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Abstract: The EDR peptide (Glu-Asp-Arg) has been previously established to possess neuroprotective
properties. It activates gene expression and synthesis of proteins, involved in maintaining the
neuronal functional activity, and reduces the intensity of their apoptosis in in vitro and in vivo
studies. The EDR peptide interferes with the elimination of dendritic spines in neuronal cultures
obtained from mice with Alzheimer’s (AD) and Huntington’s diseases. The tripeptide promotes
the activation of the antioxidant enzyme synthesis in the culture of cerebellum neurons in rats. The
EDR peptide normalizes behavioral responses in animal studies and improves memory issues in
elderly patients. The purpose of this review is to analyze the molecular and genetics aspects of the
EDR peptide effect on gene expression and synthesis of proteins involved in the pathogenesis of
AD. The EDR peptide is assumed to enter cells and bind to histone proteins and/or ribonucleic
acids. Thus, the EDR peptide can change the activity of the MAPK/ERK signaling pathway, the
synthesis of proapoptotic proteins (caspase-3, p53), proteins of the antioxidant system (SOD2, GPX1),
transcription factors PPARA, PPARG, serotonin, calmodulin. The abovementioned signaling pathway
and proteins are the components of pathogenesis in AD. The EDR peptide can be AD.

Keywords: tripeptide; neuroprotection; MAPK; apoptosis; SOD2; GPX1; PPARA; PPARG; sero-
tonin; calmodulin

1. Introduction

Understanding the etiology and progression of sporadic neurodegenerative diseases
(NDDs) is an urgent problem of neuromedicine and neurobiology. Alzheimer’s disease
(AD) is considered the most common NDD [1,2]. The disease is more frequent in older
persons. The AD pathogenesis is associated with damage to hippocampus—a part of the
limbic system, responsible for processing spatial information, forming emotions and con-
solidating memory. Diffuse amyloid plaques, surrounded by intracellular neurofibrillary
tangles, formed by hyperphosphorylated τ-protein, discovered in animal models and post
mortem brain studies, are the distinctive neuropathological features of AD [3,4]. Early
manifestation of AD revealed dominant mutations in the β-amyloid precursor protein
(APP) gene and presenilin 1 and 2 (PSEN1 and PSEN2) gene, which encode the γ-secretase
components [4].

Currently, there are no known prevention methods for the progression of neurode-
generation in AD. In some cases, conservative treatment methods may slow down the
development of its symptoms. Drugs used for the treatment of brain pathology, including
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those in elderly and senile people, belong to different pharmacological groups. Antioxi-
dants, nitric oxide blockers, substances that suppress lipid peroxidation processes, etc., are
among them. Peptide bioregulators appear to be a promising group of neuroprotectors
due to their high physiological activity and absence of side effects [5–7].

Positively-charged short peptides rich in arginine were previously established to
have neuroprotective properties [8]. In addition to excitotoxicity reduction, arginine-rich
peptides also possess the ability to diminish mitochondrial dysfunction and inhibit the
activation of extracellular matrix metalloproteinases in neuropathology, thus increasing
the viability of the neurovascular unit in the brain in various pathological processes [9].
Changing the composition and sequence of amino acid residues in peptides rich in arginine
will enable obtaining peptides with targeted neuroprotective action, potentially effective in
AD and other NDDs [10].

EDR (Glu-Asp-Arg, Pinealon) (Figure 1), a tripeptide isolated from the polypeptide
neuroprotective drug Cortexin, is one of the neuroprotective arginine-containing pep-
tides. Oral administration of Pinealon revealed its effectiveness in correction of cerebral
dysfunctions in older age groups. The EDR peptide contributed to neuronal apoptosis
reduction, improvement of memory, attention and cognitive functions, acceleration of
perceptual-motor responses, increase of mental performance, and decrease of the central
nervous system (CNS) aging in the elderly [11–13].
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shaped spines form active synapses and are representative of a highly integrated neural 
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Oral administration of Pinealon in addition to standard therapy in 72 patients with
traumatic brain injury consequences and cerebrasthenia led to improved memory, re-
duced duration and intensity of headaches, emotional balance, and enhanced performance
efficacy [11]. In patients with long-term consequences of traumatic brain injury, oral admin-
istration of the EDR peptide resulted in a decreased number of errors during the correction
test. These patients manifested a significant increase in the α-index when determining
the bioelectric activity of the brain. Thus, the EDR peptide stimulated neuroplasticity and
integrative function of brain neurons after traumatic brain injuries [13].

The EDR peptide normalized the functional activity of the central nervous system in
an experimental prenatal hyperhomocysteinemia model in rats. In cerebellar granule cell
cultures, the EDR peptide increased the lag phase of MAP kinase activation and decreased
the level of reactive oxygen species (ROS) [13–15].

Formation of synaptic contacts on the dendritic tree is an essential component of the
neural network functioning. Disorders in the dendritic tree morphology, changes in the
number and shape of spines are the signs of AD and other NDDs [16,17]. Mushroom-
shaped spines form active synapses and are representative of a highly integrated neural
network, which serves as the basis for learning and memory [18]. Restoration of the
dendritic spine morphology was chosen as the criterion for evaluating the neuroprotective
effect of the EDR peptide in the culture of hippocampal neurons in AD modeling in mice
in vitro. The EDR peptide prevented the loss of neuronal mushroom-shaped spines in
AD [19].
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The purpose of this review is to analyze the molecular aspects of the neuroprotec-
tive activity of the EDR peptide in AD. To achieve this goal, the role of some molecules
(MAPK/ERK, caspase-3, p53, SOD2, GPX1, PPARA, PPARG, serotonin, calmodulin) in the
AD pathogenesis was analyzed. These data were compared with the regulation of gene
expression and synthesis of the above molecules by the EDR peptide. Such an approach is
required in order to identify the targets of the EDR peptide at early stages of AD.

2. EDR Peptide: Possible Molecular Aspects of the Regulation of Gene Expression and
Protein Synthesis Involved in the Pathogenesis of Alzheimer’s Disease
2.1. MAPK/ERK Signaling Pathway: Role in the Pathogenesis of Alzheimer’s Disease, Regulation
by the EDR Peptide

Mitogen-activated protein kinases (MAPKs) are evolutionarily conserved multifunc-
tional signaling molecules, which play a key role in converting extracellular signals into
intracellular responses. The most studied among them are four mammalian MAPK kinases:
extracellular signal-regulated kinase 1 and 2 (ERK1/2), c-Jun N-terminal kinase (JNK), p38,
and ERK5 [20].

The ERK1/2 cascade plays a central role in signal transmission from a wide variety
of extracellular agents, which act through various receptors. In most cases, activation of
these receptors is mediated by several mechanisms via Ras protein to cell membranes.
The activated Ras protein recruits components of the MAPK cascade (Raf-1, B-Raf) to the
plasma membrane and triggers their activation. Stimulation of ERK1/2 is followed by
phosphorylation of substrates, responsible for proliferation and differentiation, morphol-
ogy and plasticity of neurons, stress response control, and regulation of apoptosis [21].
Impairment of the signaling cascade regulation may result in NDDs, diabetes mellitus, and
tumors [22].

The role of the MAPK pathway in the metabolic disorder of β-amyloid (Aβ), phos-
phorylation of the τ-protein, and regulation of inflammatory reactions in AD has been
established [23,24]. When a sublethal concentration of the Aβ42 peptide is added to the cul-
ture of neurons, inhibition of the MAPK/ERK and PI3K/Akt pathways occurs, which leads
to mitochondrial dysfunction, secretion of proinflammatory cytokines and cell death [25].

Neurofibrillary tangles are formed by hyperphosphorylation of τ-protein. It has been
found that its phosphorylation is mediated by several kinases, including JNK, p38, and
ERK5 [26].

Oxidative stress is a key risk factor for the AD development [27]. Under oxidative
stress and AD development, free radicals activate the JNK and p38 signaling pathways [28].
Activated MAPK signaling pathways contribute to the pathogenesis of AD through vari-
ous mechanisms, including induction of neuronal apoptosis [29,30], transcriptional and
enzymatic activation of β- and γ-secretases [31], and phosphorylation and stabilization of
the β-amyloid precursor (APP) [32,33].

Apoptosis signal-regulating kinase 1 (ASK1) is known to be a part of the MAPK family.
It is activated in response to oxidative stress [34]. APP dimerization induces activation
of the ASK1-MKK6-p38 signaling pathway, which leads to the phosphorylation of the
τ-protein [35]. ASK1 forms a signaling complex with APP, MKK6, JNK1 and can induce
apoptosis of neurons [36]. Aβ42 aggregates entail macrophage activation in brain tissues.
Activated macrophages produce ROS and pro-inflammatory cytokines (TNF-α, IL-1β),
which activate the MAPK signaling pathways. Under oxidative stress, activation of JNK
and p38 occurs, which leads to stimulation of β-secretase gene expression. In this case,
the ERK1/2 complex down-regulates the expression of β-secretase [37]. γ-secretase is
activated by MEKK1, IFN-γ, IL-1β, TNF-α and blocked by a JNK inhibitor. The activation
of γ-secretase through MEKK1 triggers a signaling pathway involving JNK kinase. TGF-
β2 binds to APP and initiates APP-dependent apoptosis through JNK and caspase-3
activation [38].

Thus, MAPK signaling pathways can contribute to the pathogenesis of AD by regu-
lating neuronal apoptosis, β- and γ-secretase activity, and phosphorylation of APP and
τ-protein [39].
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The EDR peptide decreased ROS synthesis caused by the receptor-dependent (ouabain,
homocysteine) and non-receptor (hydrogen peroxide) activators of oxidative stress in gran-
ular cells of rat cerebellum. The ability of the tripeptide to reduce the production of ROS
during an inflammatory reaction has been demonstrated in zymosan-activated neutrophil
cultures [14]. ROS have been established to function as secondary messengers, triggering
cascades of cellular signaling—the MAPK-ERK1/2 pathway, in particular [40,41]. The
effect of the EDR peptide on the ERK1/2 level in neurons under the action of homocys-
teine was studied. In control neuronal cultures, addition of homocysteine led to ERK1/2
activation within 2.5 min, while in the presence of homocysteine and EDR tripeptide,
an increase in the level of the ERK1/2 active forms occurred 20 min later. Thus, EDR
has an inhibitory effect on ERK1/2 activation in rat cerebellar granule cells exposed to
homocysteine. The neuroprotective effect of the EDR peptide is accompanied by a delayed
ERK1/2 activation and a change in the onset of the cellular cycle phases. The limitation
of ROS accumulation and cell death occurred at lower concentrations of the EDR peptide,
while higher concentrations of the EDR peptide resulted in the modulation of the cellular
cycle [14]. Thus, the EDR peptide is capable of exerting neuroprotective and antiapoptotic
effects through the MAPK/ERK signaling pathway, thus preventing the AD development
under oxidative stress conditions (Figure 2). ROS have been implicated in the activation
of apoptotic processes also modulating others transcription factors, including phospho-
inositide 3-kinase (PI3K)/Akt, nuclear factor (erythroid-derived 2)-like 2 (Nrf2), Kelch
like-ECH-associated protein 1 (Keap1), and nuclear factor-κB (NF-κB). It is possible that
the antiapoptotic effect of the EDR peptide is associated with the regulation of (PI3K)/Akt,
Nrf2, Keap1, NF-κB; however, this hypothesis requires further investigation and experi-
mental confirmation. The KE (Lys-Glu) dipeptide, which has antioxidant and antiapoptotic
properties, was previously found to regulate the synthesis of NF-κB and p53 proteins in
animal and human skin fibroblasts during their replicative senescence. Peptides KE, AED,
KED, EDL, AEDG were also shown to reduce the expression of pro-apoptotic proteins
caspase-3, p53 in various types of cells during replicative senescence [42–46]. It can be
assumed that the regulation of apoptosis and antioxidant status of cells by di-, tri-, and
tetrapeptides has both common features and differences depending on the type of cells
and peptide structure. In this case, the neuroprotective properties of the EDR peptide,
manifested in the regulation of apoptosis and synthesis of proteins of the antioxidant
system, are one of the general patterns of peptide regulation.

2.2. Antioxidant System Proteins SOD2, GPX1: Role in the Pathogenesis of Alzheimer’s Disease,
Regulation by the EDR Peptide

Brain neurons that actively consume oxygen have complex enzymatic and non-
enzymatic defense mechanisms against the development of oxidative stress. Superox-
ide dismutase (SOD) and peroxiredoxins effectively compensate for oxidative changes
in various subcellular compartments of neurons [47]. SOD is a key enzyme involved in
superoxide radical detoxification. SOD2 is located in mitochondria and represents the only
ROS-regulated isoform of this enzyme. The SOD2 concentration in the cerebral cortex of
Tg2576 mice (AD model) increases with age [48]. It is possible that the increase in SOD2
expression in brain neurons during aging is a compensatory mechanism aimed at reducing
the consequences of an increased oxidative stress, accompanying mitochondrial dysfunc-
tion. Mice lacking SOD2 synthesis develop neuropathology due to neuronal apoptosis
resulting from mitochondrial oxidative stress [49]. Decreased SOD2 expression in the brain
neurons of transgenic mice, carrying mutations in the amyloid precursor protein APP, is
the cause of AD [50].
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studied. However, it can be assumed that the antioxidant properties of the EDR peptide are associated with direct or indirect
regulation of the functions of JNK, p38 and ERK5.

Modulation of SOD2 functions in the presence of amyloid plaques in transgenic mice
with AD affects the endogenous oxidative stress level in mitochondria. Mice of a hybrid
transgenic line with a deletion of one copy of the SOD2 gene and human APP/J20 genes
manifested a faster and a more pronounced AD development [51]. A reduced synthesis of
SOD2 leads to a decrease in the deposition of β-amyloid in the parenchyma and an increase
in amyloidosis in the vasculature of the brain. Similar results were obtained in the AD
model in Tg19959 mice, where the overexpression of mutant forms of β-amyloid in neurons
was observed [52]. Another study evidenced the prevention of a long-term potentiation
in cultured neurons by accumulation of amyloid peptide. This effect was reversed by
the introduction of the MitoQ antioxidant and the SOD mimetic Euk-134 [53]. This is
indicative of a synergistic effect of the mitochondrial oxidative stress and the progression
of the amyloid plaque accumulation. It is possible that mitochondrial dysfunction and/or
endogenous oxidative stress are the prerequisites for neuronal apoptosis in AD. Currently,
no direct correlation between neuronal death and formation of amyloid plaques and
neurofibrillary tangles has been found. However, a decrease in the bioenergetic capacity
and mitochondrial metabolism of neurons may be a common precursor of these processes.
This fact underlines the importance of minimizing oxidative damage in the brain to prevent
neuronal apoptosis during AD development.

The role of glutathione peroxidase (GPx) in neuroprotection is also of great impor-
tance. GPx is a family of selenium-dependent enzymes, which catalyze the reduction of
hydrogen peroxide, organic hydroperoxide and lipid peroxide by reducing glutathione,
thus protecting the cells from oxidative damage. Cytosolic glutathione peroxidase (GPx1) is
expressed in tissues with a high level of oxidative stress [54]. Patients with AD were found
to have low erythrocyte GPx activity. It is possible that a decrease in the GPx function
represents an integral disruption of the antioxidant system activity and can spread to brain
neurons [55].

The EDR peptide has been discovered to reduce the level of hydroperoxides, exhibiting
the ability to directly neutralize the primary products of lipid peroxidation. The latency
period before the oxidation development extends in proportion to the increase in the
EDR concentration. Cells isolated from the cerebellum of the EDR-treated rats were more
resistant to oxidative stress [14]. Hypoxia was discovered to result in a three-fold increase
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in the initial ROS level. Against the background of a high ROS level, NMDA (N-methyl-
D-aspartic acid) did not cause any additional increase in the amount of free radicals in
the offspring of rats subjected to hypoxia [56]. A decreased amount of free radicals was
evidenced in the neurons of the hypoxic rat offspring, treated with the EDR peptide. These
data provide an indication of the EDR peptide ability to protect neuronal cells from the
excitotoxic effect of NMDA. Thus, the action of the EDR peptide is mediated by an increase
in the activity of neuronal antioxidant enzymes [57]. The effect of the EDR peptide on the
activity of antioxidant enzymes in the brain of resistant and hypoxia-sensitive rats was
studied. The SOD2 and GPx1 activity in the brain tissue of hypoxia-resistant rats was
2 times higher than in hypoxia-sensitive animals. Administration of the EDR peptide to
hypoxia-sensitive animals led to an increase in the SOD2 and GPx1 activity in the brain to
the level of hypoxia-resistant animals [57]. The results of the study indicate that in hypoxia-
resistant rats, high activity of the antioxidant enzymes SOD2 and GPx1 provides protection
against hypoxic effects and requires no additional stimulation with the EDR peptide. Thus,
it can be assumed that the EDR peptide is capable of exerting a neuroprotective effect in
AD by increasing the activity of the antioxidant enzymes SOD2 and GPx1 in brain neurons.

2.3. Caspase-3 and p53 Protein: Role in the Pathogenesis of Alzheimer’s Disease, Regulation by the
EDR Peptide

The p53 transcription factor plays an important role in responding to DNA damage,
genome integrity maintenance and suppression of tumor development [58]. Genes con-
trolled by the p53 protein regulate a number of biological processes. Disruption of their
expression and p53 activity leads to the development of NDDs, cancer, and metabolic syn-
drome [59]. The p53 protein, together with the p63 and p73 transcription factors, regulates
the cell cycle, apoptosis, differentiation, and cell aging [60].

In sporadic and familial forms of AD, overexpression of the p53 protein was revealed
in the cortex neurons of the frontal and temporal lobes, glial cells of the cortex and white
matter of the brain [61]. Increased expression of the p53 protein was also found in the
hippocampus of AD mice. In some cases, an increase in p53 expression correlated with the
accumulation of Aβ42 peptide in brain neurons of animals and humans with AD [62].

Under normal conditions, the transcription factor p53 migrates to the internal mi-
tochondrial matrix in response to DNA damage. The mitochondrial p53 protein forms
an inhibitory complex with Bcl2 and Bcl-xL, which leads to the release of cytochrome C
from mitochondria into cytosol and activation of caspases [63]. Translocation of p53 into
mitochondria changes the mitochondrial membrane potential. Peptide Aβ42 enhances the
expression of p53 in brain neurons in AD [64].

Low levels of basal oxidative and nitrosative stress in brain neurons correlated with
low expression of the p53 gene in mice. This was accompanied by a decrease in the
DNA damage, accumulation of lipid peroxidation products and carbonylated proteins,
a weakening of protein nitrosylation, and an increase in the antioxidant enzymes acti-
vation. It is possible that pharmacological inhibition of the p53 prooxidant activity can
inhibit neurodegeneration in AD [65]. Thus, the p53 protein deficiency reduces oxidative
stress [66].

Proapoptotic caspases are assumed to contribute significantly to the progressive death
of neurons in AD [67].

The activation of the main effector caspase-3 leads to the development of neurodegen-
erative processes, associated with chronic and acute disorders of cerebral circulation. The
involvement of caspase-3 in the regulation of synaptic plasticity has been described [68].
Caspase-3 takes part in the APP processing into amyloidogenic fragments. In this re-
gard, the accumulation of caspase-cleaved APP can be considered as an early stage of AD
pathogenesis [69,70]. An increase in the active caspase-3 level in the axons of the brain
hippocampal neurons in AD is localized at the formation sites of neurofibrillary tangles
and plaques. Caspase-3 is activated in synapses in response to neuronal apoptosis [71].

In addition to the classical role of caspase-3 in the activation of neuronal apopto-
sis, this enzyme has been revealed to participate in the regulation of synaptic plasticity
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and metabolism of the τ-protein in AD [72,73]. By cleaving serine-threonine kinase Akt,
Caspase-3 activates the GSK3β kinase pathway, which regulates the τ-protein phospho-
rylation. Pharmacological blockade of caspase-3 activation in the central nervous system
can prevent the phosphorylation of the τ-protein. Drugs aimed at inhibiting caspase-3-
dependent Akt cleavage may be promising for the prevention of τ-protein metabolism
disorders in AD.

The effect of the EDR peptide on the caspase-3 synthesis in brain structures and the
correlation of this process with the ability to learn in rats of different ages in an experimental
model of acute hypoxic hypoxia were studied. The EDR peptide reduced the expression
of caspase-3 in the brain and improved the learning indices in the Morris maze in young
and old animals [74]. In another study, the administration of the EDR peptide led to the
activation of the caspase-3 protease in the cerebral cortex and brain stem structures of old
rats while maintaining the level of expression of active caspase-3 in the brain at the control
level [74].

The intensity of caspase-dependent apoptosis of neurons is known to decrease in
age-associated cerebral ischemia. At the same time, the pro-inflammatory status of the
brain structures increases [75]. Old rats with acute hypoxic hypoxia manifested an increase
in the activity of caspase-3 in the brain neurons. The introduction of the EDR peptide
prevented the activation of caspase-3 in neurons [12]. The activity of caspase-3 in the brain
decreases with ageing, while an increase in its activity may occur against the background
of neurogenesis activation [76]. Thus, the EDR peptide may have a neuroprotective effect
in AD by regulating proapoptotic factors: caspase-3 and p53 protein.

2.4. Transcription Factors PPARA, PPARG: Role in the Pathogenesis of Alzheimer’s Disease,
Regulation by the EDR Peptide

Inflammation plays an important role in the pathogenesis of AD [77]. The Aβ42
peptide-stimulated expression of pro-inflammatory genes in the myeloid clone cells is an-
tagonized by the action of nuclear ligand-activated hormone receptors family—peroxisome
proliferation-activating receptors (PPARs). PPAR-α agonists were found to inhibit the Aβ42
peptide-stimulated expression of cytokine genes (TNF-α, IL-6, TNF-α) by blood monocytes
and macrophages. The PPAR-α agonist (WY14643) inhibits macrophage differentiation
and COX-2 gene expression. Thus, PPAR-α inhibits monocyte-mediated inflammatory
responses [78–80].

Microglia or monocytes interaction with β-amyloid fibrils in AD activates a signaling
cascade involving tyrosine kinase, which leads to the stimulation of gene expression of
pro-inflammatory cytokines [81]. At the same time, the expression of the PPARα gene in
the brain neurons in AD decreases [82].

The presence of extracellular amyloid plaques containing Aβ42 peptides, which occur
as a result of amyloidogenic proteolytic processing of APP by β- and γ-secretases, is one
of the pathogenetic signs of AD. APP can also be cleaved in a non-amyloidogenic way
aided by α-secretase, preventing the formation of Aβ42 peptides. Therefore, mutations
in the prodomain of disintegrin α-secretase and metalloproteinase-10 (ADAM10) are as-
sociated with an enhancement in the Aβ42 synthesis and an increased probability of AD
development. PPAR-α activation was found to induce proteolysis of APP by α-secretase in
hippocampal neurons by inducing ADAM10 gene transcription [83]. It has been shown
that PPAR-α can modulate APP processing and Aβ42 peptide formation. 5xFAD mice with
a PPARα gene knockout, revealed a decreased life span in the AD model, which correlated
with a high concentration of Aβ42 peptide in the hippocampus. It was found that increased
expression of the Aβ42 peptide is associated with a shorter lifespan in AD patients [84].
Thus, the PPAR-α protein can contribute to the reduction of the inflammatory response
severity and the accumulation of the synaptotoxic peptide Aβ42 in AD.

PPARG is the target of several pharmacological agents, regulating metabolism, im-
mune response and neuroplasticity. At an early stage of AD, activation of PPARG expres-
sion can inhibit the disease progression [85].
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Epidemiological studies have shown that the use of non-steroidal anti-inflammatory
drugs (NSAIDs) can reduce the risk of AD. This effect is due to the ability of NSAIDs to
activate PPARG and suppress inflammatory responses in the brain of AD patients [86].
It has been established that the PPARG gene plays an important role in modulating the
formation of β-amyloid during inflammation. This suggests that the protective mechanism
of NSAIDs in AD may include PPARG activation and a decrease in the transcription of the
gene for the enzyme that cleaves the amyloid precursor protein (BACE1) [87]. Thus, the
PPARG gene is a potential target for AD pharmacotherapy.

The EDR peptide was established to increase the expression of the PPARA, PPARG
genes in humans under stress conditions, induced by increased physical activity. The EDR
peptide contributed to the normalization of the number of spines of neuron dendrites
obtained from 5xFAD mice with AD and the PPAR-α gene knocked out [19,84].

Analysis of the promoter regions of the PPARA and PPARG genes indicates the
presence of CCTGCC, CCAGCC binding sites for the EDR peptide [88]. Three possible
binding sites for the EDR peptide and 5 sites for the PPARG gene were found in the
promoter of the PPARA gene (Table 1, Figure 3). In addition, the EDR peptide is assumed
to interact with CG sites in the promoters of various genes [89].
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the atom/to the atom of the peptide side chain. The blue arrow indicates the direction of proton trans-
fer by the atom/to the atom of the peptide main chain. The dotted line indicates the ligand-solvent
contact area (modified according to [88]).



Molecules 2021, 26, 159 9 of 16

Table 1. Possible EDR peptide binding sites in promoters of genes, encoding neuroprotective proteins.

Gene Gene Regulatory Site, Range -499 to 100 bp (cDNA 5′→3′) Gen Bank NO

PPARA
Homo sapiens

ACCGGCTCATCGCACAGAGTAGCAGAGCCGGGCTCATCGA
GGAGGCAGGAGGGGCTCGCCAGCGTGGCACG

GGCGCCCGGCGGGAACCTCCACCCGCCCCGCGG
CCGCGCGTCCCCGCCTCGAATTCAGCCCCGCCCCGG
TGCGCCGGGCTGGAGGGGCGCTGACGCTCAGCGGT
GTCCCATCGGTGACCTTGGACGGTCCCTCCACCTCT

CCGGCCTCAGTTTCCCTTGGCTGCAGCGGCCGC
GGGGCGCTAGGTGGGAGCCGCTGAGCGCT
CCCGGGGCCCCGCCCACCGCGAGCAGCC

AATCGGGCGCCGCCCTCCGGGGGGTGT
GTCCCGGGGCCGAGGCCCGGGGCCCGGAGGGCGC

GCGGGGCGGGCGGGGCTTCCGGGTCGG
GCCTCGGGACACTGGCTCGCGCGGACCGG

GGCAGGGGGCGGGCCGAGGGGC
GGTGCGTGTCGCGGGGGCGCGGCTGGCACGGACGCG

CGGAGGCGGCGCCGGGCATGGGCCGT
GGACGCGGCGGCCCCGCGGCGGGGGCAGCGGGCG

GCGGGGGCGGAGGCGGCCGC-
TAGCGCCCTGCCCGGCGCCGCCTCCTTCGGCGTTCGCCCCACGG

NM_005036.4

PPARG
Homo sapiens

ACCAAGGGACCCGAAATATGCTTTAATTAAATTTTCT
TTTAAAATGTCACTGGAAAGAACATCTTGGGAAGAC
GGCCTGGCCGATCGCCGTGTGAAGGGCAAGCCACT
CTGGCCGAGAGGGAGCCCCACACCTCGGTCTCCCC

AGACCGGCCCTGGCCGGGGGCATCCCCCTAAACTTC
GGATCCCTCCTCGGAAATGGGACCCTCTCTGGGCCG

CCTCCCAGCGGTGGTGGCGAGGAGCAAACGACACCAG
GTAGCCTGCCGCGGGGCAGAGAGTGGACGCGGGAAAG

CCGGTGGCTCCCGCCGTGGGCCCTACTGTGCGCGG
GCGGCGGCCGAGCCCGGGCCGCTCCCTCCCAGTCG
CGCGCCGCCGCCCCCGCCCCCGCCCCCGCCCCCGC

CCCCACCCCCACCCCCACCCCCACCCCCAGCCGGCG
CCCGCGCCCGCCCCCGCGCCGGGCCCGGCTCGGCC

CGACCCGGCTCCGCCGCGGGCAGGCGGGGC
CCAGCGCACTCGGAGCCCGAGCCCGAGCCGCAGCC

GCCGCCTGGGGCGCTTGGGTCGGCCT CGAGGACACCGGA-
GAGGGGCGCCACGCCGCCGTGGCCGCAGGTC

NM_138712.3

TPH1
Rattus norvegicus

GCTTCTCCTATAAGAGGCGGCAGCTCCCGTC
CGCAGGTGACCCTCTGAACTCCAGTGGCTTT

GAGGTCCTCTTTCCAGTGCCGGATCCTGCCCA
CTGGGTCATCTTCATTCAGATTCAC

CATGATTGAAGACAACAAGGAGAACA
AAGACCATTCCTCAGAAAGGGGGAGA
GTGACTCTCATCTTTTCCTTGAAGAATG

AAGTTGGAGGACTCATAAAAG

X53501.1
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Table 1. Cont.

Gene Gene Regulatory Site, Range -499 to 100 bp (cDNA 5′→3′) Gen Bank NO

GPX1
Homo sapiens

GACTCTGCCCGGTTAGAAAACCCGC
ACGAGGGCGGTGCCGCTTTGGAGAC

AGGGAGGAGGGAGACCGGAAGCCTA
GATCCCTCTGGCTGTCCCCTGCACT

GCCGGTAACATGGCACAGGAGAGGA
GGGCTGTTTGTGCACGGGCAGCTCCTG

CAGCTGCTGCCGTCGC-
CCACCAGCCTCCTATGCCAAACCCCACATCCTAACTCA

GGAACCTCTGAGAAAAAACGGAGCCCTC-
GAGGGCCCCAGCCCTTGGAAGGGTAACCTGGACCGCTGCC
GCCTGGTTGCCTGGGCCAGACCAGACATGCCTG CTGCTC-

CTTCCGGCTTAGGAGGAGCACGCGTCCCGCTCGGGCG-
CACTCTCCAGCCTTTTCCTGGCTGAGGAGGGGCCGAGCC

CTCCGGGTAGGGCGGGGGCCGGATGAGGCGG
GACCCTCAGGCCCGGAAAACTGCCTGTGCCACG
TGACCCGCCGCCGGCCAGTTAAAAGGAGGCGCC
TGCTGGCCTCCCCTTACAGTGCTTGTTCGGGGCG

CTCCGCTGGCTTCTTGGACAATTGCGCCATGTGT GCTGCTCG-
GCTAGCGGCGGCGGCGGCGGCGGCCCAGTCGGTGTATG

NM_000581

The possible binding sites for the EDR peptide are highlighted in bold.

It is possible that the neuroprotective effect of the EDR peptide is due, among other
factors, to the regulation of the expression of the PPARA and PPARG genes.

3. Serotonin: Physiological Role in the Pathogenesis of Alzheimer’s Disease,
Regulation by the EDR Peptide

Serotonin (5-hydroxytryptamine) is one of the main neurotransmitters that regulate
brain function. Tryptophan hydroxylase (TPH) catalyzes the rate-limiting step of serotonin
biosynthesis from 5-hydroxy-L-tryptophan (5-HTP) [90,91]. The extract of the Griffonia
simplicifolia Baill has been found to contain large amounts of 5-HTP. This, according to
the authors of this study, makes it possible to recommend the specified plant extract
for the complex treatment of neurodegenerative diseases associated with impaired sero-
tonin synthesis [90]. In addition, there is evidence that tryptophan metabolites may have
neuroprotective effects in AD. Tryptophan metabolites 5-hydroxyindole-acetic acid and
kynurenic acid modulate the activity of neuronal matrix metalloproteinase (neprilysin).
Neprilysin activation promotes biodegradation of toxic Aβ42 peptide and reduces the
severity of AD manifestations [92].

Serotonin is used to synthesize N-acetylserotonin (NAS), a melatonin precursor, which
produces a geroprotective effect on brain cells [93,94]. In AD, a decrease in the concentration
of serotonin in the anterior cortex, hippocampus, amygdala, and striatum occurs. Impaired
serotonergic regulation may lead to a deterioration in cognitive function in AD [94,95].

Serotonin regulates neuronal axonal growth, synaptogenesis, and dendritic spine
formation. These processes ensure the formation of behavioral reactions, regulation of
mood and body temperature, appetite, sleep, and cognitive functions [96]. Dysfunction of
serotonergic signaling leads to amyloidogenesis, hyperphosphorylation of the τ-protein,
and the formation of neurofibrillary tangles characteristic of AD [97–99]. The accumulation
of TPH and its oxidation products, resulting from a decrease in the transportation of TPH
to axon terminals, may contribute to the degeneration of serotonergic neurons in AD [95].
The use of selective serotonin reuptake inhibitors in AD mice decreases the synthesis of
Aβ42 peptide and the formation of senile plaques [100].

It was found that EDR peptide increased serotonin synthesis in the neuronal cultures
of cerebral cortex in rats [88]. One possible binding site for the EDR peptide was discovered
in the TPH1 gene promoter regions [88] (Table 1, Figure 3). There is evidence that the use
of a plant extract containing TPH and some metabolites of tryptophan, required for the
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serotonin synthesis, have a neuroprotective effect [90,92]. Based on these data, it can be
assumed that the EDR peptide, which activates the serotonin synthesis in neurons, affects
one (associated with THP) or several stages of serotonin synthesis from tryptophan, which
may explain its neuroprotective effect in case of AD. The determination of the targets of
action of the EDR peptide in the biochemical cascade of serotonin synthesis is an important
aspect of further study on the mechanism of action of this peptide.

4. Discussion

Ultrashort peptides (2–4 amino acid residues) are signaling molecules involved in
the homeostasis regulation at various organismal levels. Long-term studies have revealed
the selective nature of short peptides’ activity (tissue- and gene-specific) [101]. To explain
the target mechanism of peptide regulation of gene expression and protein synthesis,
models of the interaction of short peptides with DNA and histone proteins have been
proposed [102,103]. These models provide means for the explanation of the high biologi-
cal activity of ultrashort peptides. A model for the pathological processes development,
according to which the disturbances in peptidergic regulation play a key role in the devel-
opment of the said processes, has been proposed. Correction of such disturbances by the
administration of short peptides may result in the pathological process’ regression and
normalization of the body functions. High biological activity and tissue specificity, as well
as the absence of species-specificity and immunogenicity, are the advantages of ultrashort
peptides [104,105].

It was established that the EDR peptide possessed neuroprotective properties when
administered orally in patients with traumatic brain injury and cerebrosthenia, as well
as in experimental neuropathology induced by hypoxia and oxidative stress in AD and
Huntington’s disease models in vitro. Presumably, the molecular mechanism of the EDR
peptide biological activity, like a number of other short peptides, is associated with its ability
to penetrate into the cytoplasm and the cell nucleus [106] and regulate gene expression and
synthesis of the corresponding proteins [88,103,104].

In vitro studies have shown that the EDR peptide interacts with DNA, exerting a
destabilizing effect on the secondary structure of a macromolecule and a compacting effect
on the volume of its molecular coil [106]. Molecular modeling suggested two possible
binding sites for the EDR peptide: d(CCTGCC)2 and d(CCAGC)2 (Figure 3). Binding
sites for the EDR peptide were found in the promoter regions of genes, encoding proteins
which regulate the functional and antioxidant neuronal activity (PPARA, PPARG, SOD2,
GPX1, TPH1) [88] (Table 1). The EDR peptide was established to reduce the severity of
neuronal apoptosis, determined by the caspase-3 and protein p53 synthesis, and possess
antioxidant properties.

5. Conclusions

Analysis of the literature data and the authors’ research results has allowed establish-
ing the pathogenetic components of Alzheimer’s disease, which may be influenced by the
neuroprotective peptide EDR (Figure 4).

In AD, the following disturbances are observed: impaired serotonin synthesis, imbal-
ance of the antioxidant system, which involves the signaling pathway MAPK-ERK, SOD-2,
GPX1, activation of neuronal apoptosis through caspase-3 and p53 protein (possibly due
to oxidative stress), development of an inflammatory reaction in the brain, characterized
by the dysfunction of PPARA and PPARG transcription factors. This results in the loss of
dendritic spines of neurons in the brain, which is one of the main morphological signs of
AD and the cause of cognitive impairment. The EDR peptide produces a protective effect
on all the listed components of the AD pathogenesis and prevents the dendritic spines loss
in hippocampal neurons. Thus, the EDR peptide is a promising neuroprotective agent,
potentially effective in the early stages of AD.



Molecules 2021, 26, 159 12 of 16

Molecules 2021, 26, x FOR PEER REVIEW 12 of 17 
 

 

which regulate the functional and antioxidant neuronal activity (PPARA, PPARG, SOD2, 
GPX1, TPH1) [88] (Table 1). The EDR peptide was established to reduce the severity of 
neuronal apoptosis, determined by the caspase-3 and protein p53 synthesis, and possess 
antioxidant properties. 

5. Conclusions 
Analysis of the literature data and the authors’ research results has allowed estab-

lishing the pathogenetic components of Alzheimer’s disease, which may be influenced by 
the neuroprotective peptide EDR (Figure 4). 

 
Figure 4. Possible mechanism of the EDR peptide neuroprotective effect on the main components of pathogenesis in Alz-
heimer’s disease. 

In AD, the following disturbances are observed: impaired serotonin synthesis, imbal-
ance of the antioxidant system, which involves the signaling pathway MAPK-ERK, SOD-
2, GPX1, activation of neuronal apoptosis through caspase-3 and p53 protein (possibly 
due to oxidative stress), development of an inflammatory reaction in the brain, character-
ized by the dysfunction of PPARA and PPARG transcription factors. This results in the 
loss of dendritic spines of neurons in the brain, which is one of the main morphological 
signs of AD and the cause of cognitive impairment. The EDR peptide produces a protec-
tive effect on all the listed components of the AD pathogenesis and prevents the dendritic 
spines loss in hippocampal neurons. Thus, the EDR peptide is a promising neuroprotec-
tive agent, potentially effective in the early stages of AD. 

Author Contributions: V.K.—the main idea of the article, N.L.—writing the main text of the article, 
administration, E.K.—introduction, points 2.1, 2.2, S.T.—point 2.3. All authors have read and agreed 
to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable.  

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Aknowledgments: The authors are grateful to Olga Mikhailova, Deputy Director for International 
Cooperation: St. Petersburg Institute of Bioregulation and Gerontology, for assistance in the English 

Figure 4. Possible mechanism of the EDR peptide neuroprotective effect on the main components of pathogenesis in
Alzheimer’s disease.

Author Contributions: V.K.—the main idea of the article, N.L.—writing the main text of the article,
administration, E.K.—introduction, points 2.1, 2.2, S.T.—point 2.3. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful to Olga Mikhailova, Deputy Director for International
Cooperation: St. Petersburg Institute of Bioregulation and Gerontology, for assistance in the English
translation of the article, Anastasia Dyatlova, researcher, Laboratory of Molecular Mechanisms of
Aging, St. Petersburg Institute of Bioregulation and Gerontology, for advice and assistance in the
graphic editing of the figures.

Conflicts of Interest: Authors declare no conflict of interest.

References
1. Villain, N.; Dubois, B. Alzheimer’s Disease Including Focal Presentations. Semin. Neurol. 2019, 39, 213–226. [CrossRef] [PubMed]
2. Fessel, W.J. Amyloid is essential but insufficient for Alzheimer causation: Addition of subcellular cofactors is required for

dementia. Int. J. Geriatr. Psychiatry 2018, 33, e14–e21. [CrossRef] [PubMed]
3. Gao, Y.; Tan, L.; Yu, J.-T.; Tan, L. Tau in Alzheimer’s Disease: Mechanisms and Therapeutic Strategies. Curr. Alzheimer Res. 2018,

15, 283–300. [CrossRef] [PubMed]
4. Giri, M.; Lü, Y.; Zhang, M. Genes associated with Alzheimer’s disease: An overview and current status. Clin. Interv. Aging 2016,

11, 665–681. [CrossRef] [PubMed]
5. Grivennikov, I.A.; Dolotov, O.V.; Zolotarev, Y.A.; Andreeva, L.A.; Myasoedov, N.F.; Leacher, L. Effects of behaviorally active

ACTH (4-10) analogue—Semax on rat basal forebrain cholinergic neurons. Restor. Neurol. Neurosci. 2008, 26, 35–43. [PubMed]
6. Fedin, A. The efficacy of cortexin and memantinol (memantine) in the treatment of cognitive impairment in patients with chronic

cerebral ischemia. Zhurnal Nevrol. i psikhiatrii im. S.S. Korsakova 2018, 118, 30–36. [CrossRef]
7. Aliferova, V.M.; Dadasheva, M.N.; Doronin, B.M.; Kovalenko, A.V.; Lokshtanova, T.M.; MIu, M. Clinical efficacy and pharma-

coeconomic characteristics of the neuroprotection with low doses of cortexin in the treatment of acute ischemic stroke. Zhurnal
Nevrol. i psikhiatrii im. S.S. Korsakova 2014, 114, 41–46.

8. Meloni, B.P.; Milani, D.; Cross, J.L.; Clark, V.W.; Edwards, A.B.; Anderton, R.S. Assessment of the neuroprotective effects of
arginine-rich protamine peptides, poly-arginine peptides (r12-cyclic, r22) and arginine-tryptophan-containing peptides following
in vitro excitotoxicity and/or permanent middle cerebral artery occlusion in rats. Neuromolecular Med. 2017, 19, 271–285.
[CrossRef]

http://doi.org/10.1055/s-0039-1681041
http://www.ncbi.nlm.nih.gov/pubmed/30925614
http://doi.org/10.1002/gps.4730
http://www.ncbi.nlm.nih.gov/pubmed/28509380
http://doi.org/10.2174/1567205014666170417111859
http://www.ncbi.nlm.nih.gov/pubmed/28413986
http://doi.org/10.2147/CIA.S105769
http://www.ncbi.nlm.nih.gov/pubmed/27274215
http://www.ncbi.nlm.nih.gov/pubmed/18431004
http://doi.org/10.17116/jnevro20181181130-36
http://doi.org/10.1007/s12017-017-8441-2


Molecules 2021, 26, 159 13 of 16

9. Chiu, L.S.; Anderton, R.; Knuckey, N.W.; Meloni, B.P. The neuroprotective potential of arginine-rich peptides for the acute
treatment of traumatic brain injury. Expert Rev. Neurother. 2016, 16, 1–3. [CrossRef]

10. Meloni, B.P.; Milani, D.; Edwards, A.B.; Anderton, R.; Doig, R.L.O.; Fitzgerald, M.; Palmer, T.N.; Knuckey, N.W. Neuroprotective
peptides fused to arginine-rich cell penetrating peptides: Neuroprotective mechanism likely mediated by peptide endocytic
properties. Pharmacol. Ther. 2015, 153, 36–54. [CrossRef]

11. Umnov, R.S.; Linkova, N.S.; Khavinson, V.K. Neuroprotective effects of peptides bioregulators in people of various age. Adv.
Gerontol. 2013, 26, 671–678. [PubMed]

12. Mendzheritskiı̆, A.M.; Karantysh, G.V.; Ryzhak, G.A.; Dem’ianenko, S.V. Regulation of content of cytokines in blood serum and
of caspase-3 activity in brains of old rats in model of sharp hypoxic hypoxia with Cortexin and Pinealon. Adv. Gerontol. 2014, 27,
94–97. [PubMed]

13. Khavinson, V.K.; Grigoriev, E.I.; Malinin, V.V.; Ryzhak, G.A. Tripeptide Having a Stimulating Effect on the Regeneration of
Neurons Regeneration and Pharmaceutical Composition It. Israel Patent 194346, 2013.

14. Khavinson, V.; Ribakova, Y.; Kulebiakin, K.; Vladychenskaya, E.; Kozina, L.; Arutjunyan, A.; Boldyrev, A. Pinealon Increases
Cell Viability by Suppression of Free Radical Levels and Activating Proliferative Processes. Rejuvenation Res. 2011, 14, 535–541.
[CrossRef] [PubMed]

15. Arutjunyan, A.; Kozina, L.; Stvolinskiy, S.; Bulygina, Y.; Mashkina, A.; Khavinson, V. Pinealon protects the rat offspring from
prenatal hyperhomocysteinemia. Int. J. Clin. Exp. Med. 2012, 5, 179–185. [PubMed]

16. Boros, B.D.; Bs, K.M.G.; Bs, E.G.G.; Curtis, K.A.; Bs, E.L.B.; Gearing, M.; Herskowitz, J.H. Dendritic spines provide cognitive
resilience against Alzheimer’s disease. Ann. Neurol. 2017, 82, 602–614. [CrossRef] [PubMed]

17. O’Neal, M.A.; Stallings, N.R.; Malter, J.S. Alzheimer’s Disease, Dendritic Spines, and Calcineurin Inhibitors: A New Approach?
ACS Chem. Neurosci. 2018, 9, 1233–1234. [CrossRef] [PubMed]

18. Zheng, L.; Liu, Q.; Wen, T. Dendritic cell factor 1 deletion leads to developmental defects in mushroom-shaped dendritic spines.
NeuroReport 2019, 30, 1008–1015. [CrossRef]

19. Kraskovskaya, N.A.; Kukanova, E.O.; Linkova, N.S.; Popugaeva, E.A.; Khavinson, V. Tripeptides Restore the Number of Neuronal
Spines under Conditions of In Vitro Modeled Alzheimer’s Disease. Bull. Exp. Biol. Med. 2017, 163, 550–553. [CrossRef]

20. Flores, K.; Yadav, S.S.; Katz, A.A.; Seger, R. The Nuclear Translocation of Mitogen-Activated Protein Kinases: Molecular
Mechanisms and Use as Novel Therapeutic Target. Neuroendocrine 2019, 108, 121–131. [CrossRef]

21. Plotnikov, A.N.; Flores, K.; Maik-Rachline, G.; Zehorai, E.; Kapri-Pardes, E.; Berti, D.A.; Hanoch, T.; Besser, M.J.; Seger, R. The
nuclear translocation of ERK1/2 as an anticancer target. Nat. Commun. 2015, 6, 6685. [CrossRef]

22. Moens, U.; Kostenko, S. Structure and function of MK5/PRAK: The loner among the mitogen-activated protein kinase-activated
protein kinases. Biol. Chem. 2013, 394, 1115–1132. [CrossRef] [PubMed]

23. Banks, W.A.; Owen, J.B.; Erickson, M.A. Insulin in the brain: There and back again. Pharmacol. Ther. 2012, 136, 82–93. [CrossRef]
[PubMed]

24. Chen, Y.; Deng, Y.; Zhang, B.; Gong, C.-X. Deregulation of brain insulin signaling in Alzheimer’s disease. Neurosci. Bull. 2014, 30,
282–294. [CrossRef] [PubMed]

25. Tong, L.; Balazs, R.; Thornton, P.L.; Cotman, C.W. -Amyloid Peptide at Sublethal Concentrations Downregulates Brain-Derived
Neurotrophic Factor Functions in Cultured Cortical Neurons. J. Neurosci. 2004, 24, 6799–6809. [CrossRef] [PubMed]

26. Wang, J.-Z.; Liu, F. Microtubule-associated protein tau in development, degeneration and protection of neurons. Prog. Neurobiol.
2008, 85, 148–175. [CrossRef] [PubMed]

27. Praticò, D. Oxidative stress hypothesis in Alzheimer’s disease: A reappraisal. Trends Pharmacol. Sci. 2008, 29, 609–615. [CrossRef]
[PubMed]

28. Tabner, B.J.; El-Agnaf, O.M.A.; Turnbull, S.; German, M.J.; Paleologou, K.E.; Hayashi, Y.; Cooper, L.J.; Fullwood, N.J.; Allsop, D.
Hydrogen Peroxide Is Generated during the Very Early Stages of Aggregation of the Amyloid Peptides Implicated in Alzheimer
Disease and Familial British Dementia. J. Biol. Chem. 2005, 280, 35789–35792. [CrossRef]

29. Chiarini, A.; Prà, I.D.; Marconi, M.; Chakravarthy, B.; Whitfield, J.; Armato, U. Calcium-Sensing Receptor (CaSR) in Human
Brains Pathophysiology: Roles in Late-Onset Alzheimers Disease (LOAD). Curr. Pharm. Biotechnol. 2009, 10, 317–326. [CrossRef]

30. Puig, B.; Gómez-Isla, T.; Ribé, E.; Cuadrado, M.; Torrejón-Escribano, B.; Dalfó, E.; Ferrer, I. Expression of stress-activated kinases
c-Jun N-terminal kinase (SAPK/JNK-P) and p38 kinase (p38-P), and tau hyperphosphorylation in neurites surrounding βA
plaques in APP Tg2576 mice. Neuropathol. Appl. Neurobiol. 2004, 30, 491–502. [CrossRef]

31. Shen, C.; Chen, Y.; Liu, H.; Zhang, K.; Zhang, T.; Lin, A.; Jing, N. Hydrogen peroxide promotes Aβ production through
JNK-dependent activation of γ-secretase. J. Biol. Chem. 2008, 283, 17721–17730. [CrossRef]

32. Colombo, A.; Bastone, A.; Ploia, C.; Sclip, A.; Salmona, M.; Forloni, G.; Borsello, T. JNK regulates APP cleavage and degradation
in a model of Alzheimer’s disease. Neurobiol. Dis. 2009, 33, 518–525. [CrossRef] [PubMed]

33. Muresan, Z.; Muresan, V. The Amyloid-β Precursor Protein Is Phosphorylated via Distinct Pathways during Differentiation,
Mitosis, Stress, and Degeneration. Mol. Biol. Cell 2007, 18, 3835–3844. [CrossRef] [PubMed]

34. Fujisawa, T.; Ichijo, H. ASK1-MAP kinase signaling pathway as a therapeutic target for human diseases. Nihon Rinsho 2014, 72,
957–965. [PubMed]

35. Peel, A.L.; Sorscher, N.; Kim, J.Y.; Galvan, V.; Chen, S.; Bredesen, D.E. Tau phosphorylation in Alzheimer’s disease: Potential
involvement of an APP-MAP kinase complex. Neuromolecular Med. 2004, 5, 205–218. [CrossRef]

http://doi.org/10.1586/14737175.2016.1150180
http://doi.org/10.1016/j.pharmthera.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/24738258
http://www.ncbi.nlm.nih.gov/pubmed/25051764
http://doi.org/10.1089/rej.2011.1172
http://www.ncbi.nlm.nih.gov/pubmed/21978084
http://www.ncbi.nlm.nih.gov/pubmed/22567179
http://doi.org/10.1002/ana.25049
http://www.ncbi.nlm.nih.gov/pubmed/28921611
http://doi.org/10.1021/acschemneuro.8b00213
http://www.ncbi.nlm.nih.gov/pubmed/29757603
http://doi.org/10.1097/WNR.0000000000001315
http://doi.org/10.1007/s10517-017-3847-2
http://doi.org/10.1159/000494085
http://doi.org/10.1038/ncomms7685
http://doi.org/10.1515/hsz-2013-0149
http://www.ncbi.nlm.nih.gov/pubmed/23729623
http://doi.org/10.1016/j.pharmthera.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/22820012
http://doi.org/10.1007/s12264-013-1408-x
http://www.ncbi.nlm.nih.gov/pubmed/24652456
http://doi.org/10.1523/JNEUROSCI.5463-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/15282285
http://doi.org/10.1016/j.pneurobio.2008.03.002
http://www.ncbi.nlm.nih.gov/pubmed/18448228
http://doi.org/10.1016/j.tips.2008.09.001
http://www.ncbi.nlm.nih.gov/pubmed/18838179
http://doi.org/10.1074/jbc.C500238200
http://doi.org/10.2174/138920109787847501
http://doi.org/10.1111/j.1365-2990.2004.00569.x
http://doi.org/10.1074/jbc.M800013200
http://doi.org/10.1016/j.nbd.2008.12.014
http://www.ncbi.nlm.nih.gov/pubmed/19166938
http://doi.org/10.1091/mbc.e06-07-0625
http://www.ncbi.nlm.nih.gov/pubmed/17634293
http://www.ncbi.nlm.nih.gov/pubmed/24912301
http://doi.org/10.1385/NMM:5:3:205


Molecules 2021, 26, 159 14 of 16

36. Galvan, V.; Banwait, S.; Spilman, P.; Gorostiza, O.F.; Peel, A.; Ataie, M.; Crippen, D.; Huang, W.; Sidhu, G.; Ichijo, H.; et al.
Interaction of ASK1 and the β-amyloid precursor protein in a stress-signaling complex. Neurobiol. Dis. 2007, 28, 65–75. [CrossRef]

37. Tamagno, E.; Guglielmotto, M.; Giliberto, L.; Vitali, A.; Borghi, R.; Autelli, R.; Danni, O.; Tabaton, M. JNK and ERK1/2 pathways
have a dual opposite effect on the expression of BACE1. Neurobiol. Aging 2009, 30, 1563–1573. [CrossRef]

38. Hashimoto, Y.; Chiba, T.; Yamada, M.; Nawa, M.; Kanekura, K.; Suzuki, H.; Terashita, K.; Aiso, S.; Nishimoto, I.; Matsuoka, M.
Transforming Growth Factor β2 Is a Neuronal Death-Inducing Ligand for Amyloid-β Precursor Protein. Mol. Cell. Biol. 2005, 25,
9304–9317. [CrossRef]

39. Kim, E.K.; Choi, E.-J. Pathological roles of MAPK signaling pathways in human diseases. Biochim. Biophys. Acta Mol. Basis Dis.
2010, 1802, 396–405. [CrossRef]

40. Boldyrev, A.A. Significance of reactive oxygen species for neuronal function. In Free Radicals, NO, and Inflammation: Molecular,
Biochemical and Clinical Aspects; Tomasi, A., Ed.; IOS Press: Harvard, MA, USA, 2003; pp. 153–169.

41. Kishida, K.T.; Klann, E. Sources and Targets of Reactive Oxygen Species in Synaptic Plasticity and Memory. Antioxidants Redox
Signal. 2006, 9, 233–244. [CrossRef]

42. Chalisova, N.I.; Lin’Kova, N.S.; Nichik, T.E.; Ryzhak, A.P.; Dudkov, A.V.; Ryzhak, G.A. Peptide Regulation of Cells Renewal
Processes in Kidney Tissue Cultures from Young and Old Animals. Bull. Exp. Biol. Med. 2015, 159, 124–127. [CrossRef]

43. Khavinson, V.; Lin’Kova, N.S.; Polyakova, V.O.; Durnova, A.O.; Nichik, T.E.; Kvetnoi, I.M. Peptides Regulate Expression of
Signaling Molecules in Kidney Cell Cultures during In Vitro Aging. Bull. Exp. Biol. Med. 2014, 157, 261–264. [CrossRef] [PubMed]

44. Khavinson, V.; Lin’Kova, N.S.; Evlashkina, E.V.; Durnova, A.O.; Kozlov, K.L.; Gutop, O.E. Molecular Aspects of Anti-
Atherosclerotic Effects of Short Peptides. Bull. Exp. Biol. Med. 2014, 158, 159–163. [CrossRef] [PubMed]

45. Linkova, N.S.; Polyakova, V.O.; Trofimov, A.V.; Kvetnoy, I.M.; Khavinson, V.K. Peptidergic Regulation of Thymocyte Differentia-
tion, Proliferation, and Apoptosis during Aging of the Thymus. Bull. Exp. Biol. Med. 2011, 151, 239–242. [CrossRef]

46. Lin’Kova, N.S.; O Drobintseva, A.; Orlova, O.A.; Kuznetsova, E.P.; Polyakova, V.O.; Kvetnoy, I.M.; Khavinson, V. Peptide
Regulation of Skin Fibroblast Functions during Their Aging In Vitro. Bull. Exp. Biol. Med. 2016, 161, 175–178. [CrossRef]
[PubMed]

47. Tabassum, R.; Jeong, N.Y. Potential for therapeutic use of hydrogen sulfide in oxidative stress-induced neurodegenerative
diseases. Int. J. Med. Sci. 2019, 16, 1386–1396. [CrossRef]

48. Apelt, J.; Bigl, M.; Wunderlich, P.; Schliebs, R. Aging-related increase in oxidative stress correlates with developmental pattern of
beta-secretase activity and beta-amyloid plaque formation in transgenic Tg2576 mice with Alzheimer-like pathology. Int. J. Dev.
Neurosci. 2004, 22, 475–484. [CrossRef]

49. Lynn, S.; Huang, E.J.; Elchuri, S.; Naeemuddin, M.; Nishinaka, Y.; Yodoi, J.; Ferriero, D.M.; Epstein, C.J.; Huang, T.-T. Selective
neuronal vulnerability and inadequate stress response in superoxide dismutase mutant mice. Free Radic. Biol. Med. 2005, 38,
817–828. [CrossRef]

50. Esposito, L.; Raber, J.; Kekonius, L.; Yan, F.; Yu, G.-Q.; Bien-Ly, N.; Puoliväli, J.; Scearce-Levie, K.; Masliah, E.; Mucke, L. Reduction
in Mitochondrial Superoxide Dismutase Modulates Alzheimer’s Disease-Like Pathology and Accelerates the Onset of Behavioral
Changes in Human Amyloid Precursor Protein Transgenic Mice. J. Neurosci. 2006, 26, 5167–5179. [CrossRef]

51. Ma, T.; Hoeffer, C.A.; Wong, H.; Massaad, C.A.; Zhou, P.; Iadecola, C.; Murphy, M.P.; Pautler, R.G.; Klann, E. Amyloid -Induced
Impairments in Hippocampal Synaptic Plasticity Are Rescued by Decreasing Mitochondrial Superoxide. J. Neurosci. 2011, 31,
5589–5595. [CrossRef]

52. Melov, S.; Adlard, P.A.; Morten, K.; Johnson, F.; Golden, T.R.; Hinerfeld, D.; Schilling, B.; Mavros, C.; Masters, C.L.; Volitakis, I.;
et al. Mitochondrial oxidative stress causes hyperphosphorylation of tau. PLoS ONE 2007, 2, e536. [CrossRef]

53. Himori, K.; Abe, M.; Tatebayashi, D.; Lee, J.; Westerblad, H.; Lanner, J.T.; Yamada, T. Superoxide dismutase/catalase mimetic
EUK-134 prevents diaphragm muscle weakness in monocrotalin-induced pulmonary hypertension. PLoS ONE 2017, 12, e0169146.
[CrossRef] [PubMed]

54. Cardoso, B.R.; Ong, T.P.; Jacob-Filho, W.; Jaluul, O.; Freitas, M.I.D.; Cominetti, C.; Cozzolino, S.M.F. Glutathione Peroxidase 1
Pro198Leu Polymorphism in Brazilian Alzheimer’s Disease Patients: Relations to the Enzyme Activity and to Selenium Status. J.
Nutr. 2012, 5, 72–80. [CrossRef]

55. Cardoso, B.R.; Ong, T.P.; Jacob-Filho, W.; Jaluul, O.; Freitas, M.I.D.; Cozzolino, S.M.F. Nutritional status of selenium in Alzheimer’s
disease patients. Br. J. Nutr. 2009, 103, 803–806. [CrossRef] [PubMed]

56. Fedorova, T.N.; Macletsova, M.G.; Kulikov, A.V.; Stepanova, M.S.; Boldyrev, A.A. Carnosine protects from the oxidative stress
induced by prenatal hypoxia. Dokl. Biol. Sci. 2006, 408, 207–210. [CrossRef]

57. Kozina, L.S.; Arutjunyn, A.V.; Stvolinskii, S.L.; Stepanova, M.S.; Makletsova, M.G.; Khavinson, V.K. Regulatory peptides protect
brain neurons from hypoxia in vivo. Dokl. Biol. Sci. 2007, 418, 1–4. [CrossRef]

58. Liu, J.; Zhang, C.; Hu, W.; Feng, Z. Tumor suppressor p53 and its mutants in cancer metabolism. Cancer Lett. 2015, 356, 197–203.
[CrossRef]

59. Stanga, S.; Lanni, C.; Govoni, S.; Uberti, D.; D’Orazi, G.; Racchi, M. Unfolded p53 in the pathogenesis of Alzheimer’s disease: Is
HIPK2 the link? Aging 2010, 2, 545–554. [CrossRef]
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