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Preface

"Mechanisms of Neuroinflammation" book offers a comprehensive analysis of how neurons
become swollen due to brain injury. Each chapter describes in an elegant way how the neu-
roinflammatory process is carried out.

Neuroinflammation is a central process of the immune response to various acute and chron-
ic diseases. The blood-brain barrier (BBB) is involved in the inflammation process, as it al-
lows molecules such as tumor growth factor (TNF) and cytokines to enter the brain. TNF-q,
IL-6, IL-1p3, and other cytokines are able to make the BBB membrane more permeable and
allow leukocytes to enter the brain. Cytokines have the ability to activate transcription of
different genes in BBB cells including nuclear factor xf3 (NF-kf) and cyclooxygenase-2
(COX-2), an enzyme involved in the formation of prostaglandins. Cyclooxygenase is in-
volved in the synthesis of prostanoids, a large family of arachidonic acid metabolites com-
prising prostaglandins, prostacyclins, and thromboxanes. COX-2 is induced in response to
growth factors, cytokines, and pro-inflammatory molecules and may lead to neurodegenera-
tive diseases. Under normal conditions, these enzymes are involved in synaptic function,
regulation of blood flow, apoptosis, angiogenesis, and gene expression. In pathological cir-
cumstances such as stroke, Alzheimer’s disease, Parkinson’s disease, they produce neuroin-
flammation involving vasodilation and vasoconstriction, platelet aggregation, leukocyte
migration, and cytokine release, as well as oxidative stress.

I thank all the authors for contributing chapters that are part of this interesting book.

Dr. Gonzalo Emiliano Aranda Abreu
Center for Brain Research,

University of Veracruz,

Xalapa, Veracruz,

Meéxico
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Chapter 1

Reducing Neuroinflammation in Psychiatric Disorders:
Novel Target of Phosphodiesterase 4 (PDE4) and
Developing of the PDE4 Inhibitors

Chuang Wang, Zhen Wang, Mengmeng Li,
Chenli Li, Hanjie Yu, Dongsheng Zhou and
Zhongming Chen

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69154

Abstract

Multiple lines of evidence support the pathogenic role of neuroinflammation in psy-
chiatric illness. Cyclic adenosine monophosphate (cAMP) is a critical regulator of
microglia homeostasis; as the predominant negative modulator of cyclic AMP signal-
ing within microglia, and phosphodiesterase 4 (PDE4) represents a promising target
for modulating immune function. The approach for pharmacological manipulation of
cAMP levels using specifc PDE4 inhibitors provokes an ant-iinflammatory response.
Specifcally, PDE4 inhibitors have recently emerged as a potential therapeutic strategy for
neuroinflammatory, neurodegenerative, and psychiatric diseases. Mechanistically, PDE4
inhibitors produce an anti-inflammatory and neuroprotection effect by increasing the
accumulation of cAMP and activating protein kinase A (PKA), the signaling pathway of
which is thought to play an important role in the development of psychiatric disorders.
This chapter reviews present knowledge of the relationship between neuroinflammation
and classical psychiatric disorders (major depressive disorder (MDD), bipolar disorder
(BD), and schizophrenia) and demonstrates the signaling pathways that underlie the use
of PDE4 inhibitors in neuroinflammation. In addition, among the four subtypes (A-D)
of PDE4, it remains unclear which one exerts suppressive effects on neuroinflammation.
Understanding how PDE4 and neuroinflammation interact can reveal pathogenic clues
and help target new preventive and symptomatic therapies for psychiatric illness.

Keywords: cyclic adenosine monophosphate (cAMP), phosphodiesterase 4 (PDE4),

psychiatric disorders, neuroinflammation

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN



4 Mechanisms of Neuroinflammation

1. Introduction: the possibility that inflammation is the common
mediator of psychiatric disorders

Classical psychiatric disorders, including major depressive disorder (MDD), bipolar disor-
der (BD), and schizophrenia, affect a significant percentage of the world population. More
recently, inflammatory and immunological abnormalities have been documented in patients
with classical psychiatric disorders, even though the exact mechanisms underlying this asso-
ciation are not known. A growing body of evidence suggests that activation of the immune
response following systemic infection often results in neuroinflammation and consequently
induces psychiatric symptoms in animal models and humans (as shown in Figure 1) [1-6].
Specifically, inflammation in the context of the nervous system termed “neuroinflammation”
has been reported in patients with psychiatric disorders [7] and is typically associated with
microglial activation.

Microglia, the resident phagocytes of the CNS, are ubiquitously distributed in the brain and
are usually the first to be activated in response to tissue damage or brain infections [14].
At the same time, microglia are important players in the maintenance and plasticity of
neuronal circuits, contributing to the protection and remodeling of synapses [15-16]. They
provide ongoing immune surveillance and regulate developmental synaptic pruning [17-18].
Microglial activation can be divided into two distinct types: a classical M1 and an alternative
M2 activation. Proinflammatory cytokines include interleukin-1{ (IL-10), interleukin-2 (IL-2),
interleukin-6 (IL-6), tumor necrosis factor-a (ITNF-a), interferon-gamma (IFN-y), and they are
secreted primarily by microglia [19-21]; [3]. In the M1 activation, microglial cells may become

Inflammatory mediators

L6, IL-8, IL-12, IFM-y, IL-1p and
siress L=

I Bipolar disorder I-!—DI IL-1( and IL-1 receplor

| schizophrenia |+——sf  iL1p.LGand ToRp

Neurotrophic | ponr voF, VEGF
Factors

Figure 1. Summary of neuroinflammatory responses and microglial abnormalities observed in psychiatry disorders.
A large body of evidence [8-13] supports the involvement of neuroinflammatory mechanisms, including microglial
activation, downregulation of dendritic spines, neurogenesis, and neurotrophic factors in the pathophysiology of
psychiatric disorders.
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hyperramified or ameboid/phagocytic [22], and may synthesize proinflammatory molecules,
superoxide radicals, glutamate [23-24], and nitric oxide (NO) and ultimately clear infections
and repair tissues. Alternatively, M2 activation, which can be triggered by cytokines such as
IL-4, IL-13, or IL-25 [25]; [22], has been associated with a release of antiinflammatory cyto-
kines (e.g. IL-10, insulin-growth factor-1(IGF-1), transforming growth factor- (TGF-f3), and
neurotrophic factors) [22], which facilitate healing and limit neuronal injury [7]. Cytokine
response phenotypes are classified as either proinflammatory T-helper 1 (Thl) or antiinflam-
matory T-helper 2 (Th2) according to the immune functions they regulate. The key to neuro-
inflammation effects on psychiatric disorders appears to lie within the dysregulation of the
control and release of pro- and antiinflammatory cytokines. In fact, Th1 and Th2, which are
responsible for pathogen elimination and antibody regulation, respectively, were also found
to be altered in untreated depressed patients [26]. Microglia activation is one of the mecha-
nisms by which peripheral immune challenges can alter brain functioning [27, 28]; [1]. In fact,
patients with psychiatric disorders have been shown to present an increase in serum levels of
proinflammatory cytokines [29-32]; [8]. Interestingly, investigations involving animal models
of depression and postmortem dorsal anterior cingulate matter from individuals suffering
from MDD delineate altered expression of microglial activation markers, as well as chronic-
ity-dependent fluctuations in microglial concentration in areas of the brain associated with
mood regulation [33-36]; [10, 13]. Additionally, microglial activation was also greater in the
ventral prefrontal white matter in individuals who committed suicide [37]. Altogether, these
studies suggest that microglial activation may be considered as an important marker in MDD.

Bipolar disorder is a severe mood disorder characterized by recurrent episodes of mania fol-
lowed by depression. The pathophysiology of BD is yet to be well understood, while recent
studies have indicated that abnormal immunological functions may be a contributing factor
[38—42]. Recently, positron emission tomography (PET) studies have shown microglial overac-
tivation in the brain of patients with various psychiatric disorders [43—45]; [9] including bipolar
disorder [42]. Consistent with the previous studies, it was revealed that in BD, the immune sys-
tem is chronically activated by microglia, which in turn produces cytokines that render the brain
to a vulnerable and unstable state, precipitating mood disturbances [45-47]. In fact, higher levels
of IL-1(3 were associated with dysfunction and increased suicide risk in patients with BD [48].

Schizophrenia is a chronic and debilitating disorder that affects 0.5-1% of the world population
[49]. Evidence suggests that the dopamine dysfunction hypothesis [50-51] has defined schizo-
phrenia for many years, a growing number of research investigations and scientific curiosity
have developed around the immune system and the role of neuroinflammation in precipitating
psychotic symptoms in a subset of patients with psychosis [52-55]; [5, 6], providing a detailed
review of the theories and mechanisms that support a role for inflammation in schizophrenia.

2. Cyclic nucleotide signaling and neuroinflammation

Several mechanisms can account for the high comorbidity of neuroinflammation and psy-
chiatric disorders. These mechanisms include direct effects of cytokines on the neuronal
environment or indirect effects via downregulation of cyclic nucleotide signaling [56-58].

5



6 Mechanisms of Neuroinflammation

Understanding cyclic nucleotide signaling mechanisms that underlie neuroinflammation and
psychiatric disorder comorbidity may yield effective pharmaceutical targets that can treat
both conditions simultaneously beyond traditional antipsychotic drugs. There is growing
evidence that adenosine cyclic 3,5-monophosphate (cAMP) exerts many of its physiological
effects by activating cAMP-dependent protein kinase (PKA), which in turn phosphorylates
and regulates the functions of downstream protein targets including ion channels, enzymes,
and transcription factors [59]. Specifically, cAMP is a ubiquitous regulator of the inflam-
matory response and is also a key second messenger that influences glial activity [60, 61].
Additionally, recent findings have also suggested that cAMP/cAMP response element-
binding (CREB) signaling is closely involved in antiinflammatory responses [62] by suppress-
ing the activation of glial cells (both microglia and astrocytes), decreasing the production
of proinflammatory mediators, including tumor necrosis factor (TNF)-a, interleukin (IL)-13,
IL-6, IL-12, and nitric oxide, and increasing the expression of antiinflammatory factor IL-10
[63-65]. Therefore, previous work has shown that the application of cCAMP analogs, adeny-
Iyl cyclase (AC) activators, or PDE inhibitors, to increase the levels of intracellular cAMP,
antagonizes the changes in microglial cell morphology and their production of proinflamma-
tory cytokines when they are exposed to inflammatory stimuli [66-67]. Intracellular cAMP
signaling has been well established in the mediation of memory [68-71] and depression-like
behaviors [72, 73]; [57]). cAMP activates protein kinase A (PKA), which phosphorylates and
activates the subsequent downstream target CREB protein [74, 75] and is important for medi-
ating synaptic plasticity [76, 77]; [74]. In addition, increases in cAMP levels during inflam-
mation inhibit the production of proinflammatory cytokines and stimulate the formation of
IL-10, an antiinflammatory factor [78, 79]. Conversely, inflammatory molecules, including
lipopolysaccharide (LPS), interferon (IFN)-y, and TNF-a, can dramatically reduce cyclic AMP
levels in microglia, leading to changes in their phenotype and function [80]; [56]. Therefore,
cAMP/CREB signaling may play a beneficial role in inflammatory responses and apoptosis of
psychiatric disorders. Given that cAMP levels are regulated by a balance between the activi-
ties of two enzymes: AC and cyclic nucleotide phosphodiesterase (PDE), the pharmacological
manipulation using specific PDE inhibitors, in particular, PDE4 inhibitors provoke profound
antiinflammatory responses [81] and beneficial effects on psychiatric disorders [82]; [57].
Selective inhibitors of PDE4 are currently used in clinical practice for the treatment of car-
diovascular disorders and erectile dysfunction, and other PDE inhibitors are under devel-
opment for the treatment of CNS and inflammatory disorders. This chapter focuses on the
development of PDE4 and PDE4 subtype inhibitors which have been reported as treatment
for neuroinflammation.

3. PDE4 and specific PDE4 subtype inhibitors in neuroinflammation

3.1. PDE4 and the distribution of its subtypes in CNS

PDE4, one of the 11 PDE enzyme families, specifically catalyzes hydrolysis of cyclic AMP
(cAMP); it has four subtypes (PDE4A-D) with at least 25 splice variants. Detailed analyses of
the expression pattern of the human PDE4 isogenes have recently appeared [83, 84]. All four
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subtypes, PDE4A, PDE4B, PDE4C, and PDE4D, are found in most tissues although, notably,
PDEAC is absent in blood (as shown in Table 1). PDE4 plays a critical role in the control of
intracellular cAMP concentrations. PDE4 gene members are distributed throughout the brain
and are expressed in various neurons. PDE4 specifically hydrolyzes cAMP to inactive AMP.
High levels of cytosolic cAMP lead to the activation of PKA and further induce the phosphor-
ylation of transcription factors, such as CREB and cAMP-dependent transcription factor-1
(ATF-1) to drive cAMP-driven genes, which involve in the regulation of proinflammatory
and antiinflammatory pathways (as shown in Figure 2).However, the differential distribu-
tion of the four PDE4 subtypes (PDE4A-D) in the brain [85] may be attributed to the different
regulation of cAMP-mediated signaling in CNS. PDE4A and PDE4D are highly expressed in
the cortex, olfactory bulb, hippocampal formation, and brainstem, whereas PDE4B is mainly
expressed in the amygdala, striatum, and hypothalamus [86-88]. By contrast, PDE4C exhibits
a distribution different from those of PDE4A and PDE4D and appears to be limited to the
thalamus and cerebellum [89, 90]. Because of the unique distribution of PDE4 isoform and its
significance in various physiological functions in CNS, PDE4 presents promising pharmaceu-
tical drug target treatment for psychiatric disorders.

3.2. Traditional PDE4 inhibitors

The search for selective inhibitors of PDE4 as novel antiinflammatory drugs has continued
for more than 40 years. Recent findings have also suggested that cAMP/CREB/brain-derived
neurotrophic factor (BDNF) signaling is closely involved in antiinflammatory responses
[66], depression, and antidepressant actions [91]; [68]. PDE4 inhibition has been a target

Location Level of expression
PDE4A PDE4B PDE4C PDE4D

Brain ++ ++ ++ ++
Liver ++ ++ ++ ++
Lung ++ ++ ++ ++
Trachea ++ ++ ++ ++
Kidney ++ ++ ++ ++
Placenta ++ ++ ++ ++
Heart ++ ++ ++ ++
Blood ++ ++ - ++
Neutrophils * ++ - +
Eosinophils ++ ++ - ++

++, expression.
#, very weak expression.

-, No expression.

Table 1. Expression patterns of mRNAs for the human phosphodiesterase 4 (PDE4) subtype genes.
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PDE4 or PDE4

subtypes
inhibitors

CREB t -Aml-lnﬂammamry palhway'

ATF1 £

Figure 2. The antiinflammatory mechanisms of PDE4 and PDE4 subtype inhibitors. cAMP as a regulator of immunity.
Adenylate cyclases (AC) produce cAMP from adenosin-tri-phosphate (ATP). High levels of cytosolic cAMP lead to the
activation of protein kinase A (PKA) and further induce the phosphorylation of transcription factors, such as CREB and
cAMP-dependent transcription factor-1 (ATF-1) to drive cAMP-driven genes. Phosphodiesterase 4 (PDE4) decreases
intracellular cAMP levels and counterbalances the intracellular cAAMP effect. However, PDE4 or subtype inhibitors block
PDE4 or its subtypes. As PDE4 or subtypes degrade cAMP to AMP, cAMP levels rise during apremilast treatment.
The elevation of intracellular cAMP leads to the activation of PKA. This results in the phosphorylation and activation
of transcription factors like CREB and ATF-1. On the other hand, NF-«B is inactivated. This transcriptional regulation is
responsible for the reduced production of proinflammatory mediators like IL-1f3, IL-12, IL-17, IL-22, IL-23, TNF-a, and
IFN-y and the increased production of IL-6 and the antiinflammatory mediator IL-10.

of therapeutic drug research since the 1970s, with the prototypic PDE4 inhibitor, rolipram
being tested in clinical trials in the 1980s [92]. Notably, PDE4 inhibitor rolipram that read-
ily produces antidepressant-like actions [93, 94], which are associated with increased level
of cAMP and its downstream targets of cAMP-dependent protein kinase A (PKA), CREB,
and BDNF [95]; [68]. Therefore, the potential PDE4 inhibitors may be an efficient alternative
strategy to play antidepressant action especially in depressive disorder induced by inflamma-
tion. Consistent with this hypothesis, the previous studies have demonstrated that rolipram
reduces neuroinflammation and promotes axonal regeneration and functional recuperation
following spinal cord injury [96-98]; [62]. More evidence have shown that PDE4 inhibitor
rolipram reduces the production of proinflammatory cytokines and modulates the activity
of cAMP-mediated signaling and thus regulates CREB phosphorylation and the downstream
effectors [99]; [62, 68], showing that potential PDE4 inhibitors may be suitable to antagonize
psychiatric disorders. Unfortunately, the development of PDE4 inhibitor rolipram for thera-
peutic purposes has been hindered by side effects, such as emesis [100, 101]. Based on the
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demonstration of significant efficacy in preclinical models, multiple PDE4 inhibitors have
entered clinical development, and none have reached the market. Roflumilast and apremilast
have been approved for peripheral inflammatory disorders, such as severe chronic obstruc-
tive pulmonary disease (COPD) and psoriatic arthritis (PA), respectively; however, their full
immunomodulatory activity is limited to doses which are estimated to inhibit PDE4 by 50%
due to the incidence of nausea and emesis at higher exposures. Unfortunately, the two PDE4
inhibitors (roflumilast and apremilast) approved for peripheral inflammatory disorders lack
brain penetration and are dose limited by side effects making them unsuitable for modulat-
ing microglial function. Despite the challenges and complications that have been encoun-
tered during the development of PDE4 inhibitors, these drugs may provide a genuinely novel
class of antineuroinflammatory agents, and there are several compounds in development that
could fulfill that promise.

3.3. The novel potential PDE4 inhibitors

Notably, it has been recently reported that a pyrazolopyridine compound, etazolate, is
a new-generation selective PDE4 inhibitor and is proven to be of particular significance
in neuropsychiatric conditions [102, 103]; [94]. Previous studies reported that etazolate
belongs to PDE4 inhibitor family and that treatment with etazolate restored cAMP levels
[66, 94, 103]. In most of the clinical phase II or Phase IIb studies, etazolate has shown that it
could be a potential candidate for the treatment of Alzheimer’s disease [102]. Additionally,
in several preclinical studies, etazolate has shown significant antidepressant- and anxio-
lytic-like effects in acute and chronic rodent models [104, 105]; [66, 103]. Specifically, it
is reported that the expression of PDE4A, PDE4B, and PDE4D in the hippocampus was
significantly increased by lipopolysaccharide (LPS) in mice. In addition, an etazolate sig-
nificantly reversed the elevated IL-1p expression in hippocampus and prefrontal cortex
induced by LPS [103], indicating significant antineuroinflammatory response. Although
limited preclinical studies have been conducted on etazolate, the recent clinical trial results
on its safety and tolerance are encouraging [106]. However, in March 2014, the development
of the etazolate was stopped as the company transformed into a specialty in vitro diagnos-
tics company.

Recently, more and more novel selective PDE4 inhibitors (as shown in Table 2) have been
designed and explored in different rodent models, displaying a safer profile compared to tra-
ditional agents [107-111]; [66, 75], supporting further evaluation of these novel PDE4 inhibi-
tors in a clinical setting.

3.4. PDE4 subtype inhibitors

Particular attention has been given to the PDE4 isoforms owing to the antiinflammatory
effects observed after their inhibition in vitro and in vivo [81]. Of the four major phosphodi-
esterase 4 (PDE4) subtypes, PDE4A, PDE4B, or PDE4D, all of which are found to some extent
in every inflammatory cell type studied, could be important regulators of inflammatory pro-
cesses. Only PDE4C, which is present in the lung [112] but has only rarely and inconsistently
been reported in any isolated inflammatory cell type, can be eliminated on the basis of its

9
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Novel PDE4 inhibitors Chemical structures Active indications Highest status
Etazolate Y Depression, anxiety, Phase 2 clinical to
o unN traumatic brain injury discontinued
P N
O ‘ ) \,N
N N
.
EPPA-1 @\ (N/ In vitro and in vivo anti Discovery
NH N-N N\) inflammatory potencies
S
N\/ ’ N o
N\
_
GSK256066 ~o Antiinflammatory activities Phase 2 clinical to
@\ discontinued
0 o0 NH O
N
LASSBio-448 <O H Antiinflammatory activities Discovery
S
o "o
FFPM //:/\o Reverses learning and Discovery
(o) memory deficits and
FYO appears to have potential
F antiinflammatory effects
5 with little emetic potential
Apremilast {D - Ankylosing spondylitis; Launched
& & "}':—:} Atopic dermatitis; Behcet's
S e"’\M rd o disease; Hidradenitis
g,;h_‘{ - _%_ suppurativa; Psoriasis;
TR o Psoriatic arthritis; Ulcerative
QQT’ colitis
HT-0712 T I Cognitive disorder Phase 2 clinical
\T.—’ i
| [
S .
o
“H
Roflumilast FTF Alzheimer’s disease; Launched
o o Asthma; Chronic obstructive
Lo j pulmonary disease;
ﬁ"r “f‘ Dﬁ\; Schizophrenia
N ~Fpy Q
Ibudilast Alcoholism; Amphetamine ~ Phase 2 clinical
0 dependence; Drug

dependence; Neuropathic
pain; Opiate dependence;
Traumatic brain injury

Table 2. Development of novel PDE4 inhibitors.
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distribution. This distribution characteristic provides many opportunities for selective thera-
peutic targeting [113, 114] and the potential to reduce the incidence of side effects attributed
to PDE4 inhibition. The previous studies revealed that PDE4B might be the critical subtype
that controls the inflammatory responses [115-117]. The work by Conti’s group [115] identi-
fied PDE4B to be the primary PDE4 enzyme involved in proinflammatory responses to LPS in
macrophages and leukocytes. Reports have suggested that mice deficient in PDE4A display
anxiogenic-like behavior [118], while PDE4B is closely related with neuroinflammation [119].
Therefore, subtype selective inhibitors targeting PDE4B are of high interest given the criti-
cal role PDE4B plays in immune function versus the association of PDE4D with nausea and
emesis. However, it is difficult to directly link PDE4 inhibitor-mediated efficacy to changes
specifically in microglial cell function, and even more so whether these effects selectively
involve PDE4B. The difficulty in establishing these links is because these investigations
have almost exclusively used pharmacological inhibitors that are administered systemically
and which show similar affinity toward all PDE4 family members, being designed largely
to inhibit enzyme activity by binding to the catalytic site. Recently, the crystal structures of
PDE4B have been exploited to develop subtype-selective PDE4 inhibitors [120]. The novel
PDE4B inhibitor A33, which has an IC50 of 32 nM against PDE4B1, is 49-fold more selective
for PDE4B versus PDE4D and does not appreciably inhibit any other PDEs [121]. Specifically,
A33 inhibits all PDE4B isoforms and is 49-fold more selective toward PDE4B compared with
PDEA4D and does not appreciably inhibit other PDEs [120, 121]. Interestingly, TNF-a levels
at 6-hour postsurgery of traumatic brain injury (TBI) were significantly reduced by A33, sug-
gesting that an inflammatory pathway mediated by PDE4B is inhibited with A33 [122]; [115]
(Jin and Conti; Jin et al.). However, further studies to determine the antineuroinflammatory
mechanisms of A33 may yield insights into the processes involved in the improvements of
psychiatric disorders with A33 treatment.

4. Conclusions

A large body of evidence supports the involvement of neuroinflammatory mechanisms in the
pathophysiology of psychiatric disorders. Drugs that interfere with these mechanisms, such
as PDE4 inhibitors, could be a novel and important new pathway for the treatment of these
disorders. Furthermore, continued drug discovery efforts to identify safe and well-tolerated,
brain-penetrant PDE4 inhibitors are a reflection of the confidence in the rationale for modula-
tion of this target to produce meaningful therapeutic benefit in a wide range of neurological
conditions and injury.
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Abstract

Some classical psychiatric disorders, such as schizophrenia, autism, major depression,
bipolar and obsessive-compulsive disorders, have been related to neuroinflammatory pro-
cess, immunological abnormalities, and neurotransmission impairment beyond genetic
mutations. Neuroinflammation is mostly regulated by glial cells, which respond to physi-
ological and pathological stimuli by anti- and pro-inflammatory cytokine and chemokine
signaling; moreover, recent studies have indicated that glial cells also respond to the neu-
rotransmitters. Neurotransmitters regulate many biological processes, such as cell pro-
liferation and synaptogenesis, which contribute to the formation of functional circuits.
Alterations in the neurotransmission can lead to many pathological changes that occur in
brain disorders. For example, studies have shown that neuroinflammation can alter the
metabolism of glutamate as well as the function of its transporters, resulting in cognitive,
behavioral, and psychiatric impairments. Cytokines as IL-1f3 and IL-6 appear to have an
important influence in the dopaminergic and serotoninergic neurons. These data together
suggest that glial cells via cytokines and abnormal regulation of neurotransmitters can
influence psychiatric disorders. The present knowledge about this issue does not allow
answering whether neuroinflammation is the cause or the consequence of neurotransmis-
sion imbalance and emphasizes the importance to improve in vivo imaging methods and
models to elucidate this enigma.
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1. Introduction

The processing and the transmission of information by the neurons depend on intracellu-
lar and intercellular signaling, which occur, respectively, due to the conduction of an action
potential and the neurotransmission across a synapse [1]. The action potential alters the
membrane voltage and causes the opening of ion channels and, consequently, the entering
of Ca* inside the neuron. This Ca*influx leads to neurotransmitters release from the synaptic
vesicle into the synaptic space where they can bind to their receptors and activate signal-
ing cascades, be recaptured by presynaptic transporters and astrocytes, or be degraded by
specific enzymes that are present in the synaptic space [2]. Neurotransmitters are molecules
responsible for the transmission of information from one neuron (presynaptic) to another
(postsynaptic) on chemical synapses. There are different kinds of neurotransmitters, which
are classified according to their structure and function, and each one has its own mechanism
of synthesis and action [2]. In this way, after being released in the synaptic space, they bind to
their respective receptors and activate signaling cascades that will result in the clinical effects
that are already well known. The neurotransmitters with greater clinical relevance are mainly
the acetylcholine, norepinephrine (NE), glutamate (Glu), gamma-amino butyric acid (GABA),
dopamine and serotonin (5-HT). Neuroinflammation refers to an inflammatory response that
leads to accumulation of glial cells in the central nervous system (CNS) [3], and it is mainly
constituted by CNS cells (neuron and glia) together with cytokines, pattern-recognition recep-
tors (PRRs), and peripheral immune cells [4]. The sustained neuroinflammation, for example,
is capable of altering membrane expression of neurotransmitter receptors, glutamate and
GABA and, consequently, impairing spatial learning, cognitive and motor functions by alter-
ing neurotransmission [5]. Therefore, neuroinflammation seems to be involved in different
neurodegenerative diseases [4] and psychiatric disorders including autism, schizophrenia,
and major depression [6-8]. Also, as will be better explained ahead, altered neurotransmis-
sion appears to be related to several neurological diseases such as autism spectrum disorders
(ASD), obsessive-compulsive disorder (OCD), bipolar disorder (BD), depression, and schizo-
phrenia, which exhibit alterations of one or more neurotransmitters and either their absence
or their excess may result in a pathological situation.

2. Microglia and neurotransmission alterations

Neurotransmission alterations are the etiological hypothesis for many neuropsychiatric
diseases, and, in general, the hypotheses are based on the observations of agents that act-
ing on the synaptic concentrations of neurotransmitters can improve the symptoms of the
disease [9]. Actually, hypothesis previously postulated has been updated due to the finding
of several studies. The monoamine hypothesis, for example, was the first one established to
explain the symptoms of depression [9]. According to it, the reduction in the monoamine neu-
rotransmitters, as serotonin and norepinephrine, is the main cause of the depressive symp-
toms. However, based on more recent data, the etiology of depression can also be related
to impairments in the amino neurotransmission, such as glutamate and GABA [9]. Another
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example is the dopaminergic hypothesis about schizophrenia, which attributes the main
cause of this disease to excessive stimulation of dopamine D2 receptors in the associative stri-
atum and decreased stimulation of dopamine D1 receptors in prefrontal cortex [10]. Indeed,
more recent studies have shown that the glutamate and its N-methyl-p-aspartate (NMDA)
receptor, as well the GABAergic, opioid, cholinergic, and serotonergic systems, seem also to
be related with etiology of schizophrenia [10]. Alterations in the glutamatergic signaling were
also already linked to ASD, a group of neurodevelopmental disorders characterized by neu-
robehavioral and neurological dysfunctions [11]. Besides genetic propensity, inflammation
is another factor that is involved with neurotransmission alterations, as well as neurodegen-
erative and neuropsychiatric diseases [12, 13]. The acute inflammatory response has the goal
to help the organism in the combat of pathogens and repair the damages caused by them.
However, when this process remains persistent in time and becomes chronic, it generates a
condition of cumulative damage, resulting in neuronal degeneration and in the development
of a neurodegenerative disease [4]. According to studies, the use of anti-inflammatory drugs
was related to lower incidence of Alzheimer’s disease [3]. On the other hand, chronic inflam-
matory processes such as cancer, infections, and autoimmune syndromes increase the risk of
developing neuropsychiatric deviations [14].

For many years, it was assumed that cerebrum was an organ immunologically privileged
owed to the existence of the blood-brain barrier (BBB) (reviewed in [15]). However, a number
of evidence suggests that peripheral inflammation could generate a brain inflammation by
activating microglia and releasing some pro-inflammatory cytokines, as interleukin (IL)-6,
IL-1f, and tumor necrosis factor a (TNFa) [16]. The communication between immune sys-
tem and brain occurs via cytokines and pathogen-associated molecular patterns (PAMPs) that
activate afferent nerves, such as the vagus nerve, or it could access the brain through regions
that lack intact BBB, known as circumventricular organs (CVOs), thereby promoting activa-
tion of microglia that secretes cytokines and chemokines, leading to the recruitment of cells,
such as monocytes and lymphocytes to the brain [17, 18].

In the brain, resident macrophages are known as microglia and comprise approximately 15%
of the cells of the CNS, being important in the regulation of inflammatory response, neuronal
development, and maintenance of tissue homeostasis [19, 20]. These cells have receptors for
serotonin, norepinephrine, GABA, acetylcholine, AMPA, and NMDA glutamate receptor, as
well for group [, II, and III metabotropic glutamate receptors, variations in the concentrations
of these mediators could interfere with microglial function and morphology, as well as in the
recognition of neuronal activity by the microglia [21, 22]. Glutamate, an important excitatory
neurotransmitter of the CNS, acts mostly in the hippocampus, cortex, and caudate nucleus
through its metabotropic and ionotropic receptors, NMDA, AMPA, and Kainate and plays an
important role in the processes of learning and memory formation, as well as in motor behav-
ior and brain development [23]. The hyperglutamatergic hypothesis of autism is based on
studies that showed high levels of glutamate in the serum, lower levels of the enzymes gluta-
mate acid decarboxylase 65 and 67 (GAD65 and GAD67) [24, 25], and the presence of increased
gliosis in these patients [11]. Moreover, studies in autism genome found genetic abnormalities
in the gene GluR6, which is involved in brain development through the regulation of a mem-
ber of the ionotropic receptor kainite family [26]. GABA is an important neurotransmitter
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in inhibitory synaptic transmissions, which is synthesized from glutamate via the action of
enzyme glutamic acid decarboxylase (GAD) [27]. Inflammation induced by lipopolysaccha-
ride (LPS) and polyl:C during the gestational period reduces GABA-producing enzyme, GAD
important for development of schizophrenia in animal models [28, 29]. In addition, TNF-a
leads to endocytosis of GABA receptors in rat hippocampus while IL-1 and IL-6 reduced
GABAergic currents [30-32]. Beyond the decrease in the synaptic availability of monoamines,
inflammatory cytokines upregulate the activity of the indoleamine 2,3-dioxygenase (IDO)
[14], which alters the neurotransmission by increasing catabolism of tryptophan, the precur-
sor of serotonin, into kynurenine, which can be converted into the metabolite quinolinic acid
by activated microglia [33]. Some neurodegenerative and neuropsychiatric disorders [34], as
well mood and cognitive impairments [35], present high quantities of kynurenine and its
neurotoxic metabolites in the brain or cerebrospinal fluid (CSF). More recently, it has also
been shown to influence the neurogenesis in the human hippocampal [36]. Moreover, these
cytokines are capable of decreasing the availability of tetrahydrobiopterin (BH4), which is a
co-factor to the production of all monoamines [37].

Despite the etiology of all of these neurodegenerative and neuropsychiatric disorders remain-
ing unclear, growing and strong evidence supports the important roles of the neuroinflam-
mation and the neurotransmission alterations in theses clinical situations. All these findings
and new discoveries allow the improvement of the drug therapy and, consequently, the life of
these patients, as well as contribute to the progress in the search for healing.

3. Inflammation: a key factor for mood disorders

Lately, the relationship between inflammation and mood disorders became more evident
[38]. In fact, it seems that the immune dysregulation plays an important role in mood disor-
ders during life and is also one of the main factors for the development of the disease. It has
been shown that inflammation during prenatal or childhood can trigger the development of
mood disorder [39]. A study showed that high levels of IL-6 during childhood can be related
to a higher risk of depression during adulthood [40]. The higher levels of IL-6 and II-1{3 can
be also an indicative of more susceptibility to commit suicide [41, 42]. Major depressive dis-
order (MDD) and bipolar disorder (BD) have in common the presence of activated microglia,
and hypothalamus-pituitary-adrenal (HPA) axis alterations are highly frequent as well as can
modulate synapses and monoaminergic and glutamatergic systems [43].

4. Bipolar disorder (BD)

Bipolar disorder (BD) is a multisystem disorder characterized by depressive phases that alter-
nate with mania or hypomania. However, the presence of some mixed episodes with those
two phases is also a possibility. This disorder affects mood, cognition, behavior, and social
functioning [44]. BD can be classified in BD-I and BD-II. BD-I is a severe type of BD and
the individual usually presents a manic episode for a week or more with an intense mood
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disturbance that needs hospitalization or psychotic features. BD-II is classified if the individ-
ual had a depressive and a hypomanic episode for at least 4 days with a change in functioning
without a manic episode. The prevalence of BD is approximately 1% (BD I and BD II) [45].
This low rate can be explained by the fact that it is hard to diagnose hypomania. BD is also a
disabling disease with a high mortality mainly because of comorbid medical conditions [46].

Inflammation is present in BD and is a good parameter to evaluate the prognosis of the impact
on social and occupational life of patients and many other comorbidities are associated with
higher rates of BD, such as autoimmune disorders, multiple sclerosis (MS), migraine, car-
diovascular disorders, obesity, and diabetes which can reduce the life expectancy from 9 to
20 years [47]. There is no consensus whether autoimmune diseases and psychiatric diseases
have a common origin pathway; however, it is well known that patients with autoimmune
diseases have more often psychiatric symptoms [48]. BD is associated with autoimmune dis-
eases such as Guillain-Barré syndrome (GBS), autoimmune hepatitis, rheumatoid arthritis,
multiple sclerosis, systemic lupus erythematosus, psoriasis, and autoimmune thyroiditis [49].

A chronic low-grade inflammation can disrupt the endothelial barrier permeability and lead
to the exposure of bacteria and other compounds to the blood, which could be the first step
to the development of autoantibodies that are also described in BD [50]. The presence of anti-
NMDA receptor autoantibody has been found in blood and cerebrospinal fluids of patients,
which has as main target GluN1 subunit. This autoantibody can impair the receptor dynam-
ics and as a result, synapses can be disrupted, being capable to lead to mood disorders and
to cognitive problems that are commonly related to these disorders [51]. During BD phases,
pro-inflammatory cytokines in serum can be elevated and levels can be different in each phase
and serum cytokines can cross the blood-brain barrier, subsequently causing neuroinflamma-
tion [52, 53]. Although it is not yet known if there is causality between CNS and peripheral
levels of pro-inflammatory cytokines, the increased levels of these cytokines may be a conse-
quence of rupture of CNS, loss of immune system integrity, and some unsolved inflammatory
responses during the development [44].

In animal models, the deleterious effect of TNF-a occurs via excess of glutamate that can cause
LTP impairment [54] and the soluble TNF-a receptor type 1 (STNFR1) is more expressed in
serum during euthymia, mania, and depressive episodes in comparison with healthy patients
and becomes an important marker for BD [55]. Furthermore, inflammation can also modulate
the neurotransmitter levels. For example, IL-2, TNF-a, and IL-6 can decrease 5-HT levels. IL-2
increases the cleavage of tryptophan by modulating indoleamine 2,3-dioxygenase activity,
which leads to a decrease in 5-HT levels, while TNF-a and IL-6 increases the metabolization
of 5-HT to 5-hydroxyindoleacetic acid (5-HIAA) that also leads to low 5-HT levels. The low
availability of 5-HT is also a main characteristic of BD and also MDD [43, 56].

Activated microglia also seems to present a very important feature in BD [57]. Serum TNF-a
and IL-1{ can overactivate microglial cells that increase apoptosis, oxidative stress and result
in a neuronal dysfunction [58]. In postmortem brain of BD patients, the levels of IL-13, MyD88
(key factor in TRL4 signaling), NF-«B subunits (p65 and p50), and activation glial markers
were elevated in the prefrontal cortex which is an important region for cognitive control
and affective regulation [59]. Some structural brain changes such as the lateral ventricular
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enlargement and functional changes in subgenual prefrontal cortex activity and mesolimbic
connectivity were also found [60]. BD chronic inflammatory state also activates chronically
hypothalamic-pituitary-adrenal (HPA) axis. BD peripheral cortisol levels are increased in
patients during the mania/depression episodes and euthymia. Cortisol levels are an indicator
of the severity of BD [61]. This increase in cortisol (hypercortisolemia) has also implications
in weight gain, insulin resistance, and hypothyroidism [62]. In physiological conditions, the
acute glucocorticoid receptor (GR) activation leads to anti-inflammatory effect and in patho-
logical conditions; the chronic activation has the opposite effect by preventing the negative
feedback of the immune response which is caused by the modulation of GR. GR expression
and sensitivity are decreased in hypothalamus and pituitary which maintain a pro-inflamma-
tory environment that trigger impaired neuroplasticity. All these changes lead to alterations
in mood and cognition [63]. Childhood is a critical phase for the development of BD. In this
period, the CNS and immune system are not entirely developed and this could be highly
affected by psychological stress. Traumatic experiences in childhood increase the chances to
develop BD and correlate with earlier onset and severity. It is also related to an inflammatory
dysregulation that continues through adulthood which shows that an early trauma can have
permanent consequences that could lead to a psychiatric disorder [64]. This intense psycho-
logical stress could lead to impairments in GR signaling and in HPA hyperactivity which
are associated with the lack of inflammation control [65]. Other factors in trauma also cause
immune imbalance such as sleep disturbance, metabolic syndrome, gut microbiota leakage,
and drug abuse [49, 66]. The susceptibility to the development of psychiatric disorder is also a
result of genetic background together with priming events in early life [67, 68]. BD has a high
rate of inheritance that could explain the differences between individuals against the same
inflammatory stimulus. So far, the major histocompatibility complex (MHC) was identified in
BD as highly polymorphic protein especially in the region of the HLA locus [69].

A correlation between TLR4 and TLR2 with BD has also been shown. Some genotypes of
TLR4 and one specific genotype for TLR2 are an indicative of BD’s early onset and are asso-
ciated with a poor inflammatory response. The impairment of important inflammatory
response protein shows that inflammatory impairment is an important factor for BD and may
somehow lead the individual to be more susceptible to other risk factors like infections and
childhood traumas [70, 71]. Studies in BD patients showed that they have more alterations in
genes related to IL-6, IL-8, and IFN pathway [72]. The gut microbiota can play an important
role in BD because some prebiotics can increase the expression of BDNF and NMDA and
also regulate immune system by decreasing hypersensitivity and better immune response
[73]. BD patients usually do not practice physical exercises, which are a good tool to improve
metabolic parameters that are important characteristics in BD and to have an antidepressant
effect [74].

There is still a lot of debate concerning the role of immune dysfunction in the neuropsychi-
atric disease. However, this immune dysfunction can be an important target in therapeutics
and the control of immune system could have a relevant synergic effect during treatment.
Many different studies showed the anti-inflammatory concomitant antidepressants, mood
stabilizers, and antipsychotics treatment could help the patients. On the other hand, other
studies showed that some antipsycotics have pro-inflammatory properties which could help
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during the acute state [75]. Even though there is no consensus of the benefits of adjunctive
therapy with anti-inflammatory drugs. A study with TNF-« inhibitors in BD patients without
any antidepressant therapy showed only effect in patients with high levels of CRP and TNF-a
which shows how important is a more effective and individual treatment for BD in following
the levels of different cytokines [76].

5. Major depressive disorder (MDD)

Major depressive disorder (MDD) is known as the most relevant disability cause world-
wide and is one of the most frequent DSM-IV disorder and the prevalence is of approxi-
mately 17% [77]. MDD occurs more in women than in men and its etiology is multifactorial
although MDD could be 35% heritable [78]. MDD is characterized by patients having major
depressive episodes for at least 2 weeks. The episodes can be recurrent or isolated depend-
ing on the intensity and number of symptoms. This could lead to a huge impact on occupa-
tional and social life. The long-lasting depressive episodes are followed by anxiety, feelings
of guilt, and suicidal thoughts [79]. MDD has a similar profile to BD such as the increase of
the risk to develop the disorder is higher if the individual had a trauma during childhood
and this could also lead to an increase in the severity and in the lack of response to the
treatment [80].

Studies suggest that control of stress-coping is impaired which can be a result of poor com-
munication between a range of brain areas that are related to stress and emotions. It was also
found that the volume of basal ganglia, hippocampus, and thalamus are smaller than healthy
individuals [81]. In MDD patients, there is a hyper-reactivity of amygdala not only during
emotional process but also at resting state. Some important areas of control of amygdala in
prefrontal cortex are not able to regulate hyperactivity in amygdala during a negative stimu-
lus in MDD. This hyperactivity is related to a hyperexcitability and enhanced firing rate in
stress-response regions [82]. Thus, neurotransmitters regulation in the synaptic cleft plays an
important role in MDD.

Monoamine hypothesis is an important mechanism involved in depression where there is a
reduced activity of the catecholaminergic and/or serotoninergic systems [83]. The dopamine
(DA) hypothesis considers the malfunctioning of the system of reward in mesolimbic system
by the decrease of dopaminergic transmission that is the result of a decrease in the DA in the
synaptic cleft that decreases the dopamine transporter expression and increases the D2 avail-
ability in neurons membrane [84]. Noradrenaline (NA) hypothesis shows that noradrenergic
neurons control important brain areas such as the medial orbitofrontal cortex that responds to
positive stimuli and lateral prefrontal cortex, anterior cingulate, and anterior insula respond
to negative stimulus. 5-HT is important for the regulation of emotional behavior. It was pre-
viously showed that the decrease of 5-HT in synapse could impact negatively in mood of
subjects which have MDD family history [85]. Therapeutic monoamine theory is supported
because the drugs available can lead to DA, 5HT, and/or NA increase in synaptic cleft by
blocking these monoamines reuptake. These monoamine transporters blockage help several
patients; however, in more than 50% patients, they do not show any anti-depressive effect and
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also need 3-6 weeks to observe the changes in mood [86]. Although the monoamine theory
is well established, it is understandable that this change in neurotransmitters can also lead to
changes in other neurotransmitters, for instance, GABA, acetylcholine, histamine, and gluta-
mate [87]. It has been also shown that the levels of glutamate in CSF and blood are increased
in MDD patients compared to healthy controls. These higher glutamate levels can be reduced
by the use of antidepressants. In postmortem studies, the elevated levels of glutamate in the
brain and important alterations in the expression and function of NMDA receptor which is
a relevant target for the treatment of MDD. Recently, ketamine, a NMDA inhibitor, could be
a promisor treatment for the MDD. Thus, an impairment in glutamate pathway both in the
neurotransmitter levels and in its receptor’s expression and function is present in MDD [88].

MDD patients presented elevation in serum levels of IL-1§3, IL-6, and TNF-a and an increased
microglial activation in some regions of cortex and insula [75, 89]. Although the microglial
activation is present, there is also important loss of glia in prefrontal cortex (PFC) and also
that chronic stress may lead to MDD by impairing PFC’s astrocytes [90]. Almost all the impor-
tant features observed in BD are also found in MDD, for example, the leaky gut is also seen
in MDD which has higher concentrations of IgM and IgA and the presence of high levels
of C-reactive protein [91]. MDD is related to neurodegenerative diseases especially because
of the presence of neuroinflammation, a common factor between all neurodegenerative dis-
eases. There is a higher probability of Alzheimer’s disease (AD) patients developing MDD
and vice-versa. Since increased pro-inflammatory cytokines in CSF can lead to depression
in AD patients, elevated levels of IL-10 are associated with lower depression scores, show-
ing the relevance of inflammation in the severity of MDD. The AP40/A{342 ratio in serum
was increased in MDD patients in comparison with healthy controls which show that the
AP cleavage control is also impaired. MDD and AD are associated with impaired signaling
pathways involving the decrease of BDNF expression, an important growth factor in CNS,
and changes in the volume of regions in the brain related to limbic system. However, the exact
mechanism involving MDD and AD is still unknown [92-94].

Parkinson’s disease (PD) patients present impairment in monoaminergic systems (dopamine,
serotonin, and noradrenaline) which can lead to MDD. However, the glutamatergic system
is also impaired in PD which could also lead to MDD and cognitive deficits that is also fre-
quently related to MDD [95]. There is also strong evidence suggesting MDD being associated
with Huntington’s disease (HD), maybe because of high rates of suicide in HD patients com-
pared to the population in general, and that the HD patients can develop MDD during the
disease course [96]. Amyotrophic lateral sclerosis as all other neurodegenerative diseases has
also an association with MDD. The ALS progression occurs faster if the patients have a high
depressive score [97].

Aging can also be an important factor for MDD, because older adults are more vulnerable to
MDD. During aging process, there is a reduction in some neurotransmitters such as dopa-
mine and noradrenaline, decrease of BDNF expression, and also increased levels of cortisol
due to the imbalance of HPA axis [98]. There is also the involvement of glial activation and
expression of pro-inflammatory cytokines that affect the synaptic activity and also are found
in MDD patients [99].
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6. Obsessive-compulsive disorder

Obsessive-compulsive disorder (OCD) is an anxiety disorder with a prevalence of 2.3% and
does not present any correlation between gender [100]. This disorder is characterized by
recurrent intrusive thoughts or images that become obsessions and cause a huge distress that
lead the individuals to present repetitive behaviors or mental ritual. In OCD, there is an over-
lap between cortico-striato-thalamic circuits [76]. The repetitive behavior is maybe due to a
communication disruption between cortex and dorsal striatum. Studies suggested that the
reward system and processing emotional stimuli are impaired in OCD. Thus, the emotional
states are dysregulated and the proportion of response is also lost [101]. The precise cause
of OCD onset is still not revealed and this disorder can appear during childhood or adult-
hood. OCD share some features with MDD and BD such as autoimmunity, genetic factors
and the comorbid diseases; however some different comorbidities are specific for OCD, such
as Tourette’s syndrome and eating disorders [102]. The role of microglia in OCD has not been
completely elucidated. However, an OCD mouse model called Hoxb8 KO seems to present
microglial impairment, but new studies in patients should appear to contribute with this idea.
This possible mechanism could be a result of dysregulation of glutamatergic system [103].
OCD has been also related to streptococcal infections in early life [104]. Pro-inflammatory
cytokines IL-6, IL-2, IL-4, and TNF-a are increased in plasma of OCD subjects suggesting an
important role of inflammation also in OCD [105].

7. Schizophrenia

Schizophrenia comprises a group of closely related chronic psychotic disorders that are char-
acterized by a particular type of disordered thinking, behavior, and in affectionate relation-
ships. The most common abnormalities are a special disorder in the perception of one’s self
in relation to the external world and hallucinations that differ from delirium and other con-
fusional states, sometimes observed in dementia and depression [106]. Before the onset of
schizophrenic disease that usually happens in the end of the childhood or early adulthood
or when in remission, the individuals can be considered normal except by their vague and
concerned appearance with their own thoughts. There is also a difficulty to fully understand
figurative statements or to discern irrelevant to relevant data, to respect the logical limit
of time and space and opposite things can be considered as identical as conceptual rela-
tionships are distorted. Schizophrenic patients are usually unable to clearly communicate
an idea. All these symptoms can be categorized as cognitive symptoms because it directly
reflects in executive functions including inability to sustain attention and working memory
impairment [57]. Such confused thoughts reflect in the patient’s behavior that can manifest
as social withdrawal, idleness, aimlessness, aloof, and self-absorption. These are referred to
as negative symptoms. Finally, schizophrenic patients can also present auditory and visual
hallucinations, bizarre actions, aggression, agitation, delusion, paranoia, and major thought
disorders that are symptoms categorized as positive. Cognitive and negative symptoms
seem to precede positive symptoms, however, although their distinct clinical manifestations,
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it is possible that they usually can co-exist. The prevalence of this syndrome worldwide is
about 0.5-1.0% and seems to be related to industrialization, urbanization, and increasing
population density [107, 108].

In vivo imaging studies suggest common macroscopic brain abnormalities associated with
schizophrenia, also present in drug-naive patients with first episode psychosis, that include
ventricular enlargement, decreased cortical and hippocampal volume, and reduced neuronal
size. Furthermore, functional neuroimaging in patients with schizophrenia detected aberrant
activity of neuronal circuits in prefrontal cortex, hippocampus, and also some subcortical
structures [109]. In accordance with these findings, there was observed a decrease in NMDA
receptor expression in postmortem analysis of prefrontal cortex of schizophrenic patients
[110], and, in addition, preclinical and clinical data support the theory of stage-specific gluta-
matergic abnormalities in this illness because analysis of in vivo proton magnetic resonance
spectroscopy (1H-MRS) to measure glutamine concentrations in the brain of schizophrenic
patients compared to control subjects suggests that early-stage schizophrenia appeared to be
associated with abundant glutamatergic activity whereas late-stage schizophrenia showed
decreased glutamatergic activity [111].

Furthermore, growing evidence suggests a myelination dysfunction and altered oligoden-
drocyte number, as well as myelin, N-acetylaspartate (NAA), and fatty-acid biosynthesis dys-
function in prefrontal cortex of postmortem schizophrenia patients, possibly as a mechanism
underlying the observed reductions in white mater volume. NAA can also be considered a
function neuronal marker because it acts as an osmolyte and donate its acetate group in myelin
synthesis [112]. Other metabolites were also analyzed, in vivo, by fractional anisotrophy (FA),
as myo-inositol, that is associated with aging and neuroinflammation. This metabolite is
highly expressed in astrocytes and is also a precursor for the cell signaling phosphatidylino-
sitol and for synthesis phospholipids in cellular membrane. During chronic inflammation
and/or slow virus infections of the brain, during glial activation and macrophage infiltra-
tion, an increase in myo-inositol is observed. Indeed, myo-inositol increase may contribute to
hypomyelination disorders associated with inflammation on white matter microstructure in
general [113].

The immune system can contribute to the pathogenic process by generating reactive nitro-
gen and oxygen species, releasing cytokines via microglia and lymphocytes that promote
neuroinflammation. Specifically, the heme oxygenase (HO) system that acts as a sensor for
oxidative stress as well as a key modulator of redox homeostasis is composed by two major
isoforms, the heme oxygenase 1 (HO-1) that is inducible and the heme oxygenase 2 (HO-2)
that is constitutive. Recently, there are some lines of evidence suggesting the involvement of
HO-1 in the pathogenesis of schizophrenia [114]. Furthermore, sustained increase of HO-1
in the brain during the pre- or perinatal period could lead to activation of HO-1 in astro-
cytes prior to the maturation of offspring mesolimbic and nigrostriatal system, what induces
changes in DA network structure and function predisposing to neurodevelopmental pheno-
types of schizophrenia observed in early adulthood [114]. In the adult, one of the most impor-
tant and well-established disturbances recognized in schizophrenia is in the dopaminergic
neurotransmission, therefore the actual antipsychotics classified as typical and atypical that
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are effective in schizophrenic positive symptoms are antidopaminergic drugs, that are not
effective on cognitive, negative, and other deficits found in schizophrenic patients [115]. The
dopaminergic dysfunction can be a consequence of glutamatergic hypofunction in schizo-
phrenia, being glutamatergic system closely related to the immune system [115].

Some in vitro studies proposed that after antipsychotics therapy, some cytokine levels become
normalized, such as IFN-vy, that is blunted in the illness, as well as IL-2, ICAM-1, and the
ICAM-1 ligand leukocyte function antigen-1, TNF-a, and TNF-a receptors (for more details
[119]). Furthermore, medicated schizophrenics patients presented an increase in IL-18 serum
levels that play a pivotal role in immunological response type-1 and a decrease in IL-6, one
important cytokine of type-2 immune response, suggesting a role for antipsychotics in cyto-
kine levels balance [119]. In schizophrenic patient’s blood sample, it is possible to observe the
predominance of type-2 immune response due to activated monocytes releasing IL-6, high
levels of Th2 type lymphocytes, immunoglobulin E and IL-10 serum levels. In CSF of juve-
nile schizophrenic patients it was observed an increase in IL-4 levels, one of the most impor-
tant cytokines in type-2 response indicating that this predominance is not only an exclusive
peripheral immune response phenomenon [115].

Science is still far from an effective answer and treatment to offer to schizophrenic patients
and, therefore, is still hurried to consider the pro-inflammatory cytokines as a possible tar-
get to psychosis treatment. There are many preclinical trials being performed in the world
focusing on schizophrenia and major depression treatment with monoclonal antibodies to
anti- and pro-inflammatory cytokine (infliximab, tocilizumab) [116], but the Janus face of
inflammation mechanisms still needs to be carefully and detailed understood especially in
the psychotic brain.

8. Autism spectrum disorders (ASDs)

Disorders on the autism spectrum are classified as neurodevelopmental disorders including
childhood disintegrative syndrome, autism itself, pervasive developmental disorder not-oth-
erwise specified (PDD-NOS) and Asperger syndrome, Rett’s syndrome [11]. Autism itself is
a debilitating neurodevelopmental disorder that starts at early childhood with genetic and
environmental causes and immune influence. The ASD symptoms comprise impaired lan-
guage and communication, impaired social relationship, repetitive behaviors, and a narrow
range of interests and many autistics also have intellectual disability [117]. Intellectual dis-
ability (ID) comprises significant limitations in both intellectual functioning and adaptive
behavior starting in childhood. The stable incidence of ASD in children has been estimated in
0.5-1.0% B [117, 11].

In the brain, neuropathologic alterations observed in ASD correlates to cytoarchitecture
abnormalities that affect many structures as cortex, limbic system, and cerebellum, leading to
hypoplasia of the inferior vermis of the cerebellum with loss of Purkinje cells, asymmetrical
enlargement of the amygdala, and increased gliosis (GFAP), whereas biochemical abnormali-
ties include altered energy metabolism, dysregulated amino acid metabolism with increased
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aspartate and glutamate serum levels in the amygdala and hippocampus [117]. It is well
known that in ASD pathology, abnormalities in genes that regulate the expression of glutama-
tergic receptors are involved, as mutations in chromosome 6q21, where GluR6 gene is located
[26]. The GluR6 genes codify the family of kainite receptors that are ionotropic glutamatergic
receptors very important during development [117].

The degree of ASD severity appears to be related to the intensity and period that excitotoxic
or immune insult occurs. Woman exposed to ethanol during pregnancy, as well as ketamine,
phencyclidine, benzodiazepines, barbiturates, anticonvulsants, or anesthetics can have
GluR activity altered. During development, CNS neurons are more susceptible to synaptic
environment, and disturbances that increase NMDA receptors activity can easily trigger
neurodegeneration due to excitotoxicity [11]. During development of the neural systems,
an excess of extraneural glutamate can alter the migratory neuronal pattern, differentia-
tion, and synaptic development, leading to different abnormal brain architecture degrees. A
postnatal injury seems to produce lesser ASD syndromes compared to prenatal, as human
brain continues to develop during the first 2 years of childhood. In older children, injury
due to elevated levels of heavy metals, glutamate, and inflammatory cytokines secondary
to microglial activation can affect postnatal brain development [11]. Based on observations
made from adult brain exposed to elevated inflammatory cytokines, the capacity of immune
system to reestablish a homeostatic state is the major determinant factor as abnormalities
of immune system function is always reported in ASD, being overactivation the most com-
monly seen [11].

According to the literature, immunological abnormalities reported in ASD include a shift in
T-helper cells,Th1/Th2, balance, abnormal reactivity of lymphocytes, increased levels of cyto-
kines as IL-1 and TNF-qa, and finally elevated levels of anti-brain antibodies, specifically anti-
bodies against neurotransmitter receptors. In the autistic brain, a considerable loss of Purkinje
cells is observed in the cerebellum, the most damaged area, followed by glial activation wide-
spread all over the brain. There is also an increase in macrophage IL-6 and chemoattractant
protein-1, which play an important role in the response of innate immune system including
monocytes and T-cell activation [11].

Therewithal, there are considerable data proposing that prolonged and excessive microglial
activation can impair either neurodevelopment or neurogenesis due to the increase in cyto-
kine release by microglia and excitotoxicity as already observed in CSF, brain tissue, and
blood of autistic child with high levels of cytokines and glutamate [118]. The co-localization
of NMDA receptors with TNFR was also reported, implicating that GluR can interact with
inflammatory cytokine membrane receptors allowing a cross talk that can lead to excitotoxic-
ity especially through TNFR1. Furthermore, TNF can increase the glial release of glutamate
by upregulating glutaminase [119].

As in schizophrenia, elevated cytokines during pregnancy have a very important role in ASD
as proposed by human studies that found increased levels of INF-y, IL-4, IL-5, and MCP-1
in mid-gestational mother sera and IL-4 and TNF in amniotic fluid [120]. Elevated levels of
inflammatory chemokines such as granulocyte macrophage colony-stimulating factor (GM-
CSF) and cytokines as TNF, INF-vy, IL-1§3, IL-4, and IL-6 during mid-gestation have been more
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related to ASD subphenotype that presents intellectual disability (ID) than to ASD alone or
developmental delay (DD) without autism [121].

Moreover, the production of maternal autoantibodies reactive to seven developmentally regu-
lated proteins in the fetal brain has only been measured in blood of women whose children were
later diagnosed with ASD. The seven proteins are Y-box binding protein 1 (YBX1), stress-induced
phosphoprotein-1 (STIP1), lactate dehydrogenase A and B (LDH-A and LDH-B), cypin, and col-
lapsing response mediator proteins 1 and 2 (CRMP1 and CRMP2) [120]. However, in order to
determine the predictive value of the maternal autoantibodies for autism risk and diagnose, addi-
tional studies need to be done, because at this moment it seems to influence, if not define, ASD.

During postnatal period, individuals with ASD could present an increase in endogenous circu-
lating anti-brain auto-immunoglobulins correlating with aberrant behaviors, impaired develop-
ment and with immune dysregulation (increased IL-6, IL-8, and MCP-1) leading to an increase
in the pro-inflammatory Th1/Th2 ratio. Besides the observed increased baseline activity of
(natural killer) NK cells, there is a decrease in response to activation suggesting dysfunctional
activity and a shift in T-cell population that is decreased [120]. However, the role of IL-17 is still
obscure in ASD despite some temptations of explanation in rodent maternal immune activation
(MIA) models [122]. The relationship between autoimmune diseases and ASD has long been
described. Autism has itself been considered an autoimmune disorder [123, 124] due to the find-
ings that family history of autoimmune disorders is a risk factor for autism and autoantibodies
can also be found in multiple sclerosis, systemic lupus erythematosus (SLE), and schizophrenia.
These autoantibodies can also cross-react with N-methyl-p-aspartate receptors [124].

9. Schizophrenia and autism spectrum disorders (ASDs), a common
source: neurodevelopmental hypothesis of maternal immune activation

There are many evidences linking the etiology and pathophysiology of schizophrenia, with
immunological changes especially during prenatal lifetime. During pregnancy, MIA that can
be triggered by many common viruses seems to be enough to cause offspring brain func-
tion lifelong changes and behavior, in both animal models and humans [125, 126]. In 1964,
after rubella pandemic, the incidence of two neurodevelopmental disorders, autism and
schizophrenia, increased abruptly from less than 1% to about 13 and 20%, respectively [127].
Subsequent to this first observation, other studies revealed an association with outbreaks of
influenza, chicken pox, polio and mumps, and schizophrenia or autism [120, 128, 129] as
well as bacterial infections and parasite such as Toxoplasma gondii [125, 127]. Furthermore,
any environmental insult or genetic predisposition that elevates immune responses above a
threshold, like allergies, acute stress, asthma, and exposure to environmental pollutants, have
been related to enhanced risk of schizophrenia and autism [125, 126].

According to this theory, during pregnancy, a maternal infection due to viral or bacterial
invasion leads to pathogen recognition by peripheral immune cell through the action of the
family of toll-like receptors (TLRs), classified as pattern-recognition receptors that is respon-
sible, in peripheral immune system, for the generation and fast release of inflammatory
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cytokines, among others. The cytokines can cross the placenta barrier arriving in the fetal
blood circulation according to the cytokine structure, gestational stage, and the physiologi-
cal conditions of both mother and fetus [107]. The placenta from vertebrates is a very com-
plex organ that plays the important role of fetus protection from pathogenic invasion and
maintenance of a normal development hormonal environment. In physiological conditions,
cytokines are constitutively expressed in placenta and seem to play important roles in the
healthy environmental maintenance [130]. The expression of toll-like receptors (TLR) type
2 and 4 on normal human chorionic villi of placenta suggests that placenta can constitute
an immunological barrier prepared to sustain and respond a pathogenic attack being also
considered a pregnancy-specific component of the innate immune system. However, during
maternal infection, a dangerous increase in environmental pro-inflammatory cytokines can
strike an increase in placental cytokines that can become threat to the normal development of
fetal brain [130]. During the CNS development, different classes of cytokines have different
important roles. In the normal development of dopaminergic phenotype, IL-1f3 is the cytokine
that can induce the mesencephalic progenitor cells conversion, whereas in embryonic hippo-
campal neural stem cells (NSCs) this cytokine can exert anti-proliferation, anti-neurogenesis,
and pro-gliogenesis effects. Furthermore, IL-6 can modulate serotoninergic neurons viability,
decreasing its survival in fetal brain, in an in vitro model of serotoninergic neurons from the
rostral raphe embryonic cell culture. During development, TNF-a, in turn, can not only act
as a neurotrophic factor in dopaminergic ventral mesencephalic neurons but also it can be
neurotoxic at the beginning of brain development [126].

Due to the dificulty of clinical research in identify the molecular pathways downstream of mater-
nal infection, animal models of research became a valuable tool once through this model it become
clear the critical roles of cytokines in this process together with oxidative stress, zinc deficiency
and hypoferremia, mediating in prenatal lifetime the neurodevelopmental effects of infection
[106, 126]. In animal models, pregnant rodents and non-human primate (NHP) can be exposed to
immunological manipulation, and brain structures of offspring can easily be compared to control
offspring [131]. The behavior of the offspring can manifest a broad range of schizophrenia and
autism-related abnormalities and also decreased ability of the brain to filter out extraneous infor-
mation, deficits in cognitive flexibility, working memory, and increased anxiety behavior [125,
127, 131]. There are two different protocols that are very well established in MIA models, one
that consists in pregnant female exposure to LPS, a bacterial endotoxin (lipopolysaccharide) and
other that is based in exposure to polyriboinosinic-polyribocytidilic acid (polyl:C), a synthetic
analog of viral double-stranded RNA. Both of them are recognized by toll-like receptors (TLRs),
a class of receptors that recognize pathogen, being LPS recognized by TLR4 and polyl:C by TLR3.
The female exposure to LPS or polyl:C during pregnancy notably enhances pro-inflammatory
cytokine levels in many gestational structures as amniotic fluid and placenta and latter in fetal
brain, leading to fetal microglia activation and an increase in transcription factor nuclear factor-
kB (NF-xB) activity in both fetal and neonatal brains [106, 132] at the same time as white matter
injury is observed by evident hypomyelination together with precursor cells of oligodendrocytes
death and increased rate of apoptotic neurons during fetal and neonatal brain development. The
activation of microglia together with this entire pro-inflammatory scenario is sufficient to induce
a delayed increase of AMPA receptor expression and activity in excitatory synapses [132].
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When pregnant rodents are exposed to a model of viral infection with poly(I:C) injection,
offspring tend to manifest autism spectrum disease behavioral symptoms, as abnormal
communication, social interaction, and an increase in repetitive behaviors [126, 131]. When
offspring reach adulthood they also exhibit other neuropathologies associated to schizo-
phrenia, as reduced hippocampal volume and cortical thickness as well as and increased
ventricular size, deficits in synaptic protein levels, in dendritic spine density, in long-term
plasticity and cortical malformation [122, 129], and associated to ASD, aberrant Purkinje
cells [125, 127, 129]. Altered serotoninergic and dopaminergic signaling was also observed
additionally to specific changes in inhibitory neurotransmission and a decrease in several
components of the y-aminobutyric acid (GABA) system, related to both schizophrenia and
ASD [125, 126, 129, 131]. Transposed to humans, it seems that most of maternal infections
do not lead to ASD or schizophrenia in offspring, but it can act as a disease primer making
individual more susceptible to the effects of this maternal infection in the presence of more
than one risk factor along adult life, such as familiar historic of schizophrenia or autoim-
mune diseases [125-127].

Notwithstanding, to bridge the gap between humans and rodents, several groups have estab-
lished rhesus macaque in MIA models to validate remarkably strong finding in rodents. As
rodents and humans, these models display behavior symptoms of schizophrenia and ASD
that increase in intensity along with age, as repetitive behavior, abnormal communication,
and impaired social interactions [129, 131]. Gray and white matter volume is also altered in
MIA non-human primate (NHP) models as well as changes in dendritic branching in neonatal
offspring [129].

There are some theories made from animal observation suggesting that IL-6 can cross the
rodent placental barrier in early and middle gestation but not in the late. It was observed that
a maternal viral-like immune activation during the first half of mouse gestation could elevate
IL-6 protein levels not followed by an increase in endogenous interleukin production in fetal
brain [133] suggesting that IL-6, opposite to IL-1 and TNFa, can easily cross the placental
barrier also in humans. As a matter of fact, to develop and establish a functional immune
system, a series of very well-coordinated events during fetal development, that only in late
gestational and postnatal stages will achieve the highest functional maturation period, seems
to be necessary. In summary, the fetal cytokine reaction observed due to maternal infection
is absolutely dependent on the precise gestational stage [107]. However, the mechanism by
which this cytokines alter brain development is still unknown. There is an assumption that
these cytokines can regulate the expression of immune molecules expressed in neurons, as
histocompatibility complex I (MHCI) where it negatively regulates synapse formation, and
the synaptic plasticity required for activity-dependent synaptogenesis and dendritic branch-
ing [126, 134], that are both altered in neurodevelopmental disorders and are thought to be
important in etiology of schizophrenia and ASD [135].

Actually, MIA changes dramatically neuronal levels of MHCI, in brain of neonatal offspring
[126], but it is still unknown whether these changes are long-lasting and related to the behav-
ior changes related to disease in later stages of development. Alterations in the MHCI levels
may be acute and directly reflecting the nature, intensity and duration of infection, that can
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Figure 1. Main changes observed in neuropsychiatric diseases. On left, major immune changes related to schizophrenia
and autism spectrum diseases (ASD) observed in central nervous system (CNS). A direct interchange is observed from
cellular and molecular components of peripheral system and CNS due to blood brain barrier (BBB) disruption leading
to an increase in macrophage infiltration, in microglia activation, and in astrocyte reactivity. There is also an increased
inflammatory signaling responsible for higher levels of free radicals that together with decreased oligodendrocyte
numbers favors the myelin damage process [112]. An increase in natural killer (NK) cells can be observed; however, its
activity is dysfunctional [120]. Altered neurotransmission due to an increased expression of dopaminergic receptors (D1/
D2) [111] and a decrease in N-methyl-d-aspartate (NMDA) receptors expression can be found in part as a consequence
of the presence of anti-brain antibodies that among other cerebral targets can recognize NMDA receptors [11]. AMPA
activity is also disrupted [132]. In peripheral system, a decrease in the shift Th1/Th2 is observed in schizophrenia,
whereas an increase in Th1/Th2 relation is observed in autism spectrum disorders (ASDs) [11, 115, 120]. Anti-brain
antibodies are also detected in peripheral system. On the right, the main changes in inflammatory response in mood
disorders: bipolar disorder (BD) and major depression disorder (MDD) [38]. Most of the changes are consequence of
traumas during childhood and/or infections during the development [39]. These diseases have important inflammatory
markers such as microglia activation [57, 58], HPA (hypothalamic-pituitary-adrenal) axis impaired [43, 61, 65] and
increase in pro-inflammatory cytokines which are related to each other [72, 75, 89]. The increase of C-reactive protein
(CRP) and pro-inflammatory cytokines could lead to an increase in cortisol levels and also in the BBB disruption that
could also lead to microglia activation. Since TNF-« levels are elevated, there is also a modulation of sTNFR1 in BD
[55]. The chronic high levels of cortisol decrease the GR expression, which contributes to the inflammatory imbalance.
High levels of cytokines also modulate the amount of neurotransmitters in the synaptic cleft. The levels of noradrenaline
(NA), dopamine (DA), and serotonin (5-HT) are downregulated that conducts to the mood changes [85]. TLR4 and TLR2
pathways are also changed in BD [70, 71], for instance, the MyD88 is increased [59]. The presence of auto-antibodies is
also an important feature in BD and MDD, especially anti-NMDA antibody that impairs glutamatergic pathway and
could lead to cognitive impairment [51].
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become chronic, due to epigenetic changes that might synergize with other risk factors at dif-
ferent stages of life. Furthermore, as a convergent signaling pathway to cytokines, synaptic
scaffolding proteins, and trophic factors, the literature now is trying to understand the role
of mammalian target of rapamycin (mTOR) signaling pathway in individuals with schizo-
phrenia, ASD and MIA offspring, as well as schizophrenia-associated DISC-1 mutation in
animal models. Changes in physiological mTOR signaling can implicate in neuronal mor-
phology changes, as well as synaptic plasticity and synaptic protein and glutamate receptor
synthesis [113].

Several phenotypes related to schizophrenia and ASD, in MIA offspring, can also be pre-
vented with probiotics, environmental enrichment, or maternal supplementation with zinc,
several phenotypes related to schizophrenia and ASD, in MIA offspring, can also be pre-
vented with probiotics, environmental enrichment, or maternal supplementation with zinc,
specific antibodies to cytokines [122] and later during adolescence MIA rats treated with
COX2 inhibitor were protected to develop several schizophrenic behavior aberrations, as
well as the treatment with minocycline (a microglia modulator) during a stress condition in
adolescence could prevent adult offspring to develop schizophrenic behavior [125, 127]. In
particular, autism shares many significant similarities with schizophrenia, including genetic
variants and neuroinflammation in early development and chronic inflammatory process
affecting especially pregnant woman [111, 120] leading to aberrant neuronal connectivity,
synaptic plasticity, and altered neurotransmission in both. Indeed, defects in inhibitory
(GABAergic) and excitatory (glutamatergic, dopaminergic) neurotransmission leading to
an imbalance of inhibition/excitation can be found in ASD and schizophrenia [111]. A sum-
mary of the most relevant similarities between ASD and schizophrenia concerning neuro-
inflammation in CNS as well as bipolar disorders and major depression are illustrated in
Figure 1. However, in the immune system some differences can be observed between ASD
and schizophrenia.

10. Conclusion

Therefore, a better comprehension about the pathophysiology of inflammation and immune
system especially during fetal and neonatal brain development in psychiatric disorders
remains an exciting field in science. The hypothesis of finding some answers that lead to
a potentially preventable or treatable neurodevelopmental disorders is welcome in a field
where current therapeutics are far from an ideal outcome.
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Abstract

Alzheimer’s disease (AD) constitutes a major health threat to elder people. Despite the
great advances achieved regarding our knowledge of the disease, we are far to success-
fully treat this pathology. Molecular alterations, immune/inflammatory response, and
cell death are some of the processes involved during the pathology. Moreover, AD affects
the whole brain. In this regard, we must not only consider the health status of neurons,
of course, but also pay attention to the status of the glial cells and additional surround-
ing structures, such as the blood-brain barrier (BBB). Several groups have demonstrated
how the molecular alterations occurring during AD alter neurons, glial, and endothelial
cells. This situation has become so relevant that different groups are currently working
to unveil the blank spaces in our understanding about the co-involvement of these ele-
ments in AD. Based in our experience, we believe that this kind of approach will lead
to the design and development of more comprehensive therapeutical interventions. The
present chapter summarizes the relevant aspects of state of the art regarding AD, from its
molecular genesis to the recent advances in neuroinflammatory modulation, including
nuclear receptors (NR), such as peroxisome proliferator-activated receptors (PPARs), and
the Wnt pathway involved in the AD neurodegeneration.

Keywords: Alzheimer’s disease, neurodegeneration, amyloid-f3, neuroinflammation,
Toll-like receptors, glial activation, TREM2

1. Introduction

Scientific progress has given enormous benefits to human population. In this regard, the con-
tinuous advances in biomedicine have constituted one of the more relevant achievements
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of the last centuries. Increased rate of newborn survival, control of devastating infectious
pathologies, chirurgical management of systemic pathologies, and increased life expectancy
of the world population are some of the milestones reached because of science development.

Although positive, the increased longevity of world population has led to two critical events,
which have huge implications in human health. On one side, our biological system must
work for a longer period of time. Considering that no machine can work indefinitely with-
out failure, the alteration/impairment of our cellular and molecular mechanisms should be
considered as part of the price to live longer and as an open door for the development of
several diseases. On the other side, we must consider that a longer life span also implies an
increased exposition time to different kinds of xenobiotics. Environmental pollutant levels
have increased along with the population growth, and although huge efforts have been com-
mitted to reduce the usage of the more toxic chemicals worldwide, just a rapid revision of
the lists published by the International Agency for Research on Cancer (http://www.iarc.fr)
allows us to understand and to dimension the threats usually faced during our life span.
Accordingly, the increased incidence and prevalence of several chronic-degenerative patholo-
gies, including cancer and neurodegenerative disorders, should not be a surprise. Indeed, age
and the exposition to environmental pollutants are considered as the main risk factors for the
establishment and progression of these pathologies. Thus, to properly face this specific type
of alterations, a complex equation should be solved, including deep knowledge of the cellular
and molecular mechanisms behind each disorder and the environmental elements able to
induce, perpetuate, and/or accelerate the pathophysiological processes.

In the present chapter, we will focus our efforts to summarize the most relevant aspects
regarding Alzheimer’s disease (AD) and the key elements of its pathophysiological process.
Moreover, we will include relevant information and discussion about some aspects of neuro-
inflammatory modulation.

2. Alzheimer’s disease

Described more than a century ago, Alzheimer’s disease (AD) constitutes nowadays an
extremely complex public health threat. With up to 10% of people over 65 years old affected
by this pathology and up to 50% of people over 85, AD is the most common form of demen-
tia worldwide. Moreover, the cost associated to AD has been estimated in USD 818 billion.
Additionally, the social implications should be considered when the total impact of the dis-
ease is addressed. Indeed, according to Alzheimer’s Research International, in most cases, the
relatives of an AD patient are those who take care of the patient health, causing a huge impact
in the familial economy as well as social stress [1].

To date, two presentation forms have been reported for AD: the familial or early-onset AD
(EOAD) and the late-onset AD (LOAD). As suggested by its name, the main characteristic of
EOAD is its presentation before the 65 years old, with cases reported from the 30s to 60s and
with a high genetic background at least in three genes (amyloid precursor protein, APP; pre-
senilin 1, PSEN1; and presenilin 2, PSEN2). Although no consensus has been agreed, several
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researchers have defined that EOAD might reach the 5% of total AD cases worldwide. On the
other hand, the LOAD occurs after the 65 years old, and age and life style are considered as
the main factors leading to AD insurgence. Importantly, in both presentation forms, the apo-
lipoprotein E (ApoE) €4 gene allele has been identified as a relevant risk factor (Figure 1) [2].

Clinically, AD progresses from the compromise of the short-term memory to long-term memory loss
and cognitive impairment. The selective neuronal death within memory and learning brain areas is at
the basis of these clinical alterations. Indeed, frontal cortex, limbic area, and hippocampus atrophies
along with extracellular accumulation of amyloid-3 (AP) plaques and intra-neuronal neurofibril-
lary tangles (NFTs), constituted by hyperphosphorylated tau protein, are pathological hallmarks of
the disease [3]. Additionally, increased oxidative stress status, mitochondrial dysfunction, impaired
energy metabolism, and altered autophagy process have also been demonstrated during the disease.
Importantly, the spread of these alterations across the different brain areas ultimately leads to neu-
ronal network failure, affecting the synapses critically, and to the loss of function of these areas [3, 4].

On the other hand, it is important to realize that AD affects the whole brain. In this regard, we
must consider the health status of neurons, of course, but also pay attention to the status of

ENVIRONMENTAL FACTORS

AD BRAIN

BACKGROUND

AGE

Figure 1. Etiological factors of AD. A simplified view. Alzheimer’s disease is a highly complex disease. Although several
risk factors have been identified, the etiology of this disorder remains elusive. Environmental factors, such as exposure
to common pollutants; aging, which not only accounts for a decrease in the natural defenses of the organism but also
increases the exposure time to the environmental contaminants; and the genetic susceptibility, such as the ApoE &4 allele
or presenilin mutations, create the perfect conditions to facilitate the establishment and progression of AD.
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the glial cells and additional surrounding structures, such as the blood-brain barrier (BBB) [5].
Several research groups have demonstrated that the molecular alterations occurring during
AD not only alter neurons but also microglia, astrocytes, pericytes, and endothelial cells, as
well; and more importantly, each of these cells will respond to the molecular insults trigger-
ing a subsequent series of molecular events able to affect itself as well as the neighboring cells
and tissues [5-7]. Whether these subsequent events are just the consequence or part of the
cause/progression of AD is still matter of research.

2.1. Alzheimer’s disease amyloid hypothesis

Since its description in 1906 by Dr. Alois Alzheimer, several hypotheses have been proposed
to explain the pathobiology of the disease. Based on initial neurochemical studies of AD
brains, an altered metabolism of acetylcholine (ACh) in the basal forebrain of AD patients
was reported. This finding leads to the formulation of the “cholinergic hypothesis” of AD in
which the ACh deficiency at the cortical level is considered responsible, at least in part, of the
cognitive and behavioral impairment observed during disease progression. Moreover, ACh
deficiency has been linked to NFT formation, and an increased activity of the ACh-esterase
(AChE) has been found surrounding the A3 plaques [8]. On the other hand, “tau hypothesis”
was proposed in attention to the presence of NFTs across the brain and because this alteration
seems to correlate better with the cognitive impairment observed as disease progress. In the
same way, tau hyperphosphorylation and aggregation can also explain several of the molecu-
lar and physiological events related to the pathology, including synaptic failure, mitochon-
drial dysfunction, Ap aggregation, and neuronal death, among others. Other relevant features
of AD, the senile plaques, have also lead to its own hypothesis. Indeed, already in 1985, it was
suggested that AD was an amyloidosis phenomenon, similar to other pathological processes,
in which the A3 accumulation starts a series of event leading to neuronal death and cognitive
impairment. The observations of such events have led to the “amyloid hypothesis” of AD and,
to date, constitute the main axis behind AD-oriented basic and applied research [4, 9].

As mentioned previously, the amyloid hypothesis states that AD will result from the increased
accumulation of A3 within the brain. Accordingly, several authors have suggested that the
accumulation will result from an altered equilibrium between the production and elimina-
tion rate of AB from the brain [10-12]. A constitutes a small posttranscriptional processing
product of the ubiquitous amyloid precursor protein (APP), a transmembrane protein, coded
in chromosome 21, which has been linked to nerve differentiation and cell adhesion and sig-
naling. Physiologically, APP can undergo two clearly defined processing pathways. The non-
amyloidogenic processing is carried out by the alpha (a) and gamma (y) secretases, which
lead to the release of the soluble APPa (sSAPPa) and the p3 fragment. On the other hand, when
this process is carried out by the beta ([3) and y secretases, the amyloidogenic pathway is estab-
lished and leads to the release of the SAPPf and the neurotoxic AP peptide (Figure 2) [9, 12].

Ranging from 37 to 49 amino acids, A constitutes the critical molecular event at the basis of
the AD establishment and progression [9]. Although A can interact with other molecular
elements and organelles, a relevant feature of this peptide is its ability to self-aggregate, being
able to constitute monomers, oligomers, fibrils, or bigger aggregates, such as plaques [3, 8].
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Figure 2. Apolipoprotein processing pathways. APP can be processed according two known paths. The non-
amyloidogenic pathway will require a- and y-secretase activity and will lead to the release of the sAPPa and the p3
peptide, both small peptides with a poorly understood function. On the other hand, when - and y-secretases work
sequentially, the formation of the sAPPP and the Af3 peptide, the main neurotoxic agent described in AD, will be
favored. Importantly, external factors can increase the expression levels/activity of 3-secretase, suggesting the potential
upregulation of the amyloidogenic processing of the APP. sAPPa/f, soluble APP fragment a/B; p3, 3-KDa peptide;
BACE, B-site APP cleaving enzyme.

Importantly, each of these forms has its own implications in terms of reactivity and toxicity.
During several years, the plaques were considered the most harmful element of the AD patho-
physiology. Indeed, the dystrophic neurites, reactive astrocytes and microglia, and increased
activity of AChE commonly found around the plaques were considered as clear indicators
that these formations were responsible for the progression of the pathology [8]. However,
currently, it has been accepted that the oligomeric A is the most neurotoxic form, which
needs to be controlled to avoid AD progression. Evidently, any circumstance able to favors
the amyloidogenic processing of the APP, would increase the risk of developing AD due to
increased levels of A [9, 11]. Down syndrome (chromosome 21 trisomy leads to an additional
copy of the APP gene), upregulation of y-secretase activity (presenilins 1 and 2), upregula-
tion of the 3-site APP cleaving enzyme (BACE, [3-secretase) activity, downregulation of non-
amyloidogenic APP processing enzyme (A disintegrin and metalloprotease, ADAM, 9-10 and
17) activity, and increased APP enzymatic processing hotspots within the plasma membrane
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(lipid raft) are some of the conditions able to increase the A3 production rate within the brain,
causing its subsequent accumulation [11-16].

On the other hand, the Af3 removal occurs mainly through the blood stream and, in a lesser
extent, through the cerebrospinal fluid (CSF). Apolipoprotein E (ApoE) constitutes the A3 chap-
erone, necessary to mobilize the peptide from the interstitial fluid (ISF) to the blood-brain barrier
(BBB) transport system and/or to the choroid plexus to its final elimination from the brain [9, 10].
Although several members of the ATP-binding cassette family of transporters, such as ABCB1,
ABCC2, and ABCG4, can be linked to the AP removal, the low-density lipoprotein receptor-
related protein/ApoE receptor (LRP/APOER) is the main responsible of the A{3 clearance through
the BBB. Contrarily, the receptor for advanced glycation end products (RAGE), a transmembrane
receptor of the immunoglobulin superfamily located at the luminal side of the cerebral micro-
vasculature, allows the influx of Af3 from the blood stream to the brain parenchyma [5, 6, 9, 17].

When the balance between production and clearance is altered, the A{3 levels start to increase
within the brain interstitial fluid (ISF) where finally it will start to aggregate and exert its neuro-
toxic effects in the surrounding cells. Although Ap-derived damage is considered as an extracel-
lular process, it has been also suggested that the intracellular accumulation of Ap might play a
relevant role at the early stages of the disease. In this regard, APP has been found in different cell
compartments including the Golgi apparatus, endoplasmic reticulum, endosomes, lysosomes,
and mitochondria. Moreover, cell uptake has been also evidenced through the a7 nicotinic ace-
tylcholine receptor, suggesting that in the presence of increased extracellular levels of A, the
peptide can enter the cell and starts to accumulate within the intracellular space, probably caus-
ing the first cellular alterations, including tau hyperphosphorylation and neurite atrophy [9].

Although no hypothesis can be discarded, amyloid hypothesis is considered as the most
relevant one because the molecular cascade and cellular effects observed during AD can be
tracked backward to the Af3 peptide. Moreover, in vitro, in vivo, and human studies have
evidenced that Af-directed interventions can prevent or slow the progression of the disease.
In the same way, more recently, studies focused to improve the clearance of A3 from the brain
have shown promising results as potential AD drugs [4, 10, 18].

As pointed previously, AD pathophysiology is a very complex disease, with a multifactorial
etiology which, to date, is still matter of intense research. Moreover, even when we have been
able to establish that the clinical signs correlate with the impairment of the neuronal network
and neuronal loss, the broad range of molecular alterations still seem like little islands in
the sea. In this regard, AP has been proposed as a central element in the pathology and as
the starting point for all the molecular and cellular alterations found at the different stages
of the disease. However, several questions, like how disease spreads across the brain, are
still open. During the recent years, the neuroinflammatory response has been identified as
a relevant feature of the AD brain, and it has been suggested that disease progression might
be due, at least in part, to a chronic neuroinflammatory state of the brain [19-21]. Again, A3
can be located at the center of this process leading to additional alterations which can further
promote an exacerbated inflammatory response within the brain.
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3. Ap: the core of the immune/neuroinflammatory response in
Alzheimer’s disease

Inflammation is a fundamental physiological process to solve tissue damage. In general,
pathogens and/or toxic elements disturb the cellular environment, triggering a whole
range of responses including complement cascade activation and cytokine release from
the injured cell and from the immune cells located at the site of the insult. The final goal
of such response is to eliminate the initial cause of distress and cell debris and to repair
of the damaged tissue. In this regard, pro-inflammatory and anti-inflammatory cytokines,
such as tumor necrosis factor 1 (TNF-1a), interleukins (IL-1, IL-8, IL-10), interferon (INF-
Y), and transforming growth factor 1 (TGF-1), along with complement proteins, develop
a coordinated response to constitute a solid first line of defense against many unspecific
damaging agents [19, 21]. Although this mechanism is common to the whole organism, the
central nervous system (CNS) and the brain possess some particularities, which need to
be addressed.

The CNS is a highly specialized structure, and neurons are recognized to require specific
microenvironmental conditions to carry out its functions and to ensure that neuronal net-
work is properly functioning. Although the CNS is partially isolated, preventing both
external and internal elements to alter the brain homeostasis, eventually, some external
insults, such as pathogens or environmental pollutants, and/or endogenous conditions,
such as autoimmune diseases, sterile pathological processes, and aging, among others,
will reach the brain parenchyma and induce neuronal damage that will require an efficient
immune response to control and to prevent the spreading of the damage. It is important
to consider that the brain parenchyma constitutes an anti-inflammatory environment with
high expression of relevant anti-inflammatory mediators, such as transforming growth
factor b (TGFDb) and interleukin (IL)-10 [22, 23]. Although common systemic immune cells
and molecules, such as cluster of differentiation 11b- and 11c (CD11b, CD11c)-positive
cells, can be found in the CNS during the immune/inflammatory response, these factors
mainly localize close to BBB-damaged areas, suggesting that its migration might be due to
an increased BBB permeability [24]. Interestingly, an important feature of the anti-inflam-
matory molecules localized in the brain is to prevent peripheral immune cell proliferation.
This condition establishes microglia and astrocytes as the specialized cells responsible to
carry out the immune surveillance and to act as the first line of response against harmful
events within the brain. Even when these characteristics might prompt us to consider the
brain, and the CNS, as an immune-incompetent organ, it has been proposed that the men-
tioned conditions are necessary to prevent strong and uncontrolled immune/inflamma-
tory responses, which can cause further neuronal damage [24]. However, under pathologic
conditions, such as AD, in which a harmful molecule, such as Ap, accumulates and aggre-
gates within the neurons and ISF, a chronic inflammatory condition can still be triggered
leading to the involvement of the different cells and structures within the brain, includ-
ing neurons and brain microvasculature, among others (Figure 3). Interestingly, during
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Figure 3. Amyloid-B-mediated effects on cells and organelles. Whether as oligomers or fibrils, AB is able to induce
several effects on cells and on subcellular compartments. AB-derived damage and/or response will trigger a cascade
of events, which ultimately will affect a wide range of CNS elements. Neuroinflammation is a common outcome of A3
exposure. Upon A challenge, neurons will release pro-inflammatory mediators. Moreover, neurons can internalize
the AP affecting the neuronal trafficking and leading to cytoskeleton alterations, such as NFT formation. On the other
hand, astrocytes and microglia will be activated inducing the production and release of pro-inflammatory mediators,
which in turn can further activate surrounding glial cells and neurons. In the same way, Ap will also deposit around
cerebral microvasculature, leading not only to the release of additional inflammatory molecules but also to the
disruption of the BBB sealing, allowing the extravasation of blood components to the brain parenchyma, altering the
CNS microenvironment. Similarly, it has been demonstrated that AB can enter the mitochondria where it will cause
mitochondrial dysfunction with an increased production of ROS, which will increase the oxidative stress within the
surrounding cells, further inducing an inflammatory response. These events will occur simultaneously and together will
sustain a persistent inflammatory response which will perpetuate and enhance the initial A damage.

recent years, the Af-driven neuroinflammation has become significantly relevant and cur-
rently is considered as a critical target to control AD [5, 25]. Moreover, it has been demon-
strated that permanent exposure to AP due to an increased production or deficient clearance
from the brain will lead to a chronic inflammatory state, which results in a harmful environ-
ment for the neurons, causing additional damage and ultimately further neuronal death.
Importantly, the inflammatory mechanisms triggered by A3 are driven mostly through the
Toll-like receptor (TLR) family [20].
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3.1. Toll-like receptors (TLRs) and AB

The TLR family constitutes a relevant group of the pattern recognition receptors (PRRs),
a subtype of the damage-associated molecular patterns (DAMPs), which are endogenous
indicatives of cell damage. As PRRs, TLRs are necessary not only to unleash the initial
immune response but also to connect this first unspecific defense with the secondary adap-
tive immunity [20]. In this regard, TLRs have been demonstrated to be present in several
cell components and in immunocompetent cells of the brain, including astrocytes, microg-
lia, neurons, and oligodendrocytes, suggesting that each of these cells can sense and react
to harmful molecular patterns [26, 27]. Moreover, it has been demonstrated that microglia
and neurons express all TLR subtypes, whereas astrocytes express a more limited repertoire,
including TLR2, TLR3, TLR4, TLRY, and TLR11 [28, 29]. Several members of the TLR fam-
ily have been described, depending on the species, and these can be divided into two main
groups: those expressed on the plasma membrane, such as TLRs 1, 2, 4, 5, and 6, and those
expressed on endosomes, such as TLR 3, 7, 8, and 9. In general terms, TLRs signal through
the myeloid differentiation factor 88 (MyD88) pathway. Accordingly, MyD88 recruitment
leads to the activation of interleukin 1 receptor-associated kinase (IRAK) family of proteins,
which in turn results in the activation of tumor necrosis factor receptor-associated factor 6
(TRAF®6), causing the recruitment of transforming growth factor-b-activated kinase-1 (TAK1).
TAK1 along with TAK1-binding proteins (TABs) activates the IKK complex, resulting in the
phosphorylation of IkB factor, which induces the release of nuclear factor-kB (NF-kB) and
enables its translocation to the nucleus and subsequent expression of inflammatory-related
genes. However, some TLRs, such as TLRs 3 and 4, can signal via an additional pathway
mediated by TIR-containing adaptor inducing interferon-p (IFN-() (TRIF). Although this
pathway results in the release of NF-kB, it also causes, via the IKKe/TANK-binding kinase 1
(TBK1), the phosphorylation of interferon regulatory factors 3 and 7 (IRF3-IRF7), inducing
IFN-{ expression. At the end of these TLR-related molecular cascades, we observe the pro-
duction and release of several molecular mediators, such as cytokines, chemokines, comple-
ment proteins, and enzymes, including IL-1, IL-6, IL-10, IL-11, IL-12, tumor necrosis factor
(TNF), TGF, IFN, CCL2, CCL5, CXCLS8, and CXCL10, among others [26-29]. Among the sev-
eral effects exerted by these molecules, these can further activate the TLRs, reactivating the
inflammatory cascade.

Relevantly, Ap has been demonstrated to interact with several members of the TLR subfamily
of receptors, including TLR2 and TLR4, inducing an immune response with the subsequent
release of pro-inflammatory molecules, including several members of the interleukin family,
such as IL-13, IL-6, IL-12, TNFa, cyclooxygenase 2 (COX2), and inducible nitric oxide syn-
thase (iNOS) [30]. As previously mentioned, microglia, astrocytes, neurons, and oligodendro-
cytes express several members of TLRs, making them able to respond both to the A{3 insult
and to the inflammatory mediators released in response to A [20]. In this regard, it has been
demonstrated that IL-6 levels are significantly elevated in AD and that its increased expres-
sion can be achieved by both direct production after primary AP exposure of the microglia,
astrocytes, and/or neurons and as a secondary response to pro-inflammatory mediators such
as IL-1p3 [31].
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3.2. Neurons

As mentioned, A3 induces the secretion of pro-inflammatory molecules and/or exerts mechanical
damage to the neurons, altering its delicate metabolism and leading to neuronal dead.
Moreover, it will induce the release of additional inflammatory mediators, such as reactive
oxygen and nitrogen species (ROS and RNS), which are able to interact with several biomol-
ecules, including membrane lipids, nucleic acids, and proteins. As a result, synapses, dendritic
projections, myelin sheath, and cell structure will be altered, compromising neuronal func-
tionality [32-34]. Additionally, it is well known that increased BBB permeability is one of the
primary alterations in AD, leading to the loss of brain isolation allowing systemic components
to enter the brain parenchyma, altering the neuronal microenvironment [5]. As this condition
is sustained in time, such variation will further damage neurons triggering and spreading the
inflammatory response [9].

On the other hand, several authors have proposed that A{3 can also drive the hyperphosphor-
ylation of tau protein, altering neuronal cytoskeleton and impairing the neuronal network.
Indeed, it has been demonstrated that Af3 can be incorporated to the neurons, altering the syn-
apses also through a tau-mediated mechanism. In this regard, it has been demonstrated that
tau modifications lead to frontotemporal dementia without AP deposition, but AP alterations
induce the full range of AD pathology, including NFTs. Importantly, this tau-mediated cyto-
skeleton alterations might induce neuronal apoptosis causing the release of DAMPs which
will be sensed by the TLRs located in the surrounding cells, including glial cells and neurons,
and triggering an inflammatory response [3, 4, 6, 8].

3.3. Astrocytes

Astrocytes are fundamental to sustain brain homeostasis. These cells carry out several criti-
cal functions for neuronal function including, but not limited to, offering metabolic support
to neurons and synapses and regulation of the neurotransmitter concentration. Astrocytes
also play a relevant role in the inflammatory response [35]. Indeed, reactive astrocytes are
a common feature of neuroinflammation and are usually considered as an indicator of the
inflammatory state of the brain. In this regard, it has been demonstrated that the activation
of TLR and NF-kB within astrocytes induces the production of pro-inflammatory molecules
including IL-1; IL-6; TNF; chemokines, such as CCL2 and CC3CL1; and proteins of the
major histocompatibility complex (MHC). Additionally, astrocytes have been syndicated as
the responsible for the excitotoxicity damage because of glutamate release during harmful
stimuli [21, 36]. Importantly, in response to the inflammatory signals, astrocytes can prolifer-
ate, migrate, and produce further inflammatory mediators, some of which are able to act in
a paracrine manner activating the surrounding cells, including microglia, neurons, resting
astrocytes, and endothelial cells [37].

On the other hand, a particularity of astrocytes is that these cells produce the ApoE, the main
AP chaperone which allows the removal of the peptide from the brain. Altered astrocytes or
genetic conditions, such as ApoE &4 allele expression, will cause an impaired ApoE activity
leading to a reduced rate of Af clearance, facilitating its accumulation and triggering the
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inflammatory response observed upon A{3 exposure [10]. In the same way, it must be noticed
that astrocytes are in close contact with the BBB through the astrocytic end-feet, being able to
sense the intracerebral microenvironment but also to be the first to response to increased BBB
permeability [5-7].

3.4. Microglia

Microglia reach the brain before the BBB closure and are defined as the main effectors of the
immune response acting as the macrophages of the brain. Microglia remain in a “resting” state
until diverse stimuli trigger the activation of these cells inducing the inflammatory response. It
has been demonstrated that the resting state is maintained because of the interaction between
the microglial chemokine (C-X-C motif) receptor 1 (CXCR1) and CD200L, with the neuronal
CX3CL1 and CD200, respectively [38, 39]. As expected, activation of the microglia will be
induced when these inhibitory interactions are loss or inflammatory signals are sensed by the
resting microglia. In this regard, activated microglia is being able to phagocyte the surround-
ing tissue, proliferate, and migrate where needed. Moreover, activated microglia will release
additional pro-inflammatory molecules, such as TNF-a or IL-1f3, as well as ROS and RNS [37].

Among the several receptors that allow the microglia to sense the surrounding environment,
the Toll-like receptors (TLR 1-9) and its co-receptor CD14 are the most important for microglial
activation. Regarding A, certainly, TLR2 and TLR4 are fundamental and drive main of the
microglial reactions to A, including phagocytosis [20]. Relevantly, during the last few years,
an important genetic component has emerged regarding microglial response. Complement
receptor 1 (CR1), cluster of differentiation 33 (CD33), and triggering receptor expressed on
myeloid cells 2 (TREM2) have been related to microglial-mediated A3 phagocytosis. Although
it has been evidenced that these three genes help to sustain the phagocytic phenotype of
the microglial cells, TREM2 has emerged as a potential biomarker due to its increased levels
found in the CSF in AD [40-42]. Moreover, it has been reported that TREM2 mutations, such
as arginine 47 to histidine (R47H), are critical for AP plaque formation because of an impaired
function and expression of the receptor within the microglia. Indeed, such mutations seem to
facilitate TREM2 ADAM/y-secretase processing, as evidenced by the increased levels of the
soluble TREM2 fragment within the plasma and CSF in AD [43]. The significance of such find-
ings is just emerging, and intense research are focused to elucidate the roles of TREM2 and its
soluble fragment in the pathophysiology of neurodegenerative disorders.

3.5. Blood-brain barrier

Although the concept of the BBB was proposed in the 1900s, only recently it has attracted
high attention due to its relevance in the neurodegenerative disorders. Importantly, along
with the blood-CSF barrier and the arachnoid epithelium, the BBB is a fundamental part of
the brain isolation system. Indeed, several researchers have demonstrated, using hydrophilic
compounds, that polar solutes were unable to cross the BBB because of occluding tight junc-
tions (T]) established between adjacent endothelial brain cells [5]. Moreover, brain endothelial
cells evidenced the expression of a highly complex proteome, necessary to efficiently conduct
the traffic of different molecules form the brain to the blood stream and vice versa. These
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characteristics clearly demonstrate that the BBB is an active player in maintaining the cerebral
microenvironment. Furthermore, it is widely known that A transport across the BBB is the
main way to remove the AP from the brain. Due to its electrochemical characteristics, A3
requires specialized transport to cross the BBB [6, 7]. The LRP1 and LRP2 and some members
of the ABC family of transporters are related to brain A{3 clearance. Evidently, any pathologi-
cal condition able to alter the brain microvasculature and, particularly, the endothelial cells
will have a tremendous impact in the brain homeostasis and can affect the AP levels within
the brain. In this regard, it has been demonstrated that A3 accumulates around the blood ves-
sels, leading to neurovascular dysfunction and cerebral amyloid angiopathy. Indeed, several
changes take place in the cerebral blood vessels of AD patients, including loss of vascular
density, decreased luminal diameter of vessels and capillaries, and thickness of vessel walls.
More importantly, several of these alterations occur at the early stages of the disease. In atten-
tion to this observation, several authors have suggested that the BBB alteration might not be
only a consequence of the neurodegenerative process but could be the basis of the pathologi-
cal changes observed during the course of the disease [5-7, 9].

3.6. Mitochondria

Although an organelle, mitochondria should be addressed because one of the critical features
of the Ap-mediated damage precisely relates with mitochondrial dysfunction [3, 5]. Moreover,
mitochondria constitute the power supply within cells, and each of the functions that have been
reported in this section requires important amounts of energy to be carried out. In this regard,
mitochondrial activity will depend on cellular status, and pathological conditions able to modify
internal cell environment will absolutely have an impact on mitochondrial fate. Increased oxida-
tive status or proapoptotic stimuli will trigger different cellular mechanisms conducted to control
cell death and the destruction of cell organelles, such as the mitochondria. In this regard, it has
been demonstrated that beyond inflammatory cascade, A{3 is able to induce several proapoptotic
signaling including endoplasmic reticulum stress, with the intracellular release of Ca?" which will
overload the mitochondria, and ROS-mediated apoptosis through the apoptosis signal-regulated
kinase (ASK1) and favors the apoptosis through the B-cell lymphoma 2 (BCL2)-beclin1 (BECN1)
complex, among others [44, 45]. Moreover, it has been found that AP can also enter the mito-
chondria, leading directly to mitochondrial dysfunction and to altered energy metabolism within
cells. Along with the reduction of available ATP, altered mitochondria will also increase the pro-
duction of ROS contributing to increase the brain oxidative status and resulting in the production
of additional pro-inflammatory mediators, such as IL-6 [44-47]. In this regard, once released to
the extracellular compartment, ROS can further trigger the inflammatory pathways in the neigh-
boring cells inducing the activation of the NF-kB-dependent pro-inflammatory cascade [20].

4. New insights of neuroinflammatory modulation in
Alzheimer’s disease

As evidenced previously, the inflammatory response has demonstrated to be highly relevant
in several neurodegenerative disorders, including AD, Parkinson’s disease, Huntington’s
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disease, multiple sclerosis, and amyotrophic lateral sclerosis. In these disorders, inflamma-
tion verifies since the early stages of the neurodegenerative process, and it is believed that
it can also accelerate the spread of the disease across different brain areas. Moreover, sev-
eral experimental therapeutic approaches have evidenced that controlling neuroinflamma-
tion might improve the disease outcome. Accordingly, during the last decades, huge efforts
have been committed to understand neuroinflammation and how to control such process.
Although several molecular pathways can be tracked down to explain the neuroinflammatory
cascade, some of these pathways, such as nuclear receptors (NR) and the Wnt signaling, seem
to develop a critical role in this kind of processes because it usually plays a pivotal role in the
cellular physiology.

4.1. Nuclear receptors

Nuclear receptors (NR) constitute a highly conserved superfamily of proteins [48]. These receptors
act sensing the intra- and extracellular microenvironments and exert several functions includ-
ing embryogenesis, reproduction, metabolism, inflammation, immunity, and lipid signaling.
An important feature of its structure is that several domains can be recognized which upon
activation, mainly through ligand binding, will induce conformational changes allowing the
exposure of functional domains to the consensus nucleotide sequence present in the target
genes, inducing their expression [49].

Peroxisome proliferator-activated receptors (PPARs) are classified as type II NR, which are
characterized by the formation of heterodimers with the retinoid X receptor (RXR). PPARs
possess a four-region structure including an amino terminal region, AF-1, which functions
as a constitutive ligand-independent transactivation domain: the DNA-binding domain
(DBD), constituted by two zinc fingers which recognize and bind the specific DNA nucleo-
tide sequences termed peroxisome proliferator response element (PPRE), which consists of
two AGGTCA sequences separated by a single nucleotide. Importantly, this domain contains
the necessary elements to allow dimerization with the RXR. Next, the Hinge region is found
and is believed to allow to connect the DBD to the ligand-binding domain (LBD). The LBD
is a well-conserved domain among species, which is characterized by the presence of the
ligand-binding pocket, a 12-13 anti-parallel a-helix structure. Within this region, there is also
a ligand-dependent transactivation (AF-2) domain, which is intimately involved with both
the generation of the ligand-binding pocket and interaction with transcription coactivators.
Three PPAR isoforms have been described. Generally, PPARa is expressed in the liver, kid-
ney, and skeletal muscle; PPARB/0 is widely expressed, including the CNS; and PPARY is
highly expressed in fat tissue [49]. Importantly, several researchers have demonstrated the
expression of the three PPAR isoforms within the brain, including the hippocampus, the criti-
cal brain area related to memory (Figure 4) [50].

Activation of the PPAR/RXR heterodimer will lead not only to the DNA binding but also to
the exposure of the AF-2 domain, which will interact with the LXXLL motifs present in sev-
eral PPAR coactivators, including the receptor family p160/steroid coactivator (SRC), p300/
CREB-binding protein (CBP) complex, the switching/sucrose non-fermenting (SWI/SNF) chro-
matin remodeling complex, the PPAR interacting complex (PRIC) 285, and PRIC320/chromo-
domain helicase DNA-binding protein 9 (CHD9) [51]. Each of these coactivators, which have
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Figure 4. PPARs and Wnt pathways. The figure represents the common molecular cascades associated to PPARs and
Wnt signaling. Type II nuclear receptors, such as PPARs, form heterodimers with the RXR. The PPAR/RXR dimer
binds to the DNA through the consensus sequence (PPRE), inducing the expression of target genes. PPAR, peroxisome
proliferator-activated receptor; PPRE, peroxisome proliferator response element. On the other hand, the Wnt signaling
pathway can be divided into canonical Wnt signaling and noncanonical Wnt pathways. During activation, canonical
Wnt ligands interact with the Fz-LRP5/Fz-LRP6 complex receptor, this situation leads to the disassembly of the B-catenin
destruction complex, which prevents GSK33-mediated p-catenin phosphorylation. Thus, [3-catenin can translocate to
the nucleus where it binds to the TCF/Lef, initiating the transcription of Wnt-related genes. The noncanonical Wnt
pathway, known as Wnt/Ca%, can be triggered by noncanonical Wnt ligands. In this case, Fz will induce the release
of calcium from intracellular stores, leading to the activation of calcineurin, CamKII, and PKC. In the same way, the
noncanonical Wnt/PCP pathway also requires noncanonical Wnt ligands, which will interact with the Fz receptor and
will activate Dvl. However, at this point, Dvl induces the activation of RhoA and Rac, which ultimately will lead to
cytoskeletal rearrangement. Fz, Frizzled receptor; LRP, low-density lipoprotein receptor-related protein; GSK3(3,
glycogen synthase kinase 33; TCF/Lef, T-cell factor/lymphoid enhancer factor; PCP, planar cell polarity; RhoA, Ras
homolog gene family member A; ROCK, rho-associated protein kinase; Racl, Ras-related C3 botulinum toxin substrate
1; JNK, c-Jun N-terminal kinase; PKC, protein kinase C; and CamKI], calcium/calmodulin kinase II.

enzymatic activity, increases the transcriptional activity of the PPARs mainly through
the chromatin remodeling and/or stabilization of the PPAR-DNA binding. Additionally,
PPARy-coactivator 1(PGC-1a), a nonenzymatic PPAR coactivator, needs to be mentioned
because it has demonstrated to be critically involved in the mitochondrial function, ther
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mogenesis, andenergy homeostasis. PGC-1a also requires the AF-2/LXXLL association to increase
PPAR transcription. Moreover, PGC-1a-PPAR binding induces a conformational change in
PGC-1a that promotes its binding to SRC-1 and CBP/p300, further enhancing the transcriptional
activity. It has been proposed that in the brain, PGC-1a plays an important role in mitochondrial
oxidative metabolism and in the maintenance of intracellular calcium levels [52, 53].

As pointed in previous sections, increased levels of A will induce microglial and astrocyte
activation and neuronal alterations and can compromise additional cells and structures, such
as the BBB. As the result of such increased levels of AP, production of several cytokines (TNNF-
a, IL-1B, S100B) and chemokines (MIP-1a, MIP-1P) as well as oxidative stress-associated
molecules will be enhanced. Relevantly, PPARs have demonstrated very interesting proper-
ties regarding the modulation of the inflammatory response. In this regard, the most studied
isoforms are the PPARa and . Inhibition of activator protein 1 (AP-1) and NF-«B signal-
ing is one of the well-known effects of PPARa and vy activation [54]. However, signal trans-
ducer and activator of transcription (STAT-1), nuclear factor of activated T cells (NFAT), early
growth response protein 1 (Egr-1), and Jun and GATA-3 expression are also inhibited by
PPARy [54]. Moreover, PPARa activation also leads to reduced expression of T-box transcrip-
tion factor (T-bet) and to the impairment of its binding to the DNA, limiting the expression
of the pro-inflammatory cytokine IFN-y. On the other hand, PPARa induces the expression
of GATA-binding protein 3 (GATA3), a master regulator of the anti-inflammatory molecule
IL-4 [55]. Because of the PPARa and v activation, the expression of several pro-inflammatory
cytokines, including IL-1, IL-4, IL-6, IL-8, IL-12, and TNEF-a; vasoactive mediators, including
cyclooxygenase 2 (COX-2), iNOS, and endothelin-1; expression of adhesion molecules, such
as ICAM-1; chemokines, such as MCP-1, MCP-3, and INF-y-inducible protein 10 (IP-10); and
metalloproteases, such as MMP-9, are often reduced [17, 38, 55, 56]. Regarding the PPARf/
PPARD, it is also believed that NF-kB blockade might be part of its mechanism of action, but its
role against neuroinflammation is known to be related to the regulation of pro-inflammatory
molecules, including C-C motif chemokine ligand 2 (CCL2), IL-6, and IL-1{ [57].

An additional relevant feature of the PPARs is its ability to eventually induce an improve-
ment in the A clearance ratio from the brain ISF. It has been evidenced that increased levels
of ApoE, the A chaperone, can improve A{3 removal rate lowering its levels and preventing
its aggregation [10]. Interestingly, ApoE is a target gene of the liver X receptor (LXR), another
type II NR, which in turn is a target gene of the PPARs. Although indirectly, this genetic
cross relation can explain the beneficial effects observed after PPAR agonist administration in
in vivo models of AD [5, 9].

4.2. Wnt signaling pathway

The Wnt signaling constitutes a relevant molecular system related to several physiological
processes, including cell proliferation and differentiation. Wnt proteins are highly conserved
among different species, and beyond its physiological roles, several studies have dem-
onstrated the involvement of this family of proteins in pathological processes of the CNS,
including neurodegenerative disorders, such as AD [58].

67



68 Mechanisms of Neuroinflammation

Classically, Wnt signaling can be divided in the canonical and noncanonical Wnt pathways.
In the first one, also known as the -catenin-dependent pathway, Wnt proteins bind to the
Frizzled receptor/low-density lipoprotein receptor-related protein 5/Frizzled receptor/low-
density lipoprotein receptor-related protein 6 (Fz-LRP5/Fz-LRP6), inducing the activation of
the disheveled protein and the interaction between LRP5 and LRP6 with Axin. This interac-
tion causes the disassembly of the [3-catenin destruction complex constituted by the adenoma
polyposis coli (APC), Axin, GSK3b, and casein kinase 1 (CK1), preventing the [3-catenin phos-
phorylation and allowing its translocation to the cell nucleus where it will bind to the T-cell
factor/lymphoid enhancer factor (TCF/Lef) transcription factor to induce the expression of
Wnt target genes. Without the positive input of the Wnt ligands, the destruction complex
remains active inducing the (-catenin phosphorylation and the subsequent proteasomal
degradation. On the other hand, the noncanonical Wnt pathway can also be divided into
two additional cascades: the Wnt/planar cell polarity (Wnt/PCP) pathway, which requires
the binding of Wnt ligands and signals through disheveled-Rho and Rac GTPases, inducing
c-Jun N-terminal kinase (JNK) activity and leading to actin cytoskeleton modeling, and the
Wnt/Ca®" pathway in which the binding of Wnt ligands to the Fz receptor induces the release
of Ca* from intracellular compartments, including the ER, causing the activation of several
calcium-related proteins, such as protein kinase C (PKC) and calcium-/calmodulin-dependent
protein kinase (Ca?/CamKII) (Figure 4) [20, 58].

The Wnt signaling has emerged as a very promiscuous pathway. It has been possible to iden-
tify the crosstalk between both canonical and noncanonical signals which exert a modulatory
effect over its counterpart. Moreover, Wnt pathways can also interact with additional molecu-
lar pathways, including the NF-kB, fork head box O (FOXO), Notch, hypoxia-inducible factor
la (HIF1a), and JNK [52]. Indeed, several elements of the Wnt cascade seem to constitute molec-
ular master switches that can be accessed through diverse mechanisms. This condition is of
most relevance regarding the inflammatory response. Indeed, Wnt signaling has been directly
associated with the control of the inflammatory process, mainly because of its ability to modu-
late the NF-kB pathway. However, the complex interaction established between this pathway
and the master coordinators of the inflammatory response within cells has been constantly
obviated. Moreover, it is well noticed that the canonical and noncanonical pathways exert,
usually, opposed actions [20, 59]. While the canonical Wnt prevents the inflammatory cascade
by blocking the NF-kB pathway, interacting with RelA, the noncanonical pathway has been
reported to promote the inflammatory response, actin, through the PI3K, Racl, and MAPK,
and to the subsequent release of pro-inflammatory molecules. However, it must be consid-
ered that some noncanonical Wnt ligands, such as the Wnt5a, can exert an anti-inflammatory
effect and vice versa [20].

We have recently suggested that in attention to the Wnt pathway-mediated NF-kB modula-
tion, a crosstalk between the Wnt and TLR pathways seems to be evident [20]. Moreover,
different authors have demonstrated that TLR activation downregulates the canonical Wnt
signaling pathway. Indeed, TLR4 activation can block the Fz-LRP5/Fz-LRP6 complex inhibit-
ing the canonical Wnt signaling [60]. Contrarily, the activation of the Wnt/Ca* induces the
expression of the suppressor of cytokine signaling 1 (SOCS-1) and of protein inhibitors of
activated STAT 1 (PIAS-1), causing a reduced expression of some signal transducers of the
TLR cascade, such as IRAK members and MyD88. In the same way, the MyD88-mediated TLR
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activity results in the activation of the nemo-like kinase (NLK), which directly interacts with
the nuclear 3-catenin-TCF/Lef complex. On the other hand, it has recently been demonstrated
that MyD88-independent TLR signaling activates the IKKe/TBK1, which can directly phos-
phorylate Akt, leading to GSK3p inhibition, the key p-catenin degradation-driven protein.
Moreover, the blockade of the GSK3 activity prevents the binding of NF-kB with the cAMP
response element-binding protein (CREB)-binding protein (CBP), suggesting that GSK3[3
activity modulates the TLR-dependent cytokine production [61-64].

Interestingly, lithium, a well-known canonical Wnt signaling agonist because of GSK3(3 inhibi-
tion, allows to further address the role of Wnt signaling in neuroinflammation. In this regard,
it has been demonstrated that lithium not only reduces the expression of pro-inflammatory
mediators, such as IL-6, but it also reduces TLR4 expression in astrocytes [65]. Whether these
effects are mediated directly by Wnt signaling or as a part of a secondary mechanism, GSK3f3
seems to play a pivotal role not only in the Wnt singling itself but also as the master switch in
the context of the inflammatory response.

5. Final considerations

During the recent years, the relevance of the inflammatory process in the neurodegenerative
disorders, such as AD, has evolved from a consequence of such pathological events to an early
sign of brain distress. Moreover, the severity and chronicity of the inflammatory response
within the brain parenchyma are believed to favor the progression and spreading of these
diseases across the brain.

Understanding the inflammatory cascade, triggered after AP exposure, and the critical
nodes which allow control the process is a fundamental goal to develop new and efficient
therapeutical alternatives to fight AD. In this regard, our knowledge regarding A(-related
inflammation has increased dramatically in the last years; however, relevant questions
about the molecular mechanisms involved in such response are still open, with new players
appearing each day. Nuclear receptors and Wnt signaling are two of the main cellular path-
ways able to modulate several cellular processes. Moreover, independently each of them has
proven to be involved in the ApB-induced inflammatory response; however, little is known
about its interactions as part of the inflammatory molecular network. On the other hand,
one of the more recent cases of new players identified to be relevant in neuroinflammation
is constituted by the TREM2 protein, which favors Ap microglial phagocytosis. Already
known, this protein and its processing have recently emerged as novel and interesting bio-
marker and as a target to unveil some of the questions about the neuroinflammatory process
observed during AD.
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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disease, the most common cause of
dementia in senile population. According to the World Health Organization, AD repre-
sents around 12% of people over 65 worldwide. Due to its etiological agents, neurofibril-
lary tangles (NFT) and amyloid plaques (AP), several attempts to explain the genesis
and progression of AD have been proposed. Pathological variants of tau protein, are the
main precursor for AD onset, with a molecular mechanism based on neuroinflammatory
processes in the context of the neuroimmunomodulation theory. Microglial cells play
preponderant roles in innate immunity and are the main source of proinflammatory fac-
tors in the central nervous system (CNS), the links between microglia and neurons are
the main focus on AD pathogenesis. Depending on these factors, either a neuroprotective
or a proinflammatory effect could be triggered. In AD, a persistently active microglial
condition generates neuronal damage and death, causing the release of pathological tau
toward the extracellular environment. This causes the activation of microglia, promoting
a feedback mechanism and generating a continuous cellular damage. After activation of
microglia, generation of NF-kB occurs, thus promoting the expression and release of pro-
inflammatory cytokines. As a consequence, short-lived cytotoxic factors, such as 02, NO
and other reactive oxygen species, are released. In normal physiological conditions, tau’s
kinases play a role in regulating normal tau functions in neurons. Glycogen synthase
kinase 3-beta (GSK3p)-mediated tau phosphorylation promotes N-methyl-D aspartate
receptor (NMDAr)-mediated long-term depression. The increase of proinflammatory
cytokines during AD by microglia leads to an increase in kinase expression and activity
of cyclin-dependent kinase 5 (Cdk-5) and GSK3-B. On the other hand, TNF-a and IL-8
increase expression and activity of Cdk5, whereas IL-1p hyperactivates GSK3-f3, leading
to tau hyperphosphorylation and impairing its normal function. Tau hyperphosphoryla-
tion results in microtubule destabilization, impaired axonal transport, NMDAr-mediated
neurotoxicity, synaptic dysfunction and cell death. Finally, the previously summarized
mechanisms could explain the onset and progression of AD, opening a new projection to
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focus research on therapeutic agents that could modulate the interactions between tau
and microglial cells. The neuroimmunomodulation mechanism has been the conceptual
framework for the search of therapeutic approaches for AD and other neurodegenerative
disorders.

Keywords: Alzheimer’s disease, natural compounds, molecular networks, molecular
functions, prevalent neurological disorders, neuroimmunomodulation, inflammation

1. Introduction

1.1. Alzheimer’s disease

Alzheimer’s disease (AD) is the most common type of brain dementia in senile population (over
60 years old) [1], which gradually affects learning and memory, displaying a prevalence and
impact in constant expansion according to the World Health Organization (WHO). This expan-
sive and epidemic behavior is concerning medical and public health opinion focusing efforts on
its prevention and treatment. On its biological context, two main etiological effectors have been
reported: (i) NFT, composed by accumulation of the hyperphosphorylated protein tau, inside
the neuron, and assembled in oligomerical structures denominated paired helical filaments
(PHF) [2-5] (ii) Senile plaques, composed by deposits of the amyloid-f3 (Af) peptide of 3942
aminoacidic residues, generated by the proteolytic excision of the amyloid precursor protein
(APP) by the enzymes 3 and vy secretases, in the extracellular space, both promoting loss of syn-
aptic processes and neuronal death [1, 6]. Among the novel clinical studies to control progres-
sion of this pathology, new strategies are being implemented to prevent this brain impairment
based on dietary changes and nutritional supplements, functional foods and nutraceuticals.
We proposed earlier that the onset of AD is a consequence of the response of microglial cells
to “damage signals” or tau oligomers, which triggers a neuroinflammatory response, promot-
ing the misfolding of the cytoskeleton structure [4, 7, 8]. Innovative treatments are essential to
improve the life quality of affected subjects. Pharmaceutical industry has failed to developed
new drugs of efficacy to control it. In this context, major attention has been given to nutraceu-
ticals and novel bioactive compounds, such as the Andean Compound, obtained from areas
in the north of Chilean mountains [9, 10]. We hope that this compound be effective in order to
control the disease or serve as a coadjuvant for an effective treatment. Intensive work toward
elucidation of the molecular mechanisms involved in the action of these compounds is being
carried out. In addition, an advanced second phase clinical trial is actually being developed.

1.2. Neuroinflammation and neurological diseases

Neuroinflammation is defined as the response of the CNS against exogenous and/or endog-
enous agents, which can interfere with the normal homeostatic processes in the cell. This
inflammatory response is usually triggered from a secondary signaling cascade after a trauma
or infection. Nevertheless, this mechanism has been characterized as one of the central axis
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during the progression in neurodegeneration. Probably, during this secondary response,
there will be an important loss of neurons, in contrast with the first damage [11]. The previous
effect is also involved in every neurological disease, including developmental pathologies,
traumatic, ischemic, metabolic, infectious, toxic ones, neoplasic and neurodegenerative disor-
ders. Inflammation plays one of the main roles in triggering a number of different neuropa-
thologies, such as AD, Parkinson’s or amyotrophic lateral sclerosis, among others [12]. In AD,
a continuously active inflammatory condition could promote neural damage, consequently,
neuronal cells death, which as a consequence induce the release of pathological forms of the
protein tau into the extracellular environment. Since it has been reported that certain tau
oligomers are able to activate microglial cells, they subsequently trigger a positive feedback
mechanism, generating a constant damage to cells [7, 13, 14]. Moreover, an overexpression of
inflammatory mediators has been reported in the vicinity of A3 and the paired helical fila-
ments (PHF) in AD, which, at the meantime, are associated with highly affected zones in the
pathology [15].

Chronic metabolic diseases as hypertension, diabetes, clinical depression, dementia or trau-
matic lesions in the brain are considered as a silent contribution to neuroinflammation [16]. In
the same context, other risk factors causing impairment or even death in the CNS tissue are
strokes and atherosclerosis. Moreover, during normal aging, there is a natural chronic activa-
tion of proinflammatory signals in the same areas, contributing to an even higher vulnerabil-
ity for neuropsychiatric disorders [17]. Finally, proinflammatory agents, IL-6, IL-8, C-reactive
protein and adipokines are correlated with clinical depression and anxiety symptoms [16, 18].

Over activation of the immune response in the CNS compromises the generation of neuro-
tropic factors and releases of cytotoxic agents to the microglial cell [7]. Since the microglia
have an important role in the immune system of the brain and it is widely distributed in
every region of the CNS, especially in the hippocampal region and the substantia nigra [19],
the effect of this positive feedback gives insights of the genesis and progression in neurode-
generative diseases.

1.3. Microglial cells role on neuroinflammation

Microglial cells have an irregular morphology, with an enlarged nucleus and represent
between 5 and 20% of the total glial cell population in the CNS. They are able to produce
phagocytosis, releasing cytotoxic factors and behaving as antigen presentation cells [20].
These cells are derived from macrophages produced during the hematopoietic processes in
the primitive yolk sac [21], migrating to the neural tube during development [22]. Their physi-
ological functions are essential for the control of the normal homeostasis in the CNS, even in
altered conditions, such as the presence of disease [15]. They are capable of sensing different
damage signals which could represent a possible impairment for the CNS, some of them are:
(i) microorganisms, (ii) abnormal endogenous proteins, (iii) complement factors, (iv) anti-
bodies and (v) citoquines, chemoquines, among others. These impairment agents are able
to interact with receptors such as toll-like ones (TLR), inducing the cellular activation of the
microglia [19, 23]. Under the previous conditions, microglial cells control the expression of
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different surface markers, for example, the major histocompatibility complex II (CMH-II) and
pattern of molecular recognition receptors (PRRs). After these interactions, the production of
proinflammatory cytoquines is triggered, among them: interleukin I beta (IL-10), interleukin
6 (IL-6), interleukin 8 (IL-8), interleukin 12 (IL-12), interferon gamma (IFN-y) and the tumor
necrosis factor-alpha (TNF-a) [15]. At the same time, there are synthesis and release of cyto-
toxic factors with a low biological half-life as superoxide radicals (O,), NO and other ROS
[24, 25]. During brain development, microglial cells play the specific role in apoptotic cells
elimination. In the cerebellum, they regulate phagocytosis of Purkinje neurons after cell death
mediated by caspase-3. Therefore, microglia have been implicated with synapse removal dur-
ing development after birth [26]. Finally, the activation process for these cells will be related
to the intensity, context and kind of stimulus generated and, depending on these factors,
the microglia could trigger a neuroprotector or neuroinflammatory effect. Precisely, it is the
equilibrium between neurotoxicity and neuroprotection, which will determine the microglia
functional effect in neurological diseases or/and specific condition [15].

As we said previously, microglial cells mediate the immune response in the CNS. In order to
accomplish this task, the microglia will turn into a functional polarized state, being able to
carry out a specific effector program. This brain cellular type exhibits two polarized forms:
one of them develops the classical proinflammatory response, being the most common pheno-
type. The alternative form generates an anti-inflammatory effect directed to heal an affected
zone by an acute injury [27].

Additionally, microglial cells are characterized by the expression of several receptors in the
membrane surface and also, by the release of different soluble factors. The activated cell, with
the proinflammatory phenotype, promotes the regulation of Fc receptors as CD16, CD32,
CDo64, CD86, IL-1b, IL-6, IL-12, IL-23, TNF-a, inducible nitric oxide synthase (iNOS) and che-
mokines; meanwhile, the alternative anti-inflammatory phenotype regulates positive argi-
nase-1 (Arg-1), the mannose receptor (CD206), insulin growth factor-1 (IGF-1), the triggering
receptor expressed in myeloid cells 2 (TREM1), chitinase 3-like 3 (Ym-1), among others. All
previous proteins contribute the active microglia in order to produce additional cytokines and
inflammatory mediators which could direct the neurons to apoptotic mechanisms in multiple
neurodegenerative pathologies [12]. Although microorganisms and their related secreted
proteins (LPS among them) are recognized by the Toll receptors family, neurons suffering
apoptosis are sensed by different receptor systems, such as asialoglycoproteins, vitronectin
and phosphatidylserine mediated ones [28].

Recent reports have demonstrated that after the microglial cells are activated, they overex-
press several receptors and ligands belonging to the main chemokines families (CC, CXC
and CX3C). Some of these are also expressed in astrocytes, which suggest that chemokines
may serve as communication signals between them and microglia. It has been proposed that
CX3CR1 and its ligand, fractaline (CX3CL1), which are expressed in neurons too, play a par-
amount role in neuronal signaling with the microglial cells [29]. There are diverse factors
regulating the phagocytic activity of microglial cells, one of them is the chloride intracellular
channel (CLIC1). The pharmacological inhibition of this channel or its negative regulation of
its expression at transcriptional level, by an interference RNA, alters the normal phagocytic
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activity of the microglia. On the other hand, it has been reported that the ciliary neurotrophic
factor (CNTF) promotes the phagocytosis in a way mediated by Ca* [30]. In conclusion,
microglial cells can receive stimulus by environmental agents or endogenous proteins, which
triggers an over activated state, releasing proinflammatory factors, ROS, reactive nitrogen
species (RNS) and, evoking toxicity in the vicinity of neuronal population [31].

1.4. Astrocytes and their role in neuroinflammation

Another cellular type implicated with neuroinflammation is the astrocyte, which is the most
widely and heterogeneously distributed glial class cell in the CNS. Their morphology can
change depending on the development, sub-type and localization of the CNS [32]. This kind
of cells has been considered as the support in the brain; nowadays, it is known that they dis-
play several functions in the CNS and that they are seriously implicated with neurodegenera-
tive diseases. Astrocytes do not generate action potentials, although are excitable cells with
the properties of communication with themselves or with neurons. Their activation is medi-
ated by inner and/or external signals, sending specific messages to their neighbor cells. This
process is called “gliotransmission” [33]. During the astrocyte/cells communication, there is a
transitory increase in the intracellular calcium concentration. These variations are responsible
for this cross-talking, and they occur in two different ways: (i) as intrinsic oscillations result-
ing after the release of intracellular calcium (spontaneous excitability) and (ii) induced by
neurotransmitters. In the last case, neurons release ATP or glutamate [34], activating protein
G receptors, driving to the increase of inositol trisphosphate, which will direct the calcium
release from the endoplasmatic reticulum to the extracellular space [35]. Some other gliotrans-
mitters are D-serine, a co-agonist, as glutamate, for the NMDA receptor (Panatier et al., 2006),
growth factors and cytokines, which promote stronger and long-term effects over synapses,
polyunsaturated fatty acids and steroids as estradiol and progesterone and other neuroactive
metabolites with affinity to GABA , receptors [36].

As the microglia, astrocytes are reactive to endogenous and/or exogenous injuries affect-
ing the CNS, by a process called astrogliosis. This phenomenon triggers molecular, cellular
and functional changes in cells, as a response to damage and CNS diseases. The undergone
changes in astrocytes will be different according to the injury severity and will be regulated
in order to modify the astrocytic activity, gaining or losing functionality, which could have
an effect over circundante cells [37]. There are three severity levels: (i) mild to moderate,
(ii) severe diffuse and (iii) severe reactive with compact glial scar. The first one increases
the glial fibrillary acidic protein (GFAP) expression in astrocytes and triggers hypertrophy
in the cell body and their astrocytic processes. The second does the same but the astro-
cyte processes are more pronunciated, and there is an astrocyte overlap with a proliferation
increase. These changes are able to conduct a long-term tissue reorganization. Finally, on the
third case, there is formation of a glial scar preventing the axonal regeneration and cellular
migration, but at the same time, protecting the tissue from infectious or proinflammatory
agents [38-41]. After astrocytes activation, the transcription factor NF-kB, which controls
chemokines and adhesion molecules, is also overactivated, promoting the periferic lympho-
cytes infiltration and the improvement in the inflammatory response, which could lead to
neurodegeneration. It has been demonstrated that blocking the transcriptional function of
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NF-kB in astrocytes severely reduce the inflammation, which suggest that the inhibition
of NF-«B in astrocytes could be a potential therapy for brain pathologies, such as AD [42].
Astrocytes also protect the CNS by glutamate hijack which could be potentially cytotoxic
[43], glutathione (GSH) release in order to counteract the oxidative stress [44], AP peptide
degradation (Koistinaho et al., 2004), blood-brain barrier reconstitution [38], synaptogenesis
promotion and dynamic modulation of synaptic transmission and neural plasticity, enhanc-
ing the metabolic trafficking [45].

Another evidence linking the astroglial activation with the development of neurodegenera-
tive processes makes allusion to the nuclear magnetic resonance spectroscopy, because this
technique has allowed the discovery of consistent evidence related with a significant raise of
myoinositol (characteristic marker of astroglial cells) in neurodegenerative diseases. This has
been observed in the brains of patients with mild cognitive impairment (MCI) and patients
with AD, and according to some studies, this raise is correlated with the progression of this
pathology [12].

It has been possible to associate neurodegenerative diseases of the CNS with neuroinflammatory
events based on the appearance of high levels of proinflammatory cytoquines during disease
progression, like in AD, Parkinson’s disease, Huntington’s disease, multiple sclerosis, amyo-
trophic lateral sclerosis and others [13]. For all of these diseases, neuropathological and neurora-
diological studies have been carried out, providing evidence that neuroinflammatory responses
could appear before the loss of neuronal cells. In this issue, robust evidence has been obtained
about the role of certain cytokines in the direct activation of the cell cascade leading to neurode-
generation and AD. In world population terms, AD is the most common form of dementia and
it generally affects people older than 65 years old. The anomalous tau structures, PHF and NFT,
cause a loss of synaptic function ending in neuronal death [46]. This neurodegeneration process
is automatically amplified when the tau aggregates are released to the extranuclear medium.
At the meantime, in AD, an increase of the microglial activity in the first stages of the disease
has been observed, which could be indicative of the microglia attempts to eliminate the noxious
elements involved in AD such as the AP plaques. In later stages, when the microglial cells are
chronically exposed to injuries, they could lead to a chronic neuroinflammatory response, which
is almost always harmful to the nervous tissue. Thus, the progressive deposition of A{3 [47] and
the liberation of pathogenic tau protein to the extracellular medium could trigger a constant
microglia activation [13]. Also, the neuronal loss, characteristic to this disease, contributes even
more to the generation of residues that are liberated by these degenerating neurons, which could
keep the microglia in a long term activation condition. Thus, the activated glial cells respond
with an overproduction of proinflammatory cytokines like TNF-a, IL-1f3 and IL-6, which are
considerably increased in AD. In conclusion, neuroinflammation is a fundamental stage in the
development of this disease, because it implicates different etiological factors for AD.

1.5. Alzheimer disease and synapse

In AD, degradation can be located in several sections of the brain, such as the entorhinal cortex,
amygdala, cerebral cortex, forebrain and hippocampus, among others [48, 49]. Furthermore,
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there is evidence of serious changes in glutamatergic neurons present in certain sections of
the hippocampus, as well as frontal, temporal and parietal cortexes. These areas of the brain
are essential for the generation of new memories and for learning processes, which is a major
function compromised in this disease [50, 51].

The glutamatergic system works by transforming electric neural impulses with chemical
stimuli, which allows for control of glutamate neurotransmitter in the synapse process. In the
presynaptic neuron, vesicular transporters VGLUT1 and VGLUT?2 are in charge of maintain-
ing glutamate in the vesicle [52] for its release on the synaptic cleft following a depolarization,
where the neurotransmitter interacts with the glutamatergic receptors in the postsynaptic
membrane [53-55]. Two families of these receptors are present in the neural membrane, the
iGluR (ionotropic) and mGlIuR (metabotropic). The first group can be divided in three classes:
NMDA, which are permeable for Ca® ions, the AMPA (a-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid) and the kainite, which are permeable for Na* and K* ions. On the other
hand, there are eight metabotropic glutamate receptors associated with G-Protein, which are
then divided in three more groups [55]. Contrary to the ionotropic receptors, which are pri-
marily found in the postsynaptic membrane for rapid modulation of excitatory impulses,
metabotropic receptors are found in several membrane compartments on glial and neural
cells [56]. Functionally, it has been suggested that group 1 of these receptors mediates inhibi-
tory effects on a presynaptic level, group 2 would be activated in the presence of the released
glutamate and group 3 would serve as autoreceptors [56, 57].

In a synaptic context, plasticity regulation is negatively affected by the Af3 peptide. Previous
experiments show that soluble oligomers of the peptide are capable of blocking the long-term
potentiation (LTP) generation in the hippocampus, establishing in electrophysiological terms
the relation of this compound with memory and learning processes [58-61]. At a molecular
level, previous reports support the effect of AD on components that play roles in the glutama-
tergic synapse. Lee et al. experiments in 2004 detected a non-regulated overexpression of the
metabotropic receptor 2 (Group 2) in patients with Alzheimer’s disease, which through ERK
(extracellular signal-regulated kinases) receptors affect the abnormal hyperphosphorylation
of tau protein observed in the disease. Through the same methods, mRNA levels of AMPA
receptor subunits were measured, and thus, their differential expression in the hippocam-
pus of postmortem brains with the disease was evaluated [62]. In a different point of view,
Shao et al. in 2011 [63] utilized two transgenic mice models (5XFAD and JNPL3) to observe,
at different periods of time, a correlation between the development of the disease and the
decrease of PSD-95 protein on excitatory synapses, where AD is mediated by A3 deposition
or hyperphosphorylated tau protein. PSD-95 protein has a structural role within the postsyn-
aptic density (or PSD), where it interacts with a complex of scaffolding proteins, along which
are NMDA ionotropic receptors that participate in synaptic transmission. The postsynaptic
density is considered an organized structure with mainly glutamatergic receptors associated
along with other signaling proteins and cytoskeleton elements, which work together with
scaffold proteins in the postsynaptic membrane [63, 64]. Specifically, it has also been indicated
that PSD-related gene products could be impaired during this pathology [65]. On that regard,
reports also show that the expression of several genes involved in PSD, including genes of
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glutamate receptors, varies on different stages during growth, which would imply its relation
to synapse development [66]. Finally, since there is evidence of the role of pro inflammatory
microglial agents in synaptic impairment, an overview of their possible molecular effects on
synapses is paramount in the study of new treatments.

1.6. Physiological function of cytokine-regulated tau kinases

In neurons, there are several kinases that phosphorylates tau protein under physiological
conditions and during AD, being Cdk5, GSK3-, C-Jun-N-terminal kinase (JNK) regulated
by cytokines released by astrocytes and glia. Cdk5 is a proline-directed serine threonine
kinase, this is, phosphorylate serine and threonine residues, particularly serine 202 (Ser202)
and threonine 205 (Thr205) residues of tau protein, also found in PHFs. Cdk5 activity is regu-
lated by p35 and p39, which has a short mid-life and phosphorylates Cdk5 at its T-loop, and
translocates to cellular membrane. This activation and translocation of Cdk5 have important
biological roles in cortex layer formation, neurite outgrowth, migration and differentiation
of neurons, synapse formation and cognitive processes. Cdk5 also regulates mitochondrial
morphology and cell survival to stress [67-69]. GSK3-f is also a serine threonine, which phos-
phorylates tau at threonine 221 (thr221), and its kinase activity is upregulated by phosphory-
lation of tyrosine 216 (Tyr216) and tyrosine 279 (Tyr279) residues; meanwhile, Akt-mediated
phosphorylation of Ser9 and Ser21 residues inactivates its activity. GSK3-f regulates memory
processes by induction of LTD and inhibition of LTP, being these effects reversed by GSK3-3
inactivation by insulin and Wnt. Also, GSK3-3 promotes assembly of actin to form filaments
and of tubulin, leading to microtubule formation, thus regulating the reorganization of synap-
tic architecture [70-72]. Finally, JNK phosphorylates tau at serine 396 (Ser396) and threonine
221 (Thr221). This kinase has three isoforms that participate in brain development, immune
modulation, induction of LTP, neurite formation and JNKS3 in particular induces cell death by
apoptosis [67].

1.7. Physiological function of cytokine-releasing cells: microglia and astrocytes

Microglia are the principal component of innate immune response in the brain, and the first
line of defense of central nervous system from pathogen aggressions. Microglia phagocytes
pathogens, and releases proinflammatory cytokines, ROS and RNS to eradicate infections.
Microglia also participate in neurogenesis by the release of brain-derived neurotrophic fac-
tor (BDNF), and in remodeling of brain tissue during embryonic development and in adult
brain by inducing apoptosis mediated by release of cytokines (TNF-a, IL-1f), neurotrophic
factors (NGF) and NO, and subsequently phagocytizing apoptotic neurons, thus allowing the
maturation of surviving cells and posterior memory and learning processes. Additionally,
microglia play a paramount role in synaptic plasticity, regulating presynaptic and postsyn-
aptic processes according to their fuction [73]. Astrocytes are antigen presenting cells (APC)
of brain where their functions are scaffolding and guidance of developing neurons, formation
of synapses and promoting of phagocytosis of synapses by microglia, by inducing the expres-
sion of complement system that tags synapses for their elimination by microglia. Also, regu-
lates the diameter of brain vessels, the blood flow to neurons in relation with synaptic activity
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and synaptic interstitial fluid homeostasis. Astrocytes also participate and regulate synaptic
activity by releasing vesicles that uptake neurotransmitters of synaptic interspace for their
posterior recycling and releasing neurotransmitters, as we said previously [74].

1.8. Dysfunction of astrocytes, microglia and tau kinases hyperactivation by
proinflammatory cytokines in AD

During AD, AP oligomers are, on first instance, uptaken and degraded by microglia, appar-
ently in an attempt to maintain neuronal environment homeostasis and functionality during
early stages of disease. Af3 is able to induce the expression of complement system and microglia
activation at two levels: activating CR1 transmembrane receptor, which initiates the activation
cascade of complement system, associated to cytokines and ROS release. On the other hand,
Ap also induces its own phagocytosis by activating Fc receptor and C3 factor of complement
system, being the last one capable of activating microglia and induce microglial-mediated free
radicals release. Proinflammatory molecule C5 is downstream of activation cascade and binds
CD88 receptor, inducing the release of IL-1Beta and IL-6, two proinflammatory cytokines [75].
Also, fibrillar Af3 binds to CD14 coreceptor of Toll-like receptor 4 (TLR4), which recruits and
transport TLR4 to lipid rafts, followed by recruitment of coreceptor of myeloid differentiation
factor 2 (MID-2) which bind to CD14/TLR4 heterodimer to form a heterotrimer CD14/TLR4/
MID-2, that is phagocytized by the cell to cytoplasm. Thus, TLR4 binds to the myeloid differ-
entiation primary response protein 88 (MyD88) and recruits IL-1 receptor-associated kinase
(IRAK4) which in turn dissociates from MyD88 and binds to and activates tumor necrosis
factor associated receptor factor 6 (TRAF6) forming the complex 1. The later dissociates from
TLR4 and forms complex 2 by recruiting of transforming growth factor alpha-related kinase
(TAK-1) and TAK-1 binding protein (TAB), then IRAK4 phosphorylates TAK-1 which in
turn phosphorylates and activates the inhibitor of kappa beta kinases complex which phos-
phorylates kappa beta inhibitor of NF (Ikf). This targets to degradation by proteasome, and
releasing NF-«B for its translocation to the nucleus where binds to its NF transcription factor
promoter in DNA, leading to expression of coding genes of IL-1{3, IL-6 and TNF-a proinflam-
matory cytokines [76, 77]. This signaling pathway is also activated by binding of A{3 to TLR-2,
but this receptor does not need a coreceptor for signal transduction [77].

Astrocytes, as well as microglia, uptake A{, since transplanted astrocytes in hippocampal
cells of mice, carrying the Swedish mutation of amyloid precursor protein (APPSwe) together
with a mutation of presenilin 1 (Psen), were able to internalize A oligomers deposition char-
acteristic of these mice [78]. The phagocytosis of A{3 is mediated by CD36, CD47 and RAGE
receptors present in cellular membrane, which subsequently activates astrocytes, promotes
their proliferation, and induces the activation of NF-«kB signaling pathway. These receptors
have affinity for this molecular hallmark of AD and promote its degradation by astrocytic
lysosomes [79-83]. Unlike microglia, astrocytes do not need to be activated for its Af clear-
ance ability that depends on the apolipoprotein E (ApoE)-induced formation of cell aggre-
gates around A{3 deposits, since astrocytes of mouse lacking the ApoE gene were unable to
aggregate around AP [84]. Another response of astrocytes to Af3 oligomers is the increase
of expression of glutamate transporters GLT and GLAST whose physiological function is
to prevent excitotoxicity and promote the survival of mouse [85]. Since AP is able to trigger
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excitotoxicity by the hyperactivation of NMDAr, the augment of expression of astrocytic glu-
tamate transporters in the presence of A{ could be a mechanism to counteract this effect [86].

During AD progression, astrogliosis and microgliosis appear before the formation of NFT and
AP [87]. The exposition of astrocytes to Af3 oligomers triggers their activation, revealed by a
change in astrocytic morphology from stellate to a swelling morphology with more processes
than inactive astrocytes. The previous effect induces cellular aggregation around A oligo-
mers and also triggers calcium influx into astrocytes, activating the nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase. The subsequent release of ROS and activation of
IL-6 induce APP processing and a major A3 production, together with the induction of Cdk5-
p35-mediated tau hyperphosphorylation at Ser203 and Thr205 [88, 89]. Another astrocytic
response to A oligomers is the activation of GSK3-f3 which in turn activates NMDATr present
in membrane of these cells, triggering CREB binding protein mediated (CPB) translocation
of NF-«B transcription factor from cytoplasm to nucleus, where it binds to its promoter and
induces the expression of proinflammatory cytokines like IL-13 and TNF-a [90-92]. IL-1j3
and IL-6 will contribute with the processing of APP and subsequent A3 overproduction. IL-6
and IL-1 beta trigger a positive feedback that increases AP and proinflammatory cytokine
overproduction [88]. IL-1f3 is able to trigger chronic activation of NF-kB signaling pathway
by binding to type 1 IL-1 receptor (IL-1R1), which recruits IL-1 receptor accessory protein
(IL-1RAcP)—a co-receptor for signal transduction—forming a trimer that later recruits and
assembles MyD88 and IRAK4. This last one phosphorylated by itself and induced to phos-
phorylate IRAK1 and IRAK?2, subsequently recruits TRAF6 which in turn bind to E2 ligase
complex, thus promoting ubiquitination of TAK-1 and its binding with TRAF6 and mito-
gen-activated protein kinase kinase kinase (MAPKKK), forming a complex which activates
NEF-«B signaling pathway by phosphorylation of its inhibitor Ik, with subsequent activation
of JNK and COX-2 expression [93]. Furthermore, IL-1§ induces the cleavage of tau at Asp421
in neurons by the exacerbation of caspase 3 activation, together with the hyperphosphoryla-
tion of tau in Ser199, Thr221, Ser396 and Ser413 due to induction of GSK3-f3 activation that
reduces the production of anti-inflammatory cytokine IL-10, known to inhibit NF-kB pathway
[88, 94-96]. TNF-a expression activates NF-1B and c-Jun kinase signaling pathways, inducing
cell proliferation and migration [88]. Both IL-13 and TNF-a bind to its respective receptors
IL-1IR and TNEFR, respectively, and lead to MAP kinase kinases 3 and 6-mediated activation
of p38-mitogen-activated-protein-kinase (p38 MAPK) by dual phosphorylation of Thr and
Tyr residues in its kinase activation loop, leading to p38 MAPK hyperphosphorylation of
tau at residue 356 and, to a reduction of synaptophysin expression, thus affecting synaptic
activity [97]. These two cytokines also induce phospholipase A-mediated production of ara-
chidonic acid (AA), together with the NF-kB-mediated expression of cyclooxygenase 2 gene
(COX-2) which dioxygenates AA to produce prostaglandins (PG’s) like PGE2, whose binding
to its EP3 receptor leads to a reduction of adenylyl cyclase monophosphate (cAMP) activ-
ity and, to subsequent reduction of LTP [94, 98-100]. On the other hand, IL-18 release pro-
motes BACE and Ps1 mediated APP processing, caspase-1, mediated IL-1f activation and, tau
hyperphosphorylation, mediated by activation of Cdk-5/p35 [89, 101]. Finally, IL-6 induces
JAK/STAT and MAPK signaling pathways, triggering Cdk5/P35 deregulation and subsequent
tau hyperphosphorylation at Ser202 and Thr205 [102].
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Microglia, as the same as astrocytes, are activated by A, turning its morphology from a cell
with a soma and processes to an ameboid active form [73], and its activation leads to the
expression of cytokines by astrocytes in AD, thus activated astrocytes and glia act together
in AP overproduction, tau cleavage and its hyperphosphorylation. Both, hyperphosphoryla-
tion and caspase cleavage of tau are early events of AD that make this protein more prone
to aggregate, disassembling from microtubules, impairing microtubule stabilization, axonal
transport and vesicle release. This leads to synaptic dysfunction, axonal degeneration and
formation of tau oligomers, PHF and NFTs and finally to cell death [103-106]. Also, it has been
demonstrated that tau oligomers are able to activate astrocytes and glia, triggering its uptake
by these cells [107].

It has been demonstrated that age-related senescence of astrocytes and microglia with aging
diminish their AP phagocytic capability and that the exposure to increasing concentrations of
a neurotoxic compound reduces glial capability to protect neurons from damage. This may
lead to progressive AP accumulation and subsequent inflammation in brain tissue during AD.
This, in turn, triggers a chronic inflammatory environment mediated by astrocytes and glia,
changing their initial neuroprotective response to neurodegeneration mediated by proinflam-
matory cytokines which, induces AP formation and accumulation of NFTs. This effect results
in activation of signaling pathways that activates the expression and release of proinflamma-
tory cytokines, in a vicious circle that finally leads to synaptic dysfunction, neurodegenera-
tion and cell death [108, 109].

1.9. Proposed new targets and therapies for AD in the neuroimmunemodulation context

On the same autoneuroimmune context, several new targets attempt to control Alzheimer’s
disease by modulation of the inflammatory signals (Table 1), among them, some are based
on inhibitors of acetylcholinesterase like rivastigmine to improve cholinergic synapses which
are severely diminished in AD, and inhibitors of N-methyl-D-aspartate receptor, which are
hyperactivated in AD and exerts excitotoxicity, however these drugs only delay the progress
of disease [110]. As mentioned above, neuroinflammation is an early event of AD, even earlier
than NFT and A plaques formation, which makes the modulation of inflammation an attrac-
tive target for development of new drugs for treatment and prevention of AD. One alternative
is non-steroidal anti-inflammatories (NSAID’s)—such as ibuprofen, paracetamol, aspirin and
sulindac—commonly used for treatment of other illness whose symptoms are inflammation
(e.g., infections, headache), which appear to reduce the risk of AD onset in patients who were
in treatment for a long period [111]. One of the mechanisms of action that has been proposed to
explain the preventive capability of AD of these drugs is the inhibition of NF-«B signaling path-
way by inhibiting the phosphorylation IxBa subunit of inhibitor of kappa beta kinases complex,
thus impairing NF-«B release for its translocation to the nucleus and so the induction of expres-
sion of proinflammatory cytokines [46]. Another mechanism consists of inhibition of enzymatic
activity of cyclooxygenases, preventing the production of prostaglandins [112]. NSAIDs also
activate the peroxisome proliferator-activated receptor gamma (PPARY) signaling pathway
which induces expression of anti-inflammatory substances, and direct A3 processing and reduc-
tion of its release, impairing the formation of plaques. These anti-inflammatory drugs also act
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Drug/Active agent Mechanism Reference
Rivastigmine Inhibition of AchE [110]
Memantine Inhibition of NMDAr
Non-steroidal anti-inflammatories Inhibition of NF-xB signaling [112]
pathway
Inhibition of cyclooxygenase
enzymatic activity
Activation of PPARY receptor
Cannabinoids Impairment of aperture of ion [115]
channels of astrocytes
Inhibits tau hyperphosphorylation [119]
and inflammation
Quercetin Reduction of levels of IL-6 and [120]
TNF-a
Apigenin Reduction of expression of COX and  [118]
iNOS
Curcumin Reduction of the expression of
COX-2,iNOS
Impairment of IL-6, NF-kB and
MAPK signaling pathways
Magnesium Inhibits GSK3-$ [121]
Lithium Inhibits GSK3- [122]
Dihydropyridines Reduce all type of tau levels [123]
Nobiletin Reduce tau hyperphosphorylation [124]
and oxidative stress
Brain-Up10® Reduces tau aggregation and [9]

increases neuritogenesis

Table 1. Drugs or active compounds for neuroimmunomodulation therapies.

inhibiting microglial and astroglial activation, thus impairing NFT and AP formation mediated
by chronic inflammation induced by these cells [113]. However, these drugs does not work in
patients who are already suffering of AD with cognitive impairment, and thus for the effective
use of NSAID's, there is necessary an early diagnosis, when inflammatory process is in course
but prior to inflammation-induced formation of NFT and Af3 plaque deposition [108]. Another
approach is the use of biological active molecules of polyunsaturated fatty acids as agonists of
PPARYy transcription factor, which inhibits the expression of proinflammatory cytokines and
turn response of immune cells to anti-inflammatory [114]. Another challenge to overcome for
these approaches is tissue specificity, since these compounds inhibit signaling pathways which
are ubiquitously expressed, which means that their use as therapy for AD would be detrimental
for immune response against pathogens aggressions. A recent study targets ionic hemichannels
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of astrocytes by using cannabinoids to impair the aperture of astrocytic hemichannels triggered
by proinflammatory cytokines released upon A stimulation, thus impairing the activation of
astrocytes, the release of more proinflammatory cytokines and cell death [115]. Also, the use of
stem cells has been proposed as treatment of AD, since administration of mesenchymal stem
cells reduces plaque formation, promotes A degradation and reduces levels of proinflamma-
tory cytokines, thus reducing microglial proliferation and general neuroinflammation, and so
did the treatment with soluble factors, which means that stem cells could release anti-inflamma-
tory cytokines, and more interesting, when these cells are injected intravenously, they migrate
to brain [116]. A disadvantage of this approach is the invasiveness of this possible treatment.
Lately, efforts have been made to find natural compounds for effective and non-invasive treat-
ment against AD, like quercetin, which is a flavonoid is able to reduce astrocyte activation,
thus reducing neuroinflammation and improving learning and memory in SAMPS accelerated
senescence mice which were treated with an oral formulation of quercetin nanoencapsulated
in zein nanoparticles [117]. Another flavonoid compound with AD treatment potential is api-
genin, which can be found, between other sources, in flowers of chamomile and grapefruit. This
compound is able to inhibit microglia-mediated release of IL-6 and TNF-a, the prostaglandin
and NO production by inhibiting COX-2 and iNOS enzymatic activities, respectively, and also
inhibits the NF-kB signaling pathway [118]. However, the most promising natural compound
for anti-inflammatory treatment of AD is a compound called curcumin, a polyphenol isolated
from rhizomes of curcuma which reduces the expression of COX-2 and iNOS, impairs IL-6, NF-
kB and MAPK signaling pathways, reduces astroglial activation and also prevents and reverts
tau aggregation in vitro, which could mean that this compound could be used in AD patients
with cognitive impairment, if it demonstrates that also have these effects in animal models and
human, so more studies have to be made, not only for this compound but also to find or develop
new natural or synthetic anti-inflammatory and anti-aggregant compounds to treat AD [118].

2. Conclusion

Alzheimer’s disease cases are growing faster every year, not even in senile population, yet
also with early onset cases. We have studied different issues related with the beginning and
progression of neurodegenerative pathologies. Since in a biological context, the neuroimmu-
neinflammatory response theory could be the new focus for possible treatments, the research
efforts to follow-up should be focused in the control of neuroinflammatory processes.

Microglia seem to be the main brain cells in the pathological pathway of damage signals in
the neuronal population of neurodegenerative diseases. The positive feedback cycle, between
microglia and neurons, is started by tau oligomers released in the extracellular space after
neuron degeneration, triggering the microglia activation (Figure 1). Different clinical trials on
pharmacological agents attempted to stop the progress of AD or revert its consequences, but
only a few ones, are promising. On the other hand, natural compounds have received special
attention, because of their benefits in neuritogenesis or possible applications to control the
progression of the inflammatory process in AD. Such is the case of “Andean Compound,”
which we present as an alternative treatment for this pathology (Figure 1).
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Figure 1. Model of neuroinflammation and neurodegeneration cycle modulated by the “Andean Compound.” Non-
activated microglial cells are susceptible to different damage signals as aggregated forms of the tau protein, leading
to its activation. After activation, several pro-inflammatory agents are release into the extracellular media, being
able to promote neuronal damage and degeneration. While neurons are degraded, different tau forms are released,
causing a positive feedback in this neurodegenerative pro-inflammatory cycle, triggering the onset and progression of
pathologies such as AD. The Andean Compound displays and anti-aggregation effect on tau oligomers, diminishing
damage signals and, at the same time, it promotes neuritogenesis processes, featuring itself as an excellent target for
the treatment of AD.

We encourage researchers to set their aim in new neuroprotective and anti-neuroinflammatory
drugs or nutraceuticals, projecting the answers for neurodegenerative diseases on the basis of
the neuroimmunemodulation theory, as the most valuable and useful tools for AD treatment.
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Abstract

Neuroinflammation as one of the pathogenic mechanisms concerning to the development
of Alzheimer’s disease (AD) has aroused more attention since last decades. Amyloid beta
(AP) peptide generation is supposed to be the initial event in AD progress, followed
by neuronal impairment, neuroinflammation, and severe substantial neuronal dysfunc-
tion. Interleukin-1 receptor (IL-1R) as one of the most prevalent inflammatory mediated
surface receptors, participates not only in peripheral inflammation but also in AD-related
neuroinflammation. In microglia, IL-1R activation triggers the downstream signaling and
the production of proinflammatory cytokines and chemokines. IL-1R signaling also par-
ticipates in AD-related Ap-induced inflammasome activation. Besides, IL-1R activation
in neurons may increase APP non-amyloid pathway by modulation of APP a-secretase
activity, which may prevent neurotoxic A generation. Thus, the exact role of IL-1R
signaling in AD development and neuronal functions is somehow tricky.

Keywords: interleukin 1 receptor, Alzheimer’s disease, neuroinflammation

1. Introduction

Alzheimer’s disease (AD) is kind of neurodegenerative disease, which affects elder’s health
and living quality. There are some hypotheses raised up for the pathogenesis of the dis-
ease, such as amyloid cascade and tau hyperphosphorylation. Besides, neuroinflammation
induced by neurotoxic amyloid 3 (AB) peptide is also considered contribute to the develop-
ment of AD. Inteleukin-1 receptor (IL-1R) is one of the inflammation-related surface recep-
tors that are distributed widely in various tissues and cells in the body. Evidence has been
shown that IL-1R-mediated neuroinflammation may be closely related to pathogenesis and
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development of AD. In the current chapter, AD-related neuroinflammation and the participa-
tion of IL-1R in such progress would be reviewed and discussed in detail.

2. Alzheimer’s disease

As a kind of chronic neurodegenerative disease, AD usually starts slowly and gets worse
over comparatively longer time. The initial symptoms of AD are often mistaken with normal
aging. The most common early symptom for AD is the difficulty in remembering recent events
(short-term memory loss). As the disease advances, symptoms may include problems with
language, disorientation (easily getting lost), mood swings, loss of motivation, not managing
self-care, and behavioral issues. AD patients may suffer from the disease symptoms for years
and especially at the later stage of the progress.

ADis currently supposed to be the cause of approximately 60-70% of total dementia cases. There
is a large amount of data about potential risk factors for AD, including age [1], genetics [2], and
injury [3]. Many treatable medical conditions are also associated with an increased risk of AD,
including stroke [4], diabetes [5], midlife hypertension [6], and hypercholesterolemia [7, 8].

The early identification of molecular pathological description of AD was the functional
reduction of cholinergic nerve system in the cerebral cortex, like the remarkable reduction
in choline acetyltransferase (ChAT) [9]. Later, senile plaques and neurofibrillary tangles
(NFTs), two typical protein depositions, were confirmed related to AD [10]. The main compo-
nent of senile plaques is Af3 peptide; while NFTs are made from abnormal tau proteins [11].
A 42-amino acid long form of A (Ap42) was found as the main content in fibrillar Ap pep-
tides [12]. AB40, which is also found in the plaque, although is normally more abundantly
produced by cells, contributes to the lower portion of the plaque [13]. Compared to A{340,
Ap42 is the more hydrophobic form that aggregates more easily and quickly [14]. NFTs are
formed by hyperphosphorylated tau protein. As the raise of A3 concentration, tau protein
happens to be more easily phosphorylated, leading to an imbalance of various kinases and
phosphatases [15]. Consequently, mass transport and impaired impulse occurs in neurons,
followed by severe neuronal dysfunction.

Thus, the amyloid hypothesis puts Af3 accumulation at the core of AD pathogenesis. Ap is
the sequential proteolytic product of its precursor amyloid precursor protein (APP). APP is
a type I transmembrane protein, consisted of a large N-terminal ectodomain, a transmem-
brane domain, and a short cytoplasmic domain. The A3 peptide generation is supposed to
be influenced by the pattern of cleavage from APP by a, 3, and vy-secretases [16]. APP can be
processed in two different pathways, the amyloid, and non-amyloid pathway. In the amyloid
pathway, APP can be cleaved by B-secretase (BACEL1), releasing the soluble APP 3 fragment
(sAPPp); and the C-terminal fragment (CTF) is still in the membrane and can be cleaved by
y-secretase (presenilinl, PS1) to release AP [17]. This process leads to A3 generation, aggre-
gation, and deposit. In the other non-amyloid pathway, APP can be cleaved by a-secretase
(ADAM10/17), releasing soluble APP « fragment (sAPPc). The cleavage site of a-secretase is
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between the sites of 3- and y-secretase. So the non-amyloid pathway can reduce the damage
induced by Ap on neurons.

Consider to the crucial role of AP in the amyloid cascade, therapeutic approaches related to
APP metabolic pathways were always under careful and detail research and develop [18].
Those therapeutic approaches include inhibition of Af monomers developing into toxic oligo-
mers or enhancement of clearance and disaggregation of fibrillar aggregates from cerebral
cortex [19]; modulation of the fate and toxicity of AP using antibodies against Ap [20].
However, the only clinical effective therapeutic approach so far is the treatment and enhance-
ment of the functions of cholinergic neurons. Acetylcholinesterase (AChE) inhibitors, galan-
tamine, and rivastigmine were thought to improve cognition and indirectly help function and
behavior in patients with AD [21-23]. Such treatments for AD have been widely available
since the mid-1990s, but these drugs do not treat the underlying mechanism, so the effects
are limited.

3. AD-related neuroinflammation

As described above, the amyloid hypothesis was raised up as the most popular and acceptable
pathogenesis mechanism for AD. The initial changes of the cascade happen to A3 metabolism.
The A balance in favor of AB42 followed by the formation of diffuse plaques can induce the
toxic effect to neurons to different extends. The diffuse Af plaques can then convert to more
toxic AP deposit fibrillars. AB triggers the activation of the cellular signaling cascade, the
induction of inflammatory enzyme systems in a vicious cycle and finally the expression and
secretion of proinflammatory cytokines. The activation of microglial and astrocyte, together
with the corresponding inflammatory reactions, is another important event in AD patho-
genesis. Both aggregated amyloid fibrils and inflammatory mediators secreted by microglia
contribute to neuronal dystrophy. NFTs occur under such condition, which enhances neuronal
dysfunction and death. The widespread neuronal dysfunction is regarded as the immediate
cause of the disease [18, 24]. On the basis of these observations, A{3 has become a major phar-
macological target for the treatment of the disease. However, such trails of treatment have not
reached a satisfactory outcome. Thus, the AD-related neuroinflammation starts to sneak into
current research attention.

In parallel, neuroinflammation has been implicated in contributing to the etiology of AD.
Epidemiological and prospective population-based studies show an association between sup-
pression of inflammation and reduced risk for AD [25, 26]. The protective effects of non-
steroidal anti-inflammatory drugs (NSAIDs) against AD development [27] further support
the neuroinflammation hypothesis. In animals, the beneficial effects of NSAIDs have also been
confirmed, including behavioral improvement and reductions in glial activation, AP levels,
and plaque size [28]. Inflammatory responses to amyloidosis have also been observed in
animal models overexpressing A [29, 30]. Proinflammatory cytokines, such as (interleukin-1)
IL-1, IL-6, and tumor necrosis factor a (TNFa), are elevated in the plasma, brains, and cere-
brospinal fluid of patients with AD or mild cognitive impairment, whereas anti-inflammatory
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cytokines are decreased [31, 32]. Besides, inhibition of TNFa signaling has been shown to
attenuate AD-like pathology and cognitive impairments in transgenic mouse models, as well
as in AD patients [33, 34].

Inflammation is a complex cellular and molecular response to insults (stress, injury or infection),
an attempt to defend against these insults. AD-associated inflammation is generally considered
as a secondary response to the pathological lesions evoked by Af3 [35, 36]. AD-related inflamma-
tory response is supposed to be driven mainly by activated microglia [37, 38].

The activation of migrolia has been reported in both AD patients and animal models [39],
accompanied by increased levels of specific chemokines and cytokines [40]. Microglia
surrounding plaques stain positive for activation markers and proinflammatory mediators,
including cyclooxygenase-2 (Cox-2), monocyte chemotactic protein 1 (MCP-1), TNFa, trans-
forming growth factor- (TGFp), IL-1a, IL-1p, and IL-6 [41-43]. AP and its fibrils can induce
self-defense, inflammatory responses via pattern recognition receptors (PRRs), such as toll-
like receptors (TLRs) [44, 45]. A aggregates interact with microglial receptors like TLR4,
CD14, CD36, CD47, the receptor for advanced glycation end products (RAGE), and some
integrins [46-50]. More recently, it has been reported that Af activates microglia through its
interaction with the APP present in the membrane of these cells [51], which defines a novel
function of APP in microglial regulation of the inflammatory response in AD.

Microglial activation seems to be the comparative early event in AD pathological develop-
ment. Imaging study results showed that reactive microglia can be detected at the very early
clinical stage of the disease [39]. In AD mouse model, microglial activation was observed
before amyloid plaque formation [52]. Once activated, microglia can produce several proin-
flammatory signal molecules, including cytokines, growth factors, chemokines, and cell adhe-
sion molecules. Besides, Microglia may also play a role in plaque evolution by phagocytosing
and/or degrade deposited A3. Many different laboratories have shown that microglia, both
in vivo and in culture, phagocytose exogenous fibrillar Af [53, 54].

4. Interleukin 1 receptor

IL-1R family belongs to one category of TIR domain-containing receptor superfamily. The
TIR domain-containing receptors are a large family of molecules involved in the activation of
innate immunity [55]. The TIR superfamily can be broadly divided into two main groups: the
immunoglobulin (Ig) domain-bearing receptors and the receptors with a leucine-rich repeat
(LRR) domain [56, 57]. The Ig domain subgroup of TIR receptors includes 10 members of the
IL-1R family, whereas the LRR group includes the toll-like receptors (TLR). When an agonist
IL-1 family cytokine binds to its specific TIR-containing receptor, the initiation of IL-1R
activation signaling occurs [56]. The signaling pathway involves the recruitment of adapter
molecule MyD88 and kinase IRAK, followed by interaction with TRAF6. The final step is the
phosphorylation of the inhibitory molecule IxB by IkB kinase complex leading to relocaliza-
tion of transcription factor NF-kB. NF-«B is translocated into the nucleus and intermediates
inflammatory immune response [58]. NF-kB is a major inflammatory switch that comprises a
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family of transcription factors that regulate expression of various proinflammatory cytokines
(IL-1, IL-6, IL-8 and TNFa), chemokines, antiapoptotic factors and stress factors [59].

IL-1 family is the typical ligands for IL-1R and its activation. IL-1 family includes a set of
cytokines, some of which have been demonstrated to play a critical role in host responses to
pathogens and other noxious agents [60]. IL-1a and IL-1f are two most prevalent ligands that
are supposed to trigger the activation of IL-1R. IL-1ct/p3 are endogenous pyrogens with activi-
ties similar to lipopolysaccharides (LPS), which are the major molecular components of the
outer membrane of Gram-negative bacteria [61].

One of IL-1R ligand cytokine IL-13 appears to play an important role in AD. IL-1p level
was confirmed obviously in and around the area of Af3 deposit [62, 63]. The inhibition of
IL-1 signaling by IL-1R knockout could significantly relief the AB burden in transgenic AD
mice [64]. And the protective impact by IL-1R knockout was believed to be dependent on
attenuated AD-related neuroinflammation [65]. Besides, the inflammation- or IL-13-induced
pathological tau development has also been well documented [66-68]. The inhibition of IL-1
signaling significantly suppressed the activation of cdk5/p25, GSK-33, and p38-MAPK, all
major kinases that phosphorylate tau in neurons. Another study demonstrated a direct effect
of IL-1p secreted by microglia on neurons and subsequent activation of p38-MAPK and accu-
mulation of tau phosphorylation [69]. NSAIDs could be repurposed as NLRP3 inflammasome
inhibitors that provide neuroprotective impact against AD [70].

5. IL-1R signaling and inflammasome

Inflammasomes are responsible for the maturation of pro-inflammatory cytokines such as
interleukin IL-1, IL-18, and IL-33 and activation of inflammatory cell death, pyroptosis [71].
The inflammasome is a multiprotein oligomer consisting of caspase 1, PYCARD, NALP, and
sometimes caspase 5 (also known as caspase 11 or ICH-3). It is expressed in myeloid cells and
is a component of the innate immune system. Analogous to the apoptosome, which activates
apoptotic cascades, the inflammasome activates an inflammatory cascade. Once active, the
inflammasome binds to pro-caspase-1 (the precursor molecule of caspase-1), either homotypi-
cally via its own caspase activation and recruitment domain (CARD) or via the adaptor pro-
tein ASC. Caspase-1 then assembles into its active form which obtains the peptidase activity.
The metabolic process performed by caspase-1 includes the proteolytic cleavage of pro-IL-13
at Asp116 into IL-1p [72] and cleavage of pro-IL-18 into IL-18 to induce IFN-y secretion and
natural killer cell activation [73]. Thus, the inflammasome promotes the maturation of the
inflammatory cytokines, interleukin 1p (IL-1f) and interleukin 18 (IL-18) [72]. Thus, IL-1R sig-
naling is considered to play a crucial role in inflammasome activation-induced inflammation.

Nucleotide oligomerization domain (NOD)-like receptor family, pyrin domain 3 (NLRP3)
containing inflammasome is an intracellular multiprotein complex, which has been verified to
participate in AB-induced neuroinflammation [74]. Halle et al. demonstrated that the phago-
cytosis of fibrillar Af3 activates NALP3 inflammasomes in mouse microglia. The activation of
NALP3 was dependent on lysosomal damage and cathepsin B release, as was observed earlier
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in the crystal-induced NALP3 activation [75, 76]. Then, more evidence was supportive for that
AP activate the NLRP3 inflammasome in microglial cells in vitro and in vivo [77-79]. NLRP3
inflammasome inhibitor treatment in AD mice led to decreased levels of AP deposition and
decreased levels of soluble and insoluble A{342 in the brain [80]. NLRP3 or caspase-1 knockout
could significantly suppress amyloidosis and neuropathology, as well as improve cognition-
associated parameters in AD mice model [77].

The possible roles of the NLRP3 inflammasome in AD pathogenesis discussed above open a
novel investigation of inflammasome signaling pathway for understanding AD. Designing
agents for critically controlling the activation of NLRP3 inflammasome at the molecular level
might offer considerable promise to tackle neuroinflammation and slow AD progression.

6. IL-1R signaling in neurons

IL-1R is widely distributed in the central nerves system (CNS). Early evidence revealed
that IL-1R was detected in high density in the dentate gyrus of the hippocampus, choroid
plexus, meninges, and anterior pituitary and is low expressed in the frontoparietal cortex.
Both neurons and glial cells were shown to express IL-1R [81]. Later, a pile of data demon-
strated that IL-1R could be activated in various cell types in CNS. In cultured human microg-
lia, numerous proinflammatory cytokines such as IL-1, IL-6, and TNFa are produced after
IL-1 stimulation. In cultured rat astrocytes, IL-1 could stimulate astrocytes to release nerve
growth factor which can mediate neuroprotective effects [82]. In addition, administration of
IL-1 in the cerebral ventricle induced COX-2 exclusively in endothelial cells comprising brain
blood vessels [83]. As we described in the previous paragraph, IL-1R plays an important role
in glial activation-induced neuroinflammation, the participation of IL-1R in neuronal function
has not been carefully discussed.

IL-1B has been reported to increase the expression of APP in neuronal culture [69]. The
amyloid precursor protein (APP), via stimulation of amyloidogenic processing, undergoes
sequential proteolytic cleavage by [-secretase and y-secretase to generate AB. Alternatively,
a non-amyloidogenic pathway involving a-secretase activation could reduce A generation,
which competitively inhibits activation of the detrimental amyloidogenic pathway. Also,
sAPPa is proven to possess neuroprotective and memory-enhancing properties, often being
compared to cerebral growth stimulants. Thus, the non-amyloidogenic pathway is supposed
to be a suitable therapeutic target for AD.

The identity of a-secretase of APP has been verified to be ADAMI10 (a disintegrin and metal-
loprotease 10) constitutively and ADAMI17 regulatively [84]. Different kinds of stimuli have
been suggested to increase the secretion of sAPPa under certain conditions via ADAM17,
including various cytokine, chemokines, adhesion molecules and growth factors [85]. The
two most important ligands for IL-1R, IL-1a [86] and IL-13 [87, 88] were proved to enhance
ADAMI1Y activity in neurons. The detail mechanism research concerning to IL-1 signaling and
APP proteolysis revealed that the GC-rich APP mRNA 5 UTR-stem loop structure bears an
amyloid-specific CAGA sequence, IL-1 responsive element, and an iron responsive element.
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IL-1 binding to its responsive element significantly impacts the functioning of APP 5’UTR that
affects APP metabolism and thus sAPPa release [89]. Besides, p38/ERK/JNK pathway and
PI3K/AKT pathway are believed to participate in IL-1 signaling mediated activity regulation
of APP a-secretase ADAM17 [90, 91].

Thus, IL-1R is considered play an important and distinct role in different aspects in the
process of AD development. The exact relationship of IL-1R signaling activation between
microglial activation-induced neuroinflammation and APP a-shedding in neurons is some-
how tricky. The cytokines and growth factors from reactive microglia induced by neurotoxic
AP may enhance ADAM17 activity in nearby neurons (paracrine), which provides a possible
self-protection against Ab-induced neuronal dystrophy.

7. Conclusion

IL-1R participates in AD-related neuroinflammation by microglial activation and the secretion
of various pro-inflammatory cytokines and chemokines. The anti-inflammation treatment has
been raised up, including IL-1R antagonist as a potential AD therapeutic approach. However,
IL-1R activation in neurons, where exactly APP proteolysis takes place, may enhance the activ-
ity of neuroprotective a-secretase. The safety of novel promising therapeutic approaches tar-
geting IL-1R activity regulation has to be evaluated carefully to avoid unexpected side effects.
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Abstract

In this review, we will discuss the relevant clinical details of acute ischemic stroke and its
currently very limited therapeutic opportunities, sequentially emphasizing its popula-
tional and economical burden. Based on our increasing knowledge in molecular and cell
biology of immunological mechanisms of ischemic stroke, we will introduce the main
processes in the background of arterial vessel occlusion, ensuing tissue damage and fol-
lowing reparation. After that, we will compare the obtained results from animal models
with clinical studies and thus the possible causes of foregoing failures. Following this,
we will demonstrate the most important drugs tested and/or being tested in human or
animal studies from the field of neuroprotection. Finally, we raise possible opportunities
that can be considered in development or clinical applications of neuroprotectants.

Keywords: acute ischemic stroke, stroke induced immunodepression, neuro-inflammation,
neuroprotection, future perspectives

1. Introduction

In 2013, the Stroke Council of the American Heart Association/American Stroke Association
laid an up-to-date definition of ischemic stroke. According to this, it is defined as brain, spinal
cord or retinal cell death attributable to ischemia, based on neuropathological, neuroimaging
and/or clinical evidence of permanent injury. In a clinical spectrum, it can be accompanied by
symptoms or can be asymptomatic. Transient ischemic attack (TIA) is defined as a transient
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episode of neurological dysfunction caused by focal brain, spinal cord or retinal ischemia,
without acute infarction [1].

Estimates from the Global Burden of Diseases, Injuries, and Risk Factors Study (GBD 2010)
ranked stroke as the second most common cause of death [2] and the third most common
cause of disability-adjusted life-years (DALYs) [3] worldwide in 2010. Expressed by numbers,
roughly 10% of the 52,769,700 deaths [2] and about 4% of the 2,490,385,000 DALYs [3] world-
wide were due to stroke. Further analysis of the GBD study showed that although stroke
mortality rates and mortality-to-incidence ratios have decreased in the past two decades, the
global burden of stroke in terms of the absolute number of people affected every year, stroke
survivors, related deaths, and DALYs lost are great and increasing, with most of the burden
in low-income and middle-income countries. If these trends in stroke incidence, mortality,
and DALYs continue, by 2030, there will be almost 12 million stroke deaths, 70 million stroke
survivors, and more than 200 million DALYs lost globally [4]. Furthermore, stroke changes the
lives not only of those who experience a stroke but also of their family and other caregivers [5].

We can classify the stroke subtypes by aetiology. According to this, 80-85% of all stroke
events are ischemic, the other 15-20% are of haemorrhagic origin [6]. The theme of our review
is about ischemic stroke, so from now on, we will discuss only this subtype—means, that if
‘stroke’ is written, it refers to ischemic stroke automatically.

The ischemic stroke has its well-known risk factors, some of them are the common vascular
risk factors. Among these, we can find so called non-modifiable ones: genetics, age, ethnicity/
race, and low birth weight. Fortunately an international case-control study of 6000 individu-
als found that 10 potentially modifiable risk factors explained 90% of the risk of stroke [7].
These are—with no purpose of detailed description—physical inactivity with or without diet
and nutrition failure (containing dyslipidaemia, obesity and body fat distribution, metabolic
syndrome, diabetes mellitus) hypertension, cigarette smoking, atrial fibrillation and other car-
diac conditions, carotid artery stenosis, sickle cell disease, migraine, alcohol consumption,
drug abuse, sleep-disordered breathing [8].

Despite the intensive populational stroke education of these methods of primary prevention,
the number of stroke patients increases to date.

After so many years of unsuccessful therapeutic approaches, recombinant tissue plasmino-
gen activator (rtPA) was approved by the U.S. Food and Drug Administration (FDA) in 1996
for the treatment of acute ischemic stroke [9]. Since then, scores of stroke patients have been
treated worldwide with this drug, managed by comprehensive stroke centres.

In a selected patient population (see detailed inclusion and exclusion criteria as per applied
protocol), intravenous or intra-arterial thrombolysis can be a reliable choice. With this method
of recanalisation, the treatment physician must calculate certain complications and a rela-
tively poor outcome in several cases [10].

Most of these severely disabled stroke patients have intra- or extra-cranial large arterial ves-
sel occlusion. In the past decade, a new form of acute revascularisation treatment, the endo-
vascular stroke treatment (EST), appeared. After the failure of the first ‘unhappy’ trials with
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first-generation devices; in the past few years, smashing successes were achieved with the
newer stent retrievers. These results —especially combined with iv thrombolysis —were com-
parably better than iv thrombolysis alone, and patient safety with risk/benefit ratio is also
very promising [11].

Although several patients can benefit from the above mentioned methods of acute stroke
treatment, they still have a few significant weak spots, above all, the narrow therapeutic time
window.

Even in the countries with the best achievements, just like Austria with about 10% of stroke
patients, can receive either or other treatment, the others, with wider stroke onset-to-treat-
ment time have no or minimal chance of revascularisation, thus of good clinical outcome.

There is an urgent need to aim this enormous patient population with an effective treatment.

Neuroprotection would be a promising choice for this group, but until now, controversial
results came to light in this field.

Hereinafter, we will introduce the main known reactions, immune responses in the brain fol-
lowing acute arterial vessel occlusion and potential therapeutic targets in this process.

2. Immunological background of acute stroke

2.1. First processes that appear immediately after arterial occlusion

The brain is highly dependent on continuous delivery of oxygen and glucose through blood
flow, and the permanent interruption of this supply leads to irretrievable brain damage [12].
Cascade of cellular and molecular events caused by sudden lack of blood flow ends in isch-
emic cell death via necrosis or apoptosis. Among cells traceable in the brain, the neurons are
more vulnerable than glia and vascular cells, and suffering from hypoxia-ischemia, these are
the first ones to become dysfunctional and die [13]. Neurons can further be divided particu-
larly into sensitive ones by location: the caudate body, putamen, insular ribbon, paracentral
lobule, precentral-, middle- and inferior-frontal gyri [14].

In clinical practice, one of the most common types of severe stroke is the occlusion of the
middle cerebral artery (MCA). This is also the one that provides a basis for animal models,
as will be discussed later. After MCA occlusion, the ischemic damage will be more rapid and
severe in the centre of the infracted territory —named the ischemic core— where the blood
flow is the lowest. The periphery of the core is a region, the so called penumbra, where neu-
ronal damage develops more slowly, because blood flow from adjacent vascular territories
(collateral flow) provides a barely acceptable cerebral perfusion, that is enough to avoid
immediate cell death [12]. In the core, a bioenergetic failure develops after a few seconds of
arterial occlusion. Without oxygen and glucose, neurons cannot produce ATP needed to fuel
the ionic pumps—most of all Na/K ATPase—that maintain the ionic gradient across neuronal
membrane. This process results in accumulation of Na and Ca ions and efflux of K contrib-
uting to a widespread anoxic depolarisation in the membranes of neurons and glial cells, to
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swelling (cytotoxic oedema), degeneration of the cell organelles, loss of membrane integrity
and finally the necrotic cell death [13, 15-17]. In contrast with the core, the flow reduction in
the penumbra is not sufficient to cause energy failure, and the neurons remain viable for a
prolonged period of time [12].

The before-mentioned reduced ATP production also contributes to reduced reuptake of glu-
tamate, the main excitatory neurotransmitter. The resulting over activation of the NMDA
type glutamate receptors leads to further cytoplasmatic accumulation of Ca ions. Because of
the elevated intracellular Ca level, mitochondrial failure sets in, and Ca-dependent enzymes
activate mainly in neurons, rather than astrocytes, such as proteases calpain and caspase and
enzymes producing nitric oxide, free radicals (reactive oxygen species: ROS) and arachidonic
acid metabolites [13, 18]. Besides these steps, the constant arterial occlusion results in a criti-
cal reduction of pO, and concomitant elevation of pCO, that leads to hypercapnia and falling
of tissue pH. This process ends in lactate acidosis and irreversible cell injury mediated by
Ca™ permeable acid-sensing ion channels [19-21]. Altogether, these steps lead to necrosis or
apoptosis depending on the intensity of the insult and the metabolic state of the neurons.

2.2. Inflammatory mechanisms in the ischemic brain

Cerebral ischemia contributes to both, first the innate and then, the adaptive immunity, the
two main branches of human immune system [22]. The innate immunity is germline-coded,
rapidly activated and consists of low-affinity receptors to gain wide-range target recognition.
In contrast, the adaptive immune system is based on high-affinity receptors (like immuno-
globulins and T-cell receptors), that are randomly generated by somatic mutations. The adap-
tive branch needs several days for activation because of antigen-driven clonal cell expansion,
but it retains a memory of this certain antigen exposure [22].

Immediately after vessel occlusion, post-ischemic inflammation begins in the vascular com-
partment. With appearance of ROS, the procoagulant state increases that means platelet, com-
plement and endothelial cell activation [23, 24]. Besides this effect, ROS—that are produced
by NADPH oxidase and iNOS, traceable in almost all inflammatory cells, and the synthesized
peroxynitrite and its hydroxyl radical derivates are highly cytotoxic—alters cellular proteins,
lipids, RNA, leading to cell dysfunction or death [25]. Blood brain barrier (BBB) breakdown
starts—secondary to the pericyte death—as its permeability increases by oxidative stress and
inflammatory mediators, impairing the neurovascular unit, that consists of endothelial cells,
astrocytes and neurons. Along this process, extravasation of proteins and activation of mac-
rophages initiates [26, 27].

Injured and dying cells play a key role in post-ischemic inflammation by releasing danger
signals, the so-called damage-associated molecular patterns (DAMPs). These molecules acti-
vate macrophages via pattern recognition receptors (PRR, i.e. toll like receptors—TLR) and
inflammasomes. The first pathway involves such pro-inflammatory factors that get released
by nuclear gene expression mediated by transcriptional mediators, activated by TLR.

Studies highlighted importance of these TLRs in mediation of inflammation. In transgenic
mice, lacking TLR2 and TLR4, much smaller brain infarcts were observed [28, 29]. In a clinical
trial, patients, who exhibited reduced expression of TLR 4, had a better outcome [30].
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The second mechanism means caspase-1 activation that results in pro-inflammatory IL-1, IL-6
and IL-18 activation [31, 32]. Besides macrophage activation and thus pro-inflammatory cyto-
kines release, this process also results in mast cells releasing vasoactive mediators, proteases
and tumour necrosis factor (TNF).

As part of the innate immune system, complement system is also involved in cerebral isch-
emic tissue changes. Mannose-binding lectin (MBL) and MBL-associated serine proteases
initiate lectin pathway of complement activation. Animal experiment with transgenic mice
lacking MBL showed reduced infarct size. Clinical observation showed that patients with low
MBL genotype expressed lower levels of C3-C4 complement and C-reactive protein (CRP),
showing better functional outcome [33-35].

Monocytes also take part in the regulation of inflammation and tissue repair. They can be
found early in the infarcted area shortly after vessel occlusion [36, 37]. In acute stroke, these
cells increase in number in peripheral blood and show such phenotypic changes as reduced
expressions of antigen presenting molecules, and low production of pro-inflammatory TNF,
and unchanged production of anti-inflammatory IL-10 [38, 39]. These cells will differentiate into
two sub-types. M1 macrophages promote strong T-helper]1 (Th1), while M2 macrophages sup-
port Th2 response, playing a part in the resolution of inflammation [36]. Macrophages also play
a great role in clearance of debris and damaged cells at later stages as a regenerative process [36].

Immune cell extravasation is initiated by interaction of adhesion molecules and selectins that
contributes to a rolling mechanism of leukocytes on endothelium followed by adhesion and
to subsequent transmigration to the brain parenchyma (leukocyte infiltration).

In response to ischemia, glial cells develop an inflammatory phenotype and release such
mediators that attract neutrophils, monocytes and lymphocytes.

The increasing number of these cells and the produced pro-inflammatory mediators by them,
rapidly results in a progrediation of inflammation and thus ischemic tissue damage. The
before-mentioned DAMPs induced release of interleukins by macrophages and microglia,
leading to further leukocyte infiltration and activation of antigen presentation between den-
dritic cells (DC) with MHC II receptors and T-cells [40, 41].

These infiltrating T-cells are the main source of interferon gamma that is responsible for
delayed neurotoxic effect of the brain tissue [42]. Blockage of lymphocyte invasion of the
brain by FTY720 improved stroke outcome in animal models, but was not verified by other
study [43]. Gamma-delta T-cell sub-population and IL-17, IL-23 have a crucial role of damage
progression. These cells are activated by infiltrating macrophages and DAMPs, produce pro-
inflammatory IFN gamma and IL-17. Depletion of these cells or pharmacological blockade of
IL-17 and IL-23 pathways suppressed brain damage in a mouse model [44]. Depletion of CD4
and CD8 T cells and ablation of perforin that mediates cytotoxicity of CD8 T cells also reduced
infarct size and improved stroke outcome in experimental stroke model [42].

Cell damage and disruption lead to exposition of such brain epitopes that were previously
hidden from the immune system. The antigen presenting cells (APCs) recognise these epitopes
and take part in lymphocyte priming and auto-reactive activation. These auto-reactive lym-
phocytes worsen the local inflammation resulting in poor outcome. In clinical experiments,
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neuronal and myelin epitopes were found in cervical lymph nodes and palatine tonsils of
acute stroke patients. Relative neuronal predominance of these epitopes was associated with
poorer clinical outcome [45].

2.3. Cytoprotective effects and reparation of damaged tissue

Besides so many damaging effects of the immune system, there are cytoprotective ones as
well.

In animal models, T-cells that are specific to myelin antigens can reduce secondary neuro-
degeneration, enhance neurogenesis and promote recovery after stroke [46]. Local immune
suppression can be achieved with tolerized lymphocytes to CNS antigens. In rodent model,
immunisation with intra-nasal or oral administration of MBP or MOG weeks before induced
stroke showed better outcome [47]. According to these studies, patients with a history of
stroke may benefit of CNS antigen immunisation, and we could prevent a recurrent stroke,
but recent studies raised concerns on this. We can induce a deleterious auto-immune process
against the brain by such drugs [48, 49].

T reg cells are the main protectors of the brain after ischemia. They can exert anti-inflam-
matory effects by either direct cell-cell interaction or secretion of tumour growth factor beta
(TGF-B) and IL-10 as well [50]. Depletion of these cells in mice increased infarct size [42] and
enhanced activation of invading pro-inflammatory T-cells [51].

Regulatory B-cells are also reported as beneficial ones after experimental models. Lack of
these cells resulted in increased inflammatory cell infiltration and conversely, transfer of these
cells reduced infarct size and pro-inflammatory cytokine production of T-cells [52].

The immunological processes following brain ischemia is self limiting, and numerous factors
play a role in the immunosuppressive activity. The first mechanism in the reparative phase
is performed by microglia and macrophages. These phagocytes remove the dead cells and
accompanying immunoregulatory cytokines can facilitate tissue repair. Concomitant growth
factors (like TGF-f and insulin like growth factor) released by neurons and astrocytes help in
cell sprouting, neurogenesis, angiogenesis and matrix reorganisation as well. Angiogenesis
also required the concomitant action of vascular endothelial growth factor (VEGF) and neu-
trophil matrix metallo-proteases (MMPs) [53-55].

2.4. Stroke-induced immunodepression and related post stroke infections

Acute stroke can result a stroke-induced immune depression syndrome (SIID) [56, 57].

The central nervous system has multiple pathways to modulate the systemic immunity. Among
these are hypothalamic-pituitary-adrenerg axis, the vagus nerve, and the sympathetic nervous
system. Complex functional reactions between these systems together suppress the peripheral
release of inflammatory cytokines from T-cells, monocytes and macrophages and promote the
release of anti-inflammatory IL-10. The released noradrenalin from nerve terminals and adre-
nal medulla induces an anti-inflammatory type of lymphocytes, monocytes and macrophages.
These mechanisms together reduce the inflammation in the infarcted brain area, but parallel
to this, suppress the systemic immune responses, giving a chance for post-stroke infections.
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An unknown proportion of patients are affected by this condition, because there is no commonly
accepted definition for this, and representative investigations in large stroke patient population
are missing. It can only be estimated, as about 30% post-stroke infections were reported [56].

It was confirmed in a meta-analysis of 87 studies involving more than 130,000 patients, pub-
lished in 2011, that the overall infection rate was 30%, most commonly pneumonia and uri-
nary tract infections [58]. According to a multicenter retrospective cohort study including
consecutive patients with ischemic stroke admitted to Regional Stroke Centers participating
in the Registry of Canadian Stroke Network in July 2003-March 2007 pneumonia increased
30 days and 1 year mortality as well [59]. Statistical analysis showed that half of the pneu-
monia cases occurred in the first two days after stroke onset, but almost all cases occurred in
the first week [60]. The most susceptible patients for aquiring pneumonia as a concomitant
disease, are the ones who have dysphagia, even with aspiration, are of older age, and the
male sex, stroke severity, chronic obstructive pulmonary disease, coronary artery disease
and pre-stroke dependency (greater than 2 points in modified ranking scale mRS) are also
independent risk factors for pneumonia [61, 62].

According to urinary tract infections, a study showed 16% prevalence in stroke patients
mostly in the first two weeks after stroke onset [63].

A few trials detected correlation between the locations of infarction in the brain, resulting in
a higher risk for post-stroke infection. Affection of the anterior MCA cortex, and the insula
caused more infections; however, other study found that the extent of the infarcted brain tis-
sue is a better prognostic factor for this [64-66].

Many clinical studies were conducted to evaluate the benefit of prophylactic use of antibiotics
in stroke patients, but according to the latest AHA/ASA guideline for secondary stroke pre-
vention [10], routine use of prophylactic antibiotics has not been shown to be beneficial (class
1, level B recommendation).However in selected patient population, it can be considered.

3. Challenges in neuroprotection

Neuroprotection can be defined as a therapy that enhances the brain’s resilience to ischemia
to improve the clinical outcome of affected patients. It aims not only the neurons but also is
equally applicable to other brain constituents like cells of vessels and glia. A neuroprotective
drug is designed to target one or more components of ischemic cascade. The disappointing
results of the neuroprotective trials to date raise the question that successes in pre-clinical
animal models can even translate in clinical practice [67-69].

4. Reasons why neuroprotective agents have failed in human stroke trials

It is almost impossible to create a true, representative model for human acute ischemic stroke
(AIS). In laboratory, scientists work with animals. They are mostly rats, or other rodents, in
that several physiological processes differ from ones in human. In addition, these animals
are basically healthy and not suffering from such civilisational concomitant diseases, like

125



126 Mechanisms of Neuroinflammation

hypertonia, diabetes and dyslipidemia. They are not exposed to smoke, and not influenced
by other unhealthy conditions, just to emphasize some factors.

As a basic of stroke, patients usually develop atherosclerotic disease over decades, causing
decaying cerebral autoregulation, poorer collateral system, etc. while in laboratory, animals
are tested as a sudden occlusion of the MCA on the ground, besides healthy vessel system.
Many patients take medications, prescribed for cardiovascular (CV) risk factors, that affect the
ischemic process and that can interact with the investigational neuroprotective drugs [70-73].

Last but not the least, a few more practical factors to consider.

¢ Clinical trials have real life difficulties like time window (pre-clinical studies usually using
such short time window that are unfeasible in real life).

* The optimal duration of neuroprotectant administration is unknown (only the start of ad-
ministration seems to be clear as early as possible).

¢ Outcome measure is different in pre-clinical trials, where particularly infarct size is judged
to evaluate efficacy of a drug, while clinical trials use clinical and functional scales, such as
National Institutes of Health Stroke Scale (NIHSS), modified Rankin Scale (mRS), Barthel
index, etc.

* Pre-clinical trials evaluate mainly early outcomes, while clinical ones rely on late
assessments.

¢ Inlaboratory, scientists use just a very few stroke models, most widespread are the transient
and permanent middle cerebral artery occlusion models (tMCAO and pMCAO), while in
human studies, patients develop a broad pathophysiological heterogenity of stroke in du-
ration, extent, location and severity [74].

In spite of all these difficulties, there is still a massive trend of drug development in this
field. In the course of past unsuccessful trials, we have become more and more aware of each
molecular or cellular step of the ischemic cascade, and the knowledge gained from these
experiments helped us to understand the immunological processes beyond tissue damage
after stroke.

5. Therapeutic approaches in the field of neuroprotection

In pre-clinical phase of studies, over a thousand of potential neuroprotective agents have been
investigated to date and many of them seemed to be promising. They aimed one or more steps
of the above mentioned ischemic cascade to minimize the tissue injury. Different therapeutic
approaches, tried on animals and/or in clinical trials will be discussed below sorted by mecha-
nism of action [73, 74].

As discussed before, immediately after ischemia onset, a few processes lead to excessive acti-
vation of excitatory amino acid receptors, accumulation of intra-cellular calcium and release
of toxic products that all results in cell damage.
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5.1. NMDA antagonists

The most widely studied neuroprotective agents are the N-methyl-D-aspartate (NMDA)
receptor antagonists. The first neuroprotective drug applied in human trial was also a non-
competitive NMDA antagonist. It was dextrorphan, a metabolite of the cough suppressant dex-
trometorpohan. Further investigation was stopped because of occurred hallucinations and
hypotension as adverse events [75].

A competitive NMDA antagonist CGS 19755 or selfotel reduced infarct size by 50% with 40 mg/kg
dose in animal studies [76], but in a phase III trial, with a total of 567 enrolled patients, a higher
mortality rate was observed than in the placebo group, so it was terminated [77, 78].

Two non-competitive NMDA antagonists were tested in placebo controlled trials (MK801 or
dizocilpine and aptiganel HCL-Cerestat) but they were terminated because of poor risk-benefit
ratio and hallucination [79, 80]. These frightening adverse reactions mimic those seen with
phencyclidine which binds at a similar site.

This recognition led to development of indirect NMDA antagonists that connects with the
glycine site of the NMDA receptor and thus has fewer side effects [81]. Prominent representa-
tive of this glycine antagonist group was GV150526, which was well tolerated and reported as
safe in a trial with 1367 patients but showed no positive effect in 3-month outcome measures,
so no further investigations were planned [82].

In a recent pre-clinical study, investigating NMDA modulation with post-synaptic den-
sity-95 (PSD-95) protein inhibitor NA-1 that uncouple PSD-95 from neurotoxic signalling
pathways in neurons, showed promising result. This trial was conducted not with rodents,
but primate class cynomolgus macaques, in which animals have closer genetic, anatomic
and behavioural relationship with humans. They found reduced infarct volumes and sig-
nificantly better neurological function in neuro-behavioural tests in the NA-1 treated group
[83]. NA-1 was also tested in patients, who underwent endovascular aneurysm coiling, to
prevent small embolic strokes, that can occur during such procedure (evaluating neuropro-
tection in aneurysm coiling therapy [ENACT]). It was a multicentre, double-blind, placebo-
controlled, randomized trial, with 185 participants. They received either a single dose of
NA-1 infusion or saline at the termination of the coiling procedure and were evaluated
with MRI and neuro-psychological tests in a 30-day follow-up period. The subjects, who
received NA-1, developed fewer emollitions, and by patients with ruptured aneurysms,
NA-1 reduced the number of stroke events, volume of tissue damage and improved neuro-
logical outcome in 30 days [84].

5.2. Free-radical scavengers and antioxidants

In a murine model of stroke, animals treated with carnosine, a naturally occurring dipeptide
with several neuroprotective properties, developed significantly decreased infarct size when
administered both before and after induction of ischemia. This neuroprotective effect was
related to decreased level of reactive oxygen species, preserved glutathione levels and attenu-
ated matrix metallo-protease (MMP) levels and activity [85, 86].
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Anthocyanins (isolated from tart cherry) are strong antioxidants and thus have anti-inflamma-
tory effects. In a mouse model, it reduced infarct volume significantly by 27% pre-treated and
by 25% in delayed treatment and was associated with better functional outcome in both pre-
and post-treated group. These effects are considered to decrease level of superoxide in brain
and blockage of apoptosis-inducing factor released from mitochondria [87].

Ebselen, a seleno-organic compound with antioxidant effect mediated by a glutathione peroxi-
dase like action, was evaluated in a multicentre, double blind, placebo-controlled trial with
302 patients [88]. A positive effect was found at 1 and 3 months follow-up in functional scores.
However, the final results are still not available [89].

Edaravone, another free radical scavenger was investigated in more clinical studies. Administered
in 72 hours of stroke onset, better functional scores were observed compared with placebo, espe-
cially in small vessel disease [90, 91]. However, there were no significant differences in outcome
after 1 year against placebo group [91].

NXY-059, also a free radical trapping agent, was found to be effective in animal models [92].

Two large trials were conducted to evaluate this drug. In SAINT I., administered in 6 hours
after stroke onset, it showed controversial results in functional scales (better outcome by mRS,
but not by NIHSS). Following SAINT II, NXY-059 was found safe but ineffective compared to
placebo. This result was confirmed by another study by Diener et al. [93-95].

Citicoline is an intermediate in the biosynthesis of phosphatidylcholine (PtdCho) showed
reduced infarct volume in animal model of stroke [96]. It enhances the synthesis of PtdCho
and sphingomyelin, attenuates lipid peroxidation and restores Na/K ATP-ase activity. In
ICTUS study, with 2298 patients from 2006 to 2011, it was not effective in the treatment of
stroke [97]. In a clinical trial, that compared edaravone and citicoline in AIS, edaravone was
more effective and showed a better neurological outcome at 3-month follow-up [98].

Cerebrolysin, a porcine brain-derived preparation of low-molecular-weight neuropeptide and
free amino acids, showed improved functionality in animal models, but not in clinical trials
(CASTA) [99].

Tirilazad is a non-glucocorticoid, 21-aminosteroid that inhibits lipid peroxidation. It was effec-
tive in animal models of focal ischemia, by reducing infarct volume by 29.2% and improved
neuro-behavioral scores by 48.1%. However, it did not show any significant effects in clinical
trials of AIS [100, 101].

5.3. Excitotoxicity and magnesium

Magnesium has a multi-pathway neuro-protective effect, as it antagonizes calcium channels,
it is also a non-competitive NMDA antagonist, inhibits excitatory neurotransmitter release
and relaxes vascular smooth muscles. It was observed that magnesium also antagonize the
vaso-constrictive effect of endothelin 1, thus ameliorates cerebral blood flow [102, 103]. Eighty
percent of acute stroke patients show a significantly decreased serum ionized magnesium
level [104]. As a phase III, double blind, placebo-controlled, randomized trial, with 1700
patients, the FAST-MAG was the first of the pre-hospital administered neuroprotectant trials.
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It was designed to overcome the drawback of the delayed administration of neuro-protective
agents in prior clinical trials, which has demonstrated that initiation of magnesium by para-
medics in the field within 2 hours of symptom onset is feasible and safe; however, it did not
improve disability outcomes at 90 days [105]. Based on the somewhat positive results, a large
Phase III clinical trial is ongoing [106], to investigate if magnesium is effective when adminis-
trated by emergency medical service personnel between 15 min and 2 hours after stroke onset.

5.4. GABA agonists

Clomethiazole, as a gamma-aminobutyric acid (GABA) agonist, can decrease excitatory neuro-
transmission by increasing activity of inhibitory pathways. It is widely used as anti-convul-
sant or sedative. In pre-clinical trials, clomethiazole appeared to be effective both in focal and
global cerebral ischemia, at plasma concentrations known to be well-tolerated by patients
[107]. In the CLASS I, randomized, double blind, multicentre, placebo-controlled trial with
1198 severe stroke patients, this drug did not improve disability, or reduced infarct volume,
administered as a 24 hours intravenous infusion within 12 hours of stroke onset. As predicted,
primary side effect was sedation [108].

5.5. AMPA antagonists

The a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor is a non-
NMDA-type ionotropic transmembrane receptor for glutamate that mediates fast synaptic
transmission in the central nervous system (CNS).

ZK 200775 reduced infarct size in animal model of tMCAO [109]. In clinical trial, it transiently
worsened the neurological condition of the stroke patients by neuronal dysfunction, glial cell
toxicity and sedation [110].

YMS872 pre-clinically showed reduced infarct volume in rats and was neuro-protective by
restoring cortical cells and decreasing oedema in traumatic brain injury [111]. Two clinical tri-
als were conducted, the ARTIST MRI and ARTIST+, in the second one, with combined admin-
istration of alteplase. The drug was given within 6 hours of stroke onset in a 24-hour infusion.
Both of them stopped after interim analysis, but results are still not available since 2003 [112].

5.6. Ion channel blockers or modulators and chelators

More than 50% of the total synthesized ATP in the brain is for maintaining the energy-depen-
dent ion pumps, the ones that are responsible for maintaining the ionic balance between intra-
and extra-cellular compartments. In two minutes after stroke, total ATP level in the brain
significantly decreases, triggering an ionic imbalance of intra-cellularly decreasing K and
increasing Na ions, that results membrane depolarization [113, 114]. After this anoxic depo-
larization, neuronal death starts along with the opening of the voltage gated Ca channels,
thus causing intra-cellular Ca overload, resulting in cell death pathways discussed earlier.

Animal studies revealed that in the penumbra, a rapid de- and re-polarisation happens, caus-
ing further neuronal damage [115].
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Na channel blockers (phenytoin, carbamazepine, lamotrigine, sipatrigine (619C89) and riluzole) are
believed to reduce the elevated Na influx and thus the following damaging pathways in AIS
and are investigated in clinical trials. The ones with sipatrigine and fosphenytoin were termi-
nated due to toxicity and lack of efficacy [116-120].

A drug, named lubeluzole, has effects that are not completely clear. It blocks Na channels and
reduces the release of nitric oxide. Trials could not confirm its positive effects in AIS patients
[121, 122].

Ca channel blockers were also strongly investigated, unfortunately without significant posi-
tive effect. A clinical trial with nimodipin (VENUS) was terminated after enrolling 439 acute
stroke patients within 6 hours of symptom onset because of lack of efficacy [123]. A large
meta-analysis of 22 T- and L-type Ca antagonist trials in AIS found no benefit of this family of
drug. A possible explanation for this can be that such Ca antagonists caused hypotension and
thus impaired auto-regulation of cerebral circulation by acute stroke patients, and this effect
is known to be harmful for penumbral neurons to survive [124]. For future trials, N-type Ca
channel blocker can be a promising choice with less hypotensive effect.

K channel modulators showed hopeful results in animal stroke models. However, BMS-204352
(MaxiPost), a fluorooxindole K channel opener, did not reveal significant benefit in an exten-
sive phase III trial (POST), that enrolled 1978 AIS patients in 200 centres worldwide [125].

Zinc is neurotoxic in cerebral ischemia in an environment of impaired ionic homeosthasis.
Zinc chelator DP-b99 presented positive effect in pre-clinical and phase II trials, but not in a
phase III, double blind, placebo-controlled, multicentre, randomized study (MACSI), where
severe stroke patients were included within 9 hours of stroke onset, and received four dose
of drug infusion in four consecutive days. Unfortunately it did not show any positive effect.

5.7. Albumin

Animal studies highlighted that albumin’s neuroprotective effects are related to its antioxi-
dant properties, preservation of microvascular integrity, decreasing endothelial cell apoptosis,
hemodilution, and mobilization of free fatty acids [126]. In the ALIAS study, 82 acute stroke
patients received either iv. albumin and rtPA or iv. albumin alone. Albumin-related adverse
events like pulmonary oedema were mild or moderate in severity. Patients who received a
higher dose of albumin presented significantly better clinical outcome than subjects treated
with lower dose of the drug [127]. These findings led to ALIAS 2 trial, where albumin therapy
was compared with placebo. It was terminated on the basis of interim analysis [128].

5.8. Inflammatory cascade inhibition

In ischemic stroke, tissue damage develops by processes such as endothelial activation, pro-
inflammatory and pro-thrombotic interactions between endothelium and different circulat-
ing blood elements, resulting in thrombogenesis [129]. Cell adhesion is directed by different
adhesion molecules. Animal stroke studies proved that administered anti-adhesion antibody
can decrease infarct size [130].
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Enlimomab, a mono-clonal anti-ICAM antibody, was investigated in a phase III trial (EAST) in
patients with AIS. Six hundred patients within 6 hours of stroke onset received either boluses
of enlimomab or placebo for five days. Unfortunately, it was associated with greater mortal-
ity, compared with the placebo group. Patients in enlimomab group often had fevers and
developed an immune response to the murine antibody [131]. Humanized antibody could be
a rational choice for research to avoid this adverse reaction.

Hu23F2G or LeukArrest is a humanized IgG1 antibody against CD18, thus blocking leuko-
cyte infiltration in AIS. In a phase III trial, with patients within 12 hours of stroke onset, that
allowed concomitant use of rtPA, LeukArrest had unfavourable results.

Tacroliums (FK506), a drug for prevention of organ rejection after transplantation, was con-
firmed to have neuro-protective effect in animal model of pMCAO administered within 4
hours of stroke onset [132].

Statins have such pleiotropic effects, besides decreasing cholesterol levels, like modulating the
immune system, increasing cerebral perfusion by up-regulating angiogenesis and by activa-
tion of survival signals [133]. Lovastatin was investigated in a phase IB trial (Neu-START) and
showed the drug to be safe in different doses up to 3 days after AIS [134].

5.9. Other agents

Tetracycline class of antibiotics reduces leukocyte infiltration and improves stroke outcome.
In addition, minocycline proved to inhibit caspase, inducible NOS and P38 MARK and can
generate hypothermia. It can penetrate to CNS, has low cost and had positive effects in animal
studies, so it is a good neuroprotectant candidate. A dose finding IB study of minocycline
in patients within 6 hours of stroke resulted in significantly better outcome compared with
placebo group [135]. It was also safe and tolerable to administer with combination of rtPA.
It can decrease matrix metallo-protease 9 (MMP 9) levels, which occurs with rtPA associated
cerebral haemorrhage. Based on these result, a phase III study Neu-MAST is ongoing.

Antiplatelet antibodies inhibit platelet aggregation, thus prevent additional ischemic injury.
Abciximab (ReoPro) was investigated in a phase III AIS trial (AbESTT II), but the lack of
efficacy and the increased rate of symptomatic and fatal intra-cranial haemorrhage led to
termination of the study [136].

Citicoline is used in membrane biosynthesis. It can stabilize membranes and decrease free
radical formation. A phase II, then a few phase III trials were conducted, with somewhat
promising trend, but finally no such significant positive effect was found that would led the
drug to clinical practice [97, 137-139].

Fiblast, a fibroblast growth factor, can regulate neuronal healing after ischemic injury. After
promising first data from clinical trials, a large study that evaluated its efficacy in stroke
patients within 6 hours of stroke onset, was terminated because of poor risk-to-benefit ratio
[140].

Autologous mesenchymal stem cell therapy has also promising data, additional trials are in
progress [141].
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GSK249320 is an anti-MAG (myelin-associated glycoprotein) antibody. MAG inhibits axon
outgrowth after neuronal injury. Dose finding studies were completed till now [142].

Hypothermia showed significant pre-clinical efficacy in animal models. In stroke patients, it
can be executed either by surface cooling or in an endovascular way. COAST II, CHILI, Euro-
Hyp trials investigate the process in stroke patients [143, 144].

Uric Acid was evaluated in a phase III study (URICO-ICTUS). It was administered together
with rtPA within 4.5 hours of stroke onset. It was finished in Oct. 2013, but no study results
are available yet [145].

Studies with Cromolyn, Dapsone, Cyclosporin A and Pioglitazone are still in progress [146-149].

6. Conclusion and future perspective

Currently, the predominant atmosphere in the field of neuroprotectant research is frustrat-
ing. In the past decades, over a thousand neuro-protective agents were proved to be safe and
effective in animal trials but failed to show proper effect in human trials. Since 1996, when
FDA approved rtPA, there has not been any other drug that could be suitable in the treatment
of AIS.

The main differences between animal and human studies were discussed above that can
be a possible explanation for ineffectiveness. Therapeutic benefit from neuroprotection can
only be appraisable, before ischemic damage is complete (we can only save tissue, if there is
something left to save). Most studies aim the penumbra, the potentially salvageable region
after ischemic stroke. An ideal neuroprotectant would be effective in safely halting or slowing
stroke progression and improve clinical outcome. Unfortunately, the extent of the penumbra
is highly individual and depends not only on stroke onset time, but also on a few other fac-
tors, such as site of arterial occlusion, collateral circulation, blood pressure, pre-stroke condi-
tion of the affected brain region, etc.

Another practical difficulty in neuroprotectant studies is that in developed countries, the rtPA
is a standard of care and can be administered in a 3-4.5 hours time window. Even endovascu-
lar therapy of AIS is spreading in stroke centres recently, with a wider therapeutic timeframe
(even 6 hours or more from stroke onset in selected patients). This is exactly the same time
range, when neuroprotectants could also be effective according to animal studies, and clinical
experience as well. It leads to a conflict in application of a test drug because only a hetero-
geneous patient population remains to enrol to a study, who somehow could not participate
in either or other re-canalisation therapy (too mild or too sever stroke, haemorrhagic stroke,
medical or surgical history, blood tests, etc.).

The first pre-hospital trial, the FAST-MAG evaded this difficulty, when the neuroprotectant
was administered before hospital arrival, reaching a very favourable onset to treatment time.
However, these populations with stroke-like symptoms were really heterogeneous, with no
preceding brain imaging, and thus the lack of proper patient selection. But, this study raised
the concept of safely administering a neuroprotective drug complementary with an already
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approved re-canalisation therapy, because these drugs not necessarily display adverse effects
in patients treated otherwise.

In connection with mechanism of action, there is also a concept that an administered neuro-
protectant should aim not only a single target of the ischemic cascade, but more, or adminis-
tering a ‘stroke cocktail’ to a patient with a selection of drugs is also an interesting idea.

Anyway, researchers with grim determination are still on the issue of developing neuropro-
tectant drugs, and hopefully, we will have positive results in the near future.
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Abstract

Throughout history, new ideas in medicine or science have met initial resistance by
entrenched medical or scientific communities. Barriers to medical innovation fall into
six main categories as listed here in order of historical chronology: (1) Theological, (2)
Academic, (3) Scientific, (4) Financial, (5) Governmental, and (6) Commercial. Researchers
in the field of neuroinflammation often encounter such obstacles that may include denial-
ism. Despite these barriers, recognition of the therapeutic potential of targeting neuroin-
flammation for treatment of stroke, traumatic brain injury, Alzheimer’s disease, spinal
pain, and a variety of additional brain disorders has accelerated in the past 10 years.
Consequently, a paradigm shift in scientific thinking regarding neuroinflammation as a
therapeutic target is now underway.

Keywords: denialism, perispinal, etanercept, stroke, traumatic brain injury, Alzheimer’s,
sciatica, neuroinflammation, spasticity, cognitive dysfunction, TNF

1. Introduction

I remember at an early period of my own life showing to a man of high reputation as a teacher some
matters which I happened to have observed. And I was very much struck and grieved to find that, while
all the facts lay equally clear before him, those only which squared with his previous theories seemed to
affect his organs of vision. (Lister [1]).

There is growing scientific evidence of the central involvement of neuroinflammation in
the pathogenesis of a diverse group of neurological disorders [2-31]. This is particularly
important since basic research fuels applied science’s innovations. Despite this evidence,

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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translation of neuroinflammation research findings by basic scientists into therapeutic meth-
ods that are widely employed has been hindered by the traditional barriers that are put into
place by entrenched medical and scientific communities [32—-40]. Of these barriers, denialism,
the refusal to accept or even examine verifiable facts that conflict with one’s philosophy, is
particularly onerous and may undermine public health [40, 41]. Recognition of the existence
of these barriers and careful consideration of their nature promise to facilitate the treatment
of neuroinflammatory disorders [22, 38, 42, 43].

2. Barriers to translation of medical innovation

A new scientific truth does not triumph by convincing its opponents and making them see the light,
but rather because its opponents eventually die, and a new generation grows up that is familiar with
it. (Planck [33]).

Barriers to medical innovation fall into six main categories, in approximate order of chro-
nology: (1) Theological, (2) Academic, (3) Scientific, (4) Financial, (5) Governmental, and (6)
Commercial. Any one of these barriers by itself can present an insurmountable blockade to
the translational practice of a new medical discovery. Within each of these categories, denial-
ism often operates to obstruct the progress of a new scientific discovery.

Historically, theological barriers to the acceptance of new scientific concepts have been formi-
dable [34]. Prominent historical examples include the resistance of the Church to the scien-
tific ideas of Galileo and Darwin [32, 34, 35, 40]. While theological barriers have diminished,
they remain to the present day, including theological barriers to stem-cell and contraception
research and practice.

Academic barriers can also impede or prevent scientific progress [32, 34, 35, 38, 39]. Ever since
scientists and physicians organized into special societies, these societies have wielded their
political and economic power to influence the acceptance [or nonacceptance] of new scientific
concepts relevant to their interests [32, 34, 35, 38—40].

Scientific barriers are complex and multifaceted [32, 34-37, 39]. Scientific communities orga-
nize around certain shared assumptions, termed “paradigms,” that form the foundations of
their scientific beliefs [35]. New scientific discoveries, at odds with existing scientific dogma,
have historically been attacked and willfully ignored, often by the reigning scientific “authori-
ties” of the time [32, 34—40].

Financial barriers have always created difficulties for scientists because hypothesis gener-
ation, scientific discovery, data confirmation, and publication of a new scientific concept
necessitates the gathering of sufficient financial resources to support what is characteristi-
cally a lengthy and expensive endeavor [39, 44]. Particularly expensive is drug develop-
ment, which typically requires hundreds of millions of dollars of investment to achieve a
new FDA indication, with some recent Alzheimer clinical trials costing more than a billion
dollars [44, 45].



On Overcoming Barriers to Application of Neuroinflammation Research
http://dx.doi.org/10.5772/intechopen.68940

Governmental barriers have become increasingly complex over time, particularly so in recent
decades. These barriers are justified by ethical, humanitarian, and public interest consider-
ations as illustrated, for example, by the Tuskegee experiment. Nevertheless, as exemplified
by the considerations that led to the passage of the recent twenty-first century Cures Act,
governmental regulations have the potential to slow the pace of medical progress and may
be subject to misuse.

Viewed in totality, the difficulty in achieving translation of any radically new or different
medical innovation, particularly one that breaks new scientific ground, is readily appreciated
[32, 34, 35, 38-40, 46]. Awareness of these barriers may help facilitate the process of success-
fully surmounting them [32, 34, 35, 38-40, 46-48].

3. Galileo: denialism during the dawning of the scientific method

What do you say to the leading philosophers of the university faculty here who, with the lazy obstinacy
of a glutted adder, despite invitations a thousand times repeated, refuse even to glance either at the
planets or the moon, or even at the telescope itself? Truly the eyes of these men are closed to the light of
truth. (Galileo [40]).

Galileo is considered by many to be the father of the scientific method. Despite his many
pioneering scientific discoveries, it is well known that his scientific work was actively resisted
by the Church. The denialism regarding Galileo’s observational astronomical discoveries,
including his discovery of the four largest moons of Jupiter, was, however, not limited to the
theological barrier promulgated by Cardinal Bellarmine and the Roman Catholic Church, the
dominant religion of Galileo’s Italy. Rather it notably included an academic barrier: denial-
ism by the university academics of the time, who joined the Church in refusing to even look
through the telescope that Galileo had invented [32].

Galileo’s letter communicates the single reason he was imprisoned and his ideas obstructed:
denialism, due to willful ignorance or “willful blindness” by the academics and theologians
of his time to the natural scientific truths regarding astronomical bodies that he had discov-
ered [32]. It is tragic that willful blindness to life-saving medical discoveries, epitomized by
the example of Semmelweis, may persist for decades before such denialism is overcome and
still operates today [1, 22, 32, 36-39, 43, 47, 49].

4. Denialism in the nineteenth century: Semmelweis

The innate resistance of science to revolutionary change means that when truly major change is called
for, the scientific community often and wrongly opposes it at first.

Dogmatism in science and medicine: how dominant theories monopolize research and stifle the search
for truth.(Bauer [39]).

147



148 Mechanisms of Neuroinflammation

New medical discoveries need to overcome all of the enumerated barriers to achieve wide-
spread acceptance and translation [32, 34, 38, 39]. A well-known historical example is illus-
trative of the existence of many such barriers. In mid-nineteenth century Vienna, Ignaz
Semmelweis, through astute observation and careful study, deduced and then provided
compelling scientific evidence that handwashing by obstetricians prior to assisting in child-
birth dramatically reduced maternal mortality [36, 37]. His ground-breaking discovery, how-
ever, failed to achieve acceptance during his lifetime, due to academic denialism [36, 37].
The entrenched obstetrical community of his time simply refused to recognize his life-saving
findings for decades [36, 37].

[Semmelweis] made the intriguing observation that obstetrical mortality within the conveniences of a
hospital setting, and in the hands of sophisticated physicians, was far greater than that in the hands of
simple midwives....He postulated that doctors coming from the autopsy room to the maternity ward
brought with them the cause of childbed fever. His crude antiseptic measures, years before Lister, were
sufficient to bring the mortality rate down from 25% to around 1%.

Semmelweis’s thinking was greeted with skepticism, and, at times, derision. His colleagues resented the
constraints he had placed on them and the implications that they were the agents of death [49].

It is not difficult to see how Semmelweis’s findings threatened their specialty [36, 37, 49].
Semmelweis faced denialism by the leading obstetrical specialists of his time, a barrier he
was unable to overcome [32, 34-39]. Additionally, Semmelweis’s discovery that handwashing
prevented life-threatening maternal infection conflicted with the scientific dogma followed by
the obstetricians and general medical community of his time [32, 34-39].

A different and opposite historical example demonstrates the value of medical specialty
support for the dissemination of medical innovation. In 1884 Sigmund Freud and his col-
league Carl Koller were studying the medicinal effects of cocaine in Vienna [50, 51]. Koller
discovered that topical eyedrops containing cocaine could be fashioned into an aqueous
solution that produced effective local anesthesia of the cornea [50, 51]. On September 11,
1884, he performed the first ophthalmologic surgery using cocaine as a local anesthetic
on a patient [50]. Koller’s preliminary report was presented by his friend, opthalmologist
Joseph Brettauer, at the conference of the German Opthalmologic Society in Heidelberg on
September 15, 1884 [50]. Koller’s discovery was rapidly embraced by the world-wide opthal-
mology community [50]. Within months cocaine was being used to achieve painless eye
surgery around the world [50].

5. Commercial barriers to application of scientific discoveries

When the work was presented, my results were disputed and disbelieved, not on the basis of science but
because they simply could not be true. (Marshall [47]).

Neither Semmelweis nor Koller faced commercial barriers to application of their medical dis-
coveries. In the twenty-first century, commercial barriers may be those most significant in
preventing translation of a new scientific discovery [39]. This is particularly true with respect
to translation of new discoveries regarding drugs and biologics [39, 44]. Marshall faced years
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of skepticism and resistance from gastroenterologists prior to his 2005 Nobel Prize for the
discovery of Helicobacter pylori as a cause of peptic ulcers, recognition that led to the com-
mercialization of his discoveries by Procter and Gamble [47]. Regulatory approval of new
indications for existing drugs or biologics requires voluminous specialized regulatory filings
and, traditionally, the completion of multiple, large, randomized, controlled clinical trials
[44]. These requirements routinely necessitate not only the expenditure of hundreds of mil-
lions of dollars but also the explicit cooperation of the drug’s manufacturer [44, 45]. Without
such cooperation, regulatory approval is not possible.

There is a widespread misconception that drug manufacturers readily provide financial sup-
port for the implementation of randomized clinical trials (RCTs) of their drugs for any new
indication supported by the peer-reviewed medical literature [52]. In fact, many novel uses of
drugs are discovered by clinicians, rather than by drug manufacturers [44, 52]. In reality, com-
panies consider the competitive landscape, market size, cost and difficulty of manufacturing,
anticipated regulatory hurdles, patent structure (indications, patent life, etc.) covering their
drug and its competitors and their projected earnings in their calculus [44]. Additional diffi-
culties involved in successful RCT design include selection of indication, suitable patient pop-
ulation and inclusion criteria, exclusion criteria, drug dosing (amount and dosing interval),
drug formulation (vehicle, pH, viscosity), and delivery method (particularly critical for cen-
tral nervous system indications) [44, 51]. Independent drug discovery start-ups and academic
research centers are, in many ways, more suited to performing such research, but have dif-
ficulty independently financing such costly undertakings. Alternative funding sources, such
as government research grants, are extraordinarily competitive, particularly for researchers
unaffiliated with leading research universities.

6. Medical dogma as a barrier to neuroinflammation research

The Semmelweis case shows in striking fashion that too much respect for the dominant paradigm can
damage the interests of patients. (Gillies [36]).

Today, more than 150 years after Semmelweis and 30 years after Marshall’s discovery, medi-
cal dogma still operates to interfere with medical progress [32, 34, 35, 38, 39, 47, 53]. The
example of most relevance to neuroinflammation research is the dogma surrounding the use
of antiamyloid therapeutics for Alzheimer’s disease [53, 54]. The continuing clinical trial fail-
ure of these drugs suggests that the underlying hypothesis is, in some way, faulty [45, 53,
54]. It is well known that investments in developing and testing antiamyloid drugs [all of
which have failed] have dominated Alzheimer research funding for more than two decades,
effectively funneling billions of dollars of research money away from competing drugs, such
as therapeutics directly targeting neuroinflammation [45, 53, 54]. The recent announcement
from the new UK Dementia Research Institute acknowledges these accumulated failures and
indicates a resulting shift in research direction [53]. As Bart De Strooper, the new head of the
institute, recently said, “The evidence suggests that inflammation is another key factor in kill-
ing brain cells and we should be targeting that” [53].
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7. Perispinal injection as a novel method for delivery of CNS drugs

So how should scientists respond to denialism? The first step is to recognize when it is present. Denial-
ism changes the rules of the game. Conventional approaches to scientific progress such as hypothesis
generation and testing, and argument and counterargument which seek to elicit the underlying truth
no longer apply. (McKee and Diethelm [41]).

Rapid neurological improvement after perispinal etanercept challenges the dogma that etan-
ercept, and other large molecules, cannot reach the brain in therapeutically effective amounts
after perispinal delivery' [51]. In fact, the ability of perispinal injection to deliver a physiologi-
cally effective dose of a drug to the spinal cord was first demonstrated by Corning in 1885
[51]. The difficulty of delivering large molecules to the central nervous system (CNS) after
peripheral delivery has long presented an obstacle to neuroinflammation research and trans-
lation of that research into viable commercial products in humans [10, 22, 51]. The unique
anatomy of the cerebrospinal venous system (CSVS) (Figure 1), the anatomic route by which
perispinal etanercept is delivered to the CNS, has been confirmed by independent authori-
ties [51, 55-59]. Increasing awareness of the potential of perispinal injection as a method for
effective delivery of large molecules to the CNS promises to dramatically alter the therapeutic
possibilities for brain disorders [9, 10, 18, 21, 22, 25, 28, 30, 31, 42, 43, 55, 57, 59, 60].

8. Overcoming denialism in the twenty-first century: perispinal
etanercept

Confronted with any illness of whatever type or severity, a doctor has two ethical imperatives. The
first is to ensure that a specific patient receives the best available current medical care. The second is to
develop new treatments so that the patient and others with the same problem can be treated completely,
easily, and economically. The second ethical imperative will, if it leads to a successful outcome, have an
enormous effect on the health and well-being of humankind. (Horrobin [46]).

Denialism remains a potent barrier to scientific progress, even in the twenty-first century,
as evidenced by holocaust denialism, tobacco-cancer denialism, AIDS denialism, and other
examples of incorrect beliefs promulgated in the face of undeniable facts. Perispinal etaner-
cept, a novel off-label treatment for four neuroinflammatory indications (spinal neuropathic
pain, including sciatica; Alzheimer’s disease; and chronic neurological dysfunction after
stroke or traumatic brain injury) has emerged as a new therapeutic modality with unique
clinical effects documented in the peer-reviewed medical literature [7, 8, 10, 51, 62-68]. The
scientific rationale for the use of perispinal etanercept for these indications is extensive and
has been previously reviewed [10, 19, 51, 65, 66, 68]. As the National Academy of Medicine
has recently stated, “Complementing randomized clinical trials, the ability to collect data from actual
clinical practice presents a great opportunity to gain new insights about the efficacy and safety of new
drugs... [69].” This is exactly what has been done with perispinal etanercept and demonstrates

"Perispinal delivery” is used here to denote perispinal injection superficial to the ligamentum flavum, utilizing the
vertebral venous plexuses as a route to penetrate the relevant physiological barriers (ligamentum flavum and meninges).
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Figure 1. The cerebrospinal venous system, detail of Plate 5 from Breschet [61], Courtesy of the Sidney Tobinick
Collection. ©2017 Edward Tobinick, used with permission.

the major role of clinicians in the discovery of new indications for existing drugs [7, 16, 51, 52,
62, 63, 67, 68].

Rapid neurological improvement is characteristic for each of the four off-label indications,
often noticeable within minutes of the first dose [7, 8, 16, 51, 62, 64, 67, 68, 70, 71]. The spec-
trum of improvement as well as its rapidity are novel and may be attributed to the unique
physiological effects of etanercept as well as the novel perispinal method of delivery enabled
by the cerebrospinal venous system [8, 10, 16, 51, 55, 65, 68]. For example, in a series of 612
consecutive patients with chronic poststroke neurological dysfunction treated with perispinal
etanercept, statistically significant improvements in motor impairment, spasticity, sensory
impairment, cognition, psychological/behavioral function, aphasia, and pain, with evidence
of a strong treatment effect even in the subgroup of patients treated more than 10 years after
stroke, have been documented [16].

Significant neurological improvement of the degree documented after perispinal etanercept
had not been previously noted with any therapeutic modality, but recently, the possibility of
motor recovery years after stroke has been confirmed using modified bone marrow-derived
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mesenchymal stem cells [72]. This stem cell trial involved 18 patients with stable, chronic
stroke treated with surgical transplantation of specialized allogeneic stem cells by needle
injection into the peri-infarct brain after burr-hole craniostomy [72]. The clinical results in this
trial were not attributed to the conversion of these specialized cells into neuronal cells [72-74].
Rather, as one scientist not involved with the trial suggested in his letter to the lead author,

....injecting SB623 cells into the chronic poststroke brain can be predicted to generate, over time, an
increasingly anti-tumor necrosis factor state in this compartment. This would be consistent with clinical
observations (http:/[www.strokebreakthrough.com/videos-by-category/) that introducing a widely used
specific antitumor necrosis factor agent, etanercept, into this same compartment through Batson’s plex-
us, followed by a short period of head-down positioning, has led to safe and rapid onset of poststroke im-
provements similar to those reported to evolve slowly after intracranial introduction of SB623 cells [73].

The lead author of the stem cell study responded,

Immunomodulation related to protein and molecular factors secreted by the SB623 cells could be one of
the mechanisms underlying the observed neurological recovery in our patients and could suggest that
there is ongoing chronic inflammation >6 months after stroke that is suppressing intact neural circuits
and rendering them nonfunctional. This concept has some support in the recent preclinical and clinical
literature. In addition, it is conceivable that the transplanted SB623-secreted factors are enhancing na-
tive neurogenesis or synaptogenesis, potentially through blocking excess tumor necrosis factor effects
after stroke, although this is unproven [74].

Furthermore, the favorable effects of etanercept on spinal neuropathic pain, first documented
clinically after perispinal injection [7, 10, 62, 65, 75], have been confirmed in four subsequent
randomized, double-blind, placebo-controlled clinical trials [76-79]. These studies and others
have led “to the emergence of TNF inhibitors as available strategies for clinical treatment of
pain associated with intervertebral disc herniation” [60] and foreshadowed the reduction in
central pain reported after stroke and traumatic brain injury (TBI) in patients treated with
perispinal etanercept [16, 67, 68].

Additional scientific support for the perispinal etanercept stroke and TBI results has come
from basic science studies of etanercept in stroke and TBI models, all of which demonstrated
favorable results [80-86]. Recent independent scientific publications have also been support-
ive of these results [15, 18, 2026, 28-31, 42, 59, 60, 79, 87-105].

Our current thinking regarding the rapid and sustained neurological improvement docu-
mented after perispinal etanercept for neuroinflammatory indications involves the following
mechanisms, each of which involves amelioration of neuroinflammatory pathophysiology by
etanercept (Table 1).

8.1. Immediate neutralization of excess TNF

Rapid neutralization of TNF by binding to excess circulating TNF is a known physiological
effect of etanercept and the main scientific rationale behind its use for its approved indications
[10]. Excess TNF has been implicated in the pathogenesis of Alzheimer’s disease, stroke, TBI
and neuropathic pain [10, 18, 21, 60, 65, 66, 68].
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Physiological effect

1. Immediate neutralization of excess TNF

2. Modulation of neurotransmission at the individual synapse
3. Modulation of neuronal network function (synaptic scaling)
4. Reduction of microglial activation

5. Reduction in neuropathic pain

6. Activation of neurogenesis

Table 1. Mechanisms of amelioration of neuroinflammatory pathophysiology by etanercept.

8.2. Modulation of neurotransmission at the individual synapse

TNF’s role as a gliotransmitter that modulates synaptic transmission and synaptic strength sup-
ports this as a physiological mechanism underlying the clinical effects of perispinal etanercept
[8, 10, 15, 16, 65, 66, 68, 71, 106]. When applied exogenously to superfused brain tissue, TNF
inhibits the stimulation (stimulations 1 and 2, S1 and S2, at 2 Hz, 120 shocks) evoked release
of norepinephrine from noradrenergic axon terminals in the isolated median eminence [107].
Similarly, when TNF is applied to slices of the hippocampus, it inhibits stimulated (S1 at 1 HZ
and S2 at 4 Hz) norepinephrine release in a concentration- and frequency-dependent manner
[108-110]. In both studies, the addition of TNF was 15-16 minutes prior to stimulation, indicat-
ing that TNF does not require a long exposure time to develop modulatory effects. Interestingly,
TNF inhibition of stimulated norepinephrine release under physiological conditions is altered
in pathophysiological conditions. For example, the inhibition of stimulated norepinephrine
release by TNF is supersensitized, or increased, during conditions whereby TNF expression
is enhanced in the brain (chronic pain) [111, 112]. Thus, it is proposed that descending mono-
aminergic pain pathways providing endogenous analgesia are no longer engaged [23]. The
rapid alleviation of chronic pain experienced by patients receiving perispinal etanercept may
be explained by disinhibition of norepinephrine release and descending pain modulation.

8.3. Modulation of neuronal network function by mediation of synaptic scaling

The central role of TNF in modulating synaptic scaling and synaptic strength and thereby
modulating neuronal network function may help explain the rapid and widespread neu-
rological effects of perispinal etanercept, including its rapid improvement of cognition in
Alzheimer’s disease, poststroke cognitive dysfunction, and cognitive dysfunction after trau-
matic brain injury [8, 15, 16, 62, 67, 68, 71, 106].

8.4. Reduction of microglial activation

Etanercept has been shown to reduce microglial activation in multiple experimental models
[81, 113, 114]; reviews: [10, 19]. Activated microglia release excess TNF, contributing to the
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neurotoxicity and perturbations in synaptic mechanisms seen in neuroinflammatory disor-
ders [10, 19, 26, 63, 68, 81, 93, 114, 115]. Reduction of microglial activation may be a mecha-
nism whereby perispinal etanercept reduces central homeostatic dysregulation of TNF levels
induced by microglial activation after stroke or traumatic brain injury.

8.5. Reduction in neuropathic pain

Brain TNF is overexpressed during the development of neuropathic pain [4, 111, 116, 117].
Treatment using TNF inhibitors has been shown to reduce neuropathic pain in both basic sci-
ence models and in the clinical setting [5, 10, 16, 19, 25, 60, 62, 68, 76-79, 99, 114]. Preclinical
studies have shown that blockade of TNF synthesis in the brain is antinociceptive [99]. Also,
clinical case studies report that targeting TNF centrally is analgesic [62, 71, 79]. This may be
due to blockade of TNF that restores neurotransmission homeostasis along pain pathways.

8.6. Activation of neurogenesis

Although there is some conflicting data, a variety of experimental models suggest that
TNF or other pro-inflammatory cytokines, if present in excess, may inhibit neurogenesis
[118-122]. TNF and interleukin-1 are involved in the decrease of neurogenesis evidenced
in pain and depression models [123-125]. Mice receiving sciatic nerve chronic constriction
injury to induce neuropathic pain developed depressive-like behavior for 4 weeks follow-
ing ligature placement that was associated with increased hippocampal TNF and impaired
dentate gyrus neurogenesis dependent on TNF receptor-1 signaling [126]. There is data
suggesting that inflammatory blockade may restore adult neurogenesis [122]. This, theo-
retically, might be a potential mechanism that could contribute to the increasing neurologi-
cal improvement observed after perispinal etanercept treatment over the course of months
in some patients [16, 63, 68, 120-122].

Perispinal etanercept has successfully traversed a variety of scientific, academic, and gov-
ernmental barriers to achieve scientific acceptance and recognition [9, 11, 13, 15, 18, 20-26,
28-31, 42, 57, 59, 60, 79, 81, 82, 88-91, 93-98, 100-105, 114, 115, 123, 125, 127-133]. This was
accomplished despite considerable misinformation published online by competing medical
specialists, who refused the opportunity to observe, first-hand, the rapid neurological effects
of perispinal etanercept, despite repeated invitations to do so [43, 48]. Such denialism is in
the tradition of that faced by Galileo, Semmelweis, Lister and Marshall, but it has no place in
science or medicine [1, 22, 32, 33, 35-39, 41-43, 47].

As Glaziou and colleagues have stated [134]:

Confident inferences about the effects of treatment are justified in several situations in which treatment
effects are unlikely to be confused with the effects of biases. These include, in particular, ... interven-
tions ... where there is a rapid response on a stable background [134].

The rapid neurological improvement repeatedly observed in thousands of patients with
chronic, intractable neurological dysfunction after treatment with perispinal etanercept,
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combined with strong, independent, basic science support, constitutes compelling evidence
that mandates the recognition of these clinical effects and the initiation of the necessary
actions, including the funding of randomized clinical trials, by the relevant medical special-
ties and governmental agencies, for the benefit of the public.

9. Overcoming barriers to the application of neuroinflammation research

I by no means expect to convince experienced naturalists whose minds are shocked with a multitude of
facts all viewed, during a long course of years, from a point of view directly opposite to mine....But I
look with confidence to the future, to young and rising naturalists, who will be able to look at both sides
of the question with impartiality.

Charles Darwin [135], The Origin of Species, 1845.

The key to overcoming barriers to application of neuroinflammation research is education. It
is essential that medical students and neuroscientists receive training in basic immunology,
the role of cytokines in physiology and pathophysiology and the essential concepts under-
lying neuroinflammation. Because neuroinflammation is not concrete and visible under the
microscope in the same way that pathology such as amyloid plaques are, improved meth-
ods, access and utilization of new and emerging methods for imaging neuroinflammation are
also essential. Today, fortunately, the initial promise of neuroinflammation research is bearing
fruit, and a paradigm shift in scientific thinking in this regard is well underway. Recognition
of the necessity of neuroinflammation research for the successful development of new treat-
ments for neurological disease must be a key goal of society. The allocation of sufficient
research and educational funding to this end is essential.
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Abstract

The nitric oxide/cyclic guanosine monophosphate (NO/cGMP) signaling appears to play
a key role in inhibiting neuroinflammation and preventing the activation of a proapop-
totic pathway, thereby promoting neural cell survival. In addition, evidence indicates
that cGMP/protein kinase G (PKG) pathway is involved in the modulation of glial cell
activity. Phosphodiesterase 5 (PDE5), which hydrolyzes cGMP in the inactive form,
5'GMP, is present throughout the body and brain and has emerged as a potential thera-
peutic target for diseases related to neuroinflammatory and neurodegenerative pro-
cesses, since their inhibition leads to accumulation of cGMP. The objective of this chapter
is to review current knowledge of NO/cGMP signaling pathways on neuroinflammation
and the potential therapeutic use of PDE5 inhibitors (PDE5-Is) in neurological diseases.
The extensive, while recent, literature on the effects of PDE-Is on Alzheimer’s disease
(AD), multiple sclerosis (MS), Parkinson’s disease (PD), Huntington’s disease (HD), and
stroke has been reviewed.

Keywords: PDES inhibitors, neurological diseases, glial cells, cGMP signaling,
neuroinflammation, neurodegeneration

1. Introduction

A growing number of studies have explored the interaction between the nervous and immune
systems during the development of neurological disorders. The central nervous system (CNS)
is an environment considered “immunologically privileged,” as many antibodies and periph-
eral immune cells are blocked by the blood-brain barrier (BBB), a highly specialized brain
endothelial structure composed of pericytes, astrocytes, and microglia, which does not allow
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the passage of peripheral immune cells and whose resident cells express little major histo-
compatibility complexes I and II (MHC-I and MHC-II) receptors, as well as low levels of pro-
inflammatory cytokines. However, in damage situation, glial cells show increased expression
of MHC, Toll-like receptors (TLRs), and proinflammatory cytokines (such as TNF-a, IFN-v,
IL-1B, and IL-6). Innate immune response mediated by glial cells seems to be crucial for the
progression of many neurodegenerative diseases including Alzheimer’s disease (AD), mul-
tiple sclerosis (MS), and Parkinson’s disease (PD). Thus, neuroimmunology emerged as an
intersection between the nervous system disease mechanism and therapeutic targets.

The nitric oxide/cyclic guanosine monophosphate (NO/cGMP) signaling appears to play an
essential role in inhibiting neuroinflammation and in preventing the activation of a proapoptotic
pathway, thus promoting neural cell survival. Phosphodiesterase type 5 inhibitors (PDE5-Is)
have recently emerged as a potential therapeutic strategy to modulate neuroinflammation.
Mechanistically, PDE5-Is exert anti-inflammatory and neuroprotection effects by inhibiting
PDES5 with subsequent accumulation of cGMP and activation of protein kinase G (PKG). The
objective of this chapter is to review present knowledge of the NO/cGMP signaling pathways
on neuroinflammation and the potential therapeutic use of PDE5-Is on neurodiseases.

2. The role of NO/cGMP signaling on inflammation

Cyclic nucleotides, cyclic adenosine monophosphate (cAMP), and cyclic guanosine monophos-
phate (cGMP) exert many physiological roles such as the regulation of ion channels, relaxation
of smooth muscle, immunomodulation, inflammation, cell proliferation and apoptosis, insulin
secretion and glycogen synthesis/glycogenolysis, lipogenesis and lipolysis steroidogenesis,
phototransduction as well as neuronal survival, and consolidation of memory. Both cAMP and
c¢GMP can alter cell function by activating or inactivating proteins by phosphorylation. The
most important regulation of cyclic nucleotides is achieved in negative feedback by activating
phosphodiesterases (PDEs), which hydrolyses the cAMP and ¢cGMP in their inactive forms,
5'AMP and 5'GMP, respectively [1-3].

Synthesis of intracellular cAMP from adenosine 5'-triphosphate (ATP) by membrane-bound
adenylyl cyclase (AC) is mainly regulated by G proteins. The response to activation of
G-protein-coupled receptors (GPCRs) transduces a variety of extracellular signals and then
to intracellular signals, regulating cellular responses [4]. The key transducer of cAMP signals
is the cAMP-dependent protein kinase A (PKA). Upon binding of cAMP to the regulatory
PKA subunits, it dissociates into two free regulatory and two catalytic subunits. The liberated
active catalytic PKA subunits can phosphorylate serine and threonine residues on substrate
proteins, including the transcription factor cAMP-response element-binding protein (CREB).
There are some alternative PKA-independent cAMP actions, such as the immunomodulatory
effects in monocytes and macrophages of guanine exchange proteins directly activated by
cAMP (EPAC-1 and EPAC-2) [5, 6].

Synthesis of cGMP is mediated by membrane-bound/particulate (pGC) and cytosolic/soluble
(sGC) guanylate cyclases, which convert guanosine 5'-triphosphate (GTP) into cGMP. sGC is
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activated by NO released by the endothelium and neurons, whereas pGCs (GC-A, GC-B, and
GC-C) are activated by binding of specific peptides. GC-A present in the kidney is responsible
for controlling natriuresis and blood pressure through stimulation by atrial natriuretic peptide
(ANP) and brain-type natriuretic peptide (BNP), which are released from the heart. In the
small intestine, GC-C stimulates secretion of fluids through activation by intestinal peptide,
guanylin [7]. The physiological effects of cGMP activities are determined by three types of
intracellular targets: cGMP-dependent kinases (PKG), cyclic nucleotide-gated channels, and
c¢GMP-binding PDEs [8]. In some cell types, it modulates the concentration of cAMP by acti-
vating PDE2 or inhibiting PDE3 activity [9, 10].

c¢GMP plays an important role as a mediator of the action of NO. NO is highly reactive and
unstable free radical, which regulates a variety of cellular functions by diffusion from its origi-
nating cell to surrounding cells [11]. The NO can be synthesized by three NO synthase (NOS)
isoforms, namely, neuronal synthase (nNOS or NOS-I), inducible form (iNOS or NOS-II),
and the endothelial form (eNOS or NOS-III). The constitutive isoforms, eNOS and nNOS, are
anchored on the internal surface of the cell membranes, and their activities by the endothe-
lial cells and neurons are responsible for maintenance of physiological homeostasis such as
blood pressure and blood flow, platelet aggregation, leukocyte adhesion to the endothelium,
and neuronal signaling. eNOS and nNOS produce NO under physiological conditions and
are primarily regulated by intracellular Ca*/calmodulin levels. The inducible isoform iNOS is
Ca? independent and represents a newly synthesized enzyme, which is expressed in response
to specific stimuli, such as endotoxin and cytokines. iNOS is present in macrophages, hepa-
tocytes, smooth muscle, endothelium, and glial cells and produces NO after immunological
stimulation [i.e., IFN-y, TNF-q, lipopolysaccharide (LPS)]. Whereas eNOS and nNOS produce
NO for a short period of time (seconds or minutes), iNOS produces NO for long period of
time (hours to days) and typically synthesizes 100-1000 times more than constitutive NOS
[12, 13]. At high levels, NO produced by iNOS exerts cytotoxic and pro-inflammatory effects;
however, the low nanomolar concentrations of NO produced by the eNOS isoform exhibit anti-
inflammatory effects via the cGMP signaling and perhaps other mechanisms [14, 15]. The NO
pathway can inhibit vascular nuclear factor-kappaB (NF-«B), a key transcriptional mediator of
inflammation, by increasing the expression of cytoplasmic and nuclear levels of its inhibitor,
the IxB-a [16], or by directly inhibiting the NF-«xB binding [17]. Moreover, eNOS regulates
NEF-kB expression in a negative feedback mechanism, limiting local inflammation [18].

Studies developed on knockout mice for NOS isoforms indicate that NO derived from eNOS
and nNOS is critical in the regulation of leukocyte-endothelial cell interactions in postcapil-
lary venules [19, 20]. NO produced by the vascular endothelium exerts a cytoprotective and
antithrombotic role by preventing the activation and adherence of leukocytes and platelets.
The anti-inflammatory effects of NO are mediated predominantly via the activation of sGC
and subsequent formation of cGMP. The production of cGMP causes specific downregulation
of the expression of P-selectin on endothelial cells and platelets to prevent leukocyte rolling,
adhesion, and migration [21].

The NF-kB is the generic name of a family of transcription factors that functions as dimers and
regulates gene expression of a plethora of inflammatory and immune mediators, including
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cyclooxygenase-2 (COX-2) and iNOS, both considered important mediators in the recruitment
of inflammatory cells [22-24]. The NF-kB proteins are sequestered in the cytoplasm through
physical interaction with IkB family proteins. Proinflammatory cytokines (IL-1, TNF-a), B-
and T-cell activators, pathogen-associated molecular patterns (PAMPs), and oxidative stress
activate IxkB kinase (IKK), a cytoplasmic kinase complex, that phosphorylates the IxB mol-
ecules, leading to their subsequent degradation through the ubiquitin-proteasome pathway.
NF-«B dimers then translocate to the nucleus where they can bind to kB consensus sequences
and activates the transcription of various genes [4]

Cyclic AMP/PKA modulates the NF-kB function through several events; some of them
include CREB-mediated transcription of the IkB gene, thus elevating the expression of
resynthesized IkB, inhibiting IxB degradation via blocking of IKK activity, and enhancing
IxB levels by interfering with Ik ubiquitination and/or subsequent proteasomal degradation
[25-28].

Intracellular levels of cGMP also exert a role in modulating inflammatory response. Initially,
some studies demonstrated that inhibition of endogenous NO production markedly increased
monocyte chemoattractant protein-1 (MCP-1) mRNA levels in endothelial cells, whereas
exogenous addition of NO dose dependently decreased MCP-1 mRNA expression and secre-
tion [29]. This NO modulating effect of MCP-1 expression occurs via suppression of NF-«B
by reducing the degradation of IkB [30, 31]. In sequence, a detailed study described the NO/
c¢GMP role in regulating the inflammatory response. According to Aiwaza and cols [9], NO
and C-type natriuretic peptide (CNP) inhibit NF-«B activity via cGMP-dependent activation
of PKA, but not of PKG. In summary, the cGMP elevated levels by NO donor or natriuretic
peptide inhibited PDE3 activity, which lead to the increase of cAMP and activation of PKA.
PKA inhibited NF-kB transcription activity and, subsequently, the downstream MCP-1 and
vascular cell adhesion molecule-1 (VCAM-1) gene expressions.

Moreover, there are other mechanisms by which NO/cGMP regulates the NF-«B activation
and MCP-1 expression, such as activation of mitogen-activated protein kinase (MAPK) phos-
phatase-1 (MKP-1) and, ultimately, inhibition of p38 MAPK, suggesting a counter-regulatory
action of p38 MAPK and NF-«B [32].

In addition to anti-inflammatory effects, NO can have both pro- and anti-tumorigenic activi-
ties depending on NOS uncoupling that can occur under some conditions, such as low [Arg]
or elevated levels of endogenous NOS inhibitors. Uncoupled NOS produces oxidants like
peroxynitrite and O,, which initiates different downstream signaling that for tumor cells
are pro-proliferative and antiapoptotic, e.g., NF-kB. However, when the primary product of
NOS is NO, downstream signaling is dominated by anti-tumorigenic NO-dependent path-
ways (sGC/cGMP/PKG) [33]. The NO/cGMP/PKG pathway appears to play an essential role
in promoting apoptosis, thus inhibiting tumor growth. Activating cGMP/PKG pathway by
PDES inhibitors selectively inhibits colon tumor growth, as well as the knockdown of PDE5
in colon cancer cell (HT-29) by siRNA efficiently promotes apoptosis and delayed prolifera-
tion [34, 35]. Recently, it was also demonstrated that increased intracellular levels of cGMP
induced by the inhibition of PDES5 significantly inhibit colonic tumorigenesis dependent on
inflammation [36].
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However, NO/cGMP/PKG actions appear to be highly cell type and context dependent. In
some neural cells, the NO/cGMP/PKG pathway has an essential role as an antiapoptotic/
prosurvival factor [37]. This neuroprotective mechanism may be especially important during
brain ischemia, inflammation, or trauma. In retinal neuroglial progenitor cells, NO/cGMP/
PKG antiapoptotic cascade is activated through Akt-induced CREB1 activation [38, 39]. CREB
is a transcription factor involved with neurotransmitters, growth factors, and other signaling
molecules with essential functions for memory and neuronal survival [40, 41]. In cerebellar
granule neurons, there is evidence that NO plays an active role in sustaining the neuronal
survival through NO/cGMP/PKG [42].

c¢GMP/PKGI is also considered as a key effector in cardioprotection induced by PDE5 inhibi-
tors against ischemic injury in the infarcted heart and cardiomyocytes. The potential mecha-
nisms include its antiapoptotic effect as is evident by increased phosphorylation of Akt (pAkt)
and glycogen synthase kinase 33 (pGSK3p), Bcl-2 expression, and prevention of caspase-3/
caspase-7 activation [43—45]. Other studies provided the evidence that PDE5 inhibition pro-
longed survival of transplanted of bone marrow-derived mesenchymal stem cells in ischemic
heart via cGMP/PKG signaling, contributing to regeneration of the ischemic heart [46].

3. The role of glial cells on neuroinflammation: the modulation by
NO/cGMP

Several lines of evidence strongly suggest that neuroinflammation is a crucial process involved
in the progression of neuronal degeneration, a common feature observed in several neurode-
generative disorders. Therefore, the involvement of the local innate immune response can be
a very complex process, contributing to perpetuate the damage to the CNS [47].

In the inflammatory process, there is an increase in blood flow and vascular permeability,
venular dilatation, and recruitment of cells to the inflammatory site. Reactive oxygen species
(ROS) play an important role in the inflammatory process, including endothelial cell damage
and increased microvascular permeability, chemotactic factor production, neutrophil recruit-
ment, oxidation, and lipid peroxidation [48]. These inflammatory mediators play a regulatory
role in the growth, differentiation, and activation of immune cells [49]. Glial cells (microglia,
astrocytes, and oligodendrocytes) define brain homeostasis and are responsible for defense
against neural tissue injury [50, 51].

3.1. Astrocytes

Astrocytes constitute a very heterogeneous population of cells, which regulate pH, extracel-
lular levels of ions, neurotransmitters, and energy metabolism. They are involved in the for-
mation and functioning of BBB [52] and also actively participate in neurotransmission [53].
In situations of CNS damage, the typical response is some degree of reactive gliosis [54],
an astrocytic response involving positive gene regulation of cytoskeletal proteins (e.g., glial
fibrillary acid protein, GFAP), hypertrophy, hyperplasia, and rearrangement of astrocytes,
which may form glial scars [50].
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In addition, astrocytes play an important role in central immunity. The innate immune
response is precisely adjusted by identifying the type of threat that is present. Molecular
structures associated with the threat are recognized by pattern recognition receptors (PRRs).
PRRs recognize PAMPs, expressed by bacteria, fungi, and viruses, or damage-associated
molecular patterns (DAMPs), expressed by cells and tissues under stress or injury. One of
the major classes of PRRs in mammals is TLRs. The response is rapid both to the presence of
pathogens and to other types of damage to the tissue, activating the immune system, which
releases cytokines and chemokines, and modulating the BBB [50].

Astrocytes express TLRs [55]. The brain and spinal cord of multiple sclerosis patients showed
increased TLR3 and TLR4 in astrocytes in regions of inflammation [56]. Most TLRs, after
detecting their respective ligands, initiate a signal that is mediated by the myeloid differen-
tiation gene 88 (Myd88) and result in the activation of nuclear transcription factor NF-«B.
Translocation of NF-«B to the nucleus culminates in the secretion of proinflammatory mol-
ecules (IL-1§3, IL-6, TNF-a, and IL-12). Activated astrocytes may also produce chemokines that
recruit microglial cells, lymphocytes, and dendritic cells to the site of injury [57].

In the astrocytic response, in addition to increased TLR4 levels, leading to the expression
of a variety of chemokines and cytokines [55, 58], other important processes occur, such as
alteration of intracellular calcium signaling. Under conditions that lead to neuroinflammation
in the CNS, as in exposure to LPS, Ca* signaling in the astrocyte network is over activated,
triggering astrocyte activation. The inhibition of the communicating junctions (gap junctions),
with changes in intercellular Ca* waves and Na*/K*-ATPase activity, results in disorganiza-
tion of the actin filaments (stress fibers) [58, 59], and these effects are hallmarks of astrocyte
reaction on neuroinflammation.

Evidence indicates that the cGMP/PKG pathway is involved in the regulation of astrocytic
activity [60]. The NO, through the cGMP/PKG, decreased intracellular Ca* in astrocytes,
reducing intercellular Ca* waves [61]. In addition, cGMP inhibited IFN-y-induced MHC-II
expression, as well as the expression of LPS-induced matrix metalloproteinase-9 (MMP-9)
and TNF-a in cultured astrocytes [13, 60, 62]. According to these studies, MMP-9 expression
is dependent on extracellular signal-regulated kinase (ERK) activation via NF-kB. This data
supports the hypothesis that the NO/cGMP/PKG pathway plays a role in astrocytic cells that
contributes to the resolution of neuroinflammation.

3.2. Microglia

Microglia constitute the cells that are part of the innate immune system and are therefore
considered as the pathological sensors of the CNS damage. The phenotypic changes of the
microglia after activation are functionally identical to those observed in macrophages [63, 64].
The physiological functions of microglia are important for the maintenance of homeostasis.
In addition, they have been shown to be responsible for the secretion of neurotrophic factors,
such as the brain-derived neurotrophic factor (BDNF) [65] and for removing aggregates of
proteins [66]. However, when exposed to infections, lesions, or dysfunction of the nervous
system, microglial cells become activated. In the absence of pathology, the microglia “at rest”
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are small cells with long and thin processes (“branched phenotype”). When activated, the
microglia loses the long extensions typical of the inactive microglia and exhibits ameboid
extensions (“ameboid phenotype”) [67]. Protein Iba-1, expressed on the microglia surface,
is used as a marker of its activated state [68]. This physiological transformation is associated
with changes in the expression of surface receptors and the release of cytokines, which may
contribute to the damage of synaptic plasticity and the neurodegenerative disease aggrava-
tion [69].

Activated microglial cells become a source of TNF-a, IL-1f3, IL-1a, superoxide, NO, chemo-
kines, and glutamate, which may promote neuronal death. TNF-a, secreted both by microglia
and astrocytes, can directly promote neuronal death by binding to its corresponding recep-
tors (TNFRs). Evidence indicates that TNF-« induces apoptosis of mature oligodendrocytes in
inflammatory demyelinating diseases such as multiple sclerosis [61, 70] and plays a key role
in neurodegeneration process observed in Parkinson’s and Alzheimer’s diseases [57].

An in vitro study using N9 microglial cells demonstrated that the treatment with the PDE5
inhibitor, sildenafil, suppressed NO, IL-1f3, and TNF-a production induced by LPS, due to
suppression of the MAPKs/NF-kB pathways through the inhibition of NADPH oxidase,
mediated ROS generation [71]. These results indicate that cGMP accumulation as a result of
PDES5 inhibition might participate in the inhibition of microglial activation.

3.3. Oligodendrocytes

Oligodendrocytes are myelinizing CNS cells that arise from oligodendrocyte progenitor cells
(OPCs). OPCs differentiate in mature or myelinizing oligodendrocyte, fixing extensions in
axons to generate the concentric membrane layers to produce myelin. The presence of oli-
godendrocytes is more common in the white matter of neuronal tissue, such as the corpus
callosum and cerebellum, and less frequent in gray [72]. In both compartments, myelin is
necessary for the saltatory conduction of action potentials along axons [73].

Oligodendrocyte dysfunction and myelin abnormalities are found in a wide variety of neu-
rological diseases and may be involved in the pathophysiology of various diseases, including
genetic leukodystrophies [74], schizophrenia and bipolar disorder [75, 76], brain injury [77],
and endocrine and metabolic abnormalities [78, 79] and neurodegenerative conditions such as
strokes [80, 81], Parkinson’s disease [82], Alzheimer’s disease [83-85], multiple sclerosis [86],
and diabetic encephalopathy [87].

In an attempt to repair myelin damage, increased differentiation of OPCs into mature oligo-
dendrocytes promotes remyelination [88]. In later stages of injury, however, OPCs also enter
into apoptosis. Recent studies have shown that treatment with sildenafil increases the levels
of the protein expressed by oligodendrocytes, myelin basic protein (MBP), and also restores
myelin sheath morphology, indicating remyelination. In addition, sildenafil induces the dif-
ferentiation of OPCs into mature oligodendrocytes, as demonstrated by the increase of gluta-
thione S-transferase pi (GST-pi, a marker of mature oligodendrocytes), indicating that cGMP
signaling can modulate OPC survival and myelin production [89].
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Oligodendrocytes are not inert immune cells, but secrete a wide variety of inflammatory
mediators, such as the proinflammatory cytokines IL-1- and IL-6 and CCL-2 and IL-8 che-
mokines involved in the recruitment of immune cells during inflammation [90]. In experi-
mental multiple sclerosis models, oligodendrocytes in apoptosis also express increased levels
of COX-2 at the demyelination beginning, which seem to make these cells more susceptible to
death by glutamate-mediated excitotoxicity [91].

4. Therapeutic applications of phosphodiesterase 5 inhibitors in
central neurological diseases

Faced with rising costs for the development of new drugs, researchers are looking for ways
to repurpose older ones. Taking medications that have been developed for one disorder—and
even some that fail in initial trials—and “repositioning” them to tackle another are a growing
strategy for researchers in industry and academia [92].

The administration of selective PDE5-Is increases the levels of cGMP [93, 94], with effects on
multiple organs and systems. The PDES5-], sildenafil, is a medication for angina pectoris devel-
oped in 1989 [92]. For many years, sildenafil (Viagra®, Pfizer) has been the most representative
molecule of the class of drugs to treat erectile dysfunction (ED) [95]. Under the trade name
Revatio® (Pfizer), it was also approved for pulmonary artery hypertension therapy in June
2005 [96] and, more recently, for the Raynaud’s phenomenon [97]. Therefore, sildenafil is a
classic success story of repositioning.

PDES is present throughout the body and brain [95, 98] and has emerged as a potential ther-
apeutic target for diseases related to neuroinflammatory and neurodegenerative processes
because of its reported relation with them (for review, see [99]). To date, only four PDE5-Is
have been approved by the US Food and Drug Administration (FDA) and by the European
Medicines Agency: sildenafil, vardenafil, tadalafil, and avanafil. Sildenafil is reported to
clearly cross the BBB [100], whereas evidence for vardenafil is indirect [101] and, while it was
first considered that tadalafil does not cross it [102], later was demonstrated that this drug is
able to cross the barrier [103]. Several studies indicate that sildenafil and other PDE5-Is may
offer novel strategies for the treatment of neurological pathologies [12, 102, 104]. The benefi-
cial effects of PDE5-Is were initially attributed to its mechanism in smooth muscle (regulating
blood flow) and improving synaptic plasticity and neurogenesis. However, recent studies
point to an important effect of these drugs on neuroinflammation, which may be, at least in
part, responsible for their protective effects on central neurological diseases.

Thus, five major mechanisms of PDE5-Is have been described in neurological disease mod-
els: (1) by modulating the CREB pathway, inducing the formation of new synaptic connec-
tions and neurogenesis, improving cognition and memory; (2) through the modulation of
Akt/GSK3f and calpain/p25/CDK5 pathways, decreasing aggregate formation of proteins;
(3) through apoptosis inhibition; (4) by inducting angiogenesis and improving blood flow;
and (5) through the modulation of neuroinflammation. Targeting multiple elements in the
network underlying complex diseases, such as neurological diseases, may produce benefits
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beyond those of representative monotherapies [105, 106]. Repositioning PDE5-Is as therapeu-
tic approaches that can be used in combination with other drugs can therefore be useful. This
section aims to name and classify representative preclinical and clinical studies of PDE5-Is
in central neurological diseases (Alzheimer’s disease, multiple sclerosis, Parkinson’s disease,
Huntington’s disease (HD), and stroke) and to describe the main known mechanisms, with
emphasis on neuroinflammation (following a search of the Medline®/PubMed® database, dur-
ing the period between 2000 and 2016).

4.1. Alzheimer’s disease

Alzheimer’s disease (AD) has become the fourth leading lethal disease among the elderly after
cancer, heart disease, and stroke. It is an age-related neurodegenerative disease character-
ized by the presence of senile plaques (consisting of -amyloid filaments, A3), neurofibrillary
tangles (composed of hyperphosphorylated tau deposits), and neuronal degeneration accom-
panied by significant loss of synapses [107, 108] (Figure 1A). While early studies focused on
assessing the beneficial effects of PDE5-Is on AD through the formation of synapses, neuro-
genesis, and protein aggregation pathways, more recent studies have shown that the role of
these drugs in neuroinflammation may be an important mechanism in AD.

4.1.1. PDE5-Is’ beneficial effects in AD through CREB/BDNF/Arc pathway, Akt/GSK3b pathway,
and calpain/p25/CDK5 pathway modulation

c¢GMP/PKG pathway contributes to phosphorylation of the transcription factor CREB;
Prickaerts et al. [109] suggested that the cGMP/PKG/CREB pathway induces the synthesis of
proteins essential for memory consolidation, probably through the formation of new synaptic
connections [110]. Therefore, the chronic administration of PDE5-Is may lead to gene tran-
scription through CREB activation, by raising cGMP levels (Figure 2A).

Puzzo et al., in 2009 [102], and Cuadrado-Tejedor et al., in 2011 [111], showed that sildenafil
has beneficial effects on AD models, modulating the CREB pathway. Puzzo et al. [102] dem-
onstrated that sildenafil (3 mg/kg, i.p., for 3 weeks) may be beneficial against cognitive loss
in the APP/PS1 mouse model of amyloid deposition, producing an immediate and lasting
improvement of synaptic function, CREB phosphorylation, and memory. This effect was asso-
ciated with a reduction in A{ levels. Cuadrado-Tejedor et al. [111] showed that sildenafil
(15 mg/kg, i.p., for 5 days) restored cognitive deficits in aged rat model of AD (Tg2576-AD
transgenic mice); however, whereas pCREB was not significantly induced in mice treated
with sildenafil, the BDNF and Arc (CREB downstream target molecules) increased, confirm-
ing that the drug acts through this pathway (CREB/BDNF/Arc), inducing synaptic formation
and improving memory.

Cuadrado-Tejedor and coworkers [111] showed, however, that sildenafil did not affect
AB-burden while decreased tau phosphorylation. The formation and aggregation of Ap and
tau involve some pathways, which can be plausible therapeutic target for the treatment of
AD. GSK3p, which is inhibited by Akt, and cyclin-dependent kinase 5 (CDKS5), which is acti-
vated by p25, are the most relevant kinases involved in the pathogenic mechanisms of AD
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Figure 1. Hallmark pathologies of (A) Alzheimer’s disease (AD), (B) multiple sclerosis (MS), (C) Parkinson’s disease
(PD), and (D) Huntington’s disease (HD). (A) In AD, neurons contain intracellular neurofibrillary tangles composed
of hyperphosphorylated tau protein and extracellular plaques of amyloid $ (Af). The inflammatory reaction, with
activation of microglia and astrocytes and the subsequent release of inflammatory cytokines and reactive oxygen species
(ROS), plays a significant role in the pathological processing of AD. (B) MS is a chronic autoimmune/inflammatory
disorder characterized by demyelination of axons, with associated acute and chronic inflammatory events involving the
recruitment/activation of microglia/macrophages, astrocytes and B and T cells and release of proinflammatory cytokines,
ROS, and autoantibodies. (C) In PD, neurons contain a-synuclein aggregates, forming Lewy bodies. Neuronal loss leads
to lower production of dopamine. There is a persistent inflammatory response, T-cell infiltration, and glial cell activation
in patients with PD and animal models, which play a crucial role in the degeneration of dopaminergic neurons. (D) In
HD, mutant huntingtin protein (mhtt) containing an extended polyglutamine repeat, caused by at least 36 CAG repeats
in the huntingtin gene, leads to intraneuronal aggregates. In all four diseases, the pathological events ultimately result
in neuronal death. Over time, this either causes or contributes to neuroinflammation.
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by phosphorylation at multiple sites of the microtubule-binding protein, tau [112, 113]. The
activities of GSK3p and CDK5 were reduced by sildenafil, whereas the drug increased Akt
and decreased p25. The decrease in kinase activity of GSK3p and CDK5 due to sildenafil
may lead to a reduction in tau phosphorylation, possibly contributing to the reestablishment
of cognitive function (Figure 2B). Then, according to Cuadrado-Tejedor et al. [111], silde-
nafil reversed the marked memory deficits of elderly Tg2576 animals by regulating the Akt/
GSK3pB/pTau and p25/CDK5/pTau pathways, not resulting from any decrease in the Af3-load.
However, the contrasts between Cuadrado-Tejedor et al. [111] and Puzzo et al. [102] may be
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Figure 2. PDE5-I mechanisms in the CREB pathway and protein aggregation. (A) The PDE5 inhibitors (PDE5-Is)
modulate the CREB pathway, increasing the expression of CREB and the downstream targets, BDNF, and Arc. The
result is the induction of new synaptic connections and neurogenesis, leading to the restoration of pathological cognitive
signs of neurological diseases, such as Alzheimer’s disease and Huntington’s disease. (B) PDE5-Is also modulate
pathways involved in the protein aggregation. Calpain is an enzyme that cleavage p35 in its more stable isoform, p25.
The formation of the p25/CDK5 complex is associated with tau hyperphosphorylation. In addition, p25/CDKS5, via the
downstream target BACE], also leads to cleavage of amyloid precursor protein (APP), contributing to the formation of
Ap plaques. PDE5-Is induce a decrease in the activity of calpain, p25, and CDK5, with consequent decrease in protein
aggregation. GSK3 is a kinase involved in the hyperphosphorylation of Tau. In addition, through the downstream
target, cathepsin B, GSK3p leads to the formation of AP plaques. pAkt is a GSK3{ inhibitor, modulating the pathway.
PDE-Is increase Akt phosphorylation and decrease GSK3f activity and cathepsin B expression, which can contribute
to control the protein aggregation. —— Inhibition wg. ; activation; 4+ increased expression/activity; ,l, decreased
expression/activity.

due to differences between dose, duration of treatment, and animal models. In addition, both
Akt/GSK3 and p25/CDKS5 signaling are also involved in the regulation of A3 [114], and it is
possible that if the treatment was longer, this effect would be detected.

Following the same line of investigation, Orejana et al. [114] treated senescence-accelerated
mouse-prone 8 (SAMPS, used as a model of aging, which displays many established path-
ological features of AD) with sildenafil (7.5 mg/kg, i.p., for 4 weeks) and showed that the
mechanism of protection is through AB decrease, by pAkt/GSK3p /cathepsin B pathway and
calpain/p25/CDK5/BACE1 pathway inhibition. pAkt inhibits GSK3, which is an important
activator of cathepsin B [115]. Calpain is an enzyme that cleavages p35 in p25, and p25/CDK5
regulates BACE1 (protein cleaving enzyme 1) expression levels. BACE1 and cathepsin B (both
[>-secretases) cleavage amyloid precursor protein (APP), contributing to the formation of A{.
Sildenafil decreased the activity of calpain, p25, and CDK5 and markedly increased Akt phos-
phorylation and decreased GSK3p activity. Consequently, sildenafil decreased the expression
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of BACEL1 and cathepsin B, leading to a reduction in APP and A levels (Figure 2B). These
findings demonstrate that sildenafil modulates calpain/p25/CDK5/BACE1 and pAkt/GSK3p/
cathepsin B pathways, and these mechanisms are probably responsible for beneficial effects
of this class of drugs in AD models.

4.1.2. PDE5-Is beneficial effects in AD through the control of neuroinflammation

Although the first PDE5-I studies in AD models have been focused on synapse formation,
neurogenesis, and memory improvement, investigating primarily CREB, tau phosphoryla-
tion, and A formation pathways, more recent studies also point to an important anti-inflam-
matory mechanism of this class of drugs in AD. The work by Orejana et al. [114] was perhaps
one of the first studies to suggest and demonstrate that sildenafil modulates inflammatory
cells in AD model. They showed that sildenafil decreased the GFAP, a marker of astrogliosis.
However, Orejana et al. [114] could not differentiate whether the reduction in GFAP levels
resulted from less accumulation of A{ or if it was a direct modulation of inflammatory events
by sildenafil. A recent study using sildenafil in cultured astrocytes confirmed that sildenafil
has a direct mechanism on neuroinflammation [116].

Until 2013, it was unknown whether PDE5-Is reversed Ap-induced neuroinflammation in
APP/PS1 transgenic mice. Zhang et al. [117] showed that APP/PS1 mice presented impaired
cognitive ability, neuroinflammatory response in the hippocampus, and downregulated
c¢GMP; sildenafil reversed memory deficits and ¢cGMP/PKG/pCREB signaling dysfunction
and reduced A levels in this model. In addition, sildenafil decreased the proinflammatory
cytokines IL-1(3, IL-6, and TNF-a. The inhibition of hippocampal PKG immediately prior to
the injection of sildenafil significantly blocked these effects, further indicating the participa-
tion of PKG in the anti-inflammatory effects produced by sildenafil (Figure 3A, B).

An ongoing neuroinflammatory process has been considered a marker of AD [117]. The depo-
sition of AP peptides and the activation of glial cells surrounding senile plaques in brain
areas involved in cognitive functions are assumed to participate in the onset of a pathological
cascade resulting in synaptic dysfunction, synaptic loss, and neuronal death [118, 119]. The
inflammatory reaction, with activation of microglia and astroglia, and the subsequent release
of inflammatory cytokines (IL-13, TNF-a, and COX-2 and so on) play a significant role in the
pathological processing of AD [108] (Figure 1A). Proinflammatory cytokines, such as TNF-a
and IL-1{3, may contribute to brain dysfunction and neurodegeneration, impair synaptic plas-
ticity, and induce memory impairment, while the anti-inflammatory cytokine IL-4 has the
opposite effect [120, 121]. NF-«B is well known as a key regulator that induces the expression
of many proinflammatory cytokines and inducible effector enzymes linked to the inflamma-
tory process. The degradation of IxB-a (NF-kB inhibitory protein) and NF-xB phosphoryla-
tion were enhanced after the A{3 injection [108].

Additionally to classical PDE5-Is, other drugs have been demonstrated to act on AD by inhib-
iting PDE5 and modulating neuroinflammation. It has recently been showed by Li et al. [108]
that sodium hydrosulfide (NaHS), a hydrogen sulfide donor, decreased PDES5 levels, attenu-
ated neuronal death, and suppressed apoptosis by inhibiting the activation of pro-caspase-3 in
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Figure 3.PDES5 inhibitors modulate neuroinflammation. (A) AMPK exerts its anti-inflammatory activity through
multiple signaling pathways. The phospho-AMPK (pAMPK) suppresses NF-«B, by increasing its inhibitory protein,
IKpB-a.. Consequently, the production of cytokines is decreased. In addition, AMPK phosphorylates and activates eNOS,
inducing NO production; eNOS increases AMPK, in a positive feedback, and NO can act as an endogenous activator
of AMPK, suggesting a reciprocal relationship between AMPK and eNOS. eNOS also inhibits NF-«B, decreasing the
inflammatory response. PDE5-Is increase pAMPK and eNOS expression, increase IKB-a, and decrease NF-kB. NO
activates sGC, inducing cGMP production, which can amplify the effect of PDE5-Is. (B) Some possible mechanisms
of PDE5-Is in the control of neuroinflammation have been demonstrated while not fully understood. PDE5-Is increase
levels of the chemokine MCP-1 and its receptor, CCR-2, which are typically overregulated in multiple sclerosis models.
It is possible that this effect is indirect, through NO, since this gas was shown to increase MCP-1/CCR-2, but it has not
been confirmed so far. In addition, PDE5-Is were shown to increase the three isoforms of nitric oxide synthase (nNOS,
iNOS, and eNOS), along with increased levels of NO. However, the mechanism of NOS participation on the effects
of PDE5-Is is unclear. ICAM-1 and VCAM-1 were decreased by PDE5-Is, which may be important for the control of
leukocyte infiltration. It is possible that complex cross signaling is occurring, but although it has been demonstrated
in inflammatory models, it has not been confirmed in preclinical studies with PDES5-Is in neurological diseases. For
example, elevated levels of cGMP by NO may inhibit PDE3 activity, which leads to increased cAMP levels and PKA
activation. PKA inhibits NF-kB transcription activity and, subsequently, the expression of downstream MCP-1 and
VCAM-1. 4 Inhibition; s activation; 1 increased expression/activity; .l, decreased expression/activity.

the hippocampus of Sprague-Dawley rats (injected with aggregated A{325-35). NaHS upregu-
lated the expression of peroxisome proliferator-activated receptors (PPAR-a and PPAR-y),
which antagonize the effects of NF-«xB [122]. Moreover, the AB25-35-injected rats exhibited a
decrease in IxB-a degradation and an increase in NF-kB p65 phosphorylation levels, whereas
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these effects were attenuated by NaHS. NaHS can therefore act as an anti-inflammatory medi-
ator by inhibition of PDE5.

A novel PDE5 inhibitor, Yonkenafil (yonk) (2, 6, or 18 mg/kg i.p.), given daily for 3 months,
has been shown to have beneficial effects in APP/PS1 mice through anti-inflammatory mecha-
nisms. Yonk reduced the area of AP plaques, increased neurogenesis, and inhibited over-
activation of microglia and astrocytes [119]. A recent study by Yin et al. [123] has shown that
Icariside II (ICSII), another new PDES5 inhibitor, derived from the Chinese herb Epimedium
brevicornum, has protective effects on the AD model induced by intracerebroventricular strep-
tozotocin (ICV-STZ) in Sprague-Dawley rats. ICSII (10 mg/kg for 21 days) improved cognitive
deficits, attenuated neuronal death, and decreased Af3 levels by suppressing BACE1 and APP
expression in the rat hippocampus. In addition, ICSII decreased IL-13, TNF-a, COX-2, and
transforming growth factor-3 (TGF-) levels while increasing IkB-a and decreasing NF-«B
activation.

It was demonstrated by Jin et al. [124] that Icariin (ICA), a flavonoid extracted from Chinese
herb (Berberidaceae epimedium L.), an effective oral agent, is also a PDE5-I. Chronic treatment
with ICA (30 and 60 mg/kg, twice a day for 4 months) improved the learning and memory
of APP/PS1 transgenic mice, and the levels of APP, AP, and PDE5 decreased in the hippo-
campus and cortex after ICA treatment. Furthermore, ICA-treated mice showed increased
expression of three NOS isoforms (nNOS, iNOS, and eNOS), along with increased levels of
NO and cGMP. These results suggest that NO itself may be involved in the anti-inflammatory
effect of PDE5-Is. NO is an important molecule in supporting neurite outgrowth and synapse
remodeling [125, 126]. This study by Jin et al. [124] also showed that the three isoforms of
NOS and NO levels decreased in the brain of APP/PS1 mice, reinforcing that NO deficiency
may contribute to AD. Thus, ICA has a neuroprotective mechanism, probably due to stimula-
tion of the NO/cGMP signaling pathway through the inhibition of PDE5 activity and coordi-
nated induction of NOS isoform expression. Corroborating this result, Raposo et al. [89, 127]
showed that the absence of iNOS abolished the anti-inflammatory effects of sildenafil in mice
brains. Treatment with sildenafil for 4 weeks decreased GFAP, COX-2, and the expression of
various pro-inflammatory cytokines in wild-type C57BL/6 mice, although it did not have anti-
inflammatory effects in iNOS™ mice. Also, Nunes et al. [128] reported that eNOS is upregu-
lated following chronic administration of sildenafil. These studies point to the relevance of the
physiologic expression of NOS for the anti-inflammatory mechanism of PDE5-Is (Figure 3B).

Despite the rich (though recent) literature on the effects of the PDE5 inhibitors on animal
models of AD, clinical studies are lacking. However, PCR analysis of postmortem tissue of
patients suffering from AD found a considerable increase in PDE5 expression in the temporal
cortex of the brain compared to healthy controls of the same age [129]. Also, it was observed
that lower levels of cGMP in the cerebrospinal fluid of patients with AD were associated with
cognitive decline and amyloid pathology [129]. In addition, a clinical study demonstrated that
chronic administration of udenafil (Zydena; available in Korea, Russia, and the Philippines) to
27 patients with ED (100 mg at 3-day intervals for 2 month) has shown to lead to an improve-
ment in cognitive function [130]. This has lead to suggest that sildenafil could improve cogni-
tive function in AD patients.
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Thus, the efficacy and safety of treatment with repeated doses of PDE5-Is have been demon-
strated in several animal models of AD. Since the side effects of PDE5-Is are widely known
and do not preclude its administration to a senile population, and considering the lack of
effective treatments for AD, PDE5-Is have been proposed as potential alternatives as cognitive
enhancers [99, 131].

4.2. Multiple sclerosis

Multiple Sclerosis (MS), the most common neurological disorder in young adults in the
Western world, is a chronic autoimmune/inflammatory disorder characterized by demyelin-
ation of the nerve cells, which leads to severe psychomotor impairment [132]. CNS demy-
elination is frequently associated with acute and chronic inflammatory events involving the
recruitment-activation of microglia/macrophages, astrocytes, and leukocytes, with the release
of pro-inflammatory cytokines, ROS, and NO (Figure 2B) [133, 134]. Neuroinflammatory
responses appear to begin before any significant loss of neuronal populations in the progres-
sion of MS [135].

It has been demonstrated that NO/cGMP signaling is involved in the regulation of neuro-
inflammation and myelination [89]. The intracellular accumulation of ¢cGMP in different
models of inflammation reduces the production of proinflammatory cytokines and oxidative
stress, modulating the inflammatory response [136]. In addition, inhibition of PDEs seems
to block the inflammatory response of microglia, reducing myelin sheath changes [137, 138].
Therefore, neuroinflammation mediated by glial cells (astrocytes and microglia) appears to be
an important phenomenon that perpetuates neural damage in MS, and since cGMP-mediated
pathways regulate inflammatory responses in immune and CNS cells, PDE5-Is are potential
tools for treating MS.

In fact, it has been reported that patients suffering from ED, and in parallel MS, showed an
improvement in clinical status for both pathologies after treatment with sildenafil [139]. The
effect of sildenafil on improving the clinical status of patients with MS was initially attrib-
uted to the induction of neurogenesis [140]. However, studies have shown that sildenafil is
a modulator of inflammation in the central and peripheral nervous systems and protects the
myelin sheath both in pathological and healthy conditions [89, 116, 127, 128, 140-144]. This
anti-inflammatory mechanism should better explain the protective effect of PDE5-Is in MS,
considering the nature of the disease.

In 2011, Pifarré et al. [142] showed that sildenafil (10 mg/kg, s.c., for 18 days) reduced the
clinical signs of experimental autoimmune encephalomyelitis (EAE), a mouse model of MS,
developed in female C57BL/6 mice. Sildenafil prevented axonal loss and promoted remyelin-
ation. Furthermore, sildenafil decreased CD3+ leukocyte infiltration and microglial/macro-
phage activation in the spinal cord, while increasing T regulatory cells expressing fork head
box transcription factor 3 (Foxp3 Tregs) and decreasing ICAM-1 in the infiltrated cells of
the spinal cord. Autoreactive T cells infiltrating the CNS are the initiator and early effector
cells in EAE development, but infiltrated macrophages, dendritic cells, and resident microg-
lia constitute the ultimate effector cells that amplify neuroinflammation and tissue injury.
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ICAM-1, a type-1 membrane-bound glycoprotein expressed in the majority of leukocyte sub-
types, endothelial and CNS glial cells, is involved in leukocyte entry, lymphocyte activation,
and other immune responses and plays a central role in the development of MS and EAE
[145, 146]. The decrease of ICAM-1 induced by sildenafil was also reported by Raposo et al.
[89]. Pifarré et al. [142] also showed that the presence of astrocytes forming scar-like struc-
tures around infiltrates was enhanced by sildenafil, suggesting a possible mechanism for the
restriction of the leukocyte dissemination in healthy parenchyma. However, this result does
not corroborate other studies showing that PDE5-Is decrease GFAP expression and astrocyte
activation [89, 114, 127, 140].

Continuing the investigation, Pifarré et al. [143] demonstrated that sildenafil treatment
(10 mg/kg, s.c., for 18 days) preserved axons and myelin and increased the number of remy-
elinating axons in the EAE model; also, sildenafil protected immature and mature myelinat-
ing oligodendrocytes. However, if the protective effect of sildenafil on myelin and axons is
secondary to its effect, controlling inflammation remains unknown. In addition, sildenafil
upregulated YM-1, a marker of the macrophage/microglial M2 phenotype that has neuropro-
tective and regenerative properties, while Iba-1, a classical macrophage/microglial activation
marker, was downregulated. In vitro analyses of spleen cells from sildenafil-treated animals
showed downregulation of Th1/Th2/Th17 responses, while Tregs were upregulated and pre-
vented accumulation of MOG-specific IgG2b in serum. These results suggest that sildenafil
has a protective role, modulating central resident and peripheral immune cells.

A sequence of studies has characterized the effects and mechanisms of sildenafil in a cupri-
zone-induced demyelination and neuroinflammation in rodents, which has been widely used
as a model of MS. Nunes et al. [140] and Raposo et al. [127] demonstrated that sildenafil
(25 mg/Kg administrated in the drinking water for 4 weeks) ameliorates cuprizone-induced
demyelination in C57BL/6 mice. Sildenafil modulated the neuroinflammatory response
(mediated by glial cells), reducing GFAP and Iba-1, IFN-y, TNF-a, IL-1p, IL-2, and COX-2
expressions. However, the anti-inflammatory effect of sildenafil was abolished in the cupri-
zone model induced in iNOS” mice [127], showing that iNOS plays an important role in
the mechanism of PDE5-Is. Sildenafil preserved the myelin and axons’ ultrastructure and
elevated GST-pi, indicating that sildenafil protects mature oligodendrocytes. However, it is
not clear if sildenafil induces oligodendrogenesis or if it inhibits cell death/apoptosis or both.
Myelin protection and oligodendrocyte proliferation have also been demonstrated in isch-
emic models [147, 148], and several studies showed that PDE5-Is inhibit apoptosis in central
neurological disease models [122, 148, 149].

Contributing to the understanding of the mechanism by which sildenafil acts in the control
of neuroinflammation in MS model, Nunes et al. [128] investigated the involvement of the
AMPK/IxpB-a/NF-kB signaling pathway and the eNOS. AMPK, the regulatory protein of the
lipid and glucose metabolism, is upregulated in activated astrocytes during reactive gliosis
[150], whereas AMPK activators downregulate inflammation in vitro and in vivo in various
animal models [151-153], and the loss of AMPK exacerbates the effects of EAE model [154].
The anti-inflammatory activity of AMPK is exerted through multiple signaling pathways,
including phosphorylation and activation of eNOS and production of NO. NO may act as
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an endogenous activator of AMPK, suggesting a reciprocal relationship between AMPK and
eNOS [155]. In addition, recent evidence suggests that the activation of AMPK can suppress
NF-kB, thus contributing to the regulation of inflammation [71] (Figure 3A). Nunes et al. [128]
showed that sildenafil treatment (25 mg/Kg administrated in the drinking water for 4 weeks)
improved the clinical status of the cuprizone-MS mice model. The treatment reduced unphos-
phorylated (inactive) AMPK and increased phospho-AMPK (pAMPXK, active). Moreover, silde-
nafil decreased NF-kB p65 expression and increased its inhibitory protein, IKB-a. However,
if AMPK induces NF-kB inhibition and which downstream targets may be involved in this
inhibition require further investigation. The same study showed that sildenafil reduced the
expression of GFAP, IL-1§3, and TNF-a and increased the expression of the anti-inflammatory
cytokine IL-10. Besides, the level of eNOS was increased by sildenafil, suggesting reciprocity
between AMPK and eNOS. This study then provides evidence that sildenafil has anti-inflam-
matory effects probably through modulation of AMPK/IK(-a/NF-kB signaling (Figure 3A).
However, the involvement of downstream proteins, such as AMPK-SIRT1-NF-«kB, and other
pathways, such as MAPK-NEF-«B, should also be further investigated. In addition, Nunes et
al. [128] showed that eNOS may play a role in the sildenafil mechanism. The possible role of
NOS in the mechanism of sildenafil corroborates with other studies [89, 124, 127].

The ongoing investigation, in 2016, by Nunes et al. [141] demonstrated that sildenafil increased
levels of the chemokine MCP-1 and its receptor, CCR-2, in the cuprizone-induced MS model.
This may be part of the anti-inflammatory mechanism, since CCR-2 is a chemokine closely
related to the pathology of MS and MS-animal models. In general, during the first weeks
of cuprizone exposure, it undergoes a typical overregulation of the chemokine, and both
microglia and astrocytes produce CCR-2 [156]. Also, an increase in CCR-2 may be associated
with a reduction of macrophage infiltrates after stroke, showing the neuroprotective effects of
this receptor [157]. Moreover, mediators in the microenvironment define at what time microg-
lia/macrophages can assume an active and phagocytic phenotype [157]. The expression of
MCP-1/CCR-2 by glial cells may promote this change in microglia phenotype in an attempt
to repair the injured environment [158]. Sildenafil can, therefore, modulate inflammation by
playing a role in the regulation of glial cell morphology and activation through MCP-1/CCR-2
signaling (Figure 3B).

Boran et al. [60] estimated that stimulation of cGMP/PKG pathway acts beneficially in microg-
lia, inducing the phagocytic phenotype (M2) and decreasing expression of inflammatory genes,
in detriment to the proinflammatory phenotype (M1). The cGMP/PKG pathway stimulated
the regulation of microglial cell morphology, inducing a dramatic reorganization of the actin
cytoskeleton compatible with a protective phenotype, which is more effective in the removal of
dead cells. cGMP-mediated pathways have been implicated in the regulation of the actin cyto-
skeleton and cell morphology in different cell types, including macrophages and astrocytes
[159, 160]. Boran and Garcia [160] demonstrated that the stimulation of the PKG pathway by
NO regulates cytoskeleton dynamics and motility in cultured rat astrocytes, and evidence indi-
cates that cGMP is involved in the regulation of astrocyte cytoskeleton through Na*/K*-ATPase
activity, IP3 receptor (IP3R), and ankyrin B. Ankyrin B, a protein associated with the cytoskel-
eton, interacts with Na*/K*-ATPase and IP3R, connecting the pump to the Ca* responses from
internal cell stores and to the integrity of the cytoskeleton [160] (Figure 4A). This suggests
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Figure 4. Mechanisms of PDE5-Is in the cytoskeleton and in the apoptosis pathways. (A) PDE5-Is induce Ca* response
and the stabilization of F-actin in astrocytes; however, the mechanism behind this effect is not elucidated. Na*/K*-
ATPase interacts with ankyrin B, a cytoskeleton-associated protein, and with the IP3 receptor (IP3R) [coupled to the
endoplasmic reticulum (ER) membrane], connecting the pump to the Ca* responses from internal cell stores and to
the integrity of the cytoskeleton. It is possible that this mechanism contributes to the dramatic reorganization of actin
cytoskeleton observed in microglia, macrophages, and astrocytes after stimulation of the cGMP/PKG pathway, leading
to a more protective phenotype of these inflammatory cells. (B) PDE5-Is have an antiapoptotic effect by enhancing the
expression of the antiapoptotic Bcl-2 protein and reducing the proapoptotic BAX and caspase-3 proteins. Whether the
PDE5-Is mechanism involves caspase-mediated apoptosis by extrinsic and/or canonical intrinsic pathway is unclear.
In the extrinsic pathway, the death receptor-ligand binds to the associated protein with death domain (FADD), which
activates the initiator pro-caspase-8. Caspase-8 activates caspase-3, inducing apoptosis. The intrinsic apoptotic pathway
is characterized by mitochondrial changes in response to various stress signals, such as severe genetic damage,
hypoxia, and oxidative stress, which activate the initiator pro-caspase-9. Proapoptotic mitochondrial proteins, BH3-
only members, activate other proapoptotic proteins, such as BAX, and antagonize antiapoptotic proteins, such as Bcl-2.
Subsequently, the mitochondrial outer membrane is disrupted, and its permeability increases, resulting in cytochrome-c
(Cyt-c) leakage into the cytosol. Cyt-c in the cytosol forms a complex with Apaf-1, called the apoptosome, which assists
in auto-activation of initiator pro-caspase-9. Caspase-9 activates caspase-3, leading to apoptosis. =] Inhibition; s
activation; 4 increased expression/activity/level; ‘L, decreased expression/activity.

that stress fibers and Ca* waves could be changed by sildenafil. The involvement of the cyto-
skeleton in the sildenafil mechanism has been demonstrated by Nunes et al. [116]. Sildenafil
induced Ca” response and a more organized actin fiber pattern in cultured astrocytes, com-
pared to LPS stimulated cells. It is possible that the mechanism behind sildenafil effects in the
cytoskeleton involves Na*/K*-ATPase, IP3R, and ankyrin B (Figure 4A). In addition, this study
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showed for the first time that sildenafil has astrocytes as target cells [116], confirming that the
control of inflammation is not an indirect effect, secondary to neurogenesis, myelin repair, or
improvement of blood flow.

Although there is no clinical report investigating the use of sildenafil chronically in patients
with MS, one study has shown the potential of the drug to improve motor impairment.
Cocchiarella [161] chronically administrated sildenafil (100 mg per day for 7 month) to a
42-year-old man, who developed a generalized motor deficit with spasticity that made him
a quadriplegic (but grew normally, including normal intellectual development). The diagno-
sis was inconclusive. Physical therapy evaluation for muscle strength and manual measures
(scale from 0, no muscle activity whatsoever, to 5, muscle activity with full range of motion
and against maximal resistance) by a physical therapist indicated a positive change in muscle
activity, following sildenafil administration. After stopping the treatment, the patient kept
all gains. The patient experienced common drug-induced events associated with sildenafil
treatment, such as erection, headache, and nausea. This study indicates that sildenafil has
potential to improve other motor deficiencies, such as MS.

Despite the autoimmune/inflammatory nature of MS that has already been described, the
control of the disease through the use of immunosuppressant and immunomodulators has
proven to be unsatisfactory. PDE5-Is, being sildenafil the most representative, are widely
used and well-tolerated drugs, which may be a useful therapeutic intervention to ameliorate
the neuropathology of MS. Therefore, well-designed clinical trials may demonstrate that oral
administration of PDE5-Is can be appropriate for individuals with MS and other neuroinflam-
matory/neurodegenerative diseases, providing additional benefits to current treatments.

4.3. Parkinson’s disease and Huntington’s disease

Parkinson’s disease (PD) is a common, slow-progressing neurological disorder that leads to a
constant loss of motor function. Its clinical features include resting tremor, slow movements
(bradykinesia), rigidity, impaired balance, difficulty initiating movement (akinesia), and loss
of postural reflexes [162]. PD is characterized by the death of dopaminergic neurons in the
substantia nigra, which results in the absence of dopamine release in striatum and therefore
in motor impairment. The remaining neurons contain intracellular inclusions (Lewy bodies),
composed of a-synuclein [163] (Figure 1C).

Studies by Uthayathas et al. [164] and by Janis et al. [165] evaluated the use of sildenafil as
a neuroprotective agent in the murine model of PD induced by chronic 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP). The hypothesis was that the cGMP accumulation would
attenuate the loss of nigrostriatal dopamine neurons induced by the model. The analysis
revealed that sildenafil did not prevent neurotoxicity and did not protect against dopamine
depletion induced by chronic exposure to MPTP. Also, Uthayathas et al. [164] showed that a
single dose of sildenafil (10 mg/kg i.p.) had no effect on fatigue as seen by swimming time. On
the other hand, sildenafil did not produce any deleterious effects on nigrostriatal dopamine
neuron function, nor did it potentiate the neurotoxic effects of MPTP, suggesting that silde-
nafil would not accelerate cell loss when used as a treatment of ED in men diagnosed with
PD as this drug is used therapeutically to treat sexual dysfunction in PD patients. However,
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contradictorily, in 2010, a case report by Perkovic et al. [166] described choreoathetotic move-
ments that were most likely induced by sildenafil in a 56-year-old patient with PD. The man
presented strange, involuntary movements and anxiety after taking sildenafil 100 mg, 50 min
after the last daily dose of levedopa/carbidopa. These adverse effects were considered to be
elicited by the administration of sildenafil (drug abuse) in a previously stabilized responder
to levedopa therapy. This effect may be a predisposition for pharmacokinetic interaction in
short-time interval between levedopa and sildenafil applied in high dosage.

Despite these negative results using a single dose of sildenafil, therapy with the aim of modu-
lating the immune response and neuroinflammation in PD, targeting microglia, astrocytes,
and T cells, has recently been proposed [167]. Considerable evidence shows that persistent
inflammatory response, T-cell infiltration, and glial cell activation [168, 169] are common fea-
tures of human patients and animal models of PD and play a crucial role in the degeneration
of dopaminergic neurons [170, 171] (Figure 1C). As a result, appropriate treatment appears to
involve the ability to modulate peripheral and resident immune cells for the purpose of modi-
fying inflammatory response. It is possible that the chronic modulation of neuroinflammation
by PDE5-Is may be beneficial for PD. Clinical studies demonstrated that while a single dose
of sildenafil does not cause a clear improvement in cognition in healthy adults [172], chronic
administration of udenafil has shown to lead to an improvement in cognitive function [130].
This has led some to suggest that the therapeutic benefits of PDE5-Is may be better observed
after chronic inhibition rather than after a single dose [173]. However, studies evaluating the
anti-inflammatory effects of chronic PDE5-Is in PD models are lacking.

Investigation of the role of cGMP and PDE-Is in Huntington’s disease (HD) is also in the
beginning. HD is a dominant hereditary neurodegenerative disorder, characterized by pro-
gressive impairment of cognitive and motor functions. This disorder is caused by a mutation
that encodes an abnormal expansion of CAG-encoded polyglutamine repeats in a protein
called huntingtin (htt) [174]. While healthy individuals contain 16-20 repeats, more than 36
are present within the htt gene in HD patients [175]. Toxic protein aggregates are also seen in
HD patients, whose brains contain accumulations of mutated HTT protein (Figure 1D) [176].
The pathological hallmark of HD involves the loss of neurons in the cortex and striatum that
lead to clinical manifestations including involuntary movements known as chorea, behavioral
and psychiatric characteristics, and cognitive dysfunction. Mutant huntingtin (mhtt) has been
reported to impair cAMP and cGMP/CREB signaling, a transcriptional pathway that has been
hypothesized to play a critical role in HD pathology [177, 178].

It was demonstrated by Saavedra et al. [179] that hippocampal cGMP levels were threefold
lower in R6/1mice (heterozygous transgenic mice in BBCBA background, expressing exon-1 of
mhtt with 145 repeats), when they present deficits in object recognition memory and in passive
avoidance learning. nNOS levels were also downregulated, while there were no changes in
the levels of PDE5 and PDE9. A single i.p. injection of sildenafil (3 mg/kg), immediately after
training, increased cGMP levels and improved memory in R6/1 mice. The same study demon-
strated that cGMP levels were also reduced in the human HD hippocampus (six HD patients
and five control cases). These results showed that the regulation of hippocampal cGMP levels
may be a suitable treatment for cognitive impairment in HD [179]. Other studies have reported
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decreased levels of nNOS in the caudate of HD patients [180] and in the striatum and cortex
of HD mouse models [181, 182]. It has to be investigated whether the mechanism of sildenafil
protection in HD neural tissue is via NOS, as demonstrated in other neurological disease mod-
els [89, 124, 127, 128].

Puerta et al. [183] demonstrated that the PDE5-Is, sildenafil, and vardenafil (both 1.5 mg/
kg p.o., given twice a day for 5 days) protected against 3-nitropropionic acid (3NP), which
produces striatal lesions that closely mimic some of the neuropathological features of HD
(model induced in male Lewis rats). Rats treated with both sildenafil and vardenafil showed
improved neurologic scores and reduced lesion volume. In addition, striatal pCREB levels
along with the expression of the downstream target, BDNF, were significantly increased in
sildenafil-treated rats, and sildenafil reduced death of GABAergic neurons in the brain tissue.
In addition, the activation of calpain (involved in aggregates formation through calpain/p25/
CDKS5 pathway) was reduced, showing that this drug also can avoid huntingtin N-terminal
fragment aggregates. The mechanism demonstrated by Puerta et al. [183] in the HD model is
similar to that observed in several studies with AD models.

Also in 2013, Thakur et al. [184] showed that sildenafil was beneficial in the 3NP-HD model
induced in Wistar rats, improving cognitive and motor functions. Sildenafil (2 and 4 mg/
kg i.p., for 14 days) dose dependently restored body weight and improved memory perfor-
mance and locomotor activity. The PDE5-I attenuated succinate dehydrogenase activity, bal-
ancing the cellular energy deficits induced by 3NP. In addition, as far as we know, this study
showed for the first time (and was the only one to show) that sildenafil improves oxidative
and nitrosative stress in HD model, indicating that inflammatory parameters may also be the
target of this drug in HD.

Despite the lack of studies showing the role of PDE-Is in HD neuroinflammation, several stud-
ies carried out on postmortem HD brain tissue and mouse models of HD have found altered
expression of immunologically active molecules in the CNS [185-187], and imaging studies
indicated increased microglial activity in manifest and premanifest HD gene-expansion car-
riers [188, 189]. The mhtt leads to activation of microglia and complement, resulting in subse-
quent production and release of ROS, NO, and cytokines [190]. A study of 20 HD patients, of
whom 5 were presymptomatic and 15 were symptomatic, as well as 16 age-matched healthy
controls, showed that there were increased levels of IL-6, MMP-9, vascular endothelial growth
factor (VEGF), and TGF-f1 in HD patients. These trends were further observed in a murine
HD model [191]. Politis and coworkers [192] found an increase in the peripheral plasma levels
of the pro-inflammatory cytokine IL-1 in HD gene carriers compared to normal controls; and
increased microglial activation in the somatosensory cortex was associated with augmented
plasma levels of IL-1p, IL-6, IL8, and TNF-at [193]. In addition, the biomarkers of inflamma-
tion were shown to be increased in the plasma of HD gene-expansion carriers, and upregula-
tion was observed up to 16 years prior to expected onset [186, 187, 194], although, in a recent
study, these findings were not confirmed [195]. On the other hand, Vinther-Jensen et al. [196]
showed that biomarkers of neurodegeneration increased in manifest HD disease, but did not
provide evidence of neuroinflammation in early pathogenesis of HD. Therefore, the involve-
ment of neuroinflammation in the HD pathology is not confirmed. However, it is possible that
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inflammatory events begin years before the onset of the illness. This makes PDE5-Is potential
tools to prevent HD development through modulating neuroinflammation, while it is only a
speculation and studies need to be developed.

Therefore, despite the important role of neuroinflammation in PD and HD, there is a lack of
studies using PDE5-Is to evaluate inflammatory parameters, making this an interesting field
for exploration.

4.4. Stroke

Although stroke is the third most common cause of death [197] and the leading cause of
permanent disability in adults worldwide [198], the available therapeutic options remain
very limited. As vasodilators with good hemodynamic effects, PDE5-Is have been considered
potential tools to treat hypoxia and stroke. Due to this obvious effect, these drugs were ini-
tially investigated in stroke models considering their mechanisms in cerebral neovasculariza-
tion and blood flow.

Several studies have shown that administration of sildenafil to animal models of stroke has
beneficial effects [147, 199-201]. It was demonstrated that chronic sildenafil elevated cGMP
levels in the brain [147], increased angiogenesis in the ischemic border regions, induced cap-
illary-like tube formation, and increased VEGF [199]. Correspondingly, the relative cerebral
blood flow in the lesion boundary area has also been improved [147, 200]. Sildenafil also
evoked neurogenesis, increased neuronal and oligodendrocyte progenity, and reduced neu-
rological deficits [147, 201]. However, the drug did not alter the size of the lesion [200, 201].
In contrast to these early works, Novitzky et al. [202] reported that sildenafil did not improve
the conditions of C57BL/6 mice induced model of occlusion of the middle cerebral artery.
However, in this study, sildenafil was given in a single peritoneal dose (Revatio®, Pfizer;
0.8 mg/ml), while in other ones, the drug was administered chronically.

To clarify the mechanism of PDE5-I protection in stroke model, a work by Barros-Mifiones
et al. [203] showed that sildenafil reduced the activation of calpain and CDK5 and increased
the p25/p35 ratio, showing that the protective effects of sildenafil in the ischemia model are,
at least in part, by similar mechanism observed in other neurological diseases. As described
above, calpain cleaves p35 in its more stable isoform, p25. Cleavage of p35 to p25 and forma-
tion of the p25/CDK5 complexes are associated with aggregate formation (Figure 2B). As
expected, sildenafil prevented tau hyperphosphorylation. This study also showed that silde-
nafil increased the expression of the antiapoptotic proteins Bcl-2 and Bcl-xL and reduced cell
death. The effect of sildenafil on the decrease of apoptosis (through reduction of proapoptotic
proteins Bax and caspase-3 expression and increasing the antiapoptotic protein Bcl-2) has also
been demonstrated in physiological aging mouse model [149] (Figure 4B).

Following the same sequence of investigation of other neurological conditions, more recent
studies have shown that the role of sildenafil in promoting stroke recovery is, at least in part,
related to the anti-inflammatory mechanism. In 2014, Charriaut-Marlang et al. [148] surgically
induced ischemia model in P7 Sprague-Dawley rat pups by occlusion in the right common
carotid artery and tested sildenafil. The animals were treated with a single dose of Viagra®
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(Pfizer, 10 or 5 mg/kg i.p.). They found that sildenafil increased mean blood flow, reduced
brain tissue loss, and decreased apoptosis (demonstrated by TUNEL). In addition, sildenafil
increased the index of myelinated fiber density and improved motor capacity. Associated
with these beneficial effects, sildenafil had anti-inflammatory effects, reducing astrogliosis
and GFAP-positive cell density and decreasing microglial density. A very recent study by
Moretti et al. [204] also demonstrated that sildenafil modulates neuroinflammation in the
ischemia model induced in C57BL/6 mice P9 pups by permanent middle cerebral artery occlu-
sion. Animals were treated with a single dose of sildenafil (Viagra® Pfizer, 10 mg/kg i.p.,
given 5 min after artery occlusion), which provided a reduction of the mean lesion 8 days after
ischemia; also, it reduced the number of GFAP-positive cells, decreased microglial density,
and modulated the M1 and M2 profiles of microglia/macrophages in the late phase after isch-
emia. The number of activated microglia/macrophages (M2) increased 72 h after artery occlu-
sion, while it decreased 8 days after ischemia in sildenafil-treated animals. However, despite
the clear anti-inflammatory action of sildenafil in ischemic model, the mechanism behind this
effect is still unexplained.

A reported clinical study by Silver and coworkers [205] tested the chronic administration of
sildenafil (25 mg per day, for 90 days) in ten ischemic stroke patients aged 18 to 80 years, with
a score of 2 to 21 (mild to moderately severe stroke; National Institutes of Health Stroke Scale,
NIHSS). Sildenafil appeared to be safe in this group of patients, and all of them presented an
improvement from baseline NIHSS score. However, despite the success in preclinical and
some clinical studies, PDE5-Is have not been more fully investigated in studies with humans
and have not moved into clinical practice until now.

5. Conclusion

In conclusion, the relevant role of NO/cGMP signaling in the control of neuroinflammation
and in the modulation of glial cell activity has lead researchers to investigate the effects of
PDES inhibitors on central neurological diseases. These drugs (sildenafil being the most rep-
resentative and studied among them) have been shown to be safe and effective in the treat-
ment of central neurological disorders, and its mechanisms have been clarified. Modulation
of neuroinflammation appears to be a relevant mechanism of PDE-Is, mainly in chronic treat-
ments, whereas it has to be more fully investigated. Despite the safety and benefits of this
class of drugs administrated chronically to patients and the success in preclinical studies,
there are no Phase I and Phase II clinical trials, which need to be developed to move forward
the repositioning of PDE5-Is as therapy to treat neurological diseases.
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Abstract

This chapter will introduce the reader to the pathophysiology of two devastating neuro-
logic events, traumatic brain injury (TBI) and acute ischemic stroke (AIS). Here we focus
on the role of key pro-inflammatory and anti-inflammatory cytokines. Several experi-
mental interventions have been found to modulate cytokine production and brain injury
after AIS or TBIL. Here minocycline, biological response modifiers, hormonal therapies,
omega-3 fatty acids, N-acetylcysteine, and cannabinoids will be discussed. In addition,
the role of cytokine-induced inflammasomes in both TBI and AIS will be addressed and
followed by discussion of pro-inflammatory cytokines (e.g., TNF-a, IL-1p, IL-18, and
IFN-v). Finally, the main anti-inflammatory cytokines, IL-33, IL-10, IL-6, and IL-4, will
be discussed in the context of both TBI and AIS. It should be noted that the role of these
cytokines is diverse and the dichotomization of classically pro-versus anti-inflammatory
cytokines is being re-examined, as many of these cytokines have been found to play dual
roles in TBI and AIS brain injury.

Keywords: traumatic brain injury, ischemic stroke, cytokines, interleukins,
inflammasome

1. Pathophysiology of traumatic brain injury

Traumatic brain injury (TBI) is a major cause of death and disability worldwide [1, 2]. It is
one of the most commonly diagnosed neurological disorders in the United States, impact-
ing people of a variety of ages and segments of society [3]. In Europe, the economic cost of
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Figure 1. AIS and TBI pathophysiology. The pathophysiology of AIS and TBI share common mechanisms. The initial
insult in AIS, an occlusion of blood flow resulting in a core infarct zone surrounded by a poorly perfused penumbra,
versus the initial primary physical impact in TBI both result in perfusion and metabolic dysregulation leading to decreased
glucose delivery and resultant adenosine triphosphate (ATP) depletion. The depletion of ATP prevents ATP-dependent
ion pumps from regulating ionic gradients across cell membranes. As a result, there is aberrant neurotransmitter release
and fluxes of ions like calcium causing excitotoxic cell death and cell injury via the activation of downstream molecules,
like proteases. Cell damage leads to the release of damage-associated molecular patterns (DAMPs) which bind to pattern
recognition receptors (PRRs) to exacerbate neuroinflammation via inflammasome formation, and astroglial, microglial,
neuronal, and endothelial cell activation; these cells orchestrate the release of numerous cytokines, both pro-and anti-
inflammatory. Blood-brain barrier disruption also occurs following the initial brain injury in TBI and AIS, permitting
the influx of peripheral immune cells that exacerbate the inflammatory response through cytokine release, free radical
release, and complement cascade activation. Further oxygen free radical production and reperfusion cellular injury
occurs due to re-establishment of blood flow after its blockade in AIS. Abbreviations: AIS, acute ischemic stroke;
ATP, adenosine triphosphate; BBB, blood-brain barrier; DAMP, Damage-associated molecular patterns; PRRs, pattern
recognition receptors; TBI, traumatic brain injury.

TBI is over 33 billion euros per year [4]. Continued surveillance and research is being done
to reduce primary and secondary TBI [as well as acute ischemic stroke(AIS)]-induced brain
injury [1].

The pathophysiology of TBI begins with the initial brain trauma (i.e., the primary injury).
This primary injury results from mechanical damage that disrupts the blood-brain barrier
(BBB), alters the vasculature and damages brain tissue. The resulting injured glia and neurons
release their intracellular contents (i.e., damage-associated molecular patterns; (DAMPs)) into
the extracellular space and activate neighboring glia and neurons. Activated glia and neu-
rons then produce molecular signals that can both exacerbate and mend the acute injury and
contribute to long-term recovery [5-9]. These downstream molecular and cellular processes
(i.e., the secondary injury in TBI) are the focus of many pre-clinical and clinical therapeutic
studies. Secondary injury in TBI involves a host of molecular and cellular responses to the
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primary impact including: (a) an influx of peripheral inflammatory cells through the disrupted
BBB leading to the release of reactive oxygen species (ROS), cytokines, chemokines, and free
radicals; (b) the excessive release of excitatory neurotransmitters in response to ion imbalance
across the cell membrane following adenosine triphosphate (ATP) depletion and metabolic
dysregulation; and (c) significant increases in intracellular calcium concentration that contrib-
ute to protease, nuclease and lipase/phosphatase activation [10]. All of these factors culminate
in cellular dysfunction and cell death/loss via rapid necrotic and more delayed (e.g., apoptotic)
cell death pathways (See Figure 1).

The spatiotemporal distribution of pro- and anti-inflammatory cytokine production in sec-
ondary injury is a key feature of TBI pathophysiology and the development of post-TBI
acute, sub-acute and chronic disability and recovery. By examining the role of individual
cytokines in these processes, we can expect to identify novel approaches to TBI intervention/
therapy.

2. Pathophysiology of ischemic stroke

Stroke is the fifth leading cause of death worldwide. Each year it affects approximately
800,000 people [11, 12]. Of all the people affected by stroke, two-thirds either die or are dis-
abled [13]. Ischemic stroke constitutes 87% of all stroke cases [14]. The initial acute insult
occurs when a thrombus or embolus lodges in one of the cerebral arteries. This blockage
produces cellular and chemical changes in the ischemic core and the ischemic penumbra (the
periphery of the lesion which receives some collateral blood flow from other arteries). The
lack of perfusion to the ischemic core causes brain cells to die and release their intracellular
contents due to a lack of ATP. The intracellular contents act as DAMPs to trigger neuroin-
flammatory cascades, while decreased perfusion in the ischemic penumbra leads to aber-
rantly functioning brain cells [15]. Macrophage scavenger receptor 1 and other macrophage
receptors clear DAMPs and when deleted in a mouse model of AIS exacerbated neurologic
deficits and infarct size [16]. Congruently, increased expression of Mafb, a transcription factor
that promotes the expression of macrophage scavenger receptor 1, decreased the severity of
post-AlS deficits [16].

Glutamate is also released in AIS and interacts with glutamate receptors in the penumbra
resulting in excitotoxicity. This along with a state of energy depletion increases influx of
sodium and calcium into the cells, resulting in membrane and cytoskeletal disintegration,
enzyme activation, and eventual cell death [17]. Neuroinflammation, driven by cytokine pro-
duction and complement activation, leads to the recruitment and adhesion of leukocytes
into the CNS and endothelial surface and increases BBB disruption [15]. Subsequent reper-
fusion, although essential to protect brain tissue from further ischemic injury, is respon-
sible for “reperfusion injury” by initiating additional inflammatory cascades; cytokines, free
radicals and degradation enzyme activation as well as recruitment of leukocytes from the
periphery further aggravate these processes [18]. This additionally causes mitochondrial
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damage, phospholipid membrane breakdown, cytoskeletal disintegration and cell death (See
Figure 1) [18].

There is increasing emphasis on the importance of ongoing inflammatory processes in the
pathophysiology of stroke. Neuroinflammation is central to ischemic stroke pathophysiology
from the initial endothelial activation within minutes to hours post-insult to the post-injury
reparative phases occurring over days to months [8, 15]. Cytokine signaling plays an espe-
cially extensive role in the pathophysiology of stroke and in the reparative mechanisms and
residual deficits detected post-stroke. They also contribute to behavioral changes following
AIS that include post-stroke depression, apathy, fatigue, as well as post-traumatic stress and
anxiety (i.e., related to the presence of various cytokines and neuroinflammatory changes)
[19-25].

3. The role of cytokines in central nervous system injury

3.1. What are cytokines?

Cytokines are small, secreted proteins released by many brain parenchymal cells and infil-
trating immune cells (i.e., via autocrine, paracrine or endocrine actions) that influence the
interaction and communication between cells. Historically, cytokines have been defined as
lymphokines (when secreted by lymphocytes), monokines (when secreted by monocytes),
chemokines (having chemotactic/attractant properties) and interleukins (cytokines made by
one leukocyte that act on other leukocytes) [26]. Importantly, many brain cells (i.e., other cell
types) can release cytokines. Cytokines have been broadly classified based on their recep-
tor homology, their overall action as pro-versus anti-inflammatory, or their membership into
the tumor necrosis factor, lymphokine, interleukin (IL-) and interferon (IFN-) families [9].
Cytokine receptor classes include the tumor necrosis factor receptor family, interleukin-1
receptor family, Class-II cytokine receptor family which includes interferon receptors and the
IL-10 receptor, and Class-I or hematopoietin cytokine receptors which includes receptors of
the IL-2, IL-3, and IL-6 family, as well as homodimeric receptors [9, 27-30].

Similar to their effects in the periphery, CNS cytokines are known to regulate the production
of other cytokines. They can also alter the BBB, recruit inflammatory cells and influence neu-
rotransmitter metabolism (monoamines, serotonin, dopamine and glutamate) [31-33]. In AIS
and TBI, activated glial and neuronal cells both produce and respond to anti- and pro-inflam-
matory cytokines, influencing reparative and destructive mechanisms after brain injury has
occurred. The balance of these reparative and destructive processes influences post-stroke
and post-TBI outcomes.

3.2. Pro-inflammatory cytokines

In AIS and TBI, tissue injury and hypoxia activate microglia, the endogenous brain immune
cells and a major source of pro-inflammatory cytokines in the CNS [8]. Pattern recognition
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receptors (PRRs) on microglia detect DAMPs triggering microglia to transition to vari-
ous phenotypes, some of which promote the production of pro-inflammatory cytokines
or anti-inflammatory cytokines. Classically, microglia have been characterized as M1 (i.e.,
pro-inflammatory) versus M2 (anti-inflammatory) phenotypes [34]. However, the classic
nomenclature is under scrutiny, as many studies have demonstrated results incongruent
with the simple categorization of M1 versus M2. Microglia are dynamic cells, continuously
changing and responding to local stimuli. The M1/M2 polarization scheme does not neces-
sarily fully capture the versatility of microglia behavior along a pro- to anti-inflammatory
continuum [35]. Microglia contribute to neurodegeneration through the release of pro-
inflammatory cytokines such as IL-1f3, TNF-a, and IFN-y, and via promotion of cytotoxic
levels of ROS, reactive nitrogen species, nitric oxide, glutamate, and histamine [27, 34, 36].
Additionally, other CNS effector cells such as astrocytes, neurons, oligodendrocytes, CNS-
derived macrophages and mast cells contribute to the pro-inflammatory cytokine milieu
post-injury [37-39]. The pro-inflammatory cytokines TNF-a and IL-1f3, as well as IL-6, are
also involved in the initiation of sickness behaviors and may be related to post-AlIS and post-
TBI recovery responses [40].

Post-AlS and post-TBI inflammatory changes may be deleterious or beneficial. Several studies
show that the inflammatory response in AIS relates to infarct volume and the inflammatory
response in TBI to injury severity and contusion volume. While some studies consistently
demonstrate deleterious roles of cytokines such as TNF-q, others are inconsistent in polariz-
ing cytokines as pro-versus anti-inflammatory [41-48]. Thus, the roles of cytokines in TBI and
AIS are still unclear and while categorization of cytokines as pro-versus anti-inflammatory is
helpful, it is not definitive in all cases.

3.3. The inflammasome and pro-inflammatory cytokine release

Inflammasomes play a major role in the release of pro-inflammatory cytokines and the induc-
tion of cell death in TBI and AIS. Multiple molecules join together due to the activation of
PRRs by DAMPs to form inflammasomes specific to their PRR. Inflammasomes can be formed
in the cytoplasm of a variety of cells (neurons, microglia, macrophages, brain endothelial
cells) [49] and upregulate cytokines that augment the inflammatory response [50]. The stan-
dard inflammasome is composed of a PRR in the cell cytosol connected to the protease cas-
pase-1 by an adaptor protein. In TBI and AIS, NLRP1 and NLRP3 inflammasomes are formed
in microglia and neurons in response to DAMPs [51, 52]. NLRP1 and NLRP3 are both formed
via cytosolic NOD-like PRRs (i.e. NLR) with a carboxy-terminal leucine-rich repeat, nucleo-
tide-binding domain, and pyrin domain; these components permit interactions with an adap-
tor apoptosis-associated speck-like protein (ASC) which contains a caspase activation and
recruitment domain to permit the activation of caspase-1 (See Figure 2, Key concepts box) [50,
53]. Activated caspase-1 goes on to activate cytokines IL-1f3 and IL-18 while triggering apop-
totic cell death. The NLRP1 inflammasome can additionally recruit various cell molecular
responses including the membrane channel pannexin-1, the X-linked inhibitor of apoptosis
protein (XIAP), caspase-5, caspase-11, and P2X purinoreceptor 7 to guide its activation and
actions in various cell types [50].
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Figure 2. The Inflammasome. Inflammasome complexes form in response to activation via DAMPs or cell signaling
molecules produced in states of cell stress and injury. Cytoplasmic or transmembrane PRRs recognize DAMPs
and initiate the assembly of the inflammasome complex and the transcription of cytokine precursors. The typical
inflammasome complex is composed of a PRR connected via an adaptor protein to caspase-1. Through PRR activation
by DAMPs, caspase-1 is activated and initiates an inflammatory cascade involving the activation of the cytokines
IL-18 and IL-1p as well as cell death mechanisms. The inflammasome depicted above is representative of the NLRP3
inflammasome of the NLR family of pattern recognition receptors. The NOD-like receptor pattern recognition receptor
is a cytoplasmic receptor complex containing a leucine rich repeat, pyrin domain, and nucleotide-binding domain. It is
activated by DAMPs/molecular pattern signals to activate caspase-1 which it is connected to via the apoptosis-associated
speck-like protein, an adaptor protein. Activated caspase-1 cleaves pro- IL-18 and IL-1f to their active forms to promote
neuroinflammation and cell death mechanisms. Abbreviations: ASC, apoptosis-associated speck-like protein; DAMP,
Damage-associated molecular patterns; LRR, carboxy-terminal leucine-rich repeat, NB domain, nucleotide-binding
domain; NLR, NOD-like receptor; PRR, pattern recognition receptor. See Key Concept Box.

Key Concept Box:

Key components of the inflammatory response in AIS and TBI

DAMPs (Damage-associated molecular patterns)-intracellular contents and products released from damaged cells that
act as molecular signals to trigger neighboring and infiltrating cells to respond, thus promoting inflammation. DAMPs
interact with PRRs on cells to recruit additional cells and organize an inflammatory response.

PRRs (Pattern recognition receptors)-a receptor that recognizes the molecular signatures associated with damage
or pathogen invasion to activate downstream signal transduction and the formation of the inflammasome complex.
DAMPs or pathogen-associated molecular patterns (PAMPs) bind to their respective PRR, triggering the downstream
inflammatory response.

Inflammasome-large multiprotein complexes named after their respective PRR (e.g. NLRP1, named for the NOD-like
receptor, NLR). These complexes have been observed in astrocytes, microglia, and neurons. The standard inflammasome
is composed of a PRR attached to an adaptor protein linking it to a protease, classically, caspase-1, which goes on to
cleave and activate cytokines IL-1(3 and IL-18. Cell death is triggered via activation of these cytokines and pyropoptosis.

Cytokines-small proteins secreted by immune cells both centrally and peripherally to relay information between cells
and trigger immune responses and cell interactions to be protective or damaging. Cytokine actions include the recruit-
ment of immune cells, alteration of the BBB, alteration of neurotransmitter metabolism, angiogenesis, astrogliosis, the
promotion of other cytokines, protease activation, activation of apoptotic cell death mechanisms, and many more.
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NLRP3 inflammasomes were found in astrocytes, microglia and cortical neurons in a weight-
drop model of TBI in rats [54]. Protein levels of NLRP3, active caspase-1, and IL-18 all gradu-
ally increased over the course of 7 days in cortical tissue ipsilateral to the contusion, while
levels of IL-1(3 rose at 6 h post-injury and declined over the course of 7 days to sham levels [54].
In support of the role of NLRP3 in TBI, another animal study showed that the expression of
NLRP3, caspase-1, and thioredoxin-interacting protein (TXNIP), a regulator of NLRP3 activity,
were all increased in the cerebral cortex of rats at 12 and 24 h post-blast injury [55]. In a fluid-
percussion model of TBI in rats, NLRP1 inflammasome complexes containing ASC, caspase-1,
caspase-11, XIAP, and pannexin-1 with resultant caspase-1 activation and XIAP cleavage were
present in injured cortical lysate at 4 h post-injury. These complexes were also localized to
cortical neurons [52]. Thus, the NLRP3 inflammasome is implicated in multiple mechanisms
of brain injury ranging from diffuse blast injury to localized fluid percussion injury in animal
models and may translate to patients with different mechanisms of brain injury as well.

A single immediate intracerebroventricular post-TBI dose of anti-ASC antibody, an anti-
body targeting the ASC component of the NLRP1 and NLRP3 inflammasome complex,
decreased the activation of caspase-1, IL-13 and XIAP cleavage at 24 h post-injury. This
same intracerebroventricular dose followed by booster anti-ASC antibody injections intra-
peritoneally (i.p.) at 24 and 48 h post-TBI significantly decreased the lesion volume at 3 days
post-injury [52]. In contrast, a study using the controlled-cortical impact (CCI) TBI model
in NLRP1 knockout mice and ASC knockout mice found no differences in the recovery of
motor function up to 14 days post-injury in wild-type injured mice versus knockout mice;
there were also no differences in lesion volume or the number of dead cells in the cortex or
dentate gyrus ipsilateral to the injury at 3 days post-injury, despite an observed decrease in
IL-1B at 1 day post-injury. Interestingly, the level of IL-6 also decreased in NLRP1 knock-
outs [56]. These findings suggest a role for additional inflammatory mediators in determin-
ing histological and behavioral outcomes post-injury. The baseline versus injury-induced
inflammatory environment may influence post-injury outcomes, dictating the amount and
type of cytokines necessary to produce a certain outcome. Knockout animals have a com-
pletely different baseline inflammatory environment with potentially alternate mechanisms
of immune activation.

In humans, higher cerebrospinal fluid (CSF) levels of inflammasome complex components
caspase-1, ASC, and NACHT leucine rich repeat protein-1 (NALP-1) were associated with sig-
nificantly poorer outcomes as determined by unfavorable versus favorable Glasgow outcome
scores at 5 months post-injury in moderate-severe TBI patients [57]. Similiarly, increased
levels of inflammasome proteins, NLRP1, NLRP3, as well as caspase-1 and IL-1§3 have been
detected in ipsilateral brain tissue samples of stroke patients [58].

Preclinically, in a rodent and neuronal culture model of AIS, Fann et al. showed an upregula-
tion of NLRP3, NLRP1, caspase-1, IL-18 and IL-1(3. The authors then used a caspase-1 inhibi-
tor to thwart detrimental post-ischemia effects, reducing neuronal cell death in the culture
model and functional deficits and infarct volumes in the mouse model [58]. These findings
showcase the role of caspase-1 in post-ischemic deficits, a downstream component of many
inflammasome complexes.

The NLRP1 inflammasome also plays a role in AIS. In a study by Abulafia et al. using a throm-
boembolic mouse model of stroke, NLRP1 was detected in microglia post-stroke as early as
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6 h as compared to sham mice (NLRP1 was expressed in neurons and astrocytes, but not in
microglia in sham mice). Despite this finding, the overall concentration of NLRP1 in cortical
lysates was no different than shams [51]. In this same study, intracerebroventricular injection
of anti-NLRP1 antibody 15 min post-thromboembolic stroke reduced caspase-1 and IL-13
activation at 24 h, but did not affect infarct volume. These results are similar to the results
from the NLRP1 knockout mice studies in TBI. While the reduction in caspase-1 and IL-13
activation via anti-NLRP1 in Abulafia’s study evidences the role of NLRP1 in inflammasome
formation post-stroke, it does not distinguish NLRP1’s relative importance to other inflam-
masomes formed post-stroke. In a rodent model of stroke, the NLRC4 (NLR family, CARD
domain containing 4) and AIM2 (absent in melanoma 2) inflammasomes were shown to con-
tribute to brain injury without NLRP3 involvement (i.e., without this inflammasome com-
monly involved in brain injury) [58-61]. Furthermore, knock-out mice (NLRC4™", AIM27,
ASC™) studies all show an improvement in function following AIS with decreased microglia
activation, decreased leukocyte recruitment and decreased infarct volume [59]. These discov-
eries identify the NLRC4 and AIM2 inflammasomes in addition to the NLRP3 inflammasome
as potential therapeutic targets for stroke and provide new insights into how the inflamma-
tory response is regulated post-stroke.

3.4. Inflammatory cytokine-tissue necrosis factor-a (TNF-o)

TNF-a can interact with two receptor subtypes: TNF receptor type 1 (TNFR1) or type 2
(TNFR2). TNF-a binds to TNFR1 or TNFR?2 triggering the formation of intracellular com-
plexes (complex 1, 2a, 2b, and 2c in TNFR1 and complex 1 in TNFR2) to promote inflamma-
tion, apoptosis, neurodegeneration, necroptosis, as well as some aspects of cell survival and
proliferation through respective signal transduction pathways [62]. TNFR1 activation is clas-
sically associated with the exacerbation of cell injury and the promotion of cell death, while
TNFR? is associated with cell survival and proliferation, but has also been associated with
inflammation and apoptosis [62-64].

TNEF-a is among the first cytokines upregulated following TBI and AIS and is involved in
the regulation of microglia activation as well as glutamatergic synaptic and glial signaling
[64, 65]. Two biologically active forms of TNF-a, a soluble form and a transmembrane form,
can be released primarily by microglia in inflammatory conditions, in addition to astrocytes,
endothelial cells, and neurons. Many studies in a variety of animal models of mild to severe
TBI have detected increased levels of TNF-a post-injury [66-69].

3.5. TNF-a in TBI

In TBI patients, increased levels of TNF-a have been detected in the CSF for up to 22 days
after injury and have been noted in varying degrees in post-mortem tissue from TBI brain
samples taken early post-injury (less than 17 min survival time) versus late post-injury (6-122
h survival time) [70, 71]. Tissue from the cortex ipsilateral to injury in both the early group
and late group showed higher levels of TNF-a than controls. Specifically, the late group had
TNEF-a concentrations approximately five times higher than the early group, and higher levels
of TNF-a in the contralateral cortex as compared to controls [71].
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In animal models of TBI, TNF-a inhibition has resulted in protective effects. The lipophilic
analog of thalidomide, 3,6" dithiothalidomide, an inhibitor of TNF-a synthesis, ameliorated
Y-maze spatial memory deficits and deficits in novel object recognition at 7 days post-injury
when dosed up to 12 h post-mild TBI injury in mice [69]. Another TNE-a synthesis inhibitor,
pentoxifylline, and a TNF-at activity inhibitor, TNF-a binding protein, improved edema at
24 h and motor deficits at up to 14 days post-injury as measured by rats’ neurologic severity
score in a closed head injury weight drop model of TBI in the rat [72]. The effect of pentoxifyl-
line on motor recovery being reversible with administration of recombinant TNF-a [72].

TNF-a has demonstrated dual effects based on timing post-injury. In a study examining motor
function and lesion severity in TNF-a knockout mice at 48 h post-injury, TNF-a knockouts had
better motor function [73]. However, at 2 and 4 weeks post-injury, TNF-a knockouts had worse
motor function and more cortical tissue loss than wildtype mice [73]. In another study, mice
lacking the mitogen activated protein kinase (MAPK), p38a, a downstream signaling mecha-
nism in microglia known to promote TNF-a and IL-13 cytokine release (p38a knockout mice)
were examined in a model of diffuse TBI using fluid percussion injury causing massive microg-
lia activation. Interestingly, in the TBI-injured p38a knockout mice, TNF-a levels were actually
higher than wildtype TBI-injured mice at 6 h post-injury and returned to baseline levels by 7
days post-injury, alongside the reversal of motor deficits on rotarod and a decrease in activated
microglia morphology in p38a knockout TBI-injured mice [74]. These findings support addi-
tional sources of TNF-a post-TBI and contrast the role of other microglia-induced cytokines to
TNF-a in aspects of functional recovery post-TBI.

In a closed head injury model of TBI in mice, the expression of the complement system’s
Cba receptor was examined in TNF/lymphotoxin-a knockout mice. C5a is an anaphylatoxin
involved in neutrophil and glial cell chemotaxis to the site of injury as well as neuronal apop-
tosis [75, 76]. The TNF/lymphotoxin-a knockout TBI mice experienced high levels of C5a
receptor in neurons, neuroglia, and neutrophils at 24 and 72 h, similar to wild-type TBI mice,
but displayed lower C5a receptor levels than the wild-type TBI mice by 7 days post-injury;
sham-injured knockout mice had low levels of C5a receptors [77]. These findings emphasize
the importance of the timing of cytokines in the regulation of the immune response post-TBI,
as lack of TNF-a decreased Cba receptor expression at only 7 days post-TBI.

3.6. TNF-a in AIS

In AIS patients, TNF-a has been demonstrated in neurons and astrocytes in brain tissue
within the first 24 h and for up to 18 days post-stroke; TNF-a immunoreactivity overlapped
many TUNEL stained dying cells in the infarct core and peri-infarct region within the first
days post-stroke, spreading as far as the contralateral hemisphere by 1.6 days in one case [78].
In patients, TNF-a was also found to be a good marker of ischemia in peripheral blood at 24 h
post-stroke [79]. Peripheral TNF-at can induce the production of MCP1/CCL2 which not only
help to recruit monocytes into the CNS [80], but also induce leukocyte rolling and adhesion to
cerebral vasculature via E- and P-selectins [81].

In a pre-clinical study by Botchkina et al. examining AIS and TNF-a expression, TNF-a
was increased locally in astrocytes, microglia, choroid plexus cells, endothelial cells, and in
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infiltrating polymorphonuclear cells; neurons expressed maximal levels of TNF-a by 6 h post-
stroke, and were surrounded by activated microglia. TNF-a regulates microglial activation as
well as glutamatergic glial and synaptic transmission [82]. Apoptotic neurons were also found
to express TNF-a at 24 h post-stroke [83]. TNF-a expression in AIS results in the upregulation
of MMP-9 and other metalloproteinases that increase BBB permeability; the increased BBB
permeability permits entry of leukocytes, proteases, immunoglobulins and thrombin into the
CNS, facilitating cell injury [84-86]. Higher baseline peripheral levels of MMP-9 were corre-
lated with larger lesion volumes in stroke patients [79].

Higher levels of TNF-a are generally related to worse outcomes in AIS. Mice genetically
modified to overexpress TNF-a have larger infarct volumes post-stroke, as well as increased
neuronal apoptosis [87]. Barone et al. showed that administration of TNF-a prior to AIS
resulted in worse functional deficits and larger infarcts that were reversed via neutralization
with anti-TNF-a antibody. The pre- and post-stroke intracerebroventricular administration
of anti-TNF-a antibody or soluble TNF-receptor I also decreased infarct size in this study
[88]. The soluble TNFR1 receptors sequester the TNF-« that has already been released due to
AIS, thus helping reduce ischemic injury. Additional studies administering TNF-a neutral-
izing antibodies or soluble TNF-a receptor post-stroke result in smaller lesion volumes and
less cerebral edema [86, 89]. A study by Pan et al. on TNF-a trafficking across the BBB post-
stroke found that mice who underwent AIS had higher levels of TNF-a transported across
the BBB on day 5 post-stroke in both hemispheres, cortically and subcortically without an
increase in overall BBB permeability. This finding was substantiated by a peak number of
TNFR1 and TNFR2 receptors in endothelial cells ipsilateral to the ischemic site at 5 days post-
stroke that would permit this selective uptake across the BBB. However, interestingly, these
increases in TNF-a transport peaked while functional deficits began to improve [90]. Thus,
the observed time course of increased TNF-a levels in this study may additionally impli-
cate TNF-a in post-stroke repair and neuroplasticity. Further evidence of TNF-a’s potential
benefit is seen via its ability to activate the formation of the TNFR1-TRADD (TNF receptor
associated protein death domain) complex to induce NF-kB mediated transcription of anti-
apoptotic proteins, contributing to cell survival. However, TNF-a can also induce cell death
via recruitment of caspases and proteins like Fas-associating protein with a death domain
(FADD)[64].

3.7. TNF-a polymorphisms

In both AIS and TBI, single-nucleotide polymorphisms (SNPs) in TNF-a have been correlated
to different risk profiles for disease severity [91-93]. A meta-analysis on AIS risk in individu-
als with TNF-a-308G/A gene versus-238G/A gene polymorphisms, both of which lead to high
TNF-a production, suggests differences in AIS risk associated with these SNPs in Caucasians
versus Asians; the TNF-a-308G/A gene polymorphism was protective in Asians, while the
TNF-a-238G/A gene polymorphism was associated with a higher risk of AIS in Caucasians
[92]. In a study of the TNF-a-308G/A gene polymorphism in TBI patients, those with this
polymorphism had worse clinical outcomes as measured by the Glasgow outcome scale at 6
months post-injury [93].
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3.8. Inflammatory cytokine-interleukin-1f

IL-1p is an essential mediator in the neuroinflammatory response, is constitutively expressed
in the CNS, and is upregulated minutes after a neuronal insult [94]. As previously mentioned,
pro- IL-1f3 is cleaved by caspase-1 into its active form [94]. The transcription and translation
of pro-IL-1p is modulated by molecules that are altered in neuronal injury and infection, such
as prostaglandins, lipopolysaccharide, and glucocorticoids; glucocorticoids decrease the pro-
duction of pro-IL-1p, while lipopolysaccharides and prostaglandins, as well as intercellular
adhesion molecules increase it [94].

The type 1 IL-1 receptor (IL-1R1) and type 2 IL-1 receptor (IL-1R2) bind to active IL-1f to
regulate cytokine concentration. IL-1R2 acts as a decoy receptor, as it does not induce down-
stream effects upon binding to IL-1(3 [94]. In contrast, the type 1 IL-1 receptor induces signal
transduction pathways in multiple cell types (endothelial cells, oligodendrocytes, neurons,
astrocytes, microglia, leukocytes). For example, when IL-18 binds to IL-IR1 on microglia,
cytoplasmic GTPases signal to MAPK p38a downstream to induce the transcription and
release of other cytokines, such as TNF-a and the phagocytosis of axonal and cellular debris;
IL-1p also induces the expression and secretion of heat shock proteins that activate other PRRs
and expand the neuroinflammatory response [95, 96]. IL-1 receptors can also circulate in a
soluble form to bind and impact the concentrations of IL-1 cytokines [94, 95]. The IL-1 recep-
tor antagonist, IL-1Ra, is an innate competitive antagonist to other IL-1 receptors and does not
induce a downstream biological response [94, 95].

3.9. Inflammatory IL-1p in TBI

Numerous studies demonstrate the rapid rise of IL-1f post-injury associated with increased
cell death. The exogenous addition of IL-1f3 or increased production of IL-1 post-TBI is associ-
ated with an exacerbation of injury [97-100]. For example, Lu et al. observed increased levels
of hippocampal IL-1f as early as 3 h, peaking at 12 h and remaining for 48 h post-injury in
a weight drop model of TBI in rats associated with severe hippocampal neuronal loss [101].
Lawrence et al. demonstrated an exacerbation of neuronal loss in the cortex when IL-1f3 was co-
administered into the ipsilateral or contralateral striatum with excitotoxin infusion in the cor-
tex. These studies provide examples of IL-1§3’s global influence on cell death post-injury [102].

Accordingly, studies ablating the expression of IL-1{ or inhibiting its biological effect via anti-
IL-1p antibodies, upregulation of the endogenous IL-1{3 receptor antagonist, IL-1Ra, or inter-
leukin-1 receptor antagonists show improvements in TBI outcomes in rat models [103-105].
Injury-induced neuron loss in the rat hippocampus was also significantly improved with pre-
injury intracerebroventricular administration of IL-1B antibody [101]. Post-CCI i.p. admin-
istration of anti-IL-1p antibody decreased edema at 48 h post-injury, as well as microglia
activation, lesion size, and visuospatial learning deficits in the Morris water maze (MWM)
task (decreased latency to the hidden platform on 2 out of 4 training days, but did not improve
memory probe trial performance) at up to 20 days post-injury [106]. Anti-IL-18 antibody
administration via osmotic minipump in this same CCI model resulted in decreased neutro-
phil and activated T cell penetration across the BBB into the cortex at 7 days post-injury [107].
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IL-1B neutralizing antibodies were also tested in a central fluid percussion injury mouse model
of diffuse axonal TBI; IL-1{ neutralizing antibodies were administered i.p. 30 min post-injury,
improving the latency to hidden platform times in the probe trial (long-term memory) of the
MWM task at 21 days post-injury to near sham-injured levels [108]. Decreases in the number
of stereotypies in a multivariate concentric square field test were also seen in IL-1p neutral-
izing antibody-treated mice 2 and 9 days post-injury. Histologically, the number of microglia
and macrophages were unchanged in treated mice [108]. The difference in IL-1§3 neutralizing
antibodies’ effect on cognitive outcomes post-TBI in these models could be related to the dif-
ferent injury models used.

The genetic overexpression of the endogenous receptor antagonist to IL-1f3, IL-1Ra in a closed
head injury mouse model of TBI resulted in an improved neurologic severity score, lower
cortical levels of harmful TNF-«, and a delayed rise in IL-1§3 and IL-6 at 6 versus 4 h post-
injury in wildtype mice [104]. However, in a study examining the use of the recombinant
human IL-1Ra (i.e, anakinra), in patients with severe TBI, treatment, while safe without seri-
ous adverse effects, was found to induce a shift in cytokine levels towards an unexpected phe-
notypically M1 microglial response in comparison to non-treated controls [109, 110]. These
findings evidence a more broadly defined role for IL-1Ra in TBI and the effect of IL-1Ra on
microglial activation.

In a study of post-mortem TBI cortical tissue ipsilateral and contralateral to the lesion site,
IL-1p levels were significantly higher in brains from patients with survival times ranging from
6 to 122 h post-injury, signifying a later peak of action [71]. IL-13 CSF samples were higher
than extracellular plasma levels of IL-1f3 and IL-1Ra following severe TBI in 12 patients, with
peaks occurring 1 day and 2 days post-injury, respectively [111].

3.10. Inflammatory IL-1f in AIS

IL-1p is released from activated microglia within 30 min of ischemic stroke and appears to be
the main IL-1 agonist induced in the brain in response to systemic or local insults [112, 113].
In the acute phase of injury, IL-1f interacts with its receptors to enhance microglial activation,
stimulate astrocytic production of vascular endothelial growth factor (VEGF), and MMP-9
from NG2-oligodendrocyte precursor cells (NG2-OPC) [114, 115]. Evidence from human
culture systems suggests that hypoxia itself induces the production of IL-1{3 in endothelial
cells, which then upregulates leukocyte adhesion molecules by an autocrine mechanism [116].
Additional preclinical studies have further clarified IL-1f participation in AIS pathophysiol-
ogy noting that neither IL-1(3 nor IL-1Ra influence glutamate release or reuptake [117, 118].

A study by Clausen et al. showed that IL-1f3 and TNF-a are produced by largely segregated
populations of microglia and macrophages after AIS in mice, providing evidence of the func-
tional diversity among microglia and macrophages induced post-stroke [119]. This informa-
tion may inform the design and characterization of anti-inflammatory therapies in stroke.
The mRNA of the natural receptor antagonist, IL-1Ra was also much higher at 12 h after per-
manent middle cerebral artery occlusion and remained elevated for up to 5 days post-stroke
in the ischemic cortex and may reflect its effort to dampen the influence of IL-1{ in the acute
phase of AIS [120]. Multiple laboratories have examined IL-1Ra as a therapy in preclinical
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models of AIS in mice. In a multicenter international project examining the short- and long-
term effects of IL-1Ra therapy in preclinical models of AIS, consistent decreases in lesion size
on days 1 and 7 were noted via histology and MRI after treatment with subcutaneous IL-1Ra
[121]. Improvements in neurologic deficits/function (“sensorimotor asymmetry”) for up to 28
days post-treatment were also noted in this study across AIS models [121].

The potentially noxious role of IL-1 in AIS is supported by the finding that inhibition of IL-13
converting enzyme (ICE) decreases infarct volumes in mice [122] and rats [123]. Moreover,
transgenic mice with a mutant ICE gene developed smaller infarcts, fewer neurological def-
icits, lower IL-1pB levels and decreased DNA fragmentation after transient and permanent
middle cerebral artery occlusion [124, 125]. Furthermore, many studies testing therapeutics in
animal models of AIS correlate declines in IL-1f levels post-drug administration to improved
functional and histologic outcomes post-stroke [115, 126, 127]. Thus, levels of IL-1p and IL-1Ra
can be important predictors of the degree of neuroinflammation following ischemic stroke,
as increased levels of IL-13 worsened AIS whereas IL-1Ra provided brain protection [114].

Clinically, a longitudinal study of patients with ischemic stroke revealed acutely increased
mRNA levels of IL-13, IL-8, and IL-17 in peripheral blood samples, with IL-1{3 and IL-8 corre-
lating with Scandinavian stroke scale scores [128]. IL-1p levels were higher in those with more
severe neurologic impairment [128]. Increased intrathecal production of several cytokines,
including interleukins IL-1p, IL-6, IL-8, IL-10, TNF-a, and granulocyte-macrophage colony-
stimulating factor, has also been demonstrated in patients with AIS [42, 129, 130]. In a clinical
study involving 30 stroke patients, an early increase in intrathecal, but not systemic levels of
IL-1(3 were observed post-stroke [42]. Ormstad et al. noted an association between high acute
serum levels of glucose and IL-1§3, and low IL-1Ra and IL-9 to post-stroke fatigue [21]. These
findings support the involvement of cytokines in fatigue after stroke [21].

3.11. Inflammatory cytokine-interleukin-18

IL-18 (previously known as IFN-y inducing factor) is a pro-inflammatory cytokine of the
IL-1 family, namely produced by microglia in the CNS [131]. IL-18 also regulates IFN-y sig-
naling in T-cells and Natural Killer (NK) cells [60, 76]. As previously mentioned, IL-18 can
be activated through caspase-1 cleavage via inflammasome formation in addition to other
proteases such as proteinase-3[94]. Activated IL-18 binds to IL-18 receptors on a variety of
cell types to trigger downstream signal transduction pathways; the release of glutamate at
the synapse as well as the upregulation of postsynaptic AMPA receptors in hippocampal neu-
rons is induced via IL-18 and has been shown to inhibit long-term potentiation in the dentate
gyrus [132]. IL-18 can also induce apoptotic pathways (Fas-Fas ligand binding via induction
of FasL expression on glia), cytotoxic immune cell activation, the extravasation of polymor-
phonuclear cells, their respiratory burst response and degranulation, as well as the release of
matrix metalloproteinases and cytokines like TNF-a, IL-1p and IFN-y [131].

3.12. Inflammatory IL-18 in TBI

IL-18 is heavily involved in neuroinflammation and neurodegeneration in TBI and AIS. IL-18
levels were found to be elevated for up to 10 days post-TBI in the CSF of patients who had
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experienced a severe head injury [133] and have been associated with more severe disability
[134]. In a study examining serum levels of IL-18 in TBI patients, plasma IL-18 levels were ele-
vated at 7 days, 3 months, and 6 months post-injury and were noted to decrease over time in
parallel to cognitive improvement as measured by the mini mental state examination (MMSE).
Those with higher MMSE scores had lower levels of IL-18 at all time points [135]. In mice,
IL-18 was elevated above control levels at 7 days post-weight drop TBI. The administration
of the IL-18 inhibitor, IL-18-binding protein, at 1 h post-injury improved injury-induced defi-
cits involving motor function, reflexes, and normal behaviors tallied via a neurologic sever-
ity score at 7 days, but did not improve cerebral edema or behavioral deficits acutely at 24 h
post-injury [133]. This evidences a role for IL-18 in the later phase of inflammation post-injury.

3.13. Inflammatory IL-18 in AIS

IL-18 shows a delayed rise (2448 h) and peak (7-14 days) following ischemic stroke in mice
[136]. However, IL-18 knockout mice showed no difference in infarct size at 24 or 48 h post-
AlIS, suggesting its limited effect on lesion severity early post-AIS [137, 138].

However, examination of human atherosclerotic plaques from carotid arteries show higher
levels of IL-18, IL-18 receptor and caspase-1 expression, with IL-18 levels highest near macro-
phages and higher in ulcerating, unstable plaques [139]. This supports a pathogenic role for
IL-18 early in the pathophysiology of AIS, at stages of thrombus formation. In AIS patients,
plasma IL-18 levels obtained from blood samples taken by venous access at 48 h following
AIS in 217 patients were significantly higher than in control groups. Patients with high IL-18
had significantly higher incidences of 90-day recurrent stroke and death. Thus, plasma IL-18
levels could be a major independent inflammatory predictor of 90-day morbidity and mortal-
ity in AIS patients [140]. However, these observations are incongruent with a larger study
in 2008 where IL-6, IL-18 and TNF-« levels were examined in relation to recurrent stroke
risk. The data was obtained from the perindopril protection against recurrent stroke study
(PROGRESS) study. It was found that IL-6 and TNEF-a, but not IL-18, were associated with
risk of recurrent ischemic stroke independent of conventional risk markers [141].

Yang et al. explored IL-18 as a potential marker for post-AlS depression. It was observed that
serum IL-18 levels on both days 1 and 7 post-AIS were significantly higher in post-stroke
depression patients and non-post-stroke depression patients than in non-stroke controls.
Serum IL-18 on day 7 was significantly higher in post-stroke depression patients than in non-
post-stroke depression patients, suggesting a role for IL-18 in post-AIS changes in mood [25].

3.14. Inflammatory cytokine-interferon-y

Interferon-vy is a classic pro-inflammatory cytokine released peripherally by activated T cells
and natural killer cells to activate macrophages, monocytes, and microglia [33]. In any type of
brain injury, compromise of the BBB permits the influx of peripheral T cells and NK cells, sub-
jecting CNS cells to the effects of IFN-y. IFN-y may exacerbate BBB permeability to periph-
eral immune cells post-injury through the upregulation of vascular cell adhesion molecule in
astrocytes of the BBB [142]. IFN-y then directs microglia to express neuroprotective versus
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cytotoxic features depending on the cytokines’ concentration [143]. Microglia activated by
low levels of IFN-y can actually induce neurogenesis and oligodendrogenesis [143]. IFN-y
was also recently discovered to be released by microglia in response to IL-12 or IL-18 [144].

3.15. Inflammatory interferon-y in TBI

In biopsies from the brains of severely injured patients, IFN-y was detected within the first 24 h
post-injury and was found to be higher than IL-4 and IL-6 at 3-5 days post-injury, indicating a
robust pro-inflammatory response at up to 5 days post-TBI [145]. Post-mortem TBI brain analy-
ses show significantly increased levels of IFN-vy in brains with survival times less than 17 min
with even higher levels in tissue ipsilateral and contralateral to the injury in brains with survival
times ranging from 6 to 122 h post-injury [71]. In a study examining cytokine levels in patients
with severe TBI with post-traumatic hypoxia, the duration of elevated IFN-y levels was longer,
persisting 5 days post-TBI, as compared to severe TBI patients without hypoxia, indicating
more persistent neuroinflammation in TBI patients with hypoxia [146]. Experimental models
of TBI have also investigated the time course of IFN-y expression post-injury and have detected
variations according to the injury type and sex. A penetrating ballistic injury model of TBI in
male rats demonstrated rises in IFN-y within 4 h post-injury, while a post-craniotomy weight
drop model of TBI in female rats did not detect IFN-y by post-injury day 2 [147-149]. CCl injury
versus craniotomy alone in mice also showed significant increases in IFN-y expression with
different cytokine expression time courses, supporting the impact of injury severity on cytokine
expression; the mild injury via craniotomy resulted in a shorter lived cytokine response, while
the severe CCI injury resulted in a response persisting for at least 21 days. IFN-y expression
peaked at 3 and 7 days post-injury in CCl-injured and craniotomy mice, respectively, with CCI-
injured mice expressing higher peak levels of IFN-y [150].

3.16. Inflammatory interferon-y in AIS

IFN-y has been strongly detected in autopsied human brains for up to 28 days post-ischemic
stroke and is substantially expressed by inflammatory glia [151]. However, the rise of IFN-y
post-stroke may be largely facilitated by infiltrative lymphocytes, like CD4" and CD8" T cells,
as IFN-y is not present in normal brain tissue [152]. A study by Yilmaz et al. utilized the tran-
sient middle cerebral artery occlusion model of AIS in mice and knockout mice lacking various
lymphocyte populations to assess the role, interaction, and contribution of lymphocytes and
IFN-y to infarct severity and functional deficits post-stroke. AIS-induced increases in plate-
let and leukocyte adhesion were significantly attenuated in CD4+ T cell knockout mice and
CD8+ T cell knockout mice. Leukocyte adhesion also decreased in neutrophil deficient mice.
Similarly, lymphocyte deficient mice (Rag™ mice) and IFN-y knockout mice had significantly
lower levels of leukocyte and platelet adhesion post-stroke. Ischemic infarct volume was also
lower in IFN-y knockout mice and lymphocyte deficient (Rag1”") mice. In contrast, neurologic
deficits were only improved in lymphocyte deficient Ragl™ mice [152]. These effects were
reversed when splenocytes were added to restore lymphocytes in Rag™~ mice [152]. While the
absence of IFN-y alone was enough to significantly impact infarct volume post-AlS, it was not
sufficient to significantly change outcomes in neurologic deficits post-AIS [152].
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IFN-y mRNA expression is also systemically increased in blood monocytes, splenocytes, and
lymph node cells in AIS [153]. In a study by Li et al., systemic IFN-y mRNA expression was
increased as early as 1 h and remained elevated at 6 days, while expression levels in the isch-
emic hemisphere had a more delayed onset, rising at 12 h and remaining elevated at 6 days
post-stroke in rats; the expression levels correlated with the infarct size [153].

IFN-y employs the induction of adhesion molecule expression, stimulation of NADPH oxi-
dase and activation of microglial cells and other immune cells to promote neuroinflamma-
tion [154-156]. Furthermore, IFN-y may directly induce arteriosclerosis, increasing the risk of
ischemic stroke. A study by Tellides et al. using porcine and human artery grafts transplanted
into immunodeficient mice showed that arteriosclerotic changes could be induced by IFN-y
administration alone through its interaction with vascular smooth muscle cells, without the
presence of immune cells [157]. IFN-y may therefore be a chief mediator of inflammatory and
thrombogenic responses in the microvasculature.

3.17. Anti-inflammatory cytokines in traumatic brain injury and ischemic stroke

The pro-inflammatory response of effector cells in the CNS to tissue injury is opposed by
cytokine-induced anti-inflammatory effects that initiate repair processes and curb excessive
inflammation. Some examples are provided below.

3.18. Anti-inflammatory cytokine interleukin-10

IL-10 binds to IL-10 receptors (IL-10R) which contain two receptor subunits, IL-10R- a and
IL-10R-p [158]. Through activation of its receptor, IL-10 induces the JAK/STAT pathway to
decrease inflammation and the PI3K/Akt pathway, to decrease apoptosis through the upregu-
lation of anti-apoptotic factors and downregulation of caspase-3 expression [159]. Astrocytes,
neurons and microglia generate IL-10 in the CNS, while lymphopoietic cells are responsible
for its production outside of the CNS [160-162]. Regulatory T-cells produce IL-10 to decrease
the activity of other T-cells and are involved in suppressing the immune response contribut-
ing to CNS injury [40]. IL-10 is involved in astroglial activation and microglia suppression to
promote anti-inflammatory and immunosuppressive actions; microglia stimulated via TLR
activation produce IL-10 and can have enhanced production in the presence of other signal-
ing molecules like adenosine [163]. IL-10 inhibits macrophage production of NO and ROS [70]
and also inhibits leukocyte adhesion to the endothelium [164]. It also decreases macrophage
and lymphocyte production of IL-1, IL-6, IL-8, TNF-a, and IFN-y [165, 166]. Furthermore,
IL-10 curbs inflammatory processes such as T cell generation and MHC class II antigen upreg-
ulation [167, 168].

3.19. Anti-inflammatory IL-10 in TBI

In the context of TBI, IL-10 is demonstrably higher intrathecally and has been shown to acti-
vate the anti-inflammatory subtype of microglia (phenotypically referred to as M2 microglia)
involved in matrix formation and the remodeling of tissue [169-171]. In a study examining
IL-10 in TBI, Knoblach et al. administered intravenous IL-10 at 30 min prior to and 1 h after



Roles of Pro- and Anti-inflammatory Cytokines in Traumatic Brain Injury and Acute Ischemic Stroke
http://dx.doi.org/10.5772/intechopen.70099

lateral fluid percussion TBI in rats. IL-10 administration improved motor function at 7 and
14 days post-injury and decreased TBl-related cortical TNF-at and IL-1 expression, as well
as hippocampal IL-1 expression at 4 h post-injury [165]. In contrast, intracerebroventricu-
larly administered IL-10 did not result in the same improvements, highlighting the systemic
involvement of IL-10 on TBI pathophysiology [165]. Furthermore, the higher intracerebroven-
tricularly administered dose trended towards a lower survival rate than the lower dose and
control groups [165].

In a 21-day analysis of cytokine expression post-CCI in mice, IL-10 was modestly elevated
by day one post-injury with peak expression at 3 days post-CCI [150]. A weight drop model
of TBI in rats showed an acute rise of IL-10 brain levels beginning 2 h post-injury followed
by a progressive rise beginning at 4 h post-TBI; mRNA expression of IL-10 peaked within
minutes post-injury followed by an acute drop and rebound that progressively declined over
the remaining 24 h [98]. These findings demonstrate variability in the degree of the cytokine
response in relation to the mechanism of injury.

Clinically, in pediatric TBI patients, IL-10 was detectable in CSF on days 1-3 post-injury [172].
High IL-10 levels were associated with increased mortality and with children under 4 years
old [172]. High serum levels of IL-10 in adult patients with severe TBI were also associated
with increased mortality and a worse GCS [173]. Csuka et al. monitored CSF and plasma
IL-10 levels in severe TBI patients, noting that CSF levels of IL-10 were generally higher than
serum levels, with a first peak around days 0-2 post-injury followed by a smaller peak at 7-9
days post-injury with some individual patient variation; these levels did not correlate with
BBB dysfunction, but correlated with different cytokines (IL-6, TNF-a) in some patients [70].

3.20. Anti-inflammatory IL-10 in AIS

In AIS, IL-10 can be released by microglia via IL-33/ST2 signaling [174]. IL-10 and IL-10R
mRNA levels increase post-AIS with IL-10Rs noted on astrocytes in the infarct zone where
astrocytes attempt to wall off the lesion site from viable surrounding tissue [175]. IL-10 plays
an important role in neuroprotection post-stroke, as IL-10 knockout mice do not improve
histologically with administration of the anti-inflammatory cytokine IL-33 post-AIS (158).
Furthermore, IL-10 knockout mice have an exacerbated, delayed inflammatory response with
higher mRNA levels of TNF-a, IL-18, MMP-9, and COX-2 at day 4 post-AlIS, whereas wild-
type mice express high IL-10 and IL-10R levels at this time point [175]. Studies show that
decreased levels of IL-10 are associated with poor stroke outcomes and that administration
of IL-10 post-stroke helps to reduce poor histological and behavioral outcomes [17, 175-179].
However, IL-10 knockout mice have been shown to induce a degree of immunosuppression
post-AlS with higher levels of T-cell inhibitory CTLA-4 mRNA, phagocytic macrophages, and
the M2 microglia marker arginase-1 at day 4 post-stroke [175].

In a clinical study, assessing the presence of IL-10 and IL-4 in AIS in relation to clinical wors-
ening, significantly lower concentrations of IL-10 were found in patients with neurological
worsening within the first 48 h after stroke onset versus IL-4 levels which were similar in
patients both with and without neurologic deterioration [180]. Lower plasma concentrations
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of IL-10 were only independently associated with clinical worsening in patients with sub-
cortical or lacunar strokes [180]. Thus, IL-10 is associated with the acute neuroinflamma-
tory response in AIS, especially in those with cerebral microvascular disease or subcortical
infarcts [180].

Another clinical study assessed the relationship between stroke severity and the serum
levels of IL-1p3, IL-2, and IL-10 in 26 patients with AIS, analyzing neurological outcome and
interleukin levels at 72 h post-AIS. In this study, patients with lower IL-10 levels deterio-
rated neurologically within the first 72 h. Thus, IL-10 may be involved in protective mecha-
nisms during the acute phase of AIS [181]. However, IL-10’s role in AIS and post-stroke
recovery may be influenced by additional patient characteristics, such as sex. Conway et al.
noted that sex may interact with IL-10 levels on stroke outcomes since female patients with
higher IL-10 levels at 24 h post-stroke were noted to have a higher incidence of post-stroke
urinary tract infections and poorer overall outcomes [182]. However, these levels did not
independently predict outcome, suggesting the involvement of other interacting factors
such as age, stroke risk, stroke severity and baseline IL-10 levels pre-stroke in addition to
sex [182].

Interestingly, pre-clinically, spontaneously hypertensive rats have been shown to have lower
baseline IL-10 levels and a decrease in IL-10 levels within the ischemic hemisphere at 24 h
post-AIS [183]. This contrasts with the cytokine response in normal rats who have an increase
in IL-10 levels at 24 h post-AIS [183]. Spontaneously hypertensive rats have generally poorer
outcomes with larger infarcts and degrees of edema [184]. These findings emphasize the influ-
ence of baseline cytokine levels and stroke risk factors, such as hypertension, in dictating
cytokine responses, as well as stroke severity and recovery.

3.21. Anti-inflammatory cytokine interleukin-33

IL-33, a cytokine belonging to the IL-1 family, is constitutively expressed in oligodendrocytes
and astrocytes, as well as endothelial cells [185]. IL-33 undergoes activating cleavage by cas-
pase-1 and interacts with a host of immune cells to shift the neuroinflammatory response
towards neuroprotective, anti-inflammatory microglial and Th2 cell phenotypes, increasing
the release of anti-inflammatory cytokines IL-4, IL-5, and IL-10, while decreasing the release
of pro-inflammatory cytokines like TNF-a [186, 187]. IL-33 binds to suppression of tumorige-
nicity 2 (ST2) receptor, a receptor that can either be expressed on the membranes of astrocytes
and microglia to increase microglia phagocytosis or as a soluble receptor [188].

3.22. Anti-inflammatory IL-33 in TBI

In a study examining the effects of IL-33 in a culture model of the CNS, incubation of cells
with IL-33 resulted in microglial proliferation and triggered mRNA expression of pro-inflam-
matory markers TNF-a and IL-1§3, as well as the anti-inflammatory cytokine IL-10 [188]. In
IFN-y stimulated microglia, IL-33 induced iNOS mRNA expression, a demonstrated neuro-
protectant in TBI [189], demonstrating the interaction of various cytokines on microglia phe-
notype [188]. More studies need to be conducted on the role of IL-33 in TBI.
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3.23. Anti-inflammatory IL-33 in AIS

In a recent study by Yang et al., mice deficient in the IL-33 transmembrane ST2 receptor had
worse outcomes with a shift in the post-AIS response towards pro-inflammatory microglial
behavior accompanied by larger infarcts with higher levels of neuronal cell death and poor
behavioral performance at 7 days post-AlS, as well as higher mortality rates [174]. These find-
ings showcase ST2 signaling as an important neuroprotective factor post-AIS. Under normal
conditions, transmembrane ST2 receptors are primarily expressed on microglia and astro-
cytes. However, following AIS, ST2 receptor expression increases in these cells, as well as
in macrophages and neutrophils. Post-stroke IL-33 levels increase in parallel, mainly from
oligodendrocyte and astrocyte production [174].

Administration of IL-33 in in-vivo and in-vitro models of AIS is associated with improved neu-
rologic scores, smaller infarct volumes, as well as improvements in the level of cerebral edema
and neuronal survival with a shift towards protective microglia phenotypes [174, 186, 187].
IL-33's protective effects, mediated via its ST2 transmembrane receptor, are thought to be par-
tially mediated by IL-10, as IL-33 is known to induce IL-10 production by microglia and IL-10
knockout mice did not experience the protective, infarct shrinking effects of IL-33 administra-
tion post-AIS [174]. IL-33 administration in AIS also resulted in changes in concentrations of IL-4
post-stroke. Korhonen et al. showed that decreases in lesion size with post-stroke IL-33 admin-
istration was associated with increases in IL-4 levels in the penumbra post-AIS and that these
improvements diminished with the administration of anti-IL-4 antibody [186]. These observa-
tions demonstrate the interaction of IL-4 in the neuroprotective cascade induced by IL-33 [186].

Clinically, Korhonen et al. demonstrated that the soluble ST2 receptor, a decoy receptor that
inhibits the actions of IL-33, was higher in the plasma of patients with poorer outcomes as
measured by the modified Rankin score at 3 months post-AIS, while lower levels of this IL-33
inhibiting receptor were associated with better outcomes [186]. In agreement with these find-
ings, serum IL-33 levels have also been found to be significantly higher in patients with AIS
compared with healthy controls, with higher levels of IL-33 associated with smaller infarct
volumes amongst those in the AIS group [190]. Serum IL-33 was also significantly higher in
the patients with mild stroke as compared to the patients with severe stroke. Furthermore,
serum IL-33 levels in AIS patients were higher in those with better functional outcomes at 3
months [190]. In a smaller study by Liu et al. serum IL-33 levels were also increased in AIS
patients in comparison to controls, but IL-33 levels were noted to be positively correlated with
infarction volume [191]. These findings suggest a role for IL-33 in the pathophysiology of AIS
and a potential use for serum IL-33 levels for diagnostic and prognostic purposes post-stroke.

3.24. Anti-inflammatory cytokine Interleukin-4

IL-4 is generated by eosinophils, mast cells, basophils, and Th2 cells and plays a role in apop-
tosis, gene expression, the Th2 immune response and cell proliferation [192]. IL-4 produced by
T-cells has shown involvement in the formation of memories and learning; mice lacking IL-4
as well as T-cell depleted mice have spatial memory impairments in the MWM task, reversed
by transfer of IL-4 producing T-cells [193]. IL-4 knockout mice actually express higher levels of
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pro-inflammatory TNF-a mRNA [192]. In a cell culture experiment, astrocytic BDNF produc-
tion, induced by IL-4, partially ameliorated the pro-inflammatory cytokine induced reduction
in astrocytic BDNF [192]. Furthermore, IL-4 receptor complexes (type 1 and type 2) mediate
IL-4 signaling through downstream JAK/STAT pathways to induce M2-like microglia, Th2
cell proliferation, and growth factor release, as well as cell growth and survival via the down-
stream PI3K/Akt and PKB/mTOR pathways, evidencing its neuroprotective role [194].

3.25. Anti-inflammatory IL-4 in TBI

In pre-clinical models of TBI, IL-4 gene and protein expression peaks at 24 h post-TBI in the
injured hippocampus of CCl-injured rats, with a largely pro-inflammatory M1 response initi-
ated more acutely within 2 h post-injury and peaking between 2 and 6 h post-injury [195]. IL-4
and IL-13 can activate the M2a polarization state of microglia, an anti-inflammatory microglia
subtype and may be an avenue for potential therapy post-TBI [169, 171]. Clinically, in patients
undergoing surgery post-severe TBI, IL-4 expression levels were increased in the first 24 h
post-injury in brain tissue samples, while lower IL-4 levels were present in patients undergo-
ing surgery on days 3-5 post-injury; in the late group, IL-4 levels were also significantly lower
than IL-1(3 and IFN-y levels [145].

3.26. Anti-inflammatory IL-4 in AIS

IL-4 is beneficial post-AIS via a variety of mechanisms. It increases the number of astrocytes
with BDNF expression, acts on microglia to decrease their release of TNF-a, and increases
anti-inflammatory M2 microglia; in conjunction with TGF-{32, IL-4 also activates these microg-
lia [196, 197].

A preclinical study examining the effect of IL-4 on long-term recovery and microglia/macro-
phage polarization utilized two well-established models of stroke in wild-type and IL-4 knock-
out mice [198]. In this study, IL-4 deficiency worsened neuronal loss within 5 days post-stroke
but had no impact on neuronal tissue loss at 14 or 21 days post-stroke, suggesting a key role
for IL-4 in earlier phases of stroke pathophysiology and recovery [198]. Lack of IL-4 promoted
the expression of M1 microglia and macrophage markers and dampened the expression of M2
markers at 5 and 14 days post-stroke [198]. Functionally, IL-4 knockout mice exhibited an exacer-
bation of stroke-induced sensorimotor deficits as early as 5 days post-stroke and impaired long-
term cognitive function at 21 days post-stroke [198]. Congruently, a week-long infusion of IL-4
into the cerebral ventricles of wildtype mice post-AlS reversed the effects shown in the deficient
IL-4 knockout mice, improving long-term sensorimotor and cognitive recovery [198]. Thus, IL-4
may help to improve long-term neurological outcomes after stroke through anti-inflammatory
microglia phenotypes. Additionally, a clinical study by Garcia-Berrocoso et al. demonstrated the
utility of the IL-4 receptor as an early biomarker of poor post-stroke outcomes [199].

3.27. Mixed inflammatory and anti-inflammatory cytokine interleukin-6

Interleukin-6 (IL-6) is involved in neuroprotective and neuroinflammatory mechanisms. IL-6
can bind to its membrane-bound IL-6 receptor (IL-6R) or soluble IL-6 receptor (sIL-6R), both
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of which can induce transcription through the Janus kinase/signal transducer and activator of
transcription (i.e. JAK/STAT) pathway [200-202]. The JAK/STAT pathway is crucial to NMDA
receptor triggered-long term depression and could possibly support synapse elimination.
Conversely, the cytokine-activated phosphatidylinositol-3-kinase/protein kinase B (i.e. PI3K/
Akt) pathway, may support synapse survival through long term potentiation triggered by
NMDA receptors [7, 203].

IL-6 also acts as an agonist of VEGF, which modifies tight junction proteins to disturb the
integrity of the BBB and interferes with NO production [33, 200, 201]. Concurrently, IL-6 can
decrease IL-1 and TNF-a synthesis in activated monocytes and may increase the production
of IL-1Ra and soluble TNF receptors to decrease the influence of these largely pro-inflamma-
tory cytokines [204, 205]. IL-6’s neuroprotective effects have been shown to be mediated via
the upregulation of adenosine Al receptors on cells [206]. IL-6 also potentially aids in tissue
remodeling and recovery through the initiation of astrogliosis and angiogenesis after injury
[202, 207, 208].

In a hypoxic environment, such as those created by TBI or AIS, neurons undergo oxidative
stress, excitotoxicity, and apoptosis [201]. IL-6 exerts a protective effect during these bio-
chemical processes. As part of the early response to hypoxia, neutrophils, which abundantly
express sIL-6R, extravasate to CNS parenchyma [202]. Damaged parenchymal cells” produc-
tion of cytokines, including IL-6, facilitate leukocyte migration to the hypoxic site. IL-6 inhib-
its TNF-a, dampening post-injury pro-inflammatory and pro-apoptotic cascades [202]. In
the late phase of the hypoxic response, IL-6 inhibits neutrophils and recruits monocytes and
T-cells for the initiation of the late inflammatory response [160].

3.28.IL-6 in TBI

IL-6 is upregulated in many models of TBI and demonstrates both protective and inflam-
matory effects. IL-6 knockout mice show higher levels of oxidative stress, compromised
activation of neuroglia, an impaired inflammatory response, diminished recruitment of lym-
phocytes and restricted healing and recovery rates [66, 209-215]. Corresponding to the results
seen in IL-6 knockout mice, GFAP-IL-6 mice, which overexpress IL-6 in the CNS, showed
faster recovery and healing after TBI [215, 216]. Transcriptome analyses of IL-6 knockout ver-
sus wildtype [217] and GFAP-IL-6 mice [218] post-TBI via cryoinjury, showed that multiple
pathways involving inflammation, apoptosis and oxidative stress were affected by IL-6. For
example, IL-6 knockouts had lower expression of the gene producing suppressor of cyto-
kine signaling (SOCS), an inhibitory protein transcribed by the JAK/STAT pathway after IL-6
activation [217]. IL-6 knockouts also expressed fewer neurotrophic genes (i.e. brain-derived
neurotrophic factor, early growth response 1) post-injury [217]. Injured GFAP-IL-6 mice
expressed higher levels of complement component 4 and other inflammatory mediator genes
in addition to lower levels of select pro-apoptotic genes and oxidative stress-related genes in
comparison to injured wildtype mice [218].

In a study of post-mortem TBI cortical tissue, IL-6 levels were significantly higher in brains
from patients with both short survival times of less than 17 min and late survival times rang-
ing from 6 to 122 h post-injury [71]. In biopsies from contused brains in a study by Holmin
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and Hojeberg, IL-6 expression was lower than IFN-y and IL-1 in the late patient group (biop-
sies taken 3-5 days post-TBI) with higher expression early, at 3-24 h post-injury [145], while
a weight drop TBI rat model study by the same authors showed delayed IL-6 expression at
4-6 days post-injury [147]. In a study of TBI patients, plasma IL-6 levels were used to pre-
dict infectious complications and patient prognoses; higher IL-6 levels at 1-day post-injury
predicted poorer outcomes [219]. McClain et al. observed that plasma IL-6 levels decreased
more rapidly in patients with higher GCS scores on admission [220]. However, it must be
stated that these correlations do not imply causality, as high IL-6 levels may not have induced
poorer healing, but may have been simultaneously elevated in response to the severity of
injury or pro-inflammatory response. Additional co-morbidities, such as coronary artery dis-
ease can also elevate plasma IL-6 levels, influencing detected levels post-injury [221]. The IL-6
polymorphism (-174C/G) is also associated with fatalities in severe TBI patients [222].

3.29.IL-6 in AIS

IL-6 levels rise within 7 h post-stroke in multiple experimental animal models. This is slightly
delayed in comparison to the rapid rise of the pro-inflammatory cytokines, IL-13 and TNF-«
[223]. Intracerebroventricular administration of IL-6 in the rat pre- and post-stroke resulted in
significantly smaller lesions [224], while IL-6 knockout mice had significantly larger lesions
and higher mortality when body temperature was regulated [225], supporting the protective
role of IL-6 in stroke.

IL-6 has also demonstrated a role in angiogenesis post-stroke. An experiment utilizing IL-6
knockout mice showed exacerbation of lesion volumes and a reduction in angiogenesis and
regional cerebral perfusion at 4 weeks post-stroke [208]. In-vitro models of ischemia after IL-6
administration, resulted in increased IL-6 mRNA expression in neurons, glial cells, and endo-
thelial cells, as well transcription of genes associated with neovascularization [208]. However,
a clinical study by Smith et al. correlated peak IL-6 levels in the first week post-AIS with
worse outcomes as measured by the modified Rankin score at 3 months and larger ischemic
volumes [45]. A study by Acalovschi et al. showed that the post-AIS inflammatory response
due to IL-6 expression is influenced by genetic variation and that the induction of the inflam-
matory response by IL-6 might be enhanced by a transient downregulation of the potential
IL-6 antagonist sgp130 [44].

4. Cytokine modulation as therapeutic interventions

Various agents have been used to decrease the pro-inflammatory response and augment the
anti-inflammatory response post-TBI and post-AIS. Antibiotics, steroids, anesthetics, immuno-
modulating therapies, non-steroidal anti-inflammatory agents, as well as hormonal therapies
and nutritional supplements have been shown to impact the immune response post-brain injury
in pre-clinical and some clinical studies. However, findings in animal models pre-clinically do
not always translate clinically. For example, cytokines have been detected in the CSF of TBI
patients for up to 1 year post-injury while detected more transiently in animal models of TBI [92].
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Furthermore, cytokine modulation does not always correlate with positive functional outcomes,
as treatments may need to be tailored to injury severity and mechanism, patient genotype and sex,
immune response time course, and particular cytokine targets, details of which may be obtained
through cytokine biomarker identification and monitoring. Currently, there are no acceptable
therapeutics for TBI, as management is limited to skull fracture repair, control of increased intra-
cranial pressure and stabilization of the primary injury [10]. The only FDA-approved agent for
AlS s intravenous tissue plasminogen activator (tPA) which dissolves clots up to 4.5 h post-stroke
symptom onset. FDA-approved retrievable stent devices are also now recommended to physi-
cally remove clots in large vessels within an acute time window of up to 6 h post-stroke symptom
onset in eligible patients [17, 226].

4.1. The antibiotic minocycline in AIS and TBI

The tetracycline antibiotic minocycline alters inflammatory cytokine production post-TBI and
post-AlS, thus improving functional and histological outcomes. Bye et al. examined minocy-
cline in a closed head injury model of TBI in mice and observed that administration of mino-
cycline acutely decreased lesion volume and functional deficits at 1 day post-injury [227]. In a
study by Yang et al. examining minocycline administration post-AlS in spontaneously hyper-
tensive rats, infarct size and degree of tissue loss/damage in the ischemic hemispheres were
reduced as seen via magnetic resonance imaging and apparent diffusion coefficient mapping
at two and 4 weeks post-AIS [228]. Minocycline treatment also reduced AIS-induced levels
of TNF-a and IL-1$3, and increased levels of TGF-{3, IL-10, anti-inflammatory M2 microglia/
macrophage markers, as well as cerebral perfusion [228]. Small clinical studies of minocycline
in AIS have shown a decrease in IL-6 levels at 24 h post-AIS [229] and have proven safety in
AIS patients both with and without tPA administration [230]. Lampl et al. showed improve-
ments in functional recovery as measured by the NIH stroke scale (NIHSS), modified Rankin
scale (mRS) and Barthel index(BI), in patients started on 200 mg of minocycline for 5 days
within 6-24 h of stroke onset [231]. Srivastava et al., utilizing the same treatment paradigm as
Lampl et al.,, found improved mRS and BI scores at 3 months post-AlS in those treated with
minocycline [232]. The same treatment paradigm was also utilized by Amiri-Nikpour et al.
who reported improved NIHSS scores at 30, 60 and 90 days post-AIS in male patients receiv-
ing minocycline [233]. Kohler et al. utilized lower doses of minocycline (five 100 mg doses)
and saw no improvement in NIHSS at 7 days nor in the mRS or BI at 90 days post-AIS [234].

Minocycline administration in multiple adult animal models of TBI has been shown to decrease
activation of microglia, improve functional behavioral deficits such as spatial memory deficits
and post-TBI anxiety [235], and decrease caspase activation and markers of neuroinflamma-
tion and damage [236]. In a study examining the use of minocycline in a blast injury model of
TBI in rats, researchers noted a decrease in post-TBI anxiety via the elevated plus maze at 46
days post-injury accompanied by decreased corticosterone levels and improvements in spa-
tial memory via Barnes maze testing post-injury as late as 47 days post-TBI [237]. Minocycline
administration also decreased inflammatory and neuron and glial injury-associated markers
c-reactive protein, monocyte-chemotactic protein-1, neuron-specific enolase, S100 {3, tau, and
neurofilament H in this study [237].
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In contrast to findings in adult TBI models examining minocycline, in a neonatal model of TBI,
minocycline did not improve functional deficits and actually worsened microglial activation
and neurodegeneration, highlighting the influence of age on TBI pathophysiology and thera-
peutic selection [238]. In contrast, in a study of minocycline in neonatal ischemia, microglial
activation was not affected, but lesion volume was reduced [239]. Minocycline was also shown
to reduce apoptosis and excitotoxicity in neonatal hypoxic-ischemic injury in rats, suggesting
a more extensive use for minocycline in ischemic pathologies [240].

To establish the use of minocycline in focal embolic stroke with comorbidities, Type 1 dia-
betic rats underwent embolic stroke and were given minocycline with or without tPA. It
was observed that compared with treatments of saline or tPA alone, minocycline plus tPA
combination therapy significantly reduced brain infarction, intracerebral hemorrhage, and
hemispheric swelling at 24 h after stroke. The combination also significantly suppressed
stroke-induced elevations in plasma levels of MMP-9 and IL-1{3 up to 24 h after stroke (57).

4.2. Biological response modifiers in TBI and AIS

IL-1R antagonists are currently being examined in AIS and TBI both pre-clinically as discussed
above and clinically. A meta-analysis analyzing IL-1R antagonists in rodent models of stroke,
reported an overall decrease in infarct volumes and an improvement in functional outcomes
[241]. A recent cross-laboratory study of subcutaneous IL-1R antagonist treatment in AIS also
found consistent decreases in neurologic deficits and lesion volume across preclinical models
of AIS in multiple laboratories [121]. Pradillo et al. demonstrated that post-AIS subcutaneous
administration of IL-1Ra in old rats with comorbidities and in young rats increased neuro-
genesis and functional outcomes in both populations [242]. IL-1R antagonists have also been
proven pre-clinically to reach therapeutic levels via intranasal administration, decreasing IL-13
and TNF-a levels post-stroke in a rat model [243]. IL-1R antagonists compete with IL-1§3 and
IL-1a for IL-1R binding, preventing downstream pro-inflammatory cascades from being acti-
vated, thus exerting a neuroprotective effect. Emsley et al. showed the safety of a recombinant
human IL-1R antagonist administered post-AIS which also incidentally showed lower levels
of IL-6 and peripheral inflammation, in addition to improved clinical outcomes [244]. A phase
II clinical trial examining the use of subcutaneous IL-1R antagonist, anakinra, initially admin-
istered within 6 h post-stroke with repeat dosing every 12 h for a total of 6 injections over 72
h (ISRCTN74236229) has recently been completed. In TBI, as previously stated, Helmy et al.
showed the safety of IL-1R antagonists, but actually reported an increase in the pro-inflamma-
tory M1 microglia phenotype, acknowledging the variation in the immune response depending
on the mechanism of injury [109]. The off-label perispinal administration of the anti-TNF-a
monoclonal antibody, etanercept in post-stroke cognitive dysfunction and TBI have demon-
strated benefit as well [245]. Studies by Chio et al. have demonstrated that post-TBI i.p. admin-
istration of etanercept in the fluid percussion model of brain injury in the rat improves motor
deficits at 7 days and increases markers of neurogenesis [246], decreases acute TBI-induced
rises in glutamate, the lactate/pyruvate ratio, and improves injury-induced motor deficits [247],
cognitive deficits in the passive avoidance task [248], and the severity of ischemia at 3 days
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post-injury [247, 248]. A major barrier to the efficacy of etanercept as a TNF-a inhibitor for
AIS and TBl is its poor BBB permeability due to its large size. Therefore, formulations of TNF
decoy receptors with better BBB penetrance have been designed and tested in both TBI and AIS.
Sumbria et al. show the utility of cTfRMAb-TNEFR fusion protein (carboxy terminal transferrin
receptor monoclonal antibody-TNF receptor), a genetically engineered monoclonal antibody
against the mouse transferrin receptor found in the BBB linked to the TNF receptor to achieve
whole molecule transfer into the brain, post-AIS. The administration of intravenous cTfRMAb-
TNEFR at 45 min post-AlIS in mice resulted in significant decreases in subcortical, cortical, and
hemispheric stroke volume, in addition to a 54% reduction in neurologic deficits at 24 h and 7
days post-AlS [249]. Clausen et al. examined the use of a dominant-negative inhibitor of soluble
TNF called XPro1595 versus etanercept which inhibits both soluble and transmembrane TNF,
in a mouse model of AIS. While infarct size was not affected, XPro1595 administration resulted
in a decrease in granulocyte influx into the infarct, and improvements in motor and somatosen-
sory function as measured by symmetrical grip strength, rotarod performance, and horizontal
rod slip testing [250]. Simultaneously, the acute phase response in the liver was decreased by
etanercept administration, indicating the importance of transmembrane TNF-a on the periph-
eral immune response [250]. TNF-a inhibitors, 3,6’ dithiothalidomide, TNF-a binding protein,
and pentoxifylline have also been explored to achieve adequate TNF-a inhibition post-brain
injury [69, 72, 251] and post-AlIS [252-255], demonstrating improved histologic and behavioral
outcomes. More recently, a third generation thalidomide, pomalidomide, was also shown to
decrease neuronal cell death and curb neuroinflammation via a large decrease in TNF-at con-
centration, in addition to improving motor and sensory functional deficits when administered
as late as 5 h post-TBI in rats [256]. Additional biologic TNF-a inhibitors, such as infliximab
and adalimumab, currently approved for the treatment of inflammatory and autoimmune dis-
eases, such as rheumatoid arthritis, may prove beneficial in AIS and TBI. B-cells have been
detected in the brain post-injury due to increased BBB permeability, permitting their infiltra-
tion into the brain parenchyma, and have been shown to mediate inflammation in an animal
model of stroke resulting in delayed post-stroke cognitive impairment [257]. An analog of the
biologic B-cell inhibitor drug, Rituximab, has been shown to decrease B-cell infiltration across
the BBB and improve post-stroke cognitive impairment when administered to mice at 5 days
post-stroke with biweekly doses for 7 weeks [257].

4.3. Hormonal modulation

Hormonal intervention also impacts post-injury cytokine expression and has been exam-
ined in AIS and TBI. Pre-clinically, progesterone administration post-TBI and post-AIS has
been shown to decrease edema, lesion size, excitotoxicity, apoptosis, free radical production,
microglial activation and pro-inflammatory cytokines like TNF-a and IL-1{3, while promot-
ing remyelination and short-term functional preservation [258, 259]. However, these benefits
have not been able to translate clinically. While the pilot phase II ProTECT trial (progester-
one for traumatic brain injury, experimental clinical treatment) and a randomized controlled
trial of progesterone in severe TBI in China showed improved outcomes and decreased mor-
tality in TBI patients, the larger phase III SyNAPSe trial (study of a neuroprotective agent,
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progesterone in severe traumatic brain injury) and phase III PROTECT trial showed no ben-
efit [260-263]. Progesterone has not been tested clinically in AIS patients.

4.4. Omega-3 fatty acids

Administration of omega-3 fatty acids in pre-clinical animal studies of TBI and AIS have been
demonstrated to decrease post-injury neuronal death, curb increases in pro-inflammatory
cytokine IL-1p and caspase-1 and functional deficits post-TBI [264]. In TBI, pre-injury admin-
istration of omega-3 fatty acids in rats” diet and via gavage resulted in decreases in neuronal
cell death, edema, lesion volume, caspase-1, IL-18, IL-6 and IL-1f3, as well as functional defi-
cits in MWM and beam balance; these effects were largely mediated via G-protein coupled
receptor 40 (GPR40), as blockage of this receptor reversed these benefits [264]. In patients, fish
consumption has been correlated to decreased cerebrovascular disease risk, but omega-3 fatty
acid supplementation alone has not been associated with decreased risk [265]. However, in a
study of spontaneously hypertensive rats at increased risk for stroke, glucose utilization and
cerebral perfusion were improved with omega-3 fatty acid administration [266]. A clinical
trial in Japan examining statin therapy in combination with the omega-3 fatty acid, eicosa-
pentaenoic acid, versus statin therapy alone, demonstrated a decreased incidence of recurrent
stroke of 20% within 5 years [267].

4.5. N-acetylcysteine

N-acetylcysteine has been shown to have anti-inflammatory and antioxidant actions, increas-
ing glutathione synthesis to scavenge ROS, decreasing IL-1f3 and TNF-a levels in brain injury,
decreasing caspase-3 levels, and shifting microglia towards M2 anti-inflammatory pheno-
types [268-271].

A pre-clinical experiment evaluating the modulation of oxidative stress with N-acetylcysteine
and selenium treatments in TBI demonstrated that use of these treatments affected the oxi-
dant and antioxidant, pro- and anti-inflammatory cytokines balance in rats by both down-
regulating IL-1(3, a pro-inflammatory cytokine, and up-regulating IL-4, an anti-inflammatory
cytokine [272]. N-acetylcysteine administered 30 min post-TBI in rats resulted in improved
MWM performance to near sham-injured levels [273]. When administered 60 min post-weight
drop injury in mice, functional deficits in novel object recognition and Y-maze were signifi-
cantly improved [273]. In combination with minocycline, N-acetylcysteine has been shown to
act synergistically to reduce TBl-induced demyelination, augment M2 microglia activation in
white matter and modulate TBI-induced neuroinflammation, increasing microglial activation
yet decreasing the number of injury-induced phagocytic CD68+ macrophages in the corpus
callosum. The combination also improves learning and long-term retention in the active place
avoidance task [274]. Clinically, N-acetylcysteine has been tested in a double-blind, placebo
controlled study of blast-induced mild TBI; mild TBI symptoms included balance dysfunc-
tion, headache, hearing loss, neurocognitive dysfunction and confusion. Patients receiving
N-acetylcysteine within 24 h of blast injury had fewer to none of these symptoms on day 7
post-treatment with 86% of treated patients experiencing complete symptom resolution by
day 7 versus 42% in those receiving placebo [275].
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N-acetylcysteine has also shown efficacy in AIS. In a rat model of AIS, N-acetylcysteine
administration reduced infarct volume, apoptosis, as well as TNF-a, IL-13, and iNOS expres-
sion [276]. Functionally, rats receiving N-acetylcysteine had improved motor function [275].
Additional studies showed reduced levels of AlS-induced hippocampal cell death with
N-acetylcysteine administration [277] and decreased ischemia evoked levels of Nuclear factor
kappaB [271].

4.6. Cannabinoids

In a closed head injury model of TBI in rats, Dexanabinol (HU-211), a synthetic cannabinoid
that inhibits TNF-a as well as NMDA receptors and free radical proliferation has been shown
to reduce BBB breakdown, edema, and functional deficits [278]. Dexanabinol has also been
shown to improve deficits in animal models of AIS [279]. In TBI patients, a phase II clinical
trial examining the administration of i.v Dexanabinol within 6 h post-injury was observed
to improve rises in intracranial pressure 2-3 days post-injury with non-significant increases
in Glasgow outcome scores at 6 months in patients with more severe injuries at presentation
[280]. However, in the larger phase III trial of Dexanabinol for severe TBI, no benefits were
seen, indicating the need for larger sample sizes and well-defined exclusion criteria and out-
come measures to detect true effects [281]. Despite the failure of Dexanabinol, other cytokine-
modulating cannabinoids continue to be evaluated and show potential utility in TBI and AIS.
The endocannabinoid, 2-arachidonoylglycerol, has been shown to decrease pro-inflammatory
cytokine expression, decrease breakdown of the BBB and post-injury edema pre-clinically in a
closed head injury model of TBI [282, 283].

5. Brain inflammation and brain injury-conclusions

This chapter has focused on the role of select cytokines in the pathophysiology of TBI and AIS.
By reviewing pre-clinical and clinical studies from the TBI and AIS literature, one can identify
hypotheses that have been successfully confirmed in patient populations and identify gaps
in the translation of pre-clinical observations to the hospital wards. In translating concepts
from preclinical studies one must be cognizant of the variability in the patient populations
examined. For example, the impact of the TNF-a polymorphisms identified in Caucasians and
Asians would likely impact the efficacy of TNF-a targeting treatments in these populations.
Common cytokine gene polymorphisms should continue to be studied in detail to understand
variations in the AIS and TBIl-induced inflammatory responses in different patient groups
[284]. Various mechanisms of TBI ranging from blunt injury to blast versus penetrating injury
also induce distinct cytokine responses as described above. Therefore pre-clinical trials of ther-
apeutics as well as the spatiotemporal characterization of cytokine expression should examine
multiple modalities of injury and ischemic insults (embolic versus thrombotic). Effects noted
consistently across multiple models of TBI and AIS are more likely to translate clinically.

The pathophysiology of AIS and TBI have significant overlap with similar cytokine roles post-
injury. Using genetic knockout studies, the particular role of cytokines in these conditions has
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Figure 3. Summary of cytokines reviewed. Knockout or inhibition of TNF-a, IL-13, IFN-y, and IL-18 improved
outcomes in AIS and TBI. TNF-a can induce cell survival and proliferation, but has been demonstrated to also
induce apoptosis via TNFR2 and TNFR1. IFN-y can induce neuro- and oligodendro-genesis at low concentrations,
while higher concentrations cause leukocyte adhesion, arteriosclerosis, and increase the ratio of Th1:Th2 cells via
upregulation of IP-10. IFN-y, IL-18, and IL-1p promote TNF-a expression. IL-18 causes apoptosis, MMP and PMN
release and activation, while IL-1p promotes heat shock protein release and leukocyte adhesion. In contrast, addition
or overexpression of IL-10, IL-33, IL-6, and IL-4 improves outcomes. IL-6 decreases TNF-a and IL-1p, while promoting
angiogenesis and astrogliosis. IL-33 leads to iNOS release and anti-inflammatory Th2 cells and microglia, in addition
to the promotion of IL-10 and IL-4. IL-10 decreases brain injury and the cytokines IL-1, IL-8, IL-6, TNF-a, and IFN-y,
while inhibiting nitric oxide, reactive oxygen species, and leukocyte adhesion, as well as apoptosis and caspase-3. IL-4
increases BDNF, anti-inflammatory microglia, and decreases TNF-a expression. Abbreviations: BDNF, brain-derived
neurotrophic factor, IP-10, interferon gamma-induced protein 10 (i.e. C-X-C motif chemokine 10), iNOS, inducible
nitric oxide synthase, MMP, metalloproteinase, NO, nitric oxide, PMN, polymorphonuclear cells, Thl cell, T-helper
cell type 1, Th2 cell, T-helper cell type 2, TNFR2, TNF-a receptor 2, TNFR1, TNF-a receptor 1, ROS, reactive oxygen
species.

been well defined. However, modulation of cytokine expression just prior to injury, rather
than from conception is more informative to the molecule’s role in AIS and TBI. Knockout or
inhibition of TNF-a, IL-13, IEN-y, and IL-18 improved outcomes (see Figure 3). In contrast,
addition or overexpression of IL-10, IL-33, IL-6, and IL-4 improves AIS and TBI outcomes (see
Figure 3).

Treatments blocking pro-inflammatory and upregulating anti-inflammatory cytokines thr-
ough receptor inhibition, synthesis inhibition versus induction, neutralizing antibodies, and
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inflammatory response modulators have shown promise. The ratio of pro-versus anti-inflam-
matory cytokines, as well as baseline cytokine levels may allow one to gauge the overall pro-
gression of injury in AIS and TBI to better intervene or establish prognoses. Computational
modeling of cytokine patterns and interactions in AIS and TBI of different severities with or
without co-morbidities or genetic predispositions may help to further predict how changing
one or more variables can impact overall pathophysiology and prognosis.
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Abstract

In brain, the tryptophan degradation products through the kynurenine pathway exhibit
neuromodulatory and inflammatory effects and have been related to the progression
of neurodegenerative disorders, furthermore, their protagonism on the modulation
of immune response and in cancer development has been reported. The immunosup-
pressive role of kynurenines has been described on glioblastoma models. In patients,
the elevated activity of indoleamine-2,3-dioxygenase (IDO) such as the increase of kyn-
urenine/tryptophan ratio have been also reported, suggesting that activation of kynuren-
ine pathway is present during glioblastoma formation and can be related with tumor
progression. The importance of the kynurenine pathway during cancer development
has encouraged recent studies to the use of IDO inhibitors as a therapeutic strategy for
treatment of breast, lung and ovarian cancer, until to get its use in clinical trials. IDO
inhibitors also have been used in in vitro and in vivo models of glioblastoma showing
promising results. The effect of kynurenines on glioblastoma offer a new perspective
about the tryptophan metabolism during cancer. Due to the relevance of the kynurenine
pathway in brain homeostasis, immunomodulation and cancer, we discuss the relevance
of the kynurenine pathway on the development of glioblastoma multiforme as well as a
possible molecular target for glioblastoma treatment.

Keywords: glioblastoma, tryptophan catabolism, immune response, immunoedition
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1. Introduction

Tryptophan (Trp) is considered as an essential amino acid, which is required for life and
growth but is not synthesized by the organism. Although approximately 1% of trypto-
phan dietary intake is used for protein synthesis, the rest 99% is metabolized through the
5-hydroxyindole pathway for the production of melatonin and serotonin, decarboxylated to
tryptamine, transaminated to indol-3-pyruvic acid, or oxidized by the so-named kynurenine
pathway (KP), for the new synthesis of NAD+ and NADP+ (Figure 1) [1-3].

The KP degrades over 95% of whole tryptophan intake; its rate-limiting enzymes, tryptophan
2,3-dioxygenase (TDO), and indoleamine 2,3-dioxygenase (IDO), catalyze the cleavage of the
tryptophan pyrrole ring to produce N-formylkynurenine [1, 4]. Among mammals, TDO is
mainly expressed in liver and only uses L-tryptophan as a specific substrate; instead of that,
IDO is expressed in extrahepatic tissues, such as brain, lung, kidney, and immune cells [1,
4]. Furthermore, IDO’s substrate span is wider than TDO'’s, being p- or L-tryptophan, p- or
L-hydroxytryptophan, tryptamine, serotonin, and melatonine available for the catalytic activ-
ity of IDO [5]. An IDO isoenzyme has been reported, IDO?2 is expressed in the murine kid-
ney, liver, and reproductive system, and the gene encoding IDO2 is adjacent to the IDO gene
and has similar affinity for substrates than IDO [6, 7]. N-formylkynurenine is transformed

Tryptamine/indol-3-
pyruvic acid

Protein
synthesis

Tryptophan

Figure 1. Tryptophan catabolism occurs by different pathways. Ninety-five percent of the dietary uptake of tryptophan
is catabolized mainly by the kynurenine pathway. About 3% is decarboxylated to tryptamine or transaminated to
indol-3-pyruvic acid, 1% is intended for serotonin and melatonin synthesis, and resting 1% is for protein synthesis.
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to L-kynurenine (-kyn) by the arylformidase (AFMID); kynurenine aminotransferases (KAT
I, KAT II), and kynureninase (KYNU), with pyridoxal-5-phosphate as a cofactor, as well as
kynurenine monooxygenase (KMO), which uses FAD as a cofactor, transform r-kyn into
kynurenic acid (Kyna), anthranilic acid (AA), or 3-hydroxykynurenine (3-HK), respectively
[8-10]. KMO is located in mitochondrial outer membrane and it has been shown to have high
affinity by the substrate suggesting that KMO metabolizes more r-kyn than other enzymes
[11]. KATs and KYNU can also use 3-HK as a substrate to produce xanthurenic acid (Xanth)
or 3-hydroxyanthranilic acid (3HAA) [8, 12]. Oxidation of 3HAA by the 3HAA dioxygen-
ase (3HAADO) produces 2-amino-3-carboxymuconate semialdehyde (Acms) which is trans-
formed by non-enzymatic dehydration into quinolinic acid (Quin), or into picolinic acid (Pic)
by the Acms decarboxylase (ACMSD). Finally, Quin phosphoribosyltransferase (QPRT) uses
Quin as a substrate for the formation of nicotinamine-adenine-mononucleotide (NaMN), the
nicotinamine-adenine-dinucleotide (NAD+) precursor (Figure 2) [13, 14]. Enzyme kinetics of
the whole KP have been determined, giving a wide perspective of the kynurenine pathway
and its functionality [13], enzyme kinetics data of the KP are summarized in Table 1.

Enzyme Substrate K,, (mM) K, (s7) Reference
IDO 5-Hydroxytriptamine 0.02 0.043 [5, 13, 15]
Serotonin 0.1 0.002
Tryptophan 0.045 1.65
Oxygen 0.042
TDO Tryptophan 0.222 14 [16]
Oxygen 0.037
AFMID N-formylkynurenine 0.05 100 [17, 18]
KATI L-kynurenine 4.7 3.35 [19]
KATII L-kynurenine 4.7 9.76 [20]
3-hydroxykynurenine 3.8 1.7
KAT IIT L-kynurenine 1.5 2.3 [21]
KMO L-kynurenine 0.89 1.88 [22]
Oxygen 0.071
NADPH 0.82
KYNU L-kynurenine 0.495 0.23 [23]
3-hydroxykynurenine 0.028 3.5
3HAADO 3-hydroxyanthranilic 0.016 64 [24]
acid
Oxygen 0.615
ACMSD 2-amino-3-carboxy 0.0065 1 [25]

muconate semialdehyde

QPRT Quinolinic acid 0.022 0.05 [26]

Table 1. Enzyme kinetics parameters for the kynurenine pathway enzymes.
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2. Role of kynurenine pathway in brain

Although NAD+ is a final product of the KP, many of the intermediary metabolites, the so-
called kynurenines, have demonstrated to exert many effects on cellular homeostasis and
bioenergetics resulting on changes in organism behavior or immune response. In brain, Trp
is transported through the blood-brain barrier by the large neutral amino acids transporter
[27]. The imbalance on the levels of its metabolites (kynurenines) has been related with the
progression of neurodegenerative disorders, such as Huntington, Alzheimer, and Parkinson
due to their redox nature and their capacity to exert neuromodulatory mechanisms [28].

On aredox perspective, both 3-HK and 3-HAA represent a double-edged sword. Reports show
that 3-HK is able to promote cell death due to the increase in reactive oxygen species (ROS)
production; also, 3-HK interaction with metallic ions promotes protein aggregation as well as
cataract formation and toxicity in neuronal cultures without region selectivity [29-32] point-
ing this kynurenine as a pro-oxidant and cytotoxic compound. In the same way, 3-HAA is
able to cause protein damage due to interaction with metals producing OH"; furthermore, this
metabolite causes oxidative phosphorylation uncoupling and decreased oxygen consumption
[31, 33]. On the other hand, there are reports pointing to the antioxidant and protective side of
these molecules, demonstrating a 3-HK-induced decrease of oxidative stress parameters; also,
it has been observed that 3-HK acts as a free radical scavenger of radicals like O,* [34, 35]; the
antioxidant activity of 3-HAA also has been reported showing free radical scavenging and
ROS production decrease [36]. Finally, the protective effect of 3-HK and 3-HAA on the inhib-
ited mitochondrial electron transport chain, as electron carriers, also has been reported [37].

On the other hand, Kyna is the only endogenous antagonist to N-methyl-p-aspartate (NMDA)
receptors known so far, it inhibits the a7-nicotinic receptors, showing anticonvulsant effects
on murine models as well as in human patients [38]. Recently, it was found that Kyna is a free
radical scavenger of radicals, such as superoxide anion (O,"), hydroxyl radical (OH"), and
peroxynitrite (ONOO-), besides it is able to reduce oxidative damage caused by pro-oxidants,
so it is considered an endogenous antioxidant [39]. Furthermore, it has been shown that Kyna
binds selectively to GPR35 receptor [40]; Kyna-mediated activation of GPR35 leads to intracel-
lular Ca** influx, inositol phosphate production and, attenuates LPS-induced TNF-a release
and reduces acetic acid-induced pain, suggesting that GPR35 could be mediating Kyna excit-
atory, anti-inflammatory, and antinociceptive functions [40-42]. Contributing with the anti-
inflammatory response, Kyna also has been described as an agonist of the intracellular aryl
hydrocarbon receptor (AHR); AHR translocation into the nucleus modulates the production
of proinflammatory mediators and, as discussed below, inhibits T immune responses [43].
Because of Kyna is unable to cross the blood-brain barrier, systemic L-kyn administration has
been used to show the protective effect of Kyna in 6-hydroxidopamine-induced Parkinson
disease models, hippocampal f-amyloid, and glutamate toxicity [44-46].

Contrasting with Kyna, Quin has been described as an agonist of NMDA receptors; in fact,
it has been demonstrated that Quin is a pro-convulsive agent which generates mitochon-
drial progressive dysfunction by reducing activity of respiratory complexes II and III [47],
increases ROS production and lipid peroxidation in presence of Fe?" [48], induces Ca* cel-
lular influx increase, release of glutamate, and apoptosis [49-51]. Recently, the decrease in
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autophagy inhibition by Beclin-1 reported in human astrocytes and neurons has been attrib-
uted to Quin toxicity [52]. Because of the selective damage that exerts in striatal spiny neurons
with y-amino butyric acid and substance P, Quin has also been a good model to mimic early
symptoms of Huntington's disease [53-55]. In addition, increases in Quin concentrations were
observed in the cerebral cortex of macaques infected with retroviruses, particularly those with
local inflammatory lesions [56]. Moreover, Quin levels are increased in cerebrospinal fluid in
the acquired immunodeficiency syndrome and in HIV patients; also in humans, Quin levels
are elevated after traumatic brain injury [57].

2.1. Inflammatory process and kynurenine pathway components

Moreover, kynurenine pathway has been related to inflammatory processes. It has been
shown that IDO, KMO, and KYNU expression is strongly induced by proinflammatory cyto-
kines, mainly interferon-y (IFN-y), interleukin 1 (IL1), interleukin 17 (IL17), or the tumor
necrosis factor a (TNF-a) during bacterial and viral infections in immune privileged tissues,
such as brain [58, 59]. Thus, activation of the KP by proinflammatory molecules inhibits bacte-
rial proliferation through tryptophan depletion, avoids autoimmune responses by limiting T
cell activation and recruiting of immune regulatory cells [60—62]. The immunoregulatory role
of the KP could act as a double-edged sword, meanwhile it is inhibiting pathogen growth and
regulating immune responses to avoid an autoimmune damage, the same activation during
cancer supports tumor immune evasion and promotes tumor growth and invasiveness.

Beyond their role on neurodegenerative disorders, kynurenines have also been related with
cancer progression in more than one way. It has been described that IDO expression is high in
all thyroid carcinomas [63]. Moreover, L-kyn and Quin promote neoplastic cell proliferation
in vitro and the formation of larger tumors in vivo, in a colorectal cancer model, through the
Wnt/f-catenin signaling, despite of the ablation of IDO [64]. L-kyn modulates the repairing
enzyme DNA polymerase kappa, protecting tumor cells from DNA damage and propitiating
genomic instability [65]. Also, Quin produced by microglial cells in glioma models confers
tumor tolerance to oxidative stress due to the production of NAD+, promotes cell prolifera-
tion by the modulation of the fibroblast growth factor-1 (FGF-1) release, and it is elevated in
children with central nervous system tumors [66-68]. Kyna also promotes glioma cell prolif-
eration through FGF-1 release [67]. The high expression and activity of the KP in the tumor
microenvironment will be reflected on the maintenance of the NAD+/NADH supply, NAD+
and its reduced form NADH participate in several metabolic, redox, and stress response
signals, providing favorable growing conditions for cancer cells. Finally, IDO expression
and activity as well as the kynurenines promote cancer development by affecting the host's
immune responsiveness. The effects of the KP on cancer immunosuppressive mechanisms
will be detailed below.

2.2. Cancer immunoedition

All the cancer cells must possess a series of characters that allow them to develop tumors, these
“hallmarks” let cancer cells to rapidly grow, evade cell death, migrate through the organism and
colonize new tissues, modify their metabolic program, and to avoid immune destruction [69].
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Before the establishment and development of a tumor, cancer cells must overcome elements
of the immune system of the organism that can recognize, induce cellular signals, and finally,
destroy exogenous agents or defective cells within the organism. In the early twentieth century,
Paul Ehrlich formulated the idea that the immune system of an organism is able to recognize,
destroy, and then protect against tumor cells. Later in the mid-twentieth century, the “immu-
nosurveillance” hypothesis was then postulated by Sir Macfarlane Burnet and Lewis Thomas,
based on this original idea and in experimental evidence of that, mouse lacking of interferon-y
responsiveness or with adaptive immunity defects, were susceptible to develop cancer [69, 70].
More recent evidence has demonstrated that the immune system not only protects against can-
cer progression, immune cells, and signaling but also promotes tumor cell establishment, and
furthermore, cancer cells modulate immune mechanisms favoring tumor progression, trans-
forming the idea of “immunosurveillance” into the “cancer immunoediting” hypothesis [69-70].

The cancer immunoediting hypothesis postulates that cancer cells and immune system cre-
ate a set of dynamical interactions during the formation of a tumor; these interactions are
arranged in three stages of the “cancer immunoediting,” or “The three E's hypothesis” pro-
cess named: elimination, equilibrium, and escape [70]. During the elimination phase, cancer
cells are recognized by the immune system and cytotoxic reactions induce cancer cell death;
in the equilibrium phase, the cytotoxic mechanisms of the immune system act as selective
pressure on tumor cells; cancer cells that survive, remain proliferating and establishing the
tumor. Finally, at the escape phase, cancer cells are able to evade and suppress the immune
mechanisms leading to the formation of tumors [70-72].

Cancer immunoediting mechanisms could be given by genetic alterations, proper of the can-
cer cells, which induce overexpression and secretion of suppressive molecules, such as the
transforming growth factor-{3, the vascular endothelial growth factor, prostaglandin E2, and
the soluble MHClI-related gene A; cancer cells also recruit immune regulatory cells like T regu-
latory cells (Tregs), myeloid-derived suppressor cells (MDSC), and tolerogenic dendritic cells
(TDC); and finally, by induction of immune checkpoint, inhibitory molecules, such as PD-L1
[73]. A second type of immunoediting is carried out by cytotoxic T cells of the own adaptive
immune system, while exerting their protective role against cancer, T cells release cytokines
like IFN-y which can also induce the production of immune suppressive molecules by tumor
cells, during the equilibrium phase of the “cancer immunoediting” [73]. Remarkably, IFN-y is
a strong inducer of IDO expression and activity which leads tryptophan metabolism through
the KP in tumor microenvironment, and then to the triggering of the kynurenines” immuno-
suppressive effects [73, 74]. In cultured human glioma, stimulation with IFN-y significantly
increased the expression of IDO-1, IDO-2, kynureninase, and kynurenine hydroxylase, which
potentiate the KP; whereas significantly decreased 2-amino-3-carboxymuconate semialde-
hyde decarboxylase (ACMSD) and kynurenine aminotransferase-I (KAT-I), which reduce the
neuroprotective metabolites [75].

2.2.1. The kynurenines in cancer immunoediting

As mentioned above, the own immune response against tumors could propitiate the forma-
tion of an immunosuppressive microenvironment, one of these mechanisms is carried out

269



270 Mechanisms of Neuroinflammation

by IFN-y and other proinflammatory cytokines secreted by cytotoxic lymphocytes which
strongly induce IDO expression. Beyond the increase of IDO levels in tumor cells, the forma-
tion and accumulation of different kynurenines have demonstrated immunosuppressive and
immunoinhibitory effects [76].

Recent works have demonstrated that tryptophan starvation is able to inhibit T cell and mac-
rophage cell viability and proliferation [77-80]. Furthermore, KP metabolites have also shown
direct effects as immunosuppressive molecules. L-kyn is able to activate the aryl hydrocarbon
receptor (AHR) and thus to promote the generation of Tregs from naive T cells [81]. Moreover,
there are reports showing that 3-HAA, 3-HK, and Quin promote Treg generation and that
3-HAA and 3-HK block T cell activation and induce cell death of CD4+ T and CD8+ T cells as
well as of natural killer cells (NK) and B lymphocytes [82-86]. All these reports settle down
the idea that immunosuppressive mechanisms carried out through the KP activation may
be due to tryptophan deprivation of the tumor microenvironment or secondly, by the direct
effect of the kynurenines on Treg recruitment and the impact on viability of effector T cells.
Finally, both tryptophan depletion and the presence of the KP intermediates could enhance
an immunosuppressive environment. It has been showed that 1-kyn, Pic, 3-HK, 3-HAA, and
Quin reduced cell viability and induced apoptosis on CD4+ in absence of tryptophan [82, 83];
besides at lower concentrations were able to increase Treg-mediated immunotolerance [84].

It is relevant to note that in some cases, the kynurenines are not produced by cancer cells but by
other components of the tumor microenvironment, such as dendritic cells (DCs) or mesenchymal
stem cells and also by microglial cells in the case of brain tumors [83, 87, 88]. Regarding dendritic
cells expressing IDO, they can suppress effective immune responses through diverse strategies:
by inhibiting the proliferation and effector functions of cytotoxic cells, such as NK and CD8+ T
lymphocytes, as well as plasma cells; by inducing of CD4+ CD25+ FOXP3+ regulatory T cells
from naive CD4+ cells; and by triggering immunosuppressive activity in adjacent IDO-express-
ing DCs [89]. Possible implication of IDO2 in cancer immunosuppression has been suggested
due to reports showing its ability to mobilize the nuclear factor interleukin 6 inhibitor, LIP [6].

Thus, locating the IDO expression and the kynurenines in the “Three E's” context, it would be
in this way: IFNy, TNFa, and proinflammatory cytokines secreted by cytotoxic lymphocytes,
while killing recognized tumor cells during Elimination and Equilibrium phases, induce IDO
expression of tumor cells, those that survived to immune response, and of other infiltrating
cells, such as DCs and macrophages. Tumor cells expressing IDO, deplete tryptophan from the
tumor microenvironment and begin to produce kynurenines and NAD+; tryptophan depletion
from, and release of kynurenines to the tumor microenvironment, inhibit T cells and NK prolif-
eration; induce apoptosis, while promote differentiation and proliferation of Tregs, and recruit-
ing of DCs and macrophages. NAD+ production allows cancer cells to overcome DNA damage
and oxidative stresses, promoving their proliferation during the Escape phase.

Because of the importance of the KP in brain and the relationship of tryptophan catabolism
with immune modulation during cancer, researchers have begun to clarify the role of the acti-
vation of this pathway on glioblastoma progression for further development of new strategies
to treat this illness.
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2.3. The glioblastoma multiforme

Astrocytes are non-excitable nervous cells of great importance for the physiological maintenance
that exert on neurons, by regulating ions and excitatory amino-acids concentrations on synaptic
regions, forming the brain-blood-barrier (BBB)-mediating neuron-blood stream signaling and
regulating the transport of nutrients into and out of the brain [90, 91]. Beyond this, astrocytes can
be differentiated on a wide span of morphological, physiological, and genomic subtypes [90-91].

Deregulation of cell proliferation and uncontrolled proliferation caused by mutations of cer-
tain genes lead astrocytes to transform into astrocytomas. Astrocytomas have been classified
into four subtypes depending on the rate of proliferation and the grade of malignancy: grade
I pilocytic astrocytomas are non-invasive tumors, they represent the less malignant of astrocy-
tomas; diffuse astrocytomas are grade II tumors that tend to invade peripheral tissues but their
growth rate is slow; anaplastic astrocytomas grow faster than diffuse astrocytomas and tend
to form tentacle-like projections into surrounding tissues, instead of grade III anaplastic astro-
cytomas, their frequency is low; finally, glioblastomas (GBM), also known as glioblastoma
multiforme, are grade IV tumors, these are the most malignant of astrocytomas [92]. GBM
can be originated de novo from mature astrocytes, primary GBM, or from a less malignant
astrocytoma, secondary GBM; they represent 15.1% of all brain primary tumors and 55.1% of
all gliomas [93].

Incidence rate of GBM is 3.19 per 100,000 people with a median age at diagnosis of 64 years
old for primary GBM, and 45 years old for secondary GBM, the median survival overall for
diagnosed and treated GBM ranges between 12 and 14 months [94, 95]. Furthermore, GBM
represent 2.8% of brain tumors during childhood [96]; however, its frequency is lower in
adults, high-grade astrocytic tumor incidence rate is 0.85 per 100,000 people being more fre-
quent in children between 5 and 9 years old, also, the median survival overall is over 43
months [97-99]. The most common treatment for GBM is surgical resection of the tumor,
followed by temozolomide-based chemotherapy, and 5000-6000 Gy radiotherapy which pro-
longs the lifespan 202 weeks [100-102]. Despite the treatment, the survival of afflicted patients
is no longer than 14 months and only 5% of the patients have a survival rate of 5 years. It is
believed that the lack of response of GBM to the multimodal treatment is due to multiple fac-
tors that combined, make GBM resistance and aggressiveness.

A major character among GBM is a loss-of-function mutation of Retinoblastoma (Rb) gene,
a cell cycle regulator protein at the phase G to phase S checkpoint, that also regulates apop-
tosis and differentiation, which occurs on 77% of GBM [103, 104]. Instead of that, another
genetic mutations and genomic expression patterns differ among GBM, integrated genomic
analysis originated four types of GBM named: proneural, associated with PDGFRA, IDH1,
and TP53 mutations; neural, expressing neuronal markers, such as NEFL, GABRA1, SYT1,
and SLC12AJ5; classical, showing amplifications on EGFR expression and deletions of Ink4a/
AREF locus; and mesenchymal, characterized by overexpression of CHI3L1 and MET so as
deletion of NF1 [103]. Several other mutations in key oncogenic signaling pathways, such as
the receptor tyrosine kinase (RTK)/RAS/PI3K, p53 pathways, lead to uncontrolled tumor cell
proliferation, genomic instability, and resistance to therapeutic strategies.
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GBM may have a wide cellular diversity, more than tumor cells which are polygonal or spindled
small sized with big nuclei, GBM-initiating cells (also called glioma stem cells) are responsible
for cell proliferation and renewal of GBM cells, also confer chemo- and radioresistance; infiltrat-
ing multinucleated cells, such as lymphocytes, macrophages, and neutrophils, and cells with
lipid vacuoles are present in these tumors [105]. Because GBM are highly angiogenic tumors,
blood vessels surrounded by pericytes are also present in tumors. GBM also show necrotic
regions among the central body tumor and some other necrotic foci in outer regions of the tumor
[105, 106]. In addition to all these mechanisms, the GBM has the ability to create an immuno-
suppressive environment that prevents the response lead by the immune system against GBM.

2.3.1. Immunosuppressive environment in GBM

Historically, the brain has been considered an immune privileged organ due to the inability
of reject exo-grafts and the lack of response in case of infection [107], as well as, absence of
a normal response of the lymphatic system and the extremely distinctiveness of antigen-
presenting cells (APCs) in brain tissue [108, 109]. However, diverse studies have recently
found that there is not an absolute isolation of the rest of the organism; moreover, within
the dural sinuses is located a lymphatic system that connect with the deep cervical lymph
nodes, able of taking immune cells and macromolecules into the CNS [108].

Even with this lymphatic system, the access to CNS is highly regulated, mostly by the BBB
[110]. The BBB is a highly selective layer composed of basement membranes, brain pericytes,
astrocytes, and neurons, which have the ability to reject more than the 90% of small molecules,
allowing the entrance just to certain lipophilic molecules [111]. However, it has been observed
that when a GBM appears, this tumor easily disrupts the BBB due to this abnormal structure,
which has as consequence the free-crossing of a more varied group of substances into the CNS
[111] and also cells of the immune system.

GBM is infiltrated by several cell types, such as monocyte-derived cells, microglia, and activated
T cells. These immune cells are recruited by chemotaxis to the tumor and together with molecules
secreted by GBM itself, such as IL-10, prostaglandins, and TGF-f31 (Table 2), playing a major role
in the immunosuppression of the tumor [112-113]. Specifically, several studies have found that
the infiltration of T cells subtypes is higher in GBM than any other CNS tumor [114], comprising
between 10 and 30% of cells within the tumor mass [115-116]. Due to the production of immu-
nosuppressive cytokines, inhibition of T cell proliferation, activation of Tregs and hypoxia, an
immunosuppressive environment, is made in GBM, which can be enhanced by the activation of
the KP.

Because of the high immunosuppressive conditions in the GBM, new therapies have begun
to being developed, focusing on antitumoral immune response for improvement of GBM
patients. Thus, epidermal growth factor receptor (EGFR) variant Ill-specific peptide vaccina-
tion and autologous tumor lysate-DC vaccination have been tested with successful results on
phase I and phase II clinical trials [117-120]. However, a better understanding of the immuno-
suppressive mechanisms occurring during GBM development, including those carried out by
IDO activity and the kynurenines, could impulse the furtherance of new tools and strategies for
GBM treatment.
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Molecule Effect Mechanism

Interleukin-10 (IL-10) Induce apoptosis in T cells, possibly [121-123]
through the expression of Fas-ligand

Tumor-promoting cytokines Dampen the antitumor immune [124, 125]
response

Interleukin-6 (IL-6) Shifting adaptive immunity to [124, 126]

Prostaglandin E2 (PGE2)

TGE-B1

CD70 and ganglioside

Colony stimulating factor-1 (CSF-1)

Basic fibroblast growth factor (BFGF),

Vascular endothelial growth factor
(VEGF)

Factor-1a (HIF-1ax)

Transcription 3 (STAT3)

humoral response (TH2)

Dampen the antitumor immune
response suppressing lymphocyte
proliferation

Ability to polarize TAMs toward
M2 phenotype

Promotion of T cells apoptosis
Stimulating of monocytic cells

Ability to polarize TAMs toward
M2 phenotype

Dampen the antitumor immune
response

Proangiogenic factor.

Support of vascularity and tumor
growth

Activation of Tregs and production
of vascular endothelial growth factor
(VEGF)

Synthesis of hypoxia-inducible factor
-la (HIF-1at) that subsequently
induces activation of Tregs and
production of vascular endothelial
growth factor (VEGF).

Promotion of angiogenesis

[124, 125, 127-129]

[130, 131]
[124, 126]

[124, 125]

[132]

[133]

[133]

Table 2. Molecules implicated in the immunosuppression of GBM.

2.3.2. Implications of kynurenine pathway in GBM development

Kynurenine pathway enzymes are overexpressed in GBM. Upregulated expression of these
enzymes has been related to severity of gliomas and patient survival. The IDO expression in 343
glioma specimens and correlated to patient survival has been analyzed [134], this expression
was associated with poor prognosis and was more frequently observed in high-grade glioma.
Moreover, in an orthotopic GL261 cell tumor model was shown that IDO-competent brain
tumors increased the recruitment of immunosuppressive Tregs, and decreased the frequency
of CD8+ T cells compared with IDO-deficient brain tumors [134]. Another study, including 75
gliomas, showed higher expression of IDO in malignant gliomas compared with low-grade
gliomas. Moreover, stronger IDO expression was associated with shortened survival time in
GBM patients [135]. Additionally, it has been reported that glioma cells have increased mRNA
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expression of IDO1 and IDO2 compared with human fetal astrocytes and human adult astro-
cytes cultures as well as decreased Kats mRNA expression, and these expression enhanced
when cells were stimulated with IFNy [75]; the same work also reported increased Kyn/Trp
ratios and decreased Kyna/Kyn ratios in the plasma of glioblastoma patients compared with
healthy people [75]. The levels of Trp and Kyn were evaluated in GBM patients before and
after tumor resection. Interestingly, both Trp and Kyn significantly decreased after 48 h and 10
weeks after surgery. In addition, patients with a high-ratio Kyn/Trp had worse mean overall
survival compared with patients with lower ratio [136].

The significantly increased expression of IDO in cancer cells and in the tumor microenviron-
ment has arisen as a promising target for GBM treatment, based on the inhibition of IDO as
a potential therapy for cancer patients. Among the first strategies, is the systemic adminis-
tration of 1-methyl tryptophan (1-MT), a competitive inhibitor of the IDO, which delayed
tumor development in a murine model of Lewis lung carcinoma [137]. Subsequently, it was
described that the expression of IDO in immunogenic cells (P815B) avoided their rejection
by preimmunized mice, an effect that was associated with the inhibition of specific T cell
response [138]. This effect was partially reversed when preimmunized mice were adminis-
tered with 1-MT [138]. Due to the results observed in animal models, 1-MT has been tested
and approved on phase I clinical trials in patients with solid and solid metastatic neoplasms,
lung, ovarian, Fallopian tube, and breast cancer showing disease stabilization in most cases
[89, 139-141].

Concerning to GBM, at least three clinical trials involving IDO inhibitors are in recruiting status
(Feb. 2017), but the use of 1-MT on in vivo GBM models has shown that when is used in com-
bination with classical chemotherapeutic agents, such as temozolomide or cyclophosphamide,
and additional radiotherapy, increases the overall survival as well as reduces the tumor volume
[142, 143]. Additionally to this effect, inhibition of IDO has also shown increased complement
component C3 deposition on the tumor region, which is necessary for tumor volume reduction
[142], as well as increased CD4+ and CD8+ T cell population from animal spleens, treated with
1-MT [143], indicating that IDO inhibition rescues the host’s immune activation.

Despite reports pointing that 1-MT has a greater affinity for IDO2 than for IDO [6, 7], it is of
mention that the majority of reports about the targeting of the KP for cancer treatment are
focused on IDO inhibition. But IDO is just one of the enzymes that fuel this catabolic route,
so the better understanding of the roles of both IDO2 and TDO in cancer development and
immunosuppression would result in better ways for combating cancer [144].

As mentioned above, in most cases, IDO expression as well as kynurenines production and
immunosuppressive mechanisms are carried out by infiltrating tumor cells. For GBM, microg-
lial cells are an important source of kynurenines so, the microglial depletion could be another
important strategy for tumor mitigation. Studies focusing in microglial depletion through the
use of CSF-1 receptor inhibitors have shown prolonged mice survival and enhanced antitu-
moral immune response when animals were treated in combination with DC vaccination [145,
146]. The effect of microglial elimination on IDO expression and on the levels of KP metabo-
lites, still remains to be elucidated, but the immune response reported with the use of the
CSF-1 receptor inhibitors settle down some clues about what could happen in the KP context.
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Thus, the use of IDO inhibitors and microglial elimination in combination with classical che-
motherapy and radiotherapy in GBM murine models, as well as the clinical trials that have
tested 1-MT in different kinds of solid and metastatic tumors has shown promising results for
targeting IDO and the KP against GBM.

2.4. Concluding remarks

GBM is an astrocyte-derived tumor, the most common of brain tumors, characterized by its
high proliferation rates, genomic instability, and invasiveness, as well as to being a high immu-
nosuppressive tumor. The nature of GBM results in a rapid expansion into the surrounding
tissues, associated with poor prognosis and patient low survival despite classical treatment of
these tumors, tumor extirpation, temozolomide therapy, and radiotherapy, which only pro-
longs median survival over 2 months.

In this chapter, we have discussed the importance of the tryptophan catabolism through the KP
during GBM development. Activation of this catabolic route provides cancer cells a constant

L

Figure 3. Global scheme of the role of IDO expression and the kynurenine pathway on glioblastoma development.
During glioblastoma formation, a population of tumor cells is recognized and eliminated by the host immune system
(cytotoxic T lymphocytes, helper T lymphocytes, and natural killer cells). While eliminating the recognized tumor
cells, cytotoxic T lymphocytes secrete IF Ny, TNFa, and other proinflammatory cytokines which strongly induce IDO
expression and the kynurenine pathway activation in survivor glioblastoma cells and tumor infiltrating cells (dendritic
cells and tumor-associated macrophages). Glioblastoma IDO expressing cells maintain a rich NAD+/NADH pool which
provides redox balance, energy supply, and active DNA repairing mechanisms, facilitating genomic instability and tumor
growth; also in glioblastoma cells, 1-kyn also contributes to genomic instability by modulating DNA polymerase k. In
the tumor microenvironment, released r-kyn promotes Treg differentiation from naive T cells. While 3-HAA, 3-HK,
and Quin promote Treg recruitment and inhibit both cytotoxic and helper T lymphocytes activation and proliferation;
and also promote T lymphocytes, natural killer cells, and nontumor cells apoptosis, promoting more invasiveness.
Microenvironmental tryptophan depletion caused by high tryptophan uptake by IDO expressing cells enhances the
kynurenines effect against T cell activation proliferation. Finally, the use of IDO inhibitor 1-methyl-tryptophan rises as a
promising strategy for glioblastoma treatment.
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supply of NAD+ and promotes the expression of damaged DNA repairing enzymes, which
allow cancer cells to have an active metabolism, and to bypass redox stress and DNA damage
pressure (Figure 3).

Furthermore, IDO expression and elevated Kyn/Trp ratios are related with poor prognosis
and low survival of GBM patients. The expression of key enzymes of the KP is induced by
stimulation of cytokines secreted during antitumoral immune responses, after this, trypto-
phan depletion and kynurenines production inhibit effector CD4+ and CD8+ T cell and NK cell
proliferation, meanwhile promote Treg differentiation and MDSC infiltration into the tumor,
attenuating antitumor responses. It is of note that IDO expression and immunosuppressive
mechanisms are not carried out by cancer cells alone, but tumor infiltrating cells are also able
to synthesize IDO and to promote an immunosuppressive environment (Figure 3).

The results of the use of IDO inhibitors, like 1-MT, in in vivo GBM models and in phase I and
phase II clinical trials against lung, breast, and ovarian cancer, arise them as a promising strat-
egy for combating GBM. However, detailed information about the role of key enzymes of the
KP, KYNU, KAT, KMO, and QPRT, could provide more information for the development of
more truthful treatments against GBM.
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Abstract

A spectrum of neurological complications can result from acute and chronic liver diseases
and is termed hepatic encephalopathy. The precise pathogenic mechanisms by which
hepatic encephalopathy occurs is unclear. However, it is commonly accepted that the
development of hepatic encephalopathy shares a long-standing relationship with neuro-
inflammation. This chapter will outline the evidence for a role of neuroinflammation and
proinflammatory cytokines in the pathogenesis of hepatic encephalopathy. Furthermore,
we will identify the possible circulating factors, released from the liver after damage, that
may contribute to the neurological complications of hepatic encephalopathy, including
neuroinflammation. Lastly, we discuss the current and experimental treatment options
aimed at reducing neuroinflammation for the management of hepatic encephalopathy.

Keywords: hepatic encephalopathy, microglia, acute liver disease, liver cirrhosis, cytokines

1. Introduction

Hepatic encephalopathy (HE) describes a spectrum of neurological complications that arise
during acute liver failure or chronic liver diseases and can be classified depending upon the
underlying liver pathology. Specifically, Type A HE is associated with acute liver failure.
Acute liver failure, or fulminant hepatic failure, is a rapid deterioration of liver function with-
out any pre-existing liver disease. It can arise due to drug-induced liver injury (e.g., acetamin-
ophen overdose), viral hepatitis or ischemic hepatitis. Type B HE arises from a portal-systemic
bypass without underlying liver disease. This occurs when blood bypasses the liver, thereby
bypassing the detoxification function of the liver, resulting in an increased buildup of toxic
substances in the blood stream and subsequent neurological impairment. Lastly, type C HE is
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a result of liver cirrhosis. In late stage chronic liver diseases, when severe fibrosis is evident,
the liver decompensates leading to the development of HE. Recently, it was suggested that
a 4th type of HE exists that results from acute-on-chronic liver failure. This occurs when an
acute liver insult (e.g., an infection) occurs in a patient with an existing chronic liver condi-
tion. The HE that may arise has features in common with both Type A and Type C HE and
therefore perhaps should be characterized as its own entity.

Regardless of the type of HE, clinical symptoms of HE range from altered cognitive func-
tion, mood changes, disorientation, and neuromuscular problems such as asterixis and ataxia,
which ultimately culminate in hepatic coma. Associated with these symptoms are cerebral
edema, leading to increased intracranial pressure (evident only in HE due to acute liver fail-
ure), astrocyte swelling, neuronal dysfunction and neuroinflammation.

The neurological changes during HE are thought to arise due to the buildup of toxic or
inflammatory substance in the blood stream as a result of impaired liver function. With the
increased permeability of the blood-brain barrier observed in patients and in animal models
of HE, these substances are able to cross the blood-brain barrier and alter cognitive function.
While the full scope of liver-derived substances may not yet be fully appreciated, some of
these include ammonia buildup, increased bile acids and circulating proinflammatory cyto-
kines. The consequences of these agents on the brain, and neuroinflammation in particular,
will be discussed in detail below.

2. Microglia activation during HE

Neuroinflammation is a key feature in common with all types of HE and is predominantly
modulated by microglia, the resident macrophage-like cell in the brain. Microglia are nor-
mally found in their quiescent or ramified form, characterized morphologically by small cell
body and long, branching processes. The cell body typically remains stationary, whereas the
processes are constantly moving and surveying their microenvironment for proinflamma-
tory signals released by surrounding damaged neurons, infectious agents etc. Upon activa-
tion, microglia undergo morphological changes, including a thickening and retraction of the
branches and increased cell body volume, and produce increased amounts of proinflamma-
tory cytokines and recruitment molecules (e.g., chemokines). A schematic diagram of these
morphological changes can be seen in Figure 1. Furthermore, reactive microglia undergo
rapid proliferation to increase their number. The increased microglia number at a site of
trauma is thought to be a combination of proliferation of resident microglia and recruitment
of microglia from neighboring areas.

Microglial activation has been demonstrated to be a key feature in the pathogenesis of HE
regardless of the type. Indirect clinical evidence for microglial activation has been demon-
strated by an upregulation of the microglial marker Ionized calcium binding adaptor mol-
ecule 1 (Iba-1) in postmortem cortical brain tissue from patients with liver cirrhosis and HE,
when compared to cirrhotic patients without HE [1]. In addition, data from a comprehen-
sive gene expression profile analysis demonstrated an upregulation of markers for both the
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Figure 1. Schematic diagram depicting changes in microglia morphology during neuroinflammation. Lower panels
show immunofluorescent staining of microglia using an Ibal-specific antibody in a mouse model of HE.

proinflammatory M1 and anti-inflammatory M2 microglial phenotypes, suggesting that both
subpopulations of microglia may be present in patients with HE due to cirrhosis [2]. Taken
together, these clinical data indirectly support a role of microglia activation in HE.

In contrast, evidence for a direct role for microglia activation in the neurological consequences
of both acute liver failure and liver cirrhosis is more striking in animal models of these dis-
eases. Furthermore, in many of the models used, treatment modalities shown to inhibit
microglia activation also alleviated or prevented the cognitive impairment and neurological
decline observed during HE. Specific details are described below.

2.1. Toxic liver injury

A range of hepatotoxic agents have been used to uncover basic mechanisms responsible for the
CNS complications of liver failure. This topic was reviewed by a panel of experts nominated by
The International Society for Hepatic Encephalopathy and Nitrogen Metabolism (ISHEN) who,
after careful deliberation, recommended two toxic models based upon the extent of their char-
acterization. The two models of acute liver failure were the azoxymethane (AOM) mouse model
and the thioacetamide (TAA) rat model [3]***. Very elegant and detailed analyses of the morpho-
logical changes in microglia and real-time analysis of microglial dysmotility after AOM have
been demonstrated [4]. Both microglia activation (as demonstrated by an ameboidal phenotype)
and motility (as demonstrated by analysis of the turnover rate) were shown to be altered in the
cerebral cortex at late stages of HE when severe neurological symptoms were evident, coincid-
ing with the appearance of brain edema [4]. Furthermore, increased number of microglia [5-7]
and increased reactive phenotype [6] has been demonstrated in the cerebral cortex of AOM-
injected mice. This HE-associated microgliosis could be attenuated with anti-inflammatory
treatment modalities [5-7], which also attenuated or delayed various neurocognitive deficits
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observed in this model of Type A HE, indicating that microglia activation may be contributing
to the behavioral abnormalities observed in HE rather than as a consequence.

While microglia activation has not been assessed specifically in the ISHEN-recommended
TAA rat model of acute liver failure, Faleiros et al. recently assessed this phenomenon using
the relatively uncharacterized TAA mouse model of acute liver failure [8]. While mice injected
with TAA displayed a significant reduction in locomotor activity, which was accompanied
by increased expression of certain proinflammatory cytokines and chemokines, no microg-
lia activation was observed [8]. However, it is conceivable that this observation may be an
anomaly of this model rather than evidence of a lack of microglia involvement.

2.2. Ischemic liver failure

Experimental acute liver failure can be induced by the performing an end-to-side portacaval
anastomosis followed by hepatic artery ligation and is thought to mimic ischemic liver failure.
Rats undergoing this surgery exhibit key clinical features of HE, including cerebral edema
and hyperammonemia, which ultimately result in grade 4 HE (hepatic coma). An increase in
the number of OX-42/CD11b positive microglia has been demonstrated in the frontal cortex,
thalamus, hippocampus and cerebellum starting 6 h after surgery (early stage HE) and wors-
ening at the time of coma/edema [9, 10]. These pathological effects, to include brain edema
and HE progression, could be alleviated by either mild hypothermia [9] or treatment with
minocycline [10].

2.3. Portal-systemic (bypass) encephalopathy

In a related, more subtle model of HE induced by end-to-side portacaval shunt surgery with-
out subsequent hepatic artery ligation, rats develop mild cognitive impairment over the fol-
lowing 3-4 weeks. Associated with this mild form of HE (or minimal HE) is a change in
the microglia morphology to a more ameboid, activated phenotype [11, 12]. Curiously, these
changes were restricted to cerebellum. Chronic infusion of a p38 mitogen-activated protein
kinase inhibitor [11] or the phosphodiesterase inhibitor Sildenafil [12] reversed the morpho-
logical changes observed in microglia and prevented the cognitive impairment.

2.4. Biliary cirrhosis

Obstruction of the common bile duct induces a reproducible model of biliary cirrhosis in
rats. Bile duct-ligated (BDL) animals have liver failure, developing jaundice, portal hyperten-
sion, portal-systemic shunting, bacterial translocation and immune system dysfunction. BDL
rats are hyperammonemic but show only low-grade or minimal encephalopathy (decreased
locomotor activities) [3]. Using this model, microglia are activated predominantly in the
cerebellum with only traces of activation in the striatum and thalamus [13]. Treatment with
ibuprofen reduced microglia activation and reversed the concomitant cognitive impairments
observed [13]. Similarly, microglia activation has been shown after BDL in mice, as demon-
strated by morphological changes in Iba-1 positive microglia [14]. However, in contrast to
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the rat model, the activation of microglia was localized to the cerebral cortex rather than the
cerebellum. The cause of these region-and species-selective changes remains unknown. The
activation of microglia in BDL mice is thought to subsequently recruit monocytes to the brain
that contribute to the cognitive impairment observed [15].

3. Mechanism of microglia activation during HE

As mentioned above, the development of HE appears to be due to the buildup of toxic or
inflammatory substances in the blood stream as a result of impaired liver function. While the
identity of all of these substances is likely unknown, a summary of the identified factors and
their involvement in HE is shown in Figure 2 and is described in greater detail as follows:

Liver

Liver Failure/Disease |

| | Blood

: stream
Systemic

Elevated serum
ammenka

Elevated serum
bile acids

¥ Brain
Metabaolic \ ,
challenge/ |#—— :":ﬁ“u' ::E:

Figure 2. Schematic diagram depicting the current knowledge of the pathogenic mechanisms of HE. Following liver
failure or chronic liver disease, there are elevations of serum ammonia, circulating bile acids and systemic inflammation.
All of these are able to promote microglia activation as has been shown by numerous studies. In addition, elevated
cerebral ammonia leads to an elevation of glutamine in astrocytes causing a metabolic challenge and swelling of
astrocytes. There are potential mechanisms at play in which activated microglia promote astrocyte swelling. Both
astrocyte swelling and microglia activation promote the development of HE.
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3.1. Ammonia

Ammonia is a nitrogenous compound that is the best-characterized neurotoxin that contrib-
utes to the development of HE. Ammonia is generated through both gut bacteria and entero-
cytes and is subsequently metabolized by the liver into urea after its passage through the portal
tract [16, 17]. Urea, unlike ammonia, can be excreted from the body via the kidney. However,
when the liver is damaged or diseased, this detoxification of ammonia into urea by the liver is
impaired leading to significant elevations of ammonia in the bloodstream. Ammonia has the
capability to cross the blood-brain barrier during HE and once in the brain, ammonia is taken
up by astrocytes [18]. Astrocytes metabolize ammonia into glutamate and subsequently into
glutamine via glutamine synthetase. The increased levels of glutamine inside of astrocytes
cause an osmotic gradient which results in the swelling of astrocytes and cytotoxic edema
[19]. This results in a morphological change in astrocytes, which have been characterized as
Alzheimer type Il astrocytes, which are a neuropathological marker of this disease state [20].

Ammonia can contribute to other aspects of pathology other than the swelling of astrocytes
as this metabolite has been shown to induce oxidative stress and neuroinflammation, which
contribute to the pathology of HE. This is evident in cell culture studies where treating rat
primary microglia with 5 mM of ammonia was found to induce the expression of reactive
nitrogen and oxygen species [21]. In addition, treating rat primary astrocytes with condi-
tioned media from these ammonia-treated microglia induced cell swelling [22]. The idea that
ammonia was the primary factor necessary to induce encephalopathy is not be the case in
every circumstance. Injection of LPS into sham-operated, ammonia-fed and BDL rats deter-
mined that significant neurological deficits and cytotoxic brain edema were observed only in
the BDL rats administered LPS [22]. This gives support that inflammation induced by organ
injury works in tandem with LPS-induced inflammation to contribute to HE. Therefore, while
ammonia does play a significant role in HE, microglia-induced inflammation is a synergistic
partner that also contributes to the pathology of this disorder.

3.2. Bile acids

It is well accepted that increased serum bile acids can be an indication of liver damage [23]
and have been observed in the cerebrospinal fluid of patients with fulminant hepatic fail-
ure [24], and with liver cirrhosis [25], however, their contribution to the pathogenesis of HE
has only recently been suggested [26, 27]. Increased serum bile acids have been implicated
in the increased blood-brain barrier permeability observed in a rat model of chronic liver
disease [28] hereby allowing access of bile acids and other signaling molecules to the brain.
Furthermore, increased bile acid content in brain tissue has been demonstrated in rodent
models of both acute and chronic liver diseases [26, 27]. In the AOM mouse model of Type
A HE, increased total bile acid content was observed in the frontal cortex, and strategies to
reduced circulating bile acids (e.g., cholestyramine feeding or the use of a genetically modi-
fied mouse with impaired bile acid synthesis) proved neuroprotective [26].

Activation of microglia is a delicate balance between the proinflammatory chemokine ligand
2 (CCL2) and the anti-inflammatory chemokine fractalkine, which in physiological conditions
favors the dampening of microglia activation [6]. However, during type A HE, this balance is
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dysregulated leading to an increased production of CCL2 [5] and a downregulation of frac-
talkine [6] and subsequent microglia activation [5, 6]. This imbalance may, at least in part, be
attributable to aberrant bile acid signaling in the frontal cortex during acute liver failure [29].

3.3. Proinflammatory cytokines

It is commonly accepted that systemic inflammation contributes to the progression of HE.
Indeed, in patients and in animal models of HE, systemic inflammation causes worsening
of the encephalopathy, and it has been proposed that proinflammatory signals act syner-
gistically with ammonia toxicity to bring about the neurological complications of acute and
chronic liver failure [30-32].

Because the proinflammatory cytokines released from the liver during liver damage are often
identical to those released from activated microglia, it is difficult to determine the precise
origin and role of each source of cytokine during HE. However, a number of liver-derived
proinflammatory cytokines have been definitively demonstrated.

Tumor necrosis factor-alpha (TNFa) is a potent proinflammatory cytokine. Circulating levels
of TNFa are increased as a function of the severity of HE in both patients [33] and experi-
mental animals [10] with liver failure. Moreover, the presence of TNFa gene polymorphisms
is known to influence the clinical outcome in patients with acute liver failure [34]. In experi-
mental models of acute liver failure, mice lacking the TNF receptor 1 gene had a delayed
onset of encephalopathy and an attenuation of brain edema [35]. TNFa has been shown to
activate microglia in a number of experimental models of neuroinflammation [36, 37]. With
respect to HE, systemic levels of TNFa are increased in the AOM model of acute liver failure
[7]. Inhibition of TNFa signaling by systemic treatment with etanercept reduced systemic
inflammation, attenuated the neurological decline, and prevented microglial activation in the
cerebral cortex [7]. These data support the hypothesis that peripherally derived TNFq, at least
in part, contributes to the microglial activation and subsequent neurological decline in liver
failure. In support of this concept, neurological complications occurring in the BDL model of
biliary cirrhosis were shown to be the consequence of monocyte recruitment in response to
TNFa signaling and occurred via microglial activation. Specifically, peripheral TNFa signal-
ing stimulates microglia to produce CCL2, which subsequently mediates monocyte recruit-
ment into the brain [14]. These findings were suggested to constitute a novel immune-to-brain
communication pathway with the potential to result in altered neuronal excitability and neu-
rological complications during cholestatic liver disease.

The role of transforming growth factor 3 (TGFp) in the inflammatory response is largely con-
text dependent. Specifically, TGF{ has both anti-inflammatory and proinflammatory effects
on various immune cells in the body, including microglial activation. Increased levels of TGFf3
have been demonstrated in the liver and serum in the AOM model of acute liver failure [38].
The authors demonstrated that peripheral TGF( has implications on microglial activation
[39]. Specifically, systemic treatment of mice with a neutralizing anti-TGFf3 antibody, that
did not significantly alter the underlying liver damage, but inhibited the actions of circulat-
ing TGFf delayed the neurological decline observed in AOM-induced acute liver failure [38],
and attenuated the morphological changes in Iba-1 positive microglia [39]. However, whether
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liver-derived TGEFp is acting directly on microglia to regulate the neuroinflammatory response
in these models of HE, or whether the changes in microglial activation are an indirect effect of
the protective effect of anti-TGFp neutralizing antibodies remains to be established.

3.4. Neuron and astrocyte crosstalk with microglia

Microglia activation does not occur in an isolated system, and various studies have demon-
strated that both neurons and astrocytes have the capability to crosstalk with microglia and
promote their activation during neuroinflammatory states. This does occur in conditions other
than HE. For example, in a mouse model of Alzheimer’s disease, astrocytes have upregulated
CCAAT/enhancer-binding protein and proinflammatory cytokines, which are associated with
microglia activation and migration [40]. During hyperammonemia in rats, it was found that
ammonia induces both astrocyte and microglia activation along with increased production
of interleukin-1 beta (IL-1f3) and interleukin-6 (IL-6) [41]. In a recent report, LPS-stimulated
microglia have increased production of proinflammatory cytokines including IL-1f3, IL-6 and
TNFa which were reduced when microglia were co-cultured with astrocytes indicating that
astrocytes may play an immunomodulatory role [42].

In contrast, neurons have been demonstrated to induce the activation of microglia during
HE. In the cortex of mice with acute liver failure, there is an elevation of CCL2 in neurons,
which signals through chemokine receptor 2 (CCR2) and chemokine receptor 4 (CCR4) [5].
Antagonism of CCR2 or CCR4 was found to improve HE outcomes and reduce microg-
lia activation compared to controls [5]. In physiological states, neurons are able to inhibit
microglia expression by producing fractalkine, which signals through CX3CR1 on microglia
[6]. Fractalkine in neurons was found to be suppressed in the cortex during HE in mice with
acute liver failure and infusion of soluble fractalkine into the brain led to reduced microglia
activation [6].

4. Treatment strategies to reduce neuroinflammation during liver disease

At this time, most therapies used for the treatment and management of HE are not targeted
directly at neuroinflammation, per se. As ammonia was the first identified neurotoxin to play
a role in HE, current treatment strategies are aimed at reducing circulating ammonia levels
during this disease state. Some of these treatments appear to have efficacy in certain condi-
tions, while others do not. Current treatments and future potential therapeutic strategies will
be discussed below.

4.1. Current treatments for HE

A majority of current therapies are aimed at reducing the levels of circulating ammonia by tar-
geting the bacteria of the gut. It should be noted that these treatments may indirectly reduce
inflammation due to the synergism of ammonia and neuroinflammation during HE described
above. The non-absorbable disaccharides lactulose and lactitol are commonly used for HE
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treatment. These are metabolized by the gut microbiota, which acidifies the colon, reduces the
number of ammonia producing bacteria, and converts ammonia to ammonium, which can-
not be absorbed [43]. While studies have reported improved outcomes of HE patients during
lactulose treatment [44], a meta-analysis assessing 30 studies determined that lactulose treat-
ment did not significantly reduce mortality in HE patients though it did reduce the risk of no
improvement [45]. Lactitol has been shown to be just as efficacious as lactulose and has less
severe side effects but is not available in the United States [46].

Non-digestible antibiotics are another therapy targeted at reducing ammonia production of
intestinal bacteria and can be used in conjunction with lactulose. Rifaximin has the least num-
ber of side effects and is the most well-characterized [47]. Rifaximin is effective against both
Gram-positive and Gram-negative bacteria of the gastrointestinal tract. Rifaximin works by
disrupting transcription by binding RNA polymerase and has been demonstrated to reduce
ammonia concentrations and improve mental status to a greater degree than lactulose or
other antibiotics in HE patients [48].

L-Ornithine-L-aspartate (LOLA) is aimed at reducing ammonia concentrations by increasing
the generation of urea through the urea cycle. Oral administration of LOLA is not recom-
mended for the management of HE as the studies assessing its efficacy have been conflicting
with some stating no benefit compared to placebo [49]. Newer studies have identified that
intravenous administration of LOLA is more efficacious at lowering ammonia levels and is
recommended for patients that do not respond to lactulose treatment [50].

Probiotics are dietary supplements containing viable bacteria that are designed to deprive
pathogenic bacteria of nutrients, while supplying beneficial bacteria with growth-promoting
substrates. While there have not been definitive studies during acute liver failure, probiotics
have shown efficacy during type C HE. A meta-analysis of probiotics usage in patients with
minimal HE described that they are associated with significantly improved outcomes [51].
In another study, it was found that the probiotic VSL#3 improved outcomes in patients with
minimal HE and had comparable efficacy to lactulose [52].

Other treatments employed are designed to minimize the complications of HE. Two of these
are mannitol and hypertonic saline which aim to reduce cerebral edema and intracranial pres-
sures that are a result of cytotoxic edema and inflammation [50].

4.2. Pre-clinical therapies targeting inflammation

While the current therapies being employed are largely focused on ammonia, there are pro-
spective therapeutic approaches that are targeted at reducing neuroinflammation with many
of the studies reporting improved HE outcomes.

Therapeutic hypothermia has been employed in rodent models and in patients. In rats with
end-to-side portacaval anastomosis, moderate hypothermia (33°C) was found to reduce
cerebral edema and TNFa, IL-1p and IL-6 concentrations in the cortex [9]. A similar finding
was observed in HE patients where reducing their core temperature to 32-33°C was able to
decrease levels of circulating TNFa, IL-1p and IL-6 as well as reduce cerebral edema and
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intracranial pressure [53]. However, a recent report investigating moderate hypothermia
(33-34°C) in HE patients from acute liver failure determined that this treatment strategy did
little to reduce increased intracranial pressures or mortality [54]. Therefore, more studies are
necessary to determine the clinical potential of therapeutic hypothermia in patients with HE.

Chemokines and cytokines may also be a potential target for the management of HE. Systemic
antagonism of CCR2 or CCR4 was found to reduce neuroinflammation and neurological
decline in AOM-treated mice [5]. In addition, supplementation of CX3CR1-mediated signal-
ing via soluble fractalkine infusion in the brain reduced microglia activation and neuroin-
flammation in AOM-treated mice [6]. TNFa-mediated signaling seems to play a significant
role in neuroinflammation and outcomes during HE as infliximab, etanercept and p38 inhibi-
tors all reduced serum and brain levels of proinflammatory cytokines and improved cognitive
and motor functions in rodent models of HE [7, 11, 55].

N-acetylcysteine is a therapeutic agent that is known to be efficacious in the treatment of hepa-
totoxic acetaminophen overdose by increasing bioavailability of the antioxidant glutathione. In
regard to HE, it has been shown that in acute liver failure not due to acetaminophen overdose that
N-acetylcysteine is able to reduce IL-17 and improve outcomes but this occurs only in patients
with grade 0-I1 HE [56, 57]. These beneficial effects of N-acetylcysteine were not observed in
children with minimal HE due to non-acetaminophen-induced acute liver failure as there was
no change in 1-year survival [58]. In fact, it was observed that children younger than 2 years old
actually had a significantly reduced 1-year transplant free survival compared to controls [58].

Non-steroidal anti-inflammatory drugs (NSAIDs) also show promise at mitigating neuro-
inflammation and improving outcomes during HE. Ibuprofen has been shown to reduce
microglia activation, cerebellar IL-13 concentrations and improved learning and motor func-
tions in BDL rats [13]. In portacaval shunt rats with HE, ibuprofen treatment reduced induc-
ible nitric oxide synthase expression and improved motor and cognitive function compared to
controls [59]. Indomethacin has shown conflicting results with this treatment reducing intra-
cranial pressures in patients with acute liver failure while increasing TNFa and mortality in
TAA-induced liver failure in rats [60]. More studies are necessary with NSAIDs in patient
populations before these agents should be used for the treatment of HE [61].

The elevation of bile acids in the brain and CSF of HE patients due to acute liver failure has
been previously described [24]. Recently, we published a report that bile acids are elevated in
the cortex of AOM-treated mice, and the use of cholestyramine (to promote fecal excretion of
bile acids) or Cyp7Al-null mice (that have reduced bile acid synthesis) were protected from
neurological decline [26]. This is not unique to this model as BDL rats 3 weeks after surgery
have significant elevations of lithocholic acid in the brain [62]. Bile acids in other systems have
been demonstrated to have the ability to modulate inflammation, giving support that they
could contribute to neuroinflammation during HE.

4.3. Clinical trials

At this time, there are 83 open clinical trials assessing aspects of HE. That being said, the num-
bers directly assessing HE are only 15 and of these 15, 6 involve lactulose or rifaximin that
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are already being readily used in the clinic. Of these remaining studies, only 6 involve novel
treatments not currently in use.

Due to the lack of efficacy for probiotics during HE due to acute liver failure, fecal microbiota
transplants are being proposed to better control the makeup of the gut microbiome. Fecal
microbiota transplants are taken from a health donor and are then administered in a diseased
individual with the goal of altering their gut bacteria to a healthier population. The first trial
is aimed at cirrhotic patients with recurrent HE that do not respond to lactulose or rifaximin
(NCT02255617). The second trial is also in cirrhotic patients and is aimed at determining the
feasibility and safety of fecal microbiota transplants in HE patients (NCT02862249).

GABA receptor antagonists could also be a potential therapy for HE as this neurotransmitter
is modulated by both positive and negative regulators [63]. As GABA activation suppresses
neural circuits, this neurotransmission pathway could suppress the CNS and promote hepatic
coma. Flumazenil is a GABA receptor antagonist that is being proposed for use in non-alco-
holic cirrhotic patients that have HE (NCT02048969). This trial will employ proton magnetic
resonance spectroscopy to determine the metabolic and biochemical changes in these patients
that are on flumazenil or placebo.

Metformin is one of the primary medications used for the treatment of type 2 diabetes. During
HE, it has been shown that metformin inhibits glutaminase activity and was protective
against HE in cirrhotic patients with diabetes [64]. In order to determine whether metformin
is beneficial in cirrhotic patients with diabetes and minimal HE, a clinical trial is being per-
formed that will assess neurobehavioral outcomes using psychometric tests in these patients
(NCT02470546).

Albumin infusion is a method employed to scavenge substances, and proteins in the blood
to improve patient outcomes. In cirrhotic patients with HE, albumin infusion has been previ-
ously used and was found to not reduce the occurrence of HE during hospitalization, but did
improve survival after hospitalization [65]. The new trial is comparing infusion of human
albumin into cirrhotic patients with HE and is assessing survival at 90 days and 180 days fol-
lowing initial dose (NCT02401490).

The last clinical trial is the joint administration of nitazoxanide and lactulose in cirrhotic
patients with HE (NCT02464124). Nitazoxanide is an oral medication that is used to treat
Giardia lamblia and Cryptosporidium parvum during infectious diarrhea. The outcomes of this
trial are to determine the number of patients with total reversal of HE.

5. Conclusions

In conclusion, the evidence for a role of neuroinflammation in HE is unequivocal. However,
the precise molecular mechanism by which neuroinflammation, and more specifically microg-
lia, is activated is not completely understood. Targetting the neuroinflammatory aspect of HE
may prove to be a useful strategy for the development of experimental therapeutics to man-
age the neurological complications of HE.
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