brain injury while
others have emphasized the critical role of B2R. The disparity of the experimental results is
summarized in Table 11. Although controversial, the results obtained offer encouraging
therapeutic approaches for drug development as shown in Figure 5 (Rodell 1996, Heitsch
2002).

Due to their demonstrated role in brain injury, several studies have evaluated the importance
of the BK antagonist as a therapeutic target after brain trauma. In one study by Zweckberger,
it has been demonstrated that Anatibant, a selective and potent antagonist of B2R, reduces
the severity of brain edema by lowering intracranial pressure, and diminishes the “secondary
loss of viable brain tissue” (Zweckberger and Plesnila 2009). Moreover, it has been verified
that a single subcutaneous injection of Anatibant can treat secondary brain injuries with no
adverse effects, in patients presenting with TBI (Marmarou, Guy et al. 2005). Furthermore,
Raslan et al. showed that BIR™~ mice or the acute use of B1R antagonist R-715 attenuates
cortical damage after focal brain injury in mice, but inhibition of B2R has no major
protective effect. Mechanistically, the blockage of B1R was related to decreased CNS
inflammation and BBB leakage after cryogenic cortical injury (Raslan, Schwarz et al. 2010).

In another study by Waldner et al, it has been shown that BK was implicated in the
secondary brain damage observed following cerebral ischemia, by increasing vascular
permeability and brain edema formation (Waldner, Baethmann et al. 2012). Intra-carotid
injection of BK led to increased numbers of rolling and adherent leukocytes as well as
rolling platelets at the venular endothelium. This was undone by adding a B2R antagonist
and was not observed upon administration of a B1R antagonist. Thus, it was proposed that in
order to reduce secondary brain damage, blockage of B2R but not B1R, might be of
therapeutic benefit (Waldner, Baethmann et al. 2012). Similar results were demonstrated in
the experimental model of stroke (cerebral reperfusion injury) where permeability was
avoided by administering HOE-140.

Urodilatin, a hormone that causes natriuresis was found to reverse the BK-induced increase
in ischemic lesion in MCAO mice highlighting the existence of endogenous BK antagonist
(Dobrivojevic, Spiranec et al. 2016). In addition, it was shown that BK leads to IL-1p,
contributing to BBB breakdown. The acute permeability response to BK relies on
arachidonic acid formation via phospholipase A2 (PLAZ2) activation and subsequent ROS
generation via cyclooxygenase and lipoxygenase (Woodfin, Hu et al. 2011). However,
Albert-Weissenberger et al. demonstrated that inhibiting B1R, but not B2R reduces
inflammation and edema formation in a closed head model of focal TBI (weight drop), thus
exerting a protective effect against cortical cryolesions (Albert-Weissenberger, Siren et al.
2013). An amplified expression of B1R, and not B2R, was observed in the injured
hemispheres of wild-type mice after 7 days of injury. Blocking of B1R showed reduced
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axonal injury and astroglial activation after injury induction (Albert-Weissenberger, Siren et
al. 2013).

Interestingly, Cote et al. demonstrated that a B1R agonist could also be a valuable tool in the
treatment of malignant brain gliomas (Cote, Bovenzi et al. 2012). The authors inoculated
F98 glioma-implanted Fischer rats with natural and synthetic peptide B1R agonists, namely:
LysdesArg?BK (LDBK) and SarLys[DPhe8]desArg?BK (NG29), and found out that NG29
induces selective blood-tumor barrier permeability via B1R activation and a COX-dependent
pathway, and improves local distribution of diverse sized-therapeutics such as Magnevist,
Gadomer, Carboplatin and endogenous albumin, at peri-tumoral sites, (Cote, Bovenzi et al.
2012). Therefore, it can be concluded that the transport of chemotherapeutic agents to treat
brain tumors is highly enhanced when co-administered with synthetic biostable B1R
agonists (Cote, Bovenzi et al. 2012).

3.2 Kinins as novel candidate biomarkers

Despite substantial advances, diagnosis and classification of many neurological disorders
still rely on traditional unidimensional and insensitive approaches that ignore brain
complexity and heterogeneity and the injury-specificity and inter-individual variability.
These factors necessitate the urgent need for identifying sensitive and specific markers for
such disorders. Brain injury, in concept, triggers cellular damage and neural disintegration,
causing the release of proteins into biofluids (CSF and blood). In the urine of AD patients,
level of acid-stable proteinase inhibitors such as trypsin inhibitors, and not kallikrein
inhibitors, was elevated compared to controls (Sparro, Bonaiuto et al. 1996). This suggests
that not only CSF and blood can be used for biomarker discovery, but also urine has its own
fingerprint in the progression of AD. These proteins, upon identifications and assessment,
can represent putative biomarkers to reveal the type and magnitude of the injury as well as
insights into the underlying molecular pathophysiology (Mondello, Schmid et al. 2014). In
addition, these molecules may be diagnostic factors themselves and therefore may be used to
guide the treatment as targets of therapy, and monitor the biochemical effect of a drug
(theragnostic markers).

Since 1984, a succession of studies provided evidence of the manifestation of the KKS in the
brain and showed that this system has huge implications in the brain physiological or
pathological conditions (Scicli, Forbes et al. 1984). This knowledge may have integral
clinical implications; several studies have started exploring the potential of the KKS
components as biomarkers of neurological disorders (Diamandis, Scorilas et al. 2004,
Martinez-Morillo, Diamandis et al. 2012, Kunz, Nussberger et al. 2013). For instance, recent
studies have reported elevated BK levels in human CSF after TBI, subarachnoid
hemorrhage, intracerebral hemorrhage and ischemic stroke that interrelated with the
intensity of edema formation (Kaplanski, Pruneau et al. 2002, Groger, Lebesgue et al. 2005,
Tsuda 2009, Kunz, Nussberger et al. 2013, Dobrivojevic, Spiranec et al. 2015). These
studies demonstrate a strong relationship between the KKS and brain degeneration
suggesting that different components of the KKS could be useful in the diagnosis and
improved discrimination of neurodegenerative disorders. However, given the lack of
specificity of the components of the KKS, they should be coupled with simultaneous
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assessment of other brain-specific markers. This “multimarker-concept” approach is likely to
provide independent and complementary prognostic information and improve the prognostic
accuracy of a specific disease.

Altogether, these interpretations support the concept that the diverse components of the KKS
can be utilized as markers of pathological processes underlying several neurological
diseases; these can guide clinical diagnosis or monitor the progression of the disease as well
as assess disease risk and prognosis. Importantly, they also appear to be risk factors
themselves and therefore may be potential targets of therapy, providing opportunities to
prevent the onset or progression of the disease.

4. Concluding remarks

To date, the major contribution of the KKS to the inflammatory pathways observed in
several neurological disorders is no more questionable. The KKS influences normal growth
and repair, the functions of which are disrupted in pathological conditions leading to
uncontrolled inflammation and exacerbated neurodegeneration as discussed in several of the
disorders (TBI, stroke, SCI etc.). For this reason, targeting the KKS in pathological settings
is hypothesized to limit the extent of tissue loss and irreversible damage and regulate the
hyperactivation of the inflammatory process. However, this theory when applied in reality,
the resulting outcomes obtained with either inhibition or knockdown of BK receptor
constitute the main controversy in the prognostic value of targeting components of the KSS
in disease. This paradox between the varieties of effects observed post-KSS intervention has
been well-demonstrated in different neurological disorders and even within the same
condition which highlight a more complex “unidentified” roles of the KKS. Therefore, more
thorough studies are warranted to decipher the exact roles of this ubiquities and
multifunctional KKS which can be achieved via more advanced approaches such as
proteomics and genomics. Future work using innovative therapeutic strategies will be critical
to determine the importance of the KKS as a potential target for treating neurological
disorders and preventing further downstream neurodegeneration.

The ultimate desired outcome is a reduction in the severity of injury, should it initially occur.
This can be achieved at multiple levels, the best of which is the prevention of injury. At the
bed-side clinical level, there is no skepticism on the role of general practitioners in providing
holistic care to neurological patients in terms of ensuring personal safety, offering early
screening services and providing pieces of advice on prevention of disease. The following
level is bench-side; delineating detailed pathways, utilizing experimental models for drug
development and uncovering accurate answers to the controversial outcomes observed from
utilizing multiple approaches and levels of therapy. To alleviate inconsistency of research
results, further diligent work is needed to standardize preclinical research protocols to
account for discrepancies in animal species, injury model, drug administration and methods
used to measure the observed outcomes. This prepares for a smooth transition to conducting
clinical trials based on a solid preclinical evidence.
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HO-1
HMWK
H/R
ICH
KA
KKS
B1R
B2R
KO
MCAO
mLFPI
NO
pCMVEC

PTSD

Prog Neurobiol. Author manuscript; available in PMC 2019 June 01.

Alzheimer’s type

anti-epileptic drugs

blood-brain barrier

Bradykinin
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high molecular weight kininogen
hypoxia/reperfusion
intracerebral hemorrhage

kainic acid
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knockout
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RAS renin angiotensin system
SE status epilepticus
STS Staurosporine
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TLE Temporal lobe epilepsy
TK tissue kallikrein
TBI Traumatic brain injury
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. The vasodilatory kallikrein-kinin system (KKS), due to its ubiquitous roles,

. Recent studies have highlighted the different KKS involvement and functions

. The altered KKS dynamics can be utilized as putative biomarkers in different

Highlights

mediates several of the pathophysiological features of different neurological
disorders as well as being implicated in regulating proper brain functions.

in the brain and have identified that inhibition or stimulation its receptors
(B1R and B2R), can exhibit neuroprotective and/or pathological outcomes.

neurological disorders
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Figure 1. Schematic representation of the HK and LK domains

The LK and HK have identical N-terminus but differ at their C-terminus. The mature HK is
a single chain glycoprotein that can be divided into 6 domains. The first 3 domains (D1, D2
and D3) compose the heavy chain of the HK while the last 2 domains (D5 and D6) make its

light chain. The heavy chain of the LK is composed of 3 domains identical to the ones

composing the heavy chain of the HK; however, the light chain of the LK consists only of
domain D5. The HK releases BK: RPPGFSPFR or Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg
from domain 4 (D4) upon PK cleavage. The LK gives rise to Kallidin: KRPPGFSPFR or

Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg upon tissue kallikrein cleavage. LK: fow-

molecular-weight kininogen, HK: high-molecular-weight kininogen, PK: plasma kallikrein,

BK: bradykinin.
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Figure 2. Tissue and plasma KKS activation pathway following brain injury
Following brain injury, released proteolytic enzymes activate tissue kallikrein, which

converts LK into Kallidin. An aminopeptidase can further convert Kallidin into BK. Another
inflammatory protein released post-brain injury is PRCP, a plasma prekallikrein activator
abundant in the brain. Hageman factor (Factor XII) activates PK, which converts HK into
BK. Kallidin and BK are both agonists of the B2R, and can be further broken down into
Des-Arg®-Kallidin and Des-Arg®-Bradykinin, which are B1R agonists. ACE and NEP can
also degrade BK into inactive fragments. (The green rectangles represent major antagonists/
inhibitors). LK: low-molecular-weight kininogen,; HK: high-molecular-weight kininogen;
PK: plasma kallikrein; BK: bradykinin, B1R: kinin 1 receptor; BZR: kinin 1 receptor; PRCP:
prolylcarboxypeptiaase; ACE. Angiotensin-converting enzyme,; NEP: neutral endopeptidase.
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Figure 3. Signaling pathways of B1R and B2R leading to neuroinflammatory responses
Following activation of BK receptors by their respective agonists, a cascade of pathways is

activated, targeting the mitochondria, the smooth endoplasmic reticulum, the nucleus and the
BBB leading to various responses of the cells, such as apoptosis, neurodegeneration,
cytoskeletal reorganization, BBB leakage, survival and proliferation. Uncontrolled B2R
GPCR-signaling disrupts the integrity of the BBB increasing BBB permeability as well as
increased apoptosis and subsequent neurodegeneration post-mitochondrial overload, the
outcome also observed via the INK/c-Jun pathway. Cytoskeletal reorganization is mediated
via CaMKII and cdc42. In contrast, inhibition of cAMP common to both B1R and B2R,
promotes anti-inflammation and neuroprotection. B1R-induced decreased apoptosis is
mediated via activation of the ERK1/2 (mainly ERK1) and PI3K-Akt pathways. BK:
bradykinin; BBB. blood-brain barrier; BIR. kinin 1 receptor; B2ZR. kinin 1 receptor; GPCR:

G protein-coupled receptor.
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Figure 4. Maximal concentration of protein biomarkers in the blood over time, following brain
injury

The sequence of events taking place after a brain injury consists of: necrosis, axonal injury,
gliosis/microgliosis, apoptosis, demyelination and neuroregeneration. Although these events

occur in a consecutive manner, some of these events overlap over time.
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Figure 5. Neuroprotection in neurological disorders is mediated by activation or inhibition of the
KKS components: B1R and B2R

Global summary of the protection conferred by the BK receptors in different neurological
disorders, including: Alzheimer’s disease, multiple sclerosis, temporal lobe epilepsy, spinal
cord injury, traumatic brain injury, stroke. Some results are claimed by the majority of the
studies, while others are still controversial. KKS: Kallikrein-Kinin system; B1R: kinin 1
receptor; B2R: kinin 1 receptor; TBI: traumatic brain injury.
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Characteristics of primary and secondary insults following TBI
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The primary insult is mainly orchestrated by calpains, which cause necrotic cell death near the impact site.
This occurs within minutes to hours, post-TBI, as depicted in Figure 4 (represented by one star on the
timeline). The secondary insult is primarily mediated by caspases triggering apoptotic cell death, which occurs
within days and again in the following weeks post-TBI (represented by two stars on the timeline of Figure 4).

Primary Insult

Secondary Insult

When

. IMMEDIATE

Occurs at the time of traumatic

DELAYED

From time of impact to subsequent hours to years

Brain Pathology

hemorrhage, Diffuse axonal injury

accident after the initial trauma
. Physiological, cellular and molecular responses
Consequence of ) Mechanical damage (Direct Impact) (Subsequent cascade of neurochemical and
neurometabolic events)
. Irreversible
Effects Permanent Mechanical cellular : Often preventable
disruption and vascular injury
. . : : . Apoptotic cell death can occur in brain areas distant
Necrotic cell death near impact site from the site of impact
Cell Death . f i
Mediated by calpains . Mediated by caspases
. Brain Contusions, Intracranial . Intracranial Hypertension/Cerebral edema,

Biochemical processes, Cerebral Ischemia,
Hypoxia
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