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Abstract

Disruption of Akt and Erk-mediated signal transduction significantly contributes in the pathogenesis of various neurodegener-
ative diseases (NDs), such as Parkinson’s disease, Alzheimer’s diseases, Huntington’s disease, and many others. These regulatory
proteins serve as the regulator of cell survival, motility, transcription, metabolism, and progression of the cell cycle. Therefore,
targeting Akt and Erk pathway has been proposed as a reasonable approach to suppress ND progression. This review has
emphasized on involvement of Akt/Erk cascade in the neurodegeneration. Akt has been reported to regulate neuronal toxicity
through its various substrates like FOXos, GSK3[3, and caspase-9 etc. Akt is also involved with PI3K in signaling pathway to
mediate neuronal survival. ERK is another kinase which also regulates proliferation, differentiation, and survival of the neural
cell. There has also been much progress in developing a therapeutic molecule targeting Akt and Erk signaling. Therefore,
improved understanding of the molecular mechanism behind the regulatory aspect of Akt and Erk networks can make strong
impact on exploration of the neurodegenerative disease pathogenesis.

Keywords NDs, neurodegenerative disorders - MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine - 6-OHDA,
6-hydroxydopamine - PD, Parkinson’s disease - HD, Huntington disease - BDNF, brain-derived neurotrophic factor - MAPK,
mitogen-activated protein-extracellular kinase - N1f2, nuclear factor erythroid 2 p45-related factor 2

Introduction

Neurodegenerative disorders (NDs) consist of a large number
of disorders affecting the nervous system. It includes the het-
erogeneous group of disorders such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis
(ALS), Huntington’s disease (HD), and many more. The het-
erogeneous disorders are characterized by progressive and
selective loss of neurons (Sheikh et al. 2013). In most cases,
the loss of function of the affected neuronal type defines the
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major phenotype of the disease. The main cause of most NDs
is still unknown and, therefore, there is no effective cure. NDs
treatment depends on retardation or alleviation of symptoms
(Jaiswal et al. 2012). The well-accepted hypotheses account-
ing for the loss of neurons in neurodegeneration include neu-
rotrophic factor deprivation, the exposure to exogenous or
endogenous toxic substances [e.g., MPTP, acetaldehyde, pes-
ticides, 6-OHDA, proteins with expanded polyglutamine
stretches], oxidative stress, and genetic factors. Later, it can
either predispose to noxious stimuli or directly cause the
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disease. A number of genes associated to specific NDs have
been uncovered (Colucci-D'Amato et al. 2003).

For instance, a well-studied neurodegeneration is in the
case of PD. Mutations in three genes, involved in hereditary
PD, have been so far identified: «-synuclein, parkin, and DJ-1
(Nuytemans et al. 2010). Phenotypically, the effect of muta-
tions overlaps with the most common sporadic PD but still
differs from each other. HD is the well-known dominantly
inherited autosomal ND with high penetrance; it is caused
by a polyglutamine (polyQ) expansion in the protein
huntingtin, which is thus presumed to acquire a toxic gain of
function. According to recent findings, the mutated huntingtin
can cause the death of specific neuronal population by a mech-
anism that leads to insufficient neurotrophic support to target
neurons. Mutant huntingtin activates Nrf2 responsive genes
which in turn impair synthesis of dopamine and so cause do-
paminergic neuronal death (van Roon-Mom et al. 2008).
Specifically, huntingtin regulates transcription in cortical neu-
rons of BDNF, which is transported to the striatum where it
sustains striatal neuron survival. This property is lost with
mutated huntingtin (Reichardt 2006). Thus HD pathogenesis
represents an example of how neurotrophins, toxicity, and
genetics can coordinate resulting in a neurodegenerative dis-
ease. Glial cells (microglia and astroglia) are the key regula-
tors of various neurodegenerative diseases because they are
the resident immune cells of the brain (Xu et al. 2018).
Activation of these cells leads to the pro-inflammatory medi-
ator’s production such as cytokines, chemokines, and NO. Akt
and Erk pathway plays significant role in the progression of
above discussed various NDs.

Therefore, ERK and Akt/PKB signaling pathways can be
an effective therapeutic target to prevent the progression of
neurodegeneration, regulation of pro-inflammatory mediators,
oxidative damage, and neurotrophins such as nerve growth
factor (NGF) and brain-derived neurotrophic factor (BDNF).

Akt, also known as PKB (protein kinase B), belongs to the
cAMP-dependent AGC (PKA, PKG, and PKC) protein kinase
super family as they share structural homology within their
catalytic domain (Song et al. 2005). The activation of Akt/
PKB, a serine/threonine-specific protein kinase, is affected
by various factors like insulin, growth factors, cytokines,
and cellular stress. The signal transduction pathways regulate
diverse biological functions including nutrient metabolism,
proliferation, cell growth, transcriptional regulation, and cell
survival (Brazil et al. 2004). All AKT isoforms are highly
expressed in the nervous system and play important roles in
the neuroprotection. The measurement of the active activation
is calculated by the ratio of phosphorylated Akt at Ser473 to
the total membrane-associated phospho-independent Akt.
Active phosphorylated Akt promotes neuronal cell survival
by increasing the phosphorylation of downstream substrates
including Bad, FOXOs, GSK3f3, and caspase-9 via Akt/PKB
signaling pathways.
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Recently, the evidence that ERK, also known as p42/p44 or
MAPK, plays vital role in neural function seeks the immense
attention and experimental support. ERK signaling with its
involvement in proliferation, differentiation, and survival can
lead to the promotion of neural cell death and can be involved
in the pathogenesis of neurodegeneration. Thus, ERK can be
seen as a unifying motif in the pathogenetic mechanisms of
different etiological agents (Colucci-D'Amato et al. 2003).

Neurotrophins

The survival, differentiation, growth, and apoptosis of neurons
are mediated by the neurotrophins, by binding to two types of
cell surface receptors, i.e., the Trk tyrosine kinases and the p75
neurotrophin receptor (p75NTR). These receptors, often pres-
ent on the same cell, coordinate and modulate the responses of
neurons to neurotrophins. The functions of the neurotrophin
receptors vary identically from the sculpting of the developing
nervous system to the regulation of the survival and regener-
ation of injured neurons. It is noticeable that while Trk recep-
tors transmit positive signals such as enhanced survival and
growth, p75NTR transmits both positive and negative signals.
The signals generated by the two neurotrophin receptors can
either augment or oppose each other. Trk and p75NTR thus
exist in a contradictory relationship, each acting to suppress or
enhance the other’s actions (Reichardt 2006).

The key question in neurotrophin signal transduction is
“How the two neurotrophin receptors act together to regulate
the responses of cells to neurotrophins, and the nature of the
intracellular signals used by these receptors exert their effects”
(Saba et al. 2018).

In the past years, the intracellular signaling proteins and
signal transduction pathways used by these receptors to pro-
mote neurotrophin actions have been identified. The latest
finding in neurotrophin signaling, emphasizing on the mech-
anisms, is used by the neurotrophin receptors to promote
neuronal survival and the apoptosis in primary neurons and
in vivo systems. A potent activity of neurotrophins, particu-
larly in sympathetic and sensory neurons, is the neuronal
survival. Both during development and in culture, the sur-
vival of these neurons is absolutely dependent upon a con-
stant exposure to optimal amounts of neurotrophins (Kaplan
and Miller 2000).

The first neurotrophin-activated signaling protein shown to
mediate survival of these neurons was the small GTP-binding
protein Ras. Inhibition of Ras activity decreased survival of
most, but not all, populations of sympathetic neurons, whereas
increasing Ras activity as a result of deletion of
neurofibromatosis-1 (NF-1), a Ras regulatory inhibitor,
allowed peripheral neurons to survive in culture in the absence
of neurotrophins. Ras, which in most cases is responsible for
40-60% of neurotrophin-dependent survival, does not act
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directly to promote survival. Rather, it functions by translating
and directing neurotrophin-initiated signals into multiple sig-
naling pathways. Recent data indicate that two of these sig-
naling pathways, PI-3K/Akt and MEK/MAPK, are the major
effectors of neurotrophin and Ras-activated survival (Kaplan
and Miller 2000; Luttrell et al. 1999).

Akt/PKB Pathway

Among the signaling proteins that respond to a large variety of
signals, protein kinase B (PKB, also known as Akt) found to be
a significant player in regulation of metabolism, cell survival,
motility, transcription, and cell-cycle progression. PKB belongs
to the AGC subfamily of the protein kinase super family, which
consists of 518 members in humans (Manning et al. 2002)
which is conserved from primitive metazoans to humans.

In mammals, there are three isoforms of PKB such as PKB«,
PKBf, and PKBy (Aktl, Akt2, and Akt3, respectively); these
are products of separate genes and share a conserved structure
that consist of three important functional domains: an N-
terminal pleckstrin homology (PH) domain, a central kinase
domain, and a C-terminal regulatory domain containing the hy-
drophobic motif (HM) phosphorylation site [FxxF(S/T)Y]
(Hanada et al. 2004). Among the AGC members, both the cen-
tral kinase domain and the HM are highly conserved.
Interestingly, the PH domain, which is essential for binding to
lipids such as PIP3, is absent in the S. cerevisiae ortholog (Sch9).

Role of PKB in signaling became noticeable when it was
shown to be a downstream component in PI3-K signaling path-
way, which is activated upon (Alessi et al. 1996a) auto-
phosphorylation of receptor tyrosine kinases induced by various
ligands (such as insulin or other growth factors) (Alessi et al.
1997), stimulation of G protein-coupled receptors, or activation
of integrin signaling (Fayard et al. 2005; Wymann et al. 2003).

PI 3-kinase is a significant component in the formation of
the second messenger PIP3 from PIP2. With the help of its PH
domain, it allows the translocation of PKB from the cytoplasm
to the plasma membrane. Upon recruited to the plasma mem-
brane, PKB is activated by a multistep process that requires
phosphorylation of Thr308 in the activation loop of the kinase
domain and Ser473 within the HM of the regulatory domain.
The serine/threonine kinase phosphoinositide-dependent ki-
nase 1 (PDK1), once recruited to the plasma membrane by
PIP3 through its PH domain, is the kinase responsible for
the phosphorylation of Thr308 (Bayascas and Alessi 2005;
Stephens et al. 1998).

Phosphorylation of Ser473 is a very vital step in the acti-
vation of PKB since it stabilizes the active conformation state
(Jacinto et al. 2006). When activated at the plasma membrane,
phosphorylated PKB can translocate to the cytosol or the nu-
cleus (Alessi et al. 1996a). Number of PKB-binding proteins
has been shown to modulate PKB activity further, in either a

positive or negative way. This clearly suggests transient regu-
lation of the kinase by adaptor proteins (Brazil et al. 2002;
Song et al. 2005). Furthermore, several phosphatases nega-
tively regulate PKB activity also.

Moreover, PKB activity is negatively inhibited by several
phosphatases. The tumor suppressor phosphatase along with
tensin homology deleted on chromosome 10 (PTEN)
(Abdulkareem and Blair 2013) and the SH2-domain-
containing inositol polyphosphate 5-phosphatase (SHIP) (Choi
et al. 2002) inhibit PKB activity indirectly by converting PIP3 to
PIP2 and PtdIns(3,4)P2. Protein phosphatase 2A (PP2A) and
PH domain leucine-rich repeat protein phosphatase (PHLPPx)
do so directly by dephosphorylating Ser473 and/or Thr308 on
PKB (Dyson et al. 2001). Although PKB is also proposed to be
activated in a PI3K-independent manner (Vanhaesebroeck and
Alessi 2000), the physiological significance of these findings
requires further study (Fayard et al. 2005).

Substrates of Akt/PKB

Akt has only been shown to regulate the survival in neurons, and
not in any other response such as neurite outgrowth or differen-
tiation. Therefore, all of the proposed direct targets of Akt activ-
ity identified in the past year have been proteins that regulate cell
survival in many cell systems: these include Bad, an inhibitor of
the Bcl-2 anti-apoptotic protein; procaspase-9, which is cleaved
into the pro-apoptotic caspase-9; and Forkhead, a transcription
factor that induces apoptosis by increasing levels of Fas ligand
(FasL). Akt suppresses apoptosis by phosphorylating the apo-
ptotic protein in the Akt consensus phosphorylation site
RXRXXS/T (single-letter amino acid code) in each case. How
Akt regulates the activity of its many targets, as well as the
mechanisms whereby PI-3K regulates Akt activity, has been
extensively discussed (Read and Gorman 2009). Therefore, it
is discussed here that whether, Akt phosphorylation of one or
more of these targets is responsible for neurotrophin-induced
neuronal survival. The first reported target of Akt-mediated sur-
vival activity was Bad (Bcl-2-associated death promoter).
Phosphorylation by Akt at Ser136 in Bad induced its association
with 14-3-3, and prevented it from associating with and
inactivating the anti-apoptotic Bcl-2 and Bcl-XL proteins
(Orike et al. 2001). Evidence for the importance of Akt-
induced Bad phosphorylation is derived from overexpression
the experiments in cerebellar neurons, whereby insulin-like
growth factor 1 (IGF-1) or constitutively active Akt suppressed
the apoptotic activity of wild-type Bad, but not of Bad mutated
at Ser136 (van Golen et al. 2001).

These experiments provide compelling evidence for Akt
regulation of ectopically expressed Bad, but three other lines
of evidence indicate that endogenous Bad phosphorylation
might not be important for growth factor-mediated neuronal
survival. First, endogenous Bad has not been reported to be
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phosphorylated in neurotrophic factor-treated neurons, except
for increases in brain-derived neurotrophic factor (BDNF)-
treated cerebellar neurons (Bonni et al. 1999). Second, analy-
sis of the Bax knockout mice indicates that Bax is the apopto-
tic Bel-2 family member that is required for cerebellar neuron
cell death (Harris and Johnson 2001). Third, neurons from the
Bad knockout mouse do not show alterations in apoptosis
(Jiao and Li 2011). The proteolytic cleavage and activation
of procaspase-9 was also shown to be effectively inhibited
by Akt in vitro and in overexpression experiments.
However, the lack of conservation of the Ser196 Akt phos-
phorylation site in non-human procaspase-9 (Parrish et al.
2013), as well as Akt-induced phosphorylation of endogenous
procaspase-9 in neurons, do not support the role for this phos-
phorylation event in neurotrophic factor-mediated neuronal
survival. The third and best candidate for a direct Akt target
in neurons is Forkhead 1 (FKHRL1). Genetic studies in
C. elegans first indicated that the activity of a Forkhead family
member, DAF16 (Dauer-formation-16), which contains an
Akt consensus phosphorylation site, was suppressed by Akt
(Paradis and Ruvkun 1998). Greenberg’s group then showed
that ectopic expression of FKHRL1 mutated at the Thr32 and
Ser315 Akt phosphorylation sites increased apoptosis of cer-
ebellar neurons cultured in IGF-1 by 20% (Brunet et al. 1999).
Apoptosis induced by FKHRL1 was reduced by inhibition of
FasL binding to its receptor, indicating that FKHRL1 stimu-
lates apoptosis, in part, by inducing the transcription of cell
death ligands such as Fas. While endogenous Forkhead has
not been shown to be phosphorylated by Akt in neurons, the
strong genetic evidence for this protein as an Akt target,
coupled with the compelling in vitro and non-neuronal cell
data showing regulation of Forkhead by Akt phosphorylation
(Brunet et al. 1999), makes Forkhead an attractive target for
Akt in mammalian neurons.

These results suggest that a signaling pathway consisting of
Ras/PI-3K/Akt is the major regulator of neuronal survival.
Akt may suppress apoptosis directly by inhibiting the activi-
ties of Forkhead or Bad, indirectly by suppressing GSK-3
apoptotic activities (Pap and Cooper 1998), increasing IAP,
Bcl-2, or Bel-XL levels, or by blocking the function of the
primary neuronal apoptotic pathway in neurons, JNK-p53-
Bax. Akt probably mediates cell survival at a number of
levels, depending upon the cell type, target availability, and
the requirement for transcriptional or posttranscriptional
events to suppress apoptosis (Kaplan and Miller 2000).

Activation of PI3K/Akt

PI3K—-Akt pathway seems to be very significant component
for mediating neuronal survival under a wide variety of cir-
cumstances. The trophic factors such as NGF, insulin-like
growth factor I, or BDNF activate a variety of signaling
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cascades, including the phosphatidylinositol-3-OH kinase
(PI3K)-Akt (Akt; protein kinase identified in the AKT virus
[also known as protein kinase B]), the Ras—mitogen-activated
protein kinase (MAPK), and the cAMP/protein kinase A
(PKA) pathways (Schlessinger 2000). These above mentioned
pathways contribute to cell survival under certain conditions
that depend on the neuronal cell type and the survival factor
(Pettmann and Henderson 1998). The survival factors, by
binding to their cognate tyrosine kinase receptors, bring out
the recruitment of PI3K to the vicinity of the plasma mem-
brane. The catalytic subunit of PI3K generates the
phosphoinositide phosphates PIP2 and PIP3 at the inner sur-
face of the plasma membrane. PIP2 and PIP3 lead to the acti-
vation of several serine/threonine kinases, including Akt/
PKB, serum glucocorticoid-inducible kinase (SGK), ribosom-
al S6 kinase (RSK), and atypical forms of protein kinase C
(PKC) (Vanhaesebroeck and Alessi 2000). Akt is recruited to
the inner surface of the plasma membrane via interaction of'its
pleckstrin homology domain with the phospholipid products
of PI3K. The activation of Akt is dependent on phosphoryla-
tion, which is achieved at least in part by the protein kinase
PDK1 (phosphoinositide-dependent protein kinase-1) at the
plasma membrane (Dudek et al. 1997).

Previously, the PI3K-Akt pathway has been found to be
adequate and, in some cases, needed for the trophic factor-
induced cell survival of a number of neuronal cell types
(Vaillant et al. 1999; Yao and Cooper 1995). Ginty and co-
workers have suggested that the capacity of neurotrophins to
promote neuronal survival requires a functional PI3K—Akt
pathway both inside the cell body and in the distal axons that
are in contact with the dendrites of target neurons (Kuruvilla
et al. 2000). In neurons, the experimental approach used in
most studies to show that Akt is necessary for cell survival
relies on the expression of dominant-interfering alleles of this
protein kinase. This approach has considerable limitations be-
cause expressing dominant-negative alleles of Akt most likely
affects the activity of other closely related kinases, such as
SGK, that are activated by the same upstream kinase, PDK1
(Vanhaesebroeck and Alessi 2000).

Certainly, SGK, a protein kinase related to Akt and activated
by PI3K, also takes part in mediating the survival signals in
cerebellar granule neurons along with other cell types (Liu
et al. 2000). Because the selective disruption of Akt or SGK
remains a noteworthy challenge due to the presence of three
distinct genes for each kinase, the identification of chemical
inhibitors of this family of kinases will be useful in future efforts
to describe the specific functions of Akt, SGK, and other
PDK1-regulated kinases, such as the RSKs and PKCs (Cohen
1999; Deshmukh and Johnson Jr 1998). The recognition of Akt
substrates has been notably aided by the characterization of a
consensus peptide motif (RXRXXpS/T) that is preferred by
Akt (Alessi et al. 1996b). Database searches suggest that this
motif is found in a large number of proteins. Several of these
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proteins have been shown to be Akt substrates in vitro and
in vivo. The important substrate like transcription factors may
regulate the expression of components of the cell death machin-
ery, Bcl-2 family members, a regulator of translation (4E BP-1),
endothelial nitric oxide synthase, the telomerase reverse tran-
scriptase subunit (Fulton et al. 1999; Gingras et al. 1998; Kang
et al. 1999), the tumor suppressor BRCA1 (Altiok et al. 1999),
and protein kinases such as Raf (Zimmermann and Moelling
1999), 1kB kinase, or glycogen synthase kinase-3 (GSK-3)
(Ozes et al. 1999; Romashkova and Makarov 1999). As the
PI3K-Akt pathway regulates cell proliferation and metabolism
as well as cell survival, though, it will be vital to differentiate
which particular Akt targets mediate the neuronal survival ef-
fects of Akt (Brunet et al. 2001).

ERK Pathway

The MAPKSs are serine/threonine protein kinases that promote
a large diversity of cellular functions in many cell types. Three
major mammalian MAPK subfamilies have been described:
the extracellular signal-regulated kinases 1 and 2 (ERK1/2),
the c-Jun NH2-terminal kinases (JNK), and the p38 kinases.
There is a widely accepted perception that INK/SAPK (stress-
activated protein kinase) and p38 MAPK promote cell death,
whereas ERK1/2 opposes cell death (Subramaniam and
Unsicker 2006). However, this view is overly simplistic. A
growing number of studies have suggested a death-
promoting role for ERK1/2 in both in vitro and in vivo models
of neuronal death. A new member of MAPKs that is ERKS5
(also called big mitogen-activated kinase 1; BMK1) has been
identified recently and implicated in neuronal survival
(Cavanaugh 2004). The instant activation of ERK5 was iden-
tified in the hippocampal cornuammonis (CA3) and dentate
gyrus regions after cerebral ischemia (Wang et al. 2005). In
medulloblastoma cell lines, overexpression of ERK5 was
shown to promote apoptotic cell death (Sturla et al. 2005).
Most of the pharmacological studies implicating ERK1/2
have been carried out using PD98059 or U0126 (which in-
hibits mitogen-activated protein kinase/ERK kinase (MEK),
an upstream activator of ERK1/2). Both of these inhibitors
also inhibit ERKS5 activation (Nishimoto and Nishida 2006).
Therefore, it remains to be seen whether ERKS5 1is also in-
volved in ERK1/2-implicated cell death paradigms
(Subramaniam and Unsicker 2010).

Components of ERK

The activation of the ERK1/2 cascade is typically initiated at
membrane receptors, such as receptor Tyr kinases (RTKs), G
protein-coupled receptors (GPCRs), ion channels, and others
(Naor et al. 2000; Rane 1999). These receptors transmit the

signal by recruiting adaptor proteins (e.g., Grb2) and ex-
change factors (e.g., SOS) that, in turn, induce the activation
of Ras at the plasma membranes, or membranes of other or-
ganelles. The activated GTP bound Ras then transmits the
signal by activating the protein kinases Raf-1, B-Raf, and A-
Raf (Rafs) inside the MAP 3K level of this cascade (Kyriakis
et al. 1993). This activation occurs by recruiting Rafs to the
membranes, where they are then phosphorylated and activated
by a mechanism that is not fully understood (Wellbrock et al.
2004). Under specific conditions, other MAP 3K components
may participate in the activation of ERK1/2. Examples that
depict this are c-Mos, which acts specifically in the reproduc-
tive system, the proto-oncogene TPL2, which seems to act in
transformed cells, and MEKK 1, which may act as a MAP 3K
in the ERK1/2 cascade under stress conditions (Gotoh and
Nishida 1995; Lange-Carter et al. 1993). The Rafs transmit
their signal by phosphorylating the MAPKKs, MEK1/2
(Kyriakis et al. 1992). The MEK1/2 were first identified as
ERK1/2 activators, and their study revealed two main proteins
with molecular masses of 45 kDa (MEK1) and 46 kDa
(MEK2), which share a high degree (more than 85%) of ho-
mology on activation (Ahn et al. 1991; Gémez and Cohen
1991; Zheng and Guan 1993).

The composition of these proteins comprises of a large
regulatory N-terminal domain containing a nuclear export sig-
nal (NES), followed by a catalytic kinase domain and a shorter
C-terminal region. MEK /2 is activated through serine phos-
phorylation at the MAPKK-typical Ser-Xaa-Ala-Xaa-Ser-Thr
motif in their activation loop (residues 218-222 in human
MEK1) (Alessi et al. 1994). In turn, MEK1/2 activate their
only known substrates, native ERK1/2, that functions as their
sole downstream targets, suggesting that the MEK1/2 serve as
the specificity-determining components of the ERK1/2 cas-
cade. The MEK1/2 are the only kinases that can be phosphor-
ylated by both regulatory Thr and Tyr residues of ERK1/2,
and therefore, they belong to the small family of dual-
specificity protein kinases (Dhanasekaran and Reddy 1998).
The next components of the cascade, namely ERK1/2, belong
to its MAPK level and are important executers of the upstream
signals. They are evolutionary conserved kinases that are gene
products of ERK1 (MAPK3) and ERK2 (MAPK1). Each
gene encodes one main product, which are the primary 44-
kDa (ERK1) and 42-kDa (ERK2) proteins. In addition, these
genes encode several splice variants, including ERK1b
(46 kDa), ERK1c (42 kDa), and others (Yung et al. 2017).
The MEK1/2-mediated phosphorylation of ERK1/2 on the
Thr and Tyr residues in their Thr-Xaa-Tyr signature motif
(Thr202 and Tyr204 in human ERK1) is the mechanism that
induces their full activation (Payne et al. 1991). Because of
high similarity between ERK1 and ERK2, their function and
regulation are similar under most circumstances (Lefloch et al.
2008), although some differences between their functions
have been recently elucidated under distinct conditions (Shin
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et al. 2010). The ERK1/2 is “Pro-directed” protein kinases,
meaning that they phosphorylate Ser or Thr residues, neigh-
bors to Pro residues. Pro-Xaa-Ser/Thr-Pro is the most com-
mon consensus sequence for substrate recognition by
ERK1/2, although Ser/Thr-Pro can serve as a substrate as well
(Gonzalez et al. 1991).

There are 200 different substrates of ERK1/2 which have
been identified to date; it seems that it is responsible for the
induction and regulation of many ERK 1/2-dependent process-
es (Von Kriegsheim et al. 2009; Yoon and Seger 2006).
Among the first identified substrates/interactors of the
ERK1/2 cascades are the cytoplasmic PLA2, cytoskeletal el-
ements, and the intercellular domains of membranal receptors
(Kyriakis et al. 1993; Northwood et al. 1991; Reszka et al.
1995). However, large number of nuclear ERK1/2 targets
identified are not less important, including transcription fac-
tors such as Elkl1, c-Fos, and c-Jun (Chuderland et al. 2008).
These latter substrates require stimulation-dependent nuclear
translocation of ERK1/2 for their phosphorylation, and this is
run by the novel nuclear translocation signal (NTS) on
ERK1/2, recently identified (Chuderland et al. 2008).
Finally, among the large number of substrates, several
MAPKAPKSs may further extend the ERK1/2 cascade. The
first identified MAPKAPK was RSK in which its phosphory-
lation by ERK1/2 was one of the main building blocks for the
elucidation of the whole signaling cascade (Sturgill et al.
1988). MAPK-interacting protein kinase (MNK) and mitogen
and stress-activated protein kinase (MSK) were also identified
as MAPKAPKSs of the cascade (Deak et al. 1998; Fukunaga
and Hunter 1997; Waskiewicz et al. 1997). However, the ac-
tivation of these kinases is not restricted to the ERK1/2 cas-
cade, as they are also activated by the p38 cascade, mainly
under stress conditions. Therefore, it is estimated that a few
minutes after extracellular stimulation, the cascade is respon-
sible for not less than 500 phosphorylations throughout the
cells. The signals of the ERK1/2 cascade are well-
disseminated (Wortzel and Seger 2011).

Activation of ERK

ERK activation has been involved in neural cell survival. The
experiments using dominant-negative constructs or MEK in-
hibitors, carried out both in vivo and in neuronal primary
cultures or neuroepithelial cell lines, show that ERK promotes
survival by antagonizing cell death (Mazzoni et al. 1999; Xia
et al. 1995). ERK shows that it has a protective effect on
oxidative stress. In the transgenic mice which express the
activated form of Ha-ras gene selectively in neurons, ERK is
activated, but differs from the pro-survival kinase Akt-1. At
the same time, the chronic activation of the Ras pathway and
subsequent ERK phosphorylation turn out to be neuroprotec-
tive in these mutants (Guyton et al. 1996). The prevention of
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degeneration of motor neurons after facial nerve lesion and
neurotoxin-induced degeneration of dopaminergic neurons of
substantia nigra and their striatal projection is immensely at-
tenuated in the heterozygous transgenic mice and other exper-
imental results show that inhibition of ERK reduces or blocks
cytotoxicity and thus brain injuries (such as seizures, cerebral
ischemia, trauma) or neurotoxin exposure. Reactive oxygen
species (ROS) activates the ERK and its presence reduces
ROS-induced cell death (Murray et al. 1998; Sugino et al.
2000). This dual effect of ERK is similar to that described
during oxidative stress (Alessandrini et al. 1999). As in the
case of ischemia, the noxious stimulus leads to ERK activa-
tion may result in survival or death; it depends on different
experimental models, such as the duration of ischemia and the
animal species (Sugino et al. 2000).

These support that ERK activation alone may not be pre-
dictive of the subsequent cellular response, thus rebutting a
simplistic parallelism between ERK activation and cell surviv-
al or cell death. The impact of glutamate or the neurotoxin 6-
OHDA on cultured primary neurons and neural cell lines in-
dicates that the chronic activation of ERK may contribute in
the pathogenesis of neurodegeneration. 6-OHDA has long
been used to induce dopaminergic cell death and therefore to
generate animal models of Parkinson’s disease. Recently,
studies using the dopaminergic cell line B65 have demonstrat-
ed that 6-OHDA-induced cell death requires chronic ERK
activation and that the MEK blocker conferred protection
against 6-OHDA cytotoxicity (Kulich and Chu 2001).

On the contrary, in the same cellular system, cell death
induced by hydrogen peroxide, which is also capable of a
transient ERK activation, is unaffected by MEK blockers, thus
showing that the particular ERK-dependent mechanism of
neuronal death may be specific to a given toxic agent
(Kulich and Chu 2001). Also MPTP, the well-studied neuro-
toxin largely used in PD experimental paradigms, induces
activation of ERK, while its inhibition rescues the affected cell
(Gomez-Santos et al. 2002; Langston et al. 1984; Xia et al.
2001). Phospho-ERK was found in aggregates in the
substantia nigra of PD patients (Zhu et al. 2002a). Therefore,
it has been hypothesized that ERK activation may be critical
to neuronal cell death mechanisms in PD. Numerous reports
have shown a relationship between increased [3-amyloid (Af3)
and ERK activity, suggesting a link between ERK activation
and Alzheimer’s disease (AD). 3-amyloid peptides are elevat-
ed in brain tissue of AD patients and are the principal compo-
nent of amyloid plaques, a major criterion for postmortem of
the disease. Chronic activation of ERK has been found in
acute and organotypic hippocampal slides from the transgenic
animal model of AD hyper-expressing A[3. The latter stimu-
lates the a-7 nicotinic acetylcholine receptors, which in turn
activate the ERK cascade (Zhu et al. 2002b). In addition,
increased phospho-ERK has also been found in brain extracts
from AD patients (Russo et al. 2002). Most NDs are
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characterized by abnormal fibrillary deposition in the CNS,
which can be due to accumulation of neurofilaments, tau pro-
tein, a-synuclein, or (3-amyloid.

Some of these components are cytosolic targets of ERK, thus
implicating MAPK pathway in formation/maintenance of such
pathological hallmark, and therefore in the noxious events that
lead to the specific neurodegeneration (Gerfen et al. 2002;
Grazia Spillantini et al. 1998). It is worth noting that changes
of neuronal and synaptic plasticity play a crucial role in neuro-
degenerative processes. For instance, in neurodegeneration in-
volving the basal ganglia, such as HD, human PD or animal
models and also during L-DOPA treatment of PD patients, there
are important changes of signaling by dopamine D1 and D2
receptor types, with consequent alterations of gene expression
and neuronal firing patterns (Calabresi et al. 2001; Simonian and
Coyle 1996). As mentioned above, ERK cascade is centrally
involved in dopaminergic signaling and, in turn, activates both
CREB and AKT-1. The latter are key regulators of neuronal
plasticity and survival. Thus, ERK signaling seems to play an
important role in regulation of synaptic plasticity, which is
oftenly observed disrupted in NDs. Compelling evidence
linking chronic ERK activation to neurodegeneration comes
from work on glutamate-induced neuronal cell death. It is well
known that glutamate, a widespread excitatory neurotransmitter,
can also exert noxious effects that lead to cell death by
excitotoxicity or oxidative stress by increasing ROS (Simonian
and Coyle 1996). DeFranco and co-workers suggested that ki-
netics and duration of ERK activation, as well as its subcellular
localization, may determine whether downstream targets will
trigger beneficial or detrimental effects on neuronal cells.

They showed that prolonged exposure of cultured cortical
neuron or hippocampal cell lines to glutamate results in
prolonged activation of ERK following ROS elevation.
MEK inhibitors were capable of blocking the glutamate effect.
The prolonged glutamate exposure results in ERK nuclear
retention which requires protein synthesis and is also essential
for the cell death effects: when nuclear retention is impaired
by cycloheximide, glutamate-induced cell death is impaired,
although ERK activation remains unaffected (Stanciu and
DeFranco 2002; Stanciu et al. 2000). Thus, in both
PC12/MEN?2 cells and in the glutamate-treated neurons,
chronic activation of ERK is accompanied by alteration of
its nuclear import/export, although the biological functions
assessed and the cellular models were different.
Furthermore, the altered ERK compartmentalization appears
crucial for the biological effects observed, such as NGF unre-
sponsiveness in PC12 cells and cell death in CNS neurons.
The mechanism(s) subserving the compartmentalization of
ERK within the cells remains still unknown, although its im-
portance in physiology and pathology appears crucial
(Colucci-D'Amato et al. 2003). The following figure explains
regarding Akt/Erk pathways in the area of neurodegenerative
disease (Fig. 1).

Neurodegeneration

It is reported that in neurodegenerative disorders including
AD and PD, the PI3K/AKT pathway is altered, leading to
autophagy disruption. The activity of the PI3K/AKT/mTOR
pathway suppresses the autophagic process and is commonly
related to pro-survival effects, and the suppression of mTOR
activity promotes autophagy and it has been shown to be
protective for neuronal cells, thus indicating that a coordinate
mechanism is involved in neuroprotection (Jacinto et al.
2006). Most importantly, the presence of AP in neuronal tissue
is suggestive of disrupted autophagy. Autophagy suppression
in animal models shows the similar histopathological charac-
teristics, depending upon the disease and duration of the dis-
order; autophagy may or may not be associated to PI3K/AKT/
mTOR pathway disruption. It is important to understand the
interplay between pro-survival pathways and the autophagic
process to understand the role of mTOR complexes as sensors
of cellular environmental cues, to activate or to inhibit down-
stream and upstream molecular effectors. The negative feed-
back loop of the PI3K/AKT/mTOR pathway may be involved
in the switching between activation of pro-survival effectors
and induction of constitutive autophagy that may be involved
in neuroprotective effects (Griffin et al. 2005).

Disruption of the molecular effectors of the negative
feedback loop of the PI3K/AKT/mTOR pathway may have
impact on cell death with several outcomes. For instance,
blocking the PI3K/AKT pro-survival signal at the mTOR
level would mainly compromise cellular growth and struc-
ture, and promote increased autophagy. On the other hand,
blocking the S6K/IRS pathway would ultimately close the
loop by stopping mTOR activity, which would increase
mTOR activity and thus affect constitutive autophagy,
allowing abnormal protein aggregation and creating a toxic
environment. In both cases, the presence of amyloid pro-
teins (APs) must be increased which would finally lead to
cell death; however, the trigger mechanisms are different,
making it difficult to select one approach to protect neuro-
nal tissue (Elstner et al. 2011).

Importantly, for neurodegenerative diseases accompanied
by cognitive deficits, it must be contemplated that PI3K/AKT/
mTOR pathway activation is important for synaptic activity
and normal neuronal functions. Thus, a desirable compound
aiming to protect neuronal tissue must therefore act in two
ways: stimulating or sustaining the normal PI3K/AKT/
mTOR survival pathway and promoting constitutive autoph-
agy. Most compounds that induce autophagy promote clear-
ance of aggregated proteins and induce neuroprotection,
downregulating the PI3K/AKT/mTOR pathway or inhibiting
mTOR. Therefore, evaluating its role in synaptic functions
and behavior is relevant to integrate the molecular events as-
sociated to neuroprotection and the functional parameters
in vivo (Heras-Sandoval et al. 2014).
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Fig. 1 Akt/PKB activation and regulation by receptor tyrosine kinase
(RTK) via phosphoinositide-3-kinase (PI3K) pathway. Ligand binding
cause dimerization and activate kinase activity of RTK by cross-
phosphorylation of tyrosine residue in the cytosolic domain. SH,
domain of p85 (regulatory subunit of PI3K) binds to phosphorylated
tyrosine in RTK and activates the kinase activity of SH3 domain.
Activated p85 binds to the p110 (catalytic subunit of PI3K) and forms
an active PI3K enzyme. Active PI3K causes phosphorylation of PIP2 by
adding phosphate group to 3'-OH position of inositol ring and forms
PIP3. PH domain of Akt/PKB and PDK1 has high binding affinity to
PIP3. Akt binding to PIP3 via PH domain causes conformational change
and results in the exposure of phosphorylation sites (Thr308 and Ser473).
mTORC?2 acts as PDK2 molecule and partially activates Akt/PKB by
phosphorylating Ser473 as well as Ser450. Ser phosphorylation

HDAC3 Neurotoxicity: Regulation by Akt
and GSK3f

It is well established that pharmacological inhibitors of classical
HDAC:S are protective in various cell culture and in vivo models
of neurodegenerative disease; the identity of the neurotoxic
HDAC(s) targeted by these inhibitors to exert their protective
effects is less clear. It has been shown that HDAC3 has strong
neurotoxic activity and therefore represents a potential target of
HDAC inhibitors in ND-related animal models (Borsello and
Forloni 2007). HDAC3 is a potent stimulator of neuronal death
when overexpressed; CGNs and cortical neurons express
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stimulates Thr 308 phosphorylation by PDK1 which leads to the full
activation of Akt/PKB. Active Akt/PKB phosphorylates its downstream
target substrates and regulates diverse biological functions. PI3K-Akt/
PKB pathway is negatively regulated by PTEN (phosphatase and tensin
homolog deleted on chromosome 10), TRB3 (tribble homolog 3), CTMB
(carboxy-terminal modulator protein), and PP2A (protein phosphatase
2A). Active Akt/PKB causes inhibitory phosphorylation of Bad (S136),
GSK3p (Y216), TSC1/2(S), and RAF (S259). It also inhibits the nuclear
translocation of FKHRL1 and promotes NFkB translocation to the
nucleus by phosphorylating IkB. She, Grb2, and SoS binding to RTK
promote RAS to bind with GTP (active). Active Ras-GTP activate RAF
which then activate MEK. MEK activate ERK by phosphorylation. ERK
inhibit caspase-8 and active GSK3 (3. Direct inhibition of GSK3[3 by Akt
and ERK prevents cell from apoptosis and promotes cell survival

HDAC3 normally. Moreover, its expression is not increased
when these neurons are induced to die. Yet the suppression of
endogenous HDAC3 expression protects neurons from death.
This suggests that under normal conditions, the apoptotic activity
of HDAC3 is kept in check by survival-promoting signaling
molecules. Studies proposed that in neurons primed to die, the
levels or activities of these survival-promoting molecules are
reduced, permitting HDACS3 to induce neuronal death. The re-
sults suggest that Akt is such a survival-promoting signaling
molecule and expression of an active form of Akt or treatment
with IGF-1, a physiological activator of Akt, protects against the
neurotoxic effect of HDAC3 (Morrison et al. 2006).
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A well-established target of Akt is GSK3[3. Inhibition of
GSK3 f3 either pharmacologically or caused by expressing a
dominant-negative form of the kinase protects against
HDAC3-mediated neurotoxicity. Activation of GSK3 3 has
been implicated in the pathogenesis of different neurodegen-
erative diseases, and the inhibition of this kinase has been
considered a therapeutic approach in the treatment of these
disorders (Hernandez et al. 2009). Despite the long-standing
acceptance that GSK3 f3 plays a key role in promoting neuro-
nal death, little is known about what its substrates are in the
context of neurodegeneration. It has been shown that HDAC3
is directly phosphorylated by GSK3 (3, suggesting that the
neurodegeneration-promoting effect of GSK3 {3 could be me-
diated through the phosphorylation of HDAC3. The specific
residues within HDAC3 that are phosphorylated by GSK3 f3
remain to be delineated (sequence analysis of HDAC3 reveals
three consensus sites for GSK3 (3 phosphorylation). More
work is also needed to determine the downstream mechanism
by which phosphorylation of HDAC3 promotes neurotoxicity.
An obvious possibility is that GSK3 (3-mediated phosphory-
lation stimulates the deacetylase activity of HDAC3, resulting
in the deacetylation of specific proteins that regulate neuronal
death.

Although GSK3 f3 is activated in neurons primed to die
(Forlenza et al. 2011), and that active GSK3 {3 phosphorylates
HDACS3, and that the inhibition of GSK3 3 protects against
HDACS3 toxicity, we have not found a strict correlation be-
tween the total levels of Akt or GSK3 {3 or their activity
(evaluated indirectly by looking at phosphorylation status)
and vulnerability to HDAC3 toxicity in the cell. This suggests
that activation of GSK3 f3 is by itself not sufficient to explain
HDACS3-induced toxicity, pointing to the involvement of oth-
er cell-specific components and mechanisms. For example,
the accessibility of HDAC3 to GSK3 3 could be regulated
differently in different cell types. It is also possible that the
toxic activity of HDACS3 is dependent on the participation of
another molecule that is expressed selectively in neurons, or
that a molecule capable of blocking the toxic activity HDAC3
could be missing in neurons. A study by Farah et al. has
produced three important findings. First, we have identified
HDACS3 as a protein with neurotoxic activity. Although pro-
tection by HDAC inhibitors in experimental models of neuro-
degeneration has pointed to the existence of neurotoxic pro-
teins within the HDAC family, conclusive identification of
such a protein has been elusive. Second, we provide evidence
suggesting that IGF-1, a trophic factor for many neuronal
populations in vivo, promotes neuronal survival at least in part
by suppressing the neurotoxic activity of HDAC3. Finally, we
show that HDAC3 is a substrate of GSK3 (3. Although the
involvement of GSK3 3 in promoting neurodegeneration both
in experimental models and human pathologies is well accept-
ed, the downstream mechanism by which this kinase promotes
neuronal death is poorly understood. Evidence suggested that

HDACS3 represents a downstream effector of GSK3 3 neuro-
toxicity (Bardai and D'Mello 2011).

Neuroprotection: ERK and PI3K/Akt Pathway

It is identified that acteoside, an anti-oxidative phenylethanoid
glycoside is a new activator of the transcription factor Nrf2
and the inducer of HO-1 expression. One of the most salient
features of this study is that acteoside activates Nrf2-
mediated-HO-1 induction through ERK1/2 and PI3 K-Akt
pathways, thereby protecting the PC12 cells from Ap 25—
35-induced oxidative neurotoxicity. Study revealed that the
acteoside is an activator of Nrf2. Recently, it has been hypoth-
esized that Nrf2-ARE activation is a novel neuroprotective
pathway that confers resistance to a variety of oxidative
stress-related, neurodegenerative insults (Vargas et al. 2008).
Using many chemical activators, the activation of the Nrf2-
ARE pathway has been studied in a variety of tissues and cell
types. For example, tertbutyl hydroquinone (tBHQ) was
shown to have displayed cytoprotective efficacy against
toxins in neuroblastoma cells and primary neuronal culture
systems (Jakel et al. 2007) in vitro and in vivo.

Kanninen et al. found that it provides a direct evidence that
the Nrf2-ARE pathway may be involved in the neuropathol-
ogy of AD, and activation of this endogenous antioxidant
pathway provides protection against the toxicity of A3 pep-
tide (Kanninen et al. 2008). Itoh et al. showed that acteoside
efficiently increases the nuclear levels of the Nrf2. The core
sensor of stress is the cytosolic Keap1-Nrf2 complex. In re-
sponse to oxidative stress, Nrf2 is released from Keapl and
transmits the stress signal to the nucleus for activation of dis-
tinct set of genes encoding phase II detoxifying enzymes as
well as several stress responsive proteins including
hemeoxygenase-1 (HO-1) (Itoh et al. 1999). Several evi-
dences suggest that HO-1 has neuroprotective effects against
oxidative stress-induced neuronal damage (Bae and
Schlessinger 2010). HO-1 can be highly upregulated during
the formation of neurofibrillary tangles in Alzheimer’s brain.
Particularly interesting is the role played by HO-1 in AD,
which is associated with both oxidative brain injury and A(3-
associated pathology (Calabrese et al. 2010).

The significant increases in the levels of HO-1 have been
observed in AD brains in association with neurofibrillary tan-
gles, and HO-1 mRNA was found to be increased in AD
neocortex and cerebral vessels; the HO-1 increase also co-
localized with senile plaques and glial fibrillary acidic
protein-positive astrocytes in AD brains. The previous find-
ings support the importance of HO-1 factor in the response to
oxidative injury, in protecting neurons against A{3-induced
oxidative stress-dependent injury (Wang et al. 2010). The pro-
tective role played by HO-1 in AD raised new possibilities
regarding the possible use of natural substances, which are
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able to increase HO-1 levels, as potential drugs for the pre-
vention and treatment of AD. The present study has illustrated
that acteoside induces HO-1 in vitro and in vivo. Treatments
ofthe PC12 cells with acteoside resulted in an increase in HO-
1 protein expression. The acteoside-induced HO-1 expression
requires Nrf2 activation, because the acteoside-induced ex-
pression of HO-1 was markedly suppressed by siRNA knock-
down of Nrf2 gene. Andreadi et al. suggested that ERK and
PI3 K/Akt are part of a central pathway involved in Nrf2
activation and translocation for highly specialized protein syn-
thesis including HO-1 (Andreadi et al. 2006). In order to iden-
tify the signaling pathways used by acteoside to activate Nrf2
and induce HO-1 expression, Andreadi et al. tested to deter-
mine whether acteoside-induced expression of HO-1 occurs
through a specific MAPK and PI3 K/Akt pathway. It is found
that acteoside activated the ERK MAPK cascade, and PI3
K/Akt, but did not activate JNK and p38MAPK. In addition
to this, use of specific inhibitors for ERK1/2 and PI3 K/Akt
pathways confirmed the involvement of these two pathways
in acteoside-induced HO-1 expression. In accordance with the
postulation that an elevation of HO-1 by various stimuli may
be a protective cellular response to delay the cell death and
HO-1 play a role in protecting neurons against A 3-induced
oxidative stress (Komatsu et al. 2010).

The protective effects against A-induced cytotoxicity by
acteoside were greatly reduced by ZnPP. In order to determine
the potential role of HO-1 in the AB-induced PC12 cell dam-
age and acteoside-mediated neuroprotection, these results sug-
gest that acteoside-stimulated HO-1 may protect PC12 cells
against the Af3-induced cytotoxicity. To determine whether
such activation of ERK and PI3 K/Akt could contribute to
the acteoside-mediated protection against the cytotoxic effect
of A3 25-35, pharmacological inhibitors of these two kinases
were utilized. Acteoside-mediated cytoprotection against A3
25-35-induced cytotoxicity was attenuated by PD98059 and
LY294002. Altogether, these results demonstrate that
acteoside is an activator of Nrf2 and inducer of HO-1 expres-
sion. Acteoside attenuates A3 25-35-induced neurotoxicity
by induction of HO-1 via ERK and PI3 K/Akt signaling.
These results shed some light on the mechanisms whereby
acteoside protects against [3-amyloid-induced cytotoxicity
(Wang et al. 2012).

Astrocytes Protection by BDNF

BDNF that has impact on neuronal survival, synaptic activity,
learning, memory, and neurogenesis are well documented
(Binder and Scharfman 2004). Very little is known about
BDNEF role in astrocytes. BDNF prevents apoptotic cell death
of rat astrocytes induced by two strong apoptotic stimuli such
as SD (succinate dehydrogenase) and 3-NP (3-nitropropionic
acid). BDNF increases astrocyte viability after SD as a
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consequence of apoptosis reduction. The mechanisms of
BDNF protection include the reduction in p53 and active
caspase-3 expression induced by SD. Tallying with this, it
was recently shown that BDNF increases cell survival and
reduces caspase-3 levels induced by amyloid-f3 in cultured
neurons and by ischemic injury in rat cortex and hippocam-
pus. Although, neurotrophin cocktail (BDNF, NT-3, and NT-
4) reduces phosphorylation of p53 in cerebral cortical neurons
(Jeronimo-Santos et al. 2015).

BDNF exerts its effects mainly through TrkB receptors. Of
the TrkB isoforms, TrkB-FL and TrkB-T2 are those mainly
expressed in neurons. Expression of TrkB-T1 in astrocytes is
high and some reports have shown TrkB-FL expression.
Studies showed that TrkB-T1 is highly expressed in astrocytes
and that although TrkB-FL mRNA is present, TrkB-FL pro-
tein is undetectable in these cells, in line with several other
reports (Aroeira et al. 2015; Binder and Scharfman 2004;
Lebrun et al. 2006). TrkB-FL can also be cleaved by calpain
protease to elicit a truncated TrkB-FL isoform very similar to
TrkB-T1 (Vidaurre et al. 2013). Therefore, it is possible that
TrkB-FL is expressed but may be cleaved to a truncated TrkB-
FL isoform that may not be functional. It remains to be deter-
mined whether this cleavage occurs in astrocytes. BDNF re-
duction in astrocyte apoptosis was blocked by the TrkB selec-
tive antagonist ANA-12 and by broad-spectrum Tyr kinase
inhibitor K252a. In the adult rat central nervous system,
p75NTR expression was described as being very low in;
p75NTR mRNA expression was negligible in experimental
conditions. The fact that TrkB inhibition with ANA-12
blocked BDNF effects, plus the very low expression of
p75NTR in our culture system indicates that p7SNTR is not
likely to be involved in BDNF action in astrocytes. TrkB-T1
mediates BDNF-induced internalization of glycine trans-
porters in astrocytes and modulates GABA transporters. A
recent report describes that TrkB-T1 knockout mice-derived
astrocytes exhibit decreased migration and proliferation
in vitro (Morris et al. 1994). In line with these reports,
Tejeda, G.S., et al. results suggest involvement of TrkB-T1
in BDNF protective effects, and show for the first time the
protective role of astrocyte TrkB by mediating BDNF effects
(Tejeda et al. 2016).

BDNF protective mechanism of action involves ERK, Akt,
and, the non-receptor tyrosine kinase, Src activation in astro-
cytes. BDNF was reported to increase pERK and pAkt in
primary cortical astrocytes, to modulate GABA transporters
through ERK and Akt pathways, and to activate Src in cortical
neurons through TrkB-FL (Huang et al. 2013). Huang et al.
have shown for the first time that in astrocytes BDNF activates
Src and also demonstrated that ERK activation is mediated by
Src in astrocytes. Therefore, ERK and Akt activation by
BDNF may depend on Src in astrocyte, which is likely to
contribute to cell survival. K252a is a non-specific tyrosine
kinase inhibitor that inhibits Trks and BDNF-induced ERK
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activation. Roback et al. reported that K252a inhibited BDNF-
induced MAPK activation in glial cells. K252a completely
inhibited BDNF-induced ERK and Src activation in astrocytes
as well as the protective effect of BDNF on SD-induced cell
death (Menzies et al. 2017).

This effect is not because of inhibition of TrkB-FL since
Hoover et al. demonstrated that astrocytes do not express
TrkB-FL protein. K252a was also described to inhibit
MAPKS. The results indicate that, in the absence or at low
levels of TrkB-FL, K252a can affect other cellular targets such
as MEK or Src kinases, resulting in inhibition of BDNF-
induced ERK activity. TrkB-T1 was shown to increase calci-
um in astrocytes, whereas TrkB-FL did not. Concordantly,
BAPTA markedly inhibits both ERK and Src activation by
BDNEF, suggesting that TrkB-T1 can activate intracellular sig-
naling pathways through calcium (Hoover et al. 2010).

Although, K252a partially inhibited Src activation induced
by BDNF; BAPTA had a more robust effect, thus establishing
calcium as a central signaling molecule in TrkB signaling in
astrocytes. Therefore, activation of calcium-Src-ERK-Akt sig-
naling pathways by TrkB-T1 mediates protection of astrocytes
by BDNF. These results corroborate with Vaz et al. who
showed that BDNF enhances GABA transport in astrocytes
through TrkB-T1 coupled to ERK/MAPK pathway. In con-
trast, BDNF acting on TrkB-T1 inhibits glycine uptake in
astrocytes not involving ERK or Akt pathways (Aroeira
et al. 2015). For past many years, research has focused on
neuronal death without taking the role of glial cells into ac-
count in the neurodegenerative diseases. In fact, dysregulation
of astrocytes functions is a common component of many neu-
rodegenerative diseases (Liddelow et al. 2017) supporting that
astrocytes can be targeted for treating neurodegeneration. The
expansion of CAG repeats in Htt protein caused HD is a neu-
rodegenerative disorder. Mitochondrial dysfunction is ob-
served in HD patients and systemic administration of 3-NP
induces HD-like symptoms in animals and humans. Thus, 3-
NP administration is a widely used model that resembles HD.
HD patients and animal models showed astrogliosis (Glass
et al. 2010) and reduced glutamate transporter GTL-1 expres-
sion (Ross and Akimov 2014). Nevertheless, little is known
about effects of HD on astrocyte physiology. Mitochondrial
dysfunction induces astrocyte death and that BDNF is able to
reduce it. Moreover, our data show that TrkB-T1-mediated
activation of calcium-Src-ERK pathway mediates BDNF pro-
tection, further highlighting the importance of TrkB in
astrocytes.

Ruiz et al. in vitro studies and Perucho et al. in vivo studies
showed that Glial CM is rich in antioxidants and neurotrophic
factors. Studies showed that fetal glial CM protects a striatal
cell model of HD from death induced by 3-NP. Casarejos et al.
showed that astrocyte-conditioned medium (ACM) from post-
natal control astrocytes, though protective, cannot fully rescue
neurons from 3-NP-induced cell death. This difference may be

because of due to the fact that fetal astrocytes and postnatal
astrocytes are different (Casarejos et al. 2013). BDNF shows
antioxidant effect in astrocytes whereas ERK, calcium, and
Src inhibition prevent BDNF anti-apoptotic effect on astro-
cytes, inhibition of none of them could prevent BDNF-
induced reduction in ROS levels. This says that other uniden-
tified mechanisms may mediate BDNF antioxidant action.
Moreover, Shaughnessy et al. reported that BDNF increases
expression of XCT subunit of system Xc- that imports cystine,
essential to produce GSH. xCT light chain is the specific sub-
unit, while 4F2 heavy chain is the promiscuous subunit of
system XCT. Decreased xCT expression was shown in the
striatum of HD mice and in neurons expressing mHtt
(Shaughnessy et al. 2014). BDNF increases GSH intracellular
levels and xCT expression in astrocytes. Higher GSH levels
most likely contribute to ROS neutralization by BDNF. Nrf2
regulates the cell’s antioxidant response inducing expression
of antioxidant enzymes, and neuroprotection.

In neurons, BDNF preconditioning was shown to exert an
antioxidant action not involving Nrf2 (Faden et al. 2016).
However, neurons depend on astrocyte-derived antioxidant
factors to survive and lower level of Nrf2 than astrocytes.
Also, since the GSH system of peroxide detoxification in neu-
rons is less efficient than that in astroglial cells. Astrocytes
fulfill a protective function for neurons through ROS elimina-
tion and GSH from astrocytes was shown to be essential for
neuroprotection. BDNF exerted a protective effect in astro-
cytes through TrkB-T1, involving calcium-Src-ERK and Akt
pathways, and a potent antioxidant action, probably through
induction of Nrf2. Moreover, BDNF-treated astrocytes release
protective factors that prevent death and oxidative stress in
neurons. We hope that this work will encourage further studies
on glial cells as therapeutic targets for neurodegenerative dis-
orders (Saba et al. 2018).

VEGF Activates PI3K/Akt and ERK

Currently, Slater et al. have investigated that VEGF prevents
MPP+-induced apoptosis in primary CGNs and the key sig-
naling pathways are involved. It shows that in response to
MPP+ in CGNs, VEGF activates both the PI3-K/Akt and
ERK pathways, and these two pathways play opposite roles
in the prevention of neuronal apoptosis, i.e., activation of the
PI3-K/Akt and ERK pathways implicated in neuroprotection
and neurotoxicity by VEGF against MPP+, respectively
(Slater et al. 1996). VEGF reversed the inhibition of
VEGFR-2 and a VEGFR-2-specific inhibitor abolished the
protection of VEGF, indicating that VEGF blocked neuronal
loss via acting on VEGFR-2 in our model. VEGFR-2 is crit-
ical for VEGF-mediated angiogenesis, proliferation, migra-
tion, and survival of endothelial cells. VEGF also protects
neurons against death induced by a wide variety of insults,
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including hypoxia, serum withdrawal, and excitotoxic stimuli,
mainly via activating VEGFR-2. Evidences support the find-
ing that VEGFR-2 stimulation is linked to neuronal protection
(Cui et al. 2011b).

Endogenous VEGF binds to the extracellular domain and
induces dimerization and auto-phosphorylation of VEGFR-2
at tyrosine sites. Therefore, the factors capable of regulating
the translation and/or transcription of VEGF may affect the
endogenous level of VEGF and subsequently change the
phosphorylation level of VEGFR-2. For example, hypoxia-
inducible factor 1a (HIF-1a), a key factor in neuronal survival,
can increase the endogenous level of VEGF by promoting its
mRNA expression. Recent studies have shown that MPTP
downregulates the expression of HIF-1a in vivo and MPP+
reduces the protein level of HIF-1a by enhancing its degrada-
tion in SH-SYS5Y cells, suggesting that MPP+ may decrease
the phosphorylation of VEGFR-2 by reducing the expression
of endogenous VEGF, possibly through an HIF-1a-dependent
mechanism (Slater et al. 1996). The PI13-K/Akt and ERK path-
ways are two key signaling pathways involved in the protec-
tion led by the activation of growth factor receptors. Some
neurotrophic factors, including nerve growth factor and
brain-derived neurotrophic factor, prevent neuronal cells from
MPP+-induced apoptosis via activating the PI3-K/Akt path-
way (Wick et al. 2002).

VEGF attenuated MPP+-induced neurotoxicity from acti-
vating the PI3-K/Akt signaling pathway confirm the impor-
tance of the PI3-K/Akt pathway in the protection against
MPP+. GSK3f3, inhibited by the activated Akt, is reported
to be an important mediator in MPP+-induced neurotoxicity.
Activation of GSK3[3 facilitates mitochondrial failure, and
inhibiting the activity of GSK3{3 prevents neuronal loss from
suppressing pro-apoptosis proteins such as p53 and caspase-3.
The activation of GSK3 3 is induced by MPP+ and is inhibited
in response to VEGF stimulation, and the GSK3 {3-specific
inhibitor can prevent the neurotoxicity induced by MPP+.
Together, these findings suggest that GSK3{3 mediates the
neurotoxicity of MPP+ and inactivation of GSK3f3 is in-
volved in the protection of VEGF (Petit-Paitel et al. 2009).
The ERK pathway is activated by stimuli that are either pro-
survival such as growth factor stimulation or pro-apoptosis
such as oxidative stress. In our study, MPP+ increased the
activation of ERK as shown by the increased phosphorylation
of ERK1/2. Moreover, PD98059 reduced neuronal death
caused by MPP+, suggesting that ERK activation may play
a pro-apoptosis rather than pro-survival role in parkinsonian
model. PD98059 binds to the inactive form of MEK and pre-
vents the activation of the ERK pathway induced by MPP+. It
is reported that the activation of the ERK pathway is involved
in oxidative stress-induced apoptosis and results in the induc-
tion of a variety of pro-apoptotic factors. As a result, the acti-
vation of the ERK pathway promotes ROS production, in-
creases degradation of specific proteins, and enhances
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expression of inappropriate cell cycle-related. Therefore,
PD98059 might increase cell survival via inhibiting the activ-
ity of various pro-apoptotic factors. The increased activity of
ERK and decreased activity of Akt are observed not only in
the in vitro and in vivo PD models, but also found in the brain
of PD patients (Gonzalez-Polo et al. 2003). These alterations
occur relatively early in the disease progress. Several studies
have revealed that reversion of either alteration may cause
partial neuroprotection. For example, pharmacological MEK
inhibitor lessens the neurotoxicity in neuronal cell lines and in
primary midbrain DA neurons, lithium, the inhibitor of
GSK3f3, possesses limited therapeutic benefits for PD.
These may be explained by the insufficiency of regulating
only one pathway to stop neuronal loss (Cuny 2009). Zhu
et al. have found that VEGF alone cannot fully protect, but
co-application of VEGF and PD98059 synergistically prevent
neuronal death induced by MPP+. Moreover, MPP+-induced
neuronal apoptosis can be fully protected by simultaneously
reversing the inhibition of the PI3-K/Akt pathway and the
activation of the ERK pathway (Zhu et al. 2007). These find-
ings not only indicate a therapeutic usage of co-application of
VEGF and the agents that inhibit the ERK pathway, but also
provide a therapeutic potential of regulating different signal-
ing pathways in treating PD. It could be expected that co-
application of agents capable of inhibiting the ERK pathway
and activating PI3-K/Akt pathway or using multi-functional
drugs capable of regulating these pathways simultancously
might have therapeutic significances in the treatment of PD
(Cui et al. 2011a). The following table explains the research
conducted in the area of neurodegeneration (Table 1).

Role of PI3K/Akt and ERK in Clearance
of Inclusion Bodies Through Autophagy
in Neurodegenerative Diseases

PD is characterized by the presence of specific inclusions
called Lewy bodies (LBs) in neurons of several regions of
brain. LBs mostly composed of misfolded proteins such as
a-synuclein, tubulin, microtubule-associated proteins, ubiqui-
tin, amyloid precursor protein, synaptic vesicle proteins, var-
ious enzymes, and chaperons/co-chaperons. Several mitogen-
activated protein kinases like Akt/Erk found in cytosol as well
as in intracellular compartment like endoplasmic reticulum
and mitochondria have been involved in the removal of these
inclusions through phosphorylation and dephosphorylation
activities (Bohush et al. 2018).

The major cause of neuronal death in PD is oxidative stress.
Various studies suggested that the neurotoxins like 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) or 6-
hydroxydopamine (6-OHDA) elicit PD-like symptoms in related
animal models. It has also shown that these neurotoxins result in
the activation of microglial cells due to ROS generation
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Table 1 This table explains the research conducted in the area of neurodegeneration along with the significance of each article mentioned in the table

Author and year

Title

Significance of the article

Bohush et al. 2018

Hu et al. 2018

Rai et al. 2017

Pariyar et al. 2017

Chen et al. 2017

Kase et al. 2017

Cao et al. 2017

Nataraj et al. 2017

Ramalingam and Kim 2016

Nakaso et al. 2014

Dagda et al. 2009

Role of Mitogen Activated Protein Kinase
Signaling in Parkinson’s Disease

Vitexin protects dopaminergic neurons in
MPTP-induced Parkinson’s disease
through PI3K/Akt signaling pathway

Mucuna pruriens Protects against MPTP
Intoxicated Neuroinflammation in
Parkinson’s Disease through
NF-kB/pAKT Signaling Pathways

Sulfuretin Attenuates MPP+-Induced
Neurotoxicity through Akt/GSK3f3 and
ERK Signaling Pathways

Neuroprotective properties of icariin in
MPTP-induced mouse model of
Parkinson’s disease: Involvement
of PI3K/Akt and MEK/ERK
signaling pathways

Effects of Chronic Pramipexole on
AMPA Receptor Trafficking and
Akt/GSK-3f3 Signaling in a Rat
Model of Parkinson’s Disease

Amentoflavone protects dopaminergic
neurons in MPTP-induced Parkinson’s
disease model mice through
PI3K/Akt and ERK signaling
pathways

Neurotrophic Effect of Asiatic acid,
a Triterpene of Centella asiatica
Against Chronic 1-Methyl
4-Phenyl 1, 2, 3, 6-Tetrahydropyridine
Hydrochloride/Probenecid Mouse
Model of Parkinson’s disease:
The Role of MAPK,
PI3K-Akt-GSK3 and mTOR
Signalling Pathways

Protective effects of activated signaling
pathways by insulin on C6 glial cell
model of MPP*-induced Parkinson’s
disease

The estrogen receptor [3-PI3K/Akt
pathway mediates the cytoprotective
effects of tocotrienol in a cellular
Parkinson’s disease model

Mitochondrial Kinases in Parkinson’s
Disease: Converging Insights from
Neurotoxin and Genetic Models

In this article, authors have suggested the significance
of MAP kinases and their role in the pathology
of Parkinson’s disease that might not only
responsible to understand the etiology of this
disease, but can also provide the molecular targets
for the development of therapeutic drugs.

The authors of this study have suggested that a
flavonoid compound, vitexin, helps in protecting
the dopaminergic neurons against MPTP-induced
neurotoxicity by enhancing the phosphorylation of
PI3K and Akt. The findings of their study may
provide the clinical application of vitexin in
PD therapy.

This article has shown that Mucuna pruriens
protected against MPTP-induced neurotoxicity
via NF-kB/pAKT signaling pathways.

In this study, authors have suggested that sulfuretin
prevents MPTP-induced neurotoxicity in SH-SYSY
cells. Sulfuretin potentially reduced the
MPTP-induced ROS accumulation, p53 expression,
and ratio of Bax/Bcl-2 by increasing the
phosphorylation of Akt, GSK3f3, and ERK.

Authors of this study have shown the neuroprotective
effects of icariin inMPTP-induced ovariectomized
Parkinsonian mice through PI3K/Akt and MEK/ERK
signaling pathways.

In this article, authors have shown the potential of
Pramipexole on AMPA receptor trafficking and
Akt/GSK-3 signaling in 6-OHDA-induced rat
model of Parkinson’s disease.

This study demonstrated that amentoflavone
protected the dopaminergic neurons against
MPTP-induced neurotoxicity, which might be
due to its potential effects on dopaminergic
neurons and glial cells through activation of
PI3K/Akt and ERK signaling pathways.

This study strongly suggests the
pharmacological activation of ERK,
PI3K/Akt/mTOR/GSK-3[3 pathways by Asiatic
acidin protecting against MPTP-intoxicated
dopaminergic cell death.

This article demonstrates the protective effect
of insulin against MPTP intoxicity in
Co6 glial cells.

This article suggests that the ER
B/PI3K/Akt-mediated pathway may be
a potential drug target in PD therapeutics.

In this review article, authors have discussed
the role of different mitochondrial kinases
in toxin-induced and genetic PD mouse
model.
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Table 1 (continued)

Author and year

Title

Significance of the article

Malagelada et al. 2008

Quesada et al. 2008

Hashimoto et al. 2004

Bietal 2018

Kitagishi et al. 2014

Bodai and Marsh 2012

Tsirigotis et al. 2008

Humbert et al. 2002

Apostol et al. 2005

Gines et al. 2003
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RTP801 Is Induced in Parkinson’s Disease
and Mediates Neuron Death by Inhibiting
Akt Phosphorylation/Activation

PI3 kinase/Akt activation mediates estrogen
and IGF-1 nigral DA neuronal
neuroprotection against a unilateral rat
model of Parkinson’s disease

3-Synuclein regulates Akt activity in neuronal
cells: A possible mechanism for
neuroprotection in Parkinson’s disease

Therapeutic effect of transmembrane
TAT-tCNTF via Erk and Akt activation
using in vitro and in vivo models of
Alzheimer’s disease

Dietary regulation of PI3K/AK7/GSK-33
pathway in Alzheimer’s disease

A novel target for Huntington’s disease:
ERK at the crossroads of signaling.
The ERK signaling pathway is implicated
in Huntington’s disease and its
upregulation ameliorates pathology

Activation of p38MAPK Contributes to
Expanded Polyglutamine-Induced
Cytotoxicity

The IGF-1/Akt pathway is neuroprotective
in Huntington’s disease and involves
Huntingtin phosphorylation by Akt

Mutant huntingtin alters MAPK signaling
pathways in PC12 and striatal cells:
ERK1/2 protects against mutant
huntingtin-associated toxicity

Enhanced Akt signaling is an early

pro-survival response that reflects
N-methyl-D-aspartate receptor

This article suggests the role of stress-related
protein, RTP801, induction suppresses
mTOR signaling, depletes
phosphorylated/activated Akt, and permits
neuron degeneration in PD. This provides
the selective strategies that might enhance
the activation of mTOR and/or Akt in
affected neurons, in order to prevent the
pathogenesis of PD.

In this article, authors provide the evidence
that PI3K/Akt pathway plays significant
role in estrogen and IGF-1-mediated
neuroprotection of SNpc dopaminergic
neurons in in vivo. Additionally,
understanding of these signaling pathways
in protecting the dopaminergic neurons
from dying will have far-reaching potential
for understanding PD pathogenesis and
developing new therapeutic strategies for
the disease.

This article indicates that 3-synuclein is
responsible for the neuroprotection in PD,
through its interaction with Akt. The study
further indicates that PI3-K signaling pathway
could be a probable therapeutic target for
neurological conditions linked with
Parkinsonism and 3-synuclein aggregation.

Transmembrane TAT-tCNTF protects against
amyloid deposition caused by Af3 both in
vitro and in vivo, through Erk and Akt
signaling pathways. Thus, TAT-tCNTF
might act as a potential drug target in AD.

This article illustrates the neuroprotective role of
certain diets and medicines in AD could be
through PI3K/AKT/GSK-3f signaling pathway.

This article explores the role of Erk signaling
pathway in the pathogenesis of Huntington’s
disease. Erk activation helps in protecting
against the disease and might be a therapeutic
target in the cure of this disease.

In this article, authors have suggested that in
expanded polyglutamine-induced cytotoxicity,
p38MAPK pathway activation plays prominent
role and can be used for therapeutic
intervention in the polyglutamine disorders.

The authors have demonstrated that huntingtin
is a substrate of Akt and its phosphorylation is
crucial to mediate the neuroprotective effects
of IGF-1. Finally, they have shown that Akt is
altered in the patients of Huntington’s disease.
Thus, they have suggested the potential role of
the Akt pathway in Huntington’s disease.

In HD therapy, pharmacological intervention in
MAPK pathways, predominantly at the level of
ERK activation, shows significant impact in the
prevention of disease.

In this article, authors have suggested that the
activation of the Akt pro-survival pathway in
mutant knock-in striatal cells predates overt
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Table 1 (continued)

Author and year Title

Significance of the article

activation in Huntington’s disease
knock-in striatal cells

Wang et al. 2018
and neurotoxicity via the

ERK/Akt-dependent pathway in the
mutant hSODI related Drosophila

model and the NSC34 cell line of
amyotrophic lateral sclerosis

«-Lipoic acid attenuates oxidative stress

pathology and shows mitochondrial dysfunction
and improved NMDA receptor signaling.

Authors have suggested that «-lipoic acid shows
potent anti-oxidative and neuroprotective
effects through the activation in ERK-Akt
pathway in hSOD1 ALS models.

consequently attacking neighboring dopaminergic neurons. -
Synuclein promotes inflammation via activating p38, ERK,
and JNK pathways in human microglial cells, resulting in the
production of IL-1{3 and TNF-«. o-Synuclein promotes chronic
inflammation by inducing IL-6 and intercellular adhesion
molecule-1 (ICAM-1) expression in human astrocytes. The ac-
tivation of MAPK signaling pathways is associated with the
enhanced expression of these two proteins. Furthermore, -
synuclein regulates the neuronal apoptosis by releasing cyto-
chrome ¢ from mitochondria and increasing mitochondrial oxi-
dative stress (Kim and Choi 2010).

Studies reveal that oxidative stress in AD patients promotes
hyperphosphorylation of tau mediated by several kinases in-
cluding JNK, p38, and ERK in neurofibrillary tangles. A 342
mediate APP dimerization resulting in tau phosphorylation by
activating ASK1-MKK6-p38 signaling pathway. As a result
of a neural injury, ASK1 induces either neuronal apoptosis or
neurite outgrowth by forming a signaling complex with APP,
MKKS®6, JIP1, and JNK1. Production of ROS and pro-
inflammatory cytokines (TNF-« and IL-1f3) is the result of
microglial activation induced by A(342 aggregation, all of
which consequently stimulates MAPK signaling pathways.
Oxidative stress activates JNK and p38 and induces 3-
secretase gene expression, whereas [3-secretase gene expres-
sion is negatively regulated by ERK1/2 (Kim and Choi 2010).

In motor neurons and microglia, aberrant expression and
activation of p38 MAPK are thought to be important for ALS
progression. In transgenic mice expressing mutant SODI,
G93A, degeneration of motor neurons is caused by persistent
activation of p38. Moreover, mutant SOD1 induces apoptosis
of motor neurons which is prevented by SB203580, a p38-
MAPK inhibitor. Through aberrant phosphorylation and con-
sequent aggregation of neurofilaments, both p38 and JNKI
are also implicated in cytoskeletal abnormalities of spinal mo-
tor neurons, a feature of ALS (Kim and Choi 2010).

A major family of signaling proteins, mitogen-activated
protein kinases (MAPK), regulates neuronal survival, differ-
entiation, and plasticity. Particularly, the extracellular signal-
regulated protein kinase (ERK) is involved in neuronal devel-
opment, hippocampal learning, and survival. Recently, it has
been studied that ERK signaling may respond in neuronal

stress. Inhibitor of an upstream kinase that activates ERK,
MEK, confers significant protection in animal models of ce-
rebral ischemia-reperfusion. In addition, suppression of phos-
phorylated ERK protects neuronal cell lines and primary neu-
ronal cultures subjected directly to oxidative stress. In conclu-
sion, studies highlight a potentially beneficial role for ERK
signaling in oxidative neurotoxicity (Zhu et al. 2002a).

Huntington’s disease is caused by huntingtin protein, an
expanded polyglutamine repeat, which actuates a diverse set
of pathogenic mechanisms. A mutation in huntingtin causes
activation of ERK and directs a protective transcriptional re-
sponse along with inhibiting caspase activation. In contradic-
tion, Htt also interferes with several signaling events of the
ERK pathway. Mutant huntingtin compromises the ERK-
dependent transcriptional response to cortico-striatal BDNF
signaling. It also hinders glutamate uptake from the synaptic
cleft by downregulating ERK-dependent glutamate transport-
er expression and leaving cells susceptible to excitotoxicity.
Some of this cellular complexity can be used to achieve selec-
tive ERK activation which can be neuroprotective (Bodai and
Marsh 2012).

Previous studies conducted in human neuroblastoma SK-
N-SH cellular model of PD suggested the role of p38 MAPKs
in autophagy since autophagy disorders are more commonly
associated with neurodegenerative diseases. A study revealed
that microRNA (miR)-181a causes inhibition of p38
MAPK/JNK pathway resulting in regulation of apoptosis
and autophagy (Bohush et al. 2018).

Autophagy, a lysosome-dependent intracellular degrada-
tion process, plays an important role in maintaining homeo-
stasis as it helps in recycling the cytoplasmic constituents into
bio-energetic and biosynthetic materials. As autophagy pro-
cess is related to different stress conditions, aberrant function
of the process can cause cellular dysfunction and diseases.
Degradation of accumulated abnormally misfolded proteins,
the common cause of neurodegenerative disorders such as
AD, PD, HD, and ALS can be efficiently done through au-
tophagy. Defects in autophagy have been observed in different
cases of neurodegenerative disorders as reported by recent
studies. Also, neurodegeneration is seen to be associated with
deregulated excessive autophagy. Therefore, normal
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functioning of autophagy is necessary for its implication in the
treatment of neurodegenecrative diseases and various
autophagy-regulating compounds are being developed for
therapeutic purposes (Nah et al. 2015).

Evidences from several studies have suggested the impor-
tance of autophagy in the healthy development of neurons.
Researchers have revealed several links that associate autoph-
agy with neurodegenerative diseases. However, direct links
and molecular mechanisms remain is required to be further
investigated. Lysosomal function impairment and fusion of
autophagosome/lysosome are observed in most neurodegen-
erative disorders. Hence, it is very important to overcome
lysosomal dysfunction for possible therapeutic strategies in
neurodegenerative diseases. Nevertheless, the treatments im-
plicated for treating abnormally deregulated autophagy in
neurodegeneration targets on its initial stages and the research
based on this is at its preliminary stage. The clinical trials for
some compounds for the treatment of AD have been done in
humans and the compounds being used for the treatment of
other neurodegenerative diseases are now in the preclinical
phase. Despite research limitations, targeting autophagy for
the treatment of neurodegenerative diseases are highly expect-
ed (Nah et al. 2015).

Conclusion

Neurotrophins regulate neuronal survival and apoptosis at
several levels. Trk uses at least two mechanisms, Ras/PI 3K/
Akt-induced suppression of apoptotic proteins and pathways,
and MEK/MAPK activation of anti-apoptotic proteins, to
stimulate survival. p75SNTR can potentiate Trk activity
through the activation of NF-kB. Trk, through Ras and prob-
ably PI-3K/Akt, can interfere with p75NTR-induced apopto-
sis by suppressing the INK—p53—Bax pathway upstream of
JNK, or by inhibiting the activities of cell death proteins such
as Forkhead. p75NTR, in turn, can suppress Trk-induced cell
survival and growth pathways, possibly through ceramide-
mediated inhibition of Akt and Raf activities. This functional
crosstalk between Trk and p7SNTR signaling pathways ap-
pears to be a key process in determining how the nervous
system develops and is repaired following injury (Kaplan
and Miller 2000). Dysregulation of the ERK1/2 cascade is
known to result in various pathologies, inducing neurodegen-
erative diseases. Therefore, interference with the localization
of certain components, and in particular with the translocation
of ERK1/2 to the nucleus, may serve as potential therapeutic
targets for some diseases (Wortzel and Seger 2011).
Recently, the evidence for ERK involvement also known as
p42/p44 or MAPK plays vital role in neural function seeks the
immense attention and experimental support thereby ERK can
be seen as a unifying motif in the pathogenetic mechanisms of
different etiological agents (Colucci-D'Amato et al. 2003).
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PI3-K/Akt and ERK pathways play opposite roles in the pre-
vention of neuronal apoptosis, i.e., activation of the PI3-K/Akt
and ERK pathways implicated in neuroprotection and neuro-
toxicity by VEGF. These findings not only indicate a thera-
peutic usage of co-application of VEGF and the agents that
inhibit the ERK pathway, but also provide a therapeutic po-
tential of regulating different signaling pathways in treating
NDs (Cui et al. 2011a).

Autophagy disruption is also involved as shown in the
brain of patients and in animal models the PI3K/AKT path-
way is also altered in NDs including AD and PD. The activity
of the PI3K/AKT/mTOR pathway suppresses the autophagic
process and is commonly related to pro-survival effects, and
the suppression of mTOR activity promotes autophagy and it
has been shown to be protective for neuronal tissue, thus in-
dicating that a coordinate mechanism is involved in neuropro-
tection. So compounds aiming to protect neuronal tissue must
act in two ways: stimulating or sustaining the normal
PI3K/AKT/mTOR survival pathway and promoting constitu-
tive autophagy. Most compounds that induce autophagy pro-
mote clearance of aggregated proteins and induce neuropro-
tection, downregulating the PI3K/AKT/mTOR pathway or
inhibiting mTOR. Therefore evaluating its role in synaptic
functions and behavior is relevant to integrate the molecular
events related to neuroprotection and the functional parame-
ters in vivo (Heras-Sandoval et al. 2014). Acteoside is an
activator of the transcription factor Nrf2, and inducer of HO-
1 expression. Acteoside attenuates A [3-induced neurotoxicity
by induction of HO-1 via ERK and PI3 K/Akt signaling.
These results shed some light on the mechanisms whereby
acteoside protects against [3-amyloid-induced cytotoxicity
(Wang et al. 2012).

It is well established that pharmacological inhibitors of clas-
sical HDAC:s are protective in various cell culture and in vivo
models of neurodegenerative disease but the protective effects
of targeted therapeutic of neurotoxic HDAC(s) inhibitors are
still unclear. IGF-1 promotes neuronal survival by suppressing
the neurotoxic activity of HDAC3. It is well accepted that
GSK3 3 promotes neurodegeneration both in experimental
models and human pathologies by activating downstream
mechanism. Studies suggested that HDAC3 represents a down-
stream effector of GSK3 3 neurotoxicity (Bardai and D'Mello
2011). Effects of BDNF on neuronal survival, synaptic activity,
learning, memory, and neurogenesis are well documented.
BDNF exerted a novel protective effect in astrocytes through
TrkB-T1, involving calcium-Src-ERK and Akt pathways, and a
potent antioxidant action, probably through induction of Nrf2.
Whereas, BDNF-treated astrocytes release protective factors
that prevent death and oxidative stress in neurons. We hope that
this work will encourage further studies on glial cells as thera-
peutic targets for neurodegenerative disorders (Saba et al.
2018). This review also deals with the role of PI3K/Akt and
Erk signaling in aberrant protein clearance through autophagy.
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Future Prospective

In the next year, the characterization of both the newly iden-
tified and novel targets of Trk and p75SNTR will allow us to
identify the mechanisms used by these receptors to develop,
maintain, and repair the nervous system. Co-application of
agents capable of inhibiting the ERK pathway and activating
PI3-K/Akt pathway or using multi-functional drug capable of
regulating these pathways simultaneously might have thera-
peutic significances in the treatment of NDs. Moreover, based
on the findings discussed in the review, ERK activation should
also be taken into account for experimental animals designing
and therapeutic approaches. Since, in different pathological
conditions chronic activation of ERK occurs, future studies
should be aimed on underlying molecular mechanism that will
help to elucidate their pathogenesis and may provide the mo-
lecular basis of pharmacological intervention in neurodegen-
erative disorders.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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