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Abstract

Aging is a global phenomenon and a complex biological process of all living beings that introduces
various changes. During this physiological process, the brain is the most affected organ due to
changes in its structural and chemical functions, such as changes in plasticity and decrease in the
number, diameter, length, and branching of dendrites and dendritic spines. Likewise, it presents a
great reduction in volume resulting from the contraction of the gray matter. Consequently, aging can
affect not only cognitive functions, including learning and memory, but also the quality of life of older
people. As a result of the phenomena, various molecules with notable neuroprotective capacity have
been proposed, which provide a therapeutic alternative for people under conditions of aging or some
neurodegenerative diseases. It is important to indicate that in recent years the use of molecules with

Introduction 51 neurotrophic activity has shown interesting results when evaluated in in vivo models. This review aims
to describe the neurotrophic potential of molecules such as resveratrol (3,5,4'-trihydroxystilbene),
Database Search Strategy 51 neurotrophins (brain-derived neurotrophic factor), and neurotrophic-type compounds such as the
Brain Aging 51 terminal carboxyl domain of the heavy chain of tetanus toxin, cerebrolysin, neuropeptide-12, and
rapamycin. Most of these molecules have been evaluated by our research group. Studies suggest that
Endogenous Neurotrophins 52 these molecules exert an important therapeutic potential, restoring brain function in aging conditions
or models of neurodegenerative diseases. Hence, our interest is in describing the current scientific
Treatments to Positively Modulate Neurotrophins 33 evidence that supports the therapeutic potential of these molecules with active neurotrophic.
Conclusion 55 Key Words: Alzheimer’s disease; brain; cerebral cortex; cognitive function; dendritic spines; HC-TeTx;
hippocampus; neurodegeneration; neuronal survival; neurotrophins
Introduction Most of the chosen studies (70% of all references) were published between

Aging is a biological and complex process that is considered a global
phenomenon (Jylhadva et al., 2017; Baghel et al., 2019). In 2019, the United
Nations established that there were 703 million persons aged 65 years in the
global population and projected a doubling of this number to 1.5 billion by
2050 (Estebsari et al., 2020). Therefore, the percentage of patients with aging
diseases will increase proportionally (Flores et al., 2016).

Aging usually manifests itself as a decline in functional capacity due to
reduced reparative and regenerative potential in tissues and organs (Khan
et al.,, 2017). The importance of aging lies in the fact that it is a risk factor
not only for developing chronic diseases, such as cardiovascular disease,
cancer, osteoporosis, arthritis, and diabetes, but also for the two main
neurodegenerative diseases Alzheimer’s disease (AD) and Parkinson’s disease
(PD) (Kanasi et al., 2016; Jylhdva et al., 2017; Mattson and Arumugam,
2018; Wahl et al., 2019). Neurodegenerative diseases are characterized by
accelerated cellular and metabolic processes and are favored during aging
(Wabhl et al., 2019).

Aging is also characterized by systemic changes such as increased arterial
stiffness, intrinsic heart rate reduction, functional loss of respiratory
system compliance, renal diffuse glomerulosclerosis, hematopoietic tissue
changes by decreased bone marrow mass and replacement with fat,
and immunosenescence, which are redundant with the development of
neurodegenerative diseases (Khan et al., 2017). Hence, age raises the risk
of suffering multi-morbidity (Zhang et al., 2017; Bektas et al., 2018). In this
review, emphasis will be placed on brain changes during aging, as well as on
recent findings of numerous preclinical and clinical studies that used similar
therapeutic alternatives to demonstrate how these molecules might delay or
modulate the negative impact of these changes on many cognitive functions
during aging and neurodegenerative diseases.

Database Search Strategy

The literature review was performed electronically with the help of the
PubMed database. For the initial selection of the articles to be evaluated, the
combinations of keywords were used: brain aging, and neurotrophic factors;
neurotrophins and neuronal survival; TRK’s and neuroplasticity; neurotrophic
molecules and neuronal hyperplasia; Neurotrophins and pharmacotherapy,
cerebrolysin, Hc-TeTx, neuropeptide-12 and limbic neuronal morphology.

2009 and 2021. An old publication from 2000 was included in consideration
of its relevance to protein-protein interactions and specificity in signal
transduction.

Brain Aging

It is well documented that aging itself is not a disease; however, no system is
exempt from changes associated with this natural process (Danka Mohammed
et al., 2017). The brain particularly undergoes several changes that make it the
most affected organ during the aging process (Flores et al., 2020). In addition,
brain plasticity presents many modifications over time due to its increased
vulnerability to structural, chemical, and functional changes associated with
aging (Danka Mohammed et al., 2017; Islam et al., 2017; Baghel et al., 2019).
Moreover, other reported changes that might occur during aging include
decreases in the number, diameter, length, and branching of dendrites, as
well as in the dendritic spine density (Isaev et al., 2019). Several studies have
demonstrated an overall reduction in brain volume, with most of the grey
matter shrinkage occurring in the prefrontal cortex (PFC) and hippocampus,
which are critical areas for various complex cognitive processes, such as
learning, memory, and planning (Flores et al., 2016; Danka Mohammed et
al.,, 2017; Isaev et al., 2019; Lima Giacobbo et al., 2019). Moreover, these
structures are interconnected by glutamatergic projections and are disrupted
in neurodegenerative disorders. Thus, a gradual loss of local connectivity due
to aging causes cognitive deficits (Flores et al., 2016). Likewise, morphological
changes are associated with low concentrations of neurotransmitters, such as
acetylcholine, glutamate, and dopamine, which also participate in cognitive
and motor processes (Vazquez-Roque et al., 2021).

Brain metabolism uses approximately 25% of the total oxygen and glucose
ingested. Nevertheless, brain metabolism is also affected during aging (Morita
et al.,, 2019; Wahl et al., 2019). Astrocytes sense and mediate nutrient uptake
from the systemic circulation because they are ideally positioned between
the cerebral vasculature and neuronal synapses. Furthermore, astrocytes
possess a robust enzymatic capacity for glycolysis, glycogenesis, and lipid
metabolism, managing nutrient support for neuronal consumption. Moreover,
glycolysis and glycogenesis processes are regulated by noradrenaline and
insulin, but mitochondrial adenosine triphosphate (ATP) production and
fatty acid oxidation are responsible for triiodothyronine (Morita et al.,
2019). During aging, circulating glucose concentrations generally increase
due to impaired glucose transport and low insulin response (Mattson and
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Arumugam, 2018). Consequently, hyperinsulinemia, low insulin sensitivity,
and aging-associated insulin resistance (abnormal brain insulin binding) also
impair glucose uptake in the precuneus, prefrontal cortex, and other brain
regions, playing a central role in the progression of AD, even in the absence of
hyperglycemia (Wahl et al., 2019). Studies performed with positron emission
tomography (PET) coupled to radiolabelled glucose (fluorodeoxyglucose) have
shown a progressive reduction in glucose uptake in the temporal, parietal,
and frontal lobes and motor cortex. These changes contribute to a decline
in hippocampus-dependent learning and increased gliosis (Mattson and
Arumugam, 2018; Morita et al., 2019).

Other hallmarks of brain aging include mitochondrial dysfunction, intracellular
accumulation of proteins, nucleic acids, and oxidized lipids, impairment of
cellular waste disposal mechanisms, adaptative stress response signaling,
DNA repair pathways, neuronal network activity, neuronal Ca’* handling,
stem cell exhaustion, and inflammation (Mattson et al., 2018). Additionally,
the downregulation of neurotrophins (NTs) in brain regions, including the
cortex and hippocampus, diminishes plasticity, neuronal survival, de novo
synapses, dendritic branching, and modulation of excitatory and inhibitory
neurotransmitter profiles (Numakawa et al., 2018; Lima Giacobbo et al., 2019;
Vazquez-Roque et al., 2021).

Consequently, these changes at the brain level negatively impact cognitive
functions such as attention, perception, speech, language, reasoning,
decision-making, executive control, intelligence, and memory, which are
crucial for normal human life (Jylhava et al., 2017; Baghel et al., 2019).
Cognitive function is considered an important factor that determines the
quality of life in the aging population. Accordingly, in recent years, further
consideration has been given to research on the potential of therapeutic
alternatives to minimize aging-associated damage at the brain level (Danka
Mohammed et al., 2017). Some therapeutic options, shown in Figure 1, are
resveratrol (RSV), nonsteroidal anti-inflammatory drugs (NSAIDs), rapamycin,
and NTs, including brain-derived neurotrophic factor (BDNF), heavy chain of
tetanus toxin (HC-TeTx), cerebrolysin (CBL), and neuropeptide-12 (N-PEP-12).
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Figure 1 | Neurotrophic fragment as a therapeutic alternative.

The Schematic diagram shows the main characteristics of aging and how brain aging
participates in the downregulation of cognitive functions, quality of life, and functional
capacity. In addition, therapeutic alternatives to ameliorate the negative impact of aging
are mentioned. CNS: Central nervous system; Hp: hippocampus; NSAIDs: non-steroidal
anti-inflammatory drugs; PFC: prefrontal cortex.

Endogenous Neurotrophins

The neurotrophic factor hypothesis proposes that at the brain level,
there is a limited secretion of survival factors, which function to ensure
a balance between the size of the organ and the number of innervating
neurons (Huang and Reichardt, 2001). This class of cell growth and survival
molecules is commonly termed NTs, which are widely known due to their
capacity to regulate neural survival, development, function, and plasticity
(Molinari et al., 2020). Nevertheless, alterations in neurotrophic factor
expression are considered important factors in the development of a variety
of central nervous system (CNS) diseases, including neurodegenerative
disorders (Alzheimer’s disease, Parkinson’s disease, Huntington’s disease,
and amyotrophic lateral sclerosis), as well as psychiatric disorders such as
depression and schizophrenia. In this sense, NTs may be considered potential
therapeutic agents (Sangiovanni et al., 2017).

Nerve growth factor (NGF) was the first neurotrophin to be characterized.
Subsequently, its ability to enhance the growth of sensory and sympathetic
neurons was discovered (Colardo et al., 2021). Eventually, other NTs, such as
BDNF, neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5), were described.
Another important characteristic to note regarding NTs is their structural
homology (Kozlov et al., 2020).

In addition, there is available evidence demonstrating the outstanding
contribution of other protein families, such as the glial cell-derived
neurotrophic factor (GDNF) family and neuropoietic cytokines, to the
regulation of survival, development, and function in the nervous system
(Houlton et al., 2019; Molinari et al., 2020).

As mentioned above, it has been demonstrated that NTs show changes in
their expression in response to neural or adjacent cell damage due to their
capacity to contribute to neuronal survival and regeneration (Huang and
Reichardt, 2001; Barrio et al., 2021). In addition, it has been reported that
NTs are expressed by numerous populations of neurons in regions invaded
by sensory axons; thus, they might supply trophic support to neurons that
have not yet contacted their final targets (Huang and Reichardt, 2001; Yang
et al., 2015; Caffino et al., 2020). Furthermore, other studies have reported
that BDNF may also act in both autocrine and paracrine manners to support
dorsal root ganglion (DRG) sensory neurons. Moreover, other important
features of BDNF are its ability to be transported anterogradely and to
act transsynaptically. Therefore, it is important to mention that in some
circumstances, a neurotrophin provided by one cell is not only effective at
supporting neurons with axons in its vicinity but also to provide support to
more distant neurons via transcellular transport (Huang and Reichardt, 2001).

With regard to the mechanism of action of NTs, they interact with two types
of transmembrane-specific receptors, known as tyrosine-kinase receptors
(Trks) and the p75 neurotrophin receptor (p75"™). The Trk family includes
the isoforms TrkA, TrkB, and TrkC, which bind to mature forms of NGF, BDNF,
and NT-3, respectively (Kozlov et al., 2020; Barrio et al., 2021). The structure
of these receptors consists of an extracellular neurotrophin-binding domain
composed of two cysteine-rich regions separated by a leucine-rich repeat.
Additionally, Trks have two tandem immunoglobulin G (1gG)-like domains
that are located in close proximity to the plasma membrane. Moreover,
the interaction between NT mature forms and Trks occurs via the second
1gG-like domain. Other elements of these receptors are the single-pass
transmembrane region and an intracellular domain with intrinsic tyrosine
kinase activity (Meldolesi, 2018).

The interaction of NTs with their respective receptors results in Trk receptor
homodimer formation and subsequent triggering of tyrosine kinase activity by
autophosphorylation (Colardo et al., 2021). Phosphorylated tyrosine residues
in Trk receptors may then act as docking sites for adapter proteins containing
phosphotyrosine-binding (PTB) or src-homology-2 (SH-2) motifs (Pawson
and Nash, 2000; Lo et al., 2005; Jiang et al., 2018). In addition, these adapter
proteins are absolutely essential to activate intracellular signaling cascades,
such as the Ras/ERK (extracellular signal-regulated kinase) protein kinase
pathway, the phosphatidylinositol-3-kinase (PI3K)/Akt kinase pathway, and
phospholipase C (PLC-y1) (Huang and Reichardt, 2001).

Activation of the Ras pathway is crucial for the normal differentiation of
neurons and other cell functions, such as survival, cytoskeletal structure,
intracellular transport, and gene expression patterns (Zhong, 2016; Colardo
et al., 2021). Moreover, in studies using cultured embryonic sensory neurons,
it has been demonstrated that activated Ras promotes axon extension and
survival in the absence of NGF (Zhong, 2016; Li et al., 2018).

Therefore, for activation of the Ras pathway, NTs must bind to Trk receptors,
thus inducing phosphorylation at their Tyr490 residue. This process results
in the subsequent recruitment and phosphorylation of Shc (Wills et al.,
2017). When this adaptor protein is phosphorylated, it binds to the Grb2-S0OS
complex, activating the guanine nucleotide exchange factor son of sevenless
(SOS). Subsequently, SOS removes GDP from the small GTPase Ras, which is
then able to bind to guanosine triphosphate (GTP) and switch to the active
form (Huang et al., 2019). Next, Raf kinase is activated by Ras and in turn
phosphorylates ERK. Finally, ERK is responsible for the activation of several
downstream substrates and mediates different cellular mechanisms, such
as proliferation, differentiation, survival, cell growth, and apoptosis (Colardo
et al., 2021). It is important to note that NT signaling through Shc/Grb-2/
SOS pathways mediates transient, but not prolonged, ERK signaling pathways
(Huang and Reichardt, 2001)).

Likewise, PI3K and protein kinase Akt/protein kinase B activation are
considered essential for neuronal survival. The PI3K pathway activated
by Ras in numerous neurons is the major pathway by which NTs transmit
survival-promoting signals (Gite et al., 2019). Conversely, Akt modulates
cell survival via BCL2-associated agonist of cell death (BAD) inhibition, thus
avoiding apoptosis (Colucci-D’Amato et al., 2020). Another target of Akt is
IkB, the phosphorylation of which results in its degradation and subsequent
activation of the nuclear factor kappa-light-chain-enhancer of activated B
cells (NFkB). Transcription activated by NFkB has been shown to promote
neuronal survival (Shih et al., 2015). Akt also influences the forkhead
transcription factors FKHRL1 and caspase-9, which are related to apoptosis
processes (Huang and Reichardt, 2001). Moreover, glycogen synthase kinase
3-B (GSK3B) is negatively regulated by Akt, thus avoiding apoptosis and
Tau hyperphosphorylation (Hetman et al., 2000). Akt is also involved in cell
cycle progression through S6 kinase and essential cyclins. In limbic cerebral
regions, insulin and insulin growth factors (IGFs) participate in modulating this
signaling pathway (Barrio et al., 2021).

Through these signaling pathways, NTs induce cytoskeletal rearrangements,
endocytosis, and membrane sorting. These changes enhance the
communication of survival signals from nerve terminals to neuronal cell
bodies that require retrograde transport (Huang and Reichardt, 2001).
Additionally, NTs have been shown to encourage neurite outgrowth and axon
growth when neurons receive adequate trophic support and innervation
by sensory neuron fibers. The chemoattractant activities of NGF and BDNF
via PI3K can be converted into chemorepellent activities when the cAMP
signaling cascade is inhibited (Zhong, 2016). Although it is thought that
different Trk receptors function through similar signal transduction pathways,
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the chemoattractant activity of NT-3, acting through TrkC, is not affected by
agents that affect cAMP-mediated signaling (Hetman et al., 2000). Instead,
inhibitors of cGMP signaling convert this chemotrophic response from
an attractive to a repulsive response (Huang and Reichardt, 2001). These
observations persuasively argue that there are fundamental differences in
the signaling mediated by different Trk receptors. However, in adulthood,
the presence of processes such as systemic low-grade chronic inflammation
and neurodegenerative diseases can promote damage to the CNS through
progressive oxidation and nitration patterns and a subsequent reduction of
NT levels (Huang and Reichardt, 2001).

Conversely, PLCy1, through the hydrolysis of phosphatidylinositol
4,5-biphosphate, generates two distinct second messenger systems:
diacylglycerol (DAG) and inositol trisphosphate (IP3) (Colardo et al., 2021).
DAG activates protein kinase C (PKC), and IP3 binds to its receptors, resulting
in the release of Ca” from endoplasmic reticulum (ER) stores, which
subsequently activates Ca**-calmodulin-dependent protein kinases (Kozlov
et al., 2020). In this way, there is ample evidence to show the importance of
the PLCy1 pathway in Trk activation. Moreover, this interaction is crucial for
the induction and maintenance of synaptic plasticity (Houlton et al., 2019;
Colardo et al., 2021).

Conversely, p75"™ can bind to both pre-processed and mature forms of NTs.

Nevertheless, this receptor has a higher affinity for pro-neurotrophins (pro-
NTs), which are the pre-processed forms of NTs (Houlton et al., 2019; Barrio
et al., 2021). This interaction between p75"™ and pro-NTs activates signaling
pathways and promotes apoptotic events (Kozlov et al., 2020; Barrio et al.,
2021). Additionally, p75"™ has the ability to interact with Trk receptors and
improve their affinity to mature forms of NTs, thus enhancing pro-survival
signaling (Barrio et al., 2021).

In some CNS projection neurons, Trk receptors are sequestered in intracellular
vesicles (Numakawa et al., 2018; Caffino et al., 2020), and only in the
presence of a second signal, such as cAMP or Ca”", can these receptors be
inserted efficiently into the plasmalemma. In these neurons, the expression
of Trk receptors may not be sufficient to confer responsiveness to an NT. In
this sense, NT responsiveness is controlled by several factors (Huang and
Reichardt, 2001). Additionally, the production of mature forms of NTs is a cell
tissue-dependent process (Colardo et al., 2021). Nevertheless, the expression
of both NTs and their receptors decreases with age. Consequently, they
have a trophic ability to combat natural and pathological neurodegeneration
(Houlton et al., 2019).

Several preclinical studies are currently examining neurotrophic factor small-
molecule mimetics, such as ciliary neurotrophic factor (CNTF) small-molecule
peptide mimetics and peptide 021 (P021). CNTF is part of the IL-6 family of
cytokines, and its importance is based on its pivotal role in adult hippocampal
and subventricular zone neurogenesis and the differentiation of neural stem
cells. Thus, its neuroprotective effects are well established. Regarding its
location at the CNS level, CNTF is expressed in astrocytes in neurogenic niches,
and its receptor, CNTF receptor a (CNTFRa), is expressed predominantly in
neural progenitor cells and hippocampal neurons and many other areas of
the brain, including the motor cortex and cerebellum. In addition, preclinical
studies using AD transgenic mice have reported that recombinant CNTF can
alleviate cognitive impairment and stabilize synaptic protein levels (Kazim and
Igbal, 2016). Furthermore, the ability of P021, a neurogenic and neurotrophic
molecule, to enhance dentate gyrus neurogenesis and memory processes has
been demonstrated. In the above studies, a triple-transgenic mouse model
of AD (3xTg-AD) was utilized, and the results of these studies demonstrated
a role for P021 through inhibition of the leukemia inhibitory factor (LIF)
signaling pathway and an increase in BDNF expression. Moreover, Kazim et
al. demonstrated that oral administration of compound P021 could rescue
cognitive aging by enhancing neurogenesis via increased BDNF expression
and by decreasing tau levels in aged Fisher rats (Kazim and Igbal, 2016).

Treatments to Positively Modulate
Neurotrophins

Neurotrophins and nutrition

Nutrition significantly influences the development and health of brain
structure and function. Moreover, nutrition is responsible for providing the
proper building blocks for the brain to create and maintain connections that
are essential for multiple functions. The consumption of appropriate dietary
factors has a broad and positive effect on neuronal function and plasticity.
Therefore, brain function is certainly dependent on adequate nutrition, and
short-term variations in the amount and composition of nutrient intake in
healthy individuals influence measures of cognitive function. Accordingly,
there has been a recent growing interest in the possible beneficial effects of
polyphenols on brain health (Meeusen, 2014). Polyphenols are considered
powerful antioxidants. Moreover, these micronutrients are highly abundant
in plant-derived foods. Sources of polyphenols include tea, red wine, cocoa,
and coffee. Additionally, polyphenols have been reported to exert their
neuroprotective actions through protection against toxin-induced injury and
inflammation and by promoting processes such as memory, learning, and
cognitive function. Moreover, they contribute to delaying neurosenescence
(Cuevas et al., 2009; Meeusen, 2014; Diaz et al., 2019).

Flavonoids, the main group of polyphenols, are subdivided into six dietary
groups: flavones, flavanones/flavanonols, isoflavones, flavonols, flavanols,
and anthocyanidins. Flavonoids comprise the most common group of
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polyphenolic compounds in the human diet. Some sources of these
compounds are fruits, vegetables, cereals, teas, and wines (Beecher, 2003).
Studies indicate that intake of flavonoids is inversely related to cognitive
decline during aging (Devore et al., 2012). Although the mechanism of action
of these molecules is still a subject of discussion, several flavonoid-binding
sites have been reported, such as adenosine receptors, GABA (y-aminobutyric
acid type A receptor), 6-opioid (delta opioid receptor), nicotinic, testosterone,
and estrogen receptors (Williams and Spencer, 2012). Xu et al. (2013b)
demonstrated that after the addition of calycosin (isoflavone), isorhamnetin
(flavonol), and luteolin (flavone), the phosphorylation of estrogen receptors in
astrocyte cultures results in high levels of synthesis and secretion (time- and
dose-dependent) of NTs such as NGF, GDNF, and BDNF.

The first flavonoid described as a receptor agonist was 7,8-dihydroxyflavone
(7,8-DHF). Furthermore, 7,8-DHF has been shown to induce the dimerization
and autophosphorylation of TrkB receptors on neurons, thus reducing
neuronal death in vitro and in vivo (Liu et al., 2010). Moreover, studies have
demonstrated that the administration of 7,8-DHF and other flavonoids
induces the expression of synaptic proteins, synaptotagmin, and post-synaptic
density protein-95 in animal models of neurodegenerative and neurological
diseases, generating beneficial responses similar to those induced by BDNF (Liu
et al., 2010; Devi and Ohno, 2012; Zeng et al., 2012; Xu et al., 2013a; Zhao
et al., 2016). Evidence suggests that dietary-derived flavonoids can improve
memory and neurocognitive performance by protecting vulnerable neurons,
enhancing existing neuronal function, and stimulating neuronal regeneration
(Vauzour, 2012). Of particular interest is the ability of flavonoids to activate
the PI3K/Akt signaling pathways, leading to cAMP, PKC, protein kinase A,
calcium-calmodulin kinase, and MAPK activation that increases NT expression,
improving short- and long-term memory (Spencer, 2008).

The non-flavonoid group of polyphenols includes phenolic acids and stilbenes.
Caffeic acid is the most abundant phenolic acid in food and can be found
predominantly in blueberries, kiwis, plums, and apples (Sova and Saso, 2020).
Furthermore, resveratrol (RSV), the main stilbene isolated in 1939 by Takaoka
from Veratrum grandiflorum (Shaito et al., 2020), can be found in the cis
or trans configurations. Additionally, RSV can be isolated and purified from
grapes, apples, raspberries, blueberries, plums, peanuts, and products derived
therefrom, such as wine (Vauzour, 2012; Weiskirchen and Weiskirchen, 2016).

The importance of this compound lies in its capacity to induce neuroprotective
effects by reducing oxidative damage and chronic inflammation and by
improving vascular function and activating longevity genes. Moreover, it also
has the ability to promote the activity of neurotrophic factors. In a study
conducted by Herndndez-Hernandez et al., administration of RSV (20 mg/kg
orally daily for 60 days) demonstrated a significant increase in dendritic length
and spine density in pyramidal neurons of the PFC and regions CA1 and CA3
of the dorsal hippocampus (DH) in all resveratrol-treated rats (Monserrat
Herndndez-Hernandez et al., 2016).

Conversely, RSV can activate sirtuins, enzymes that are well known due
to their ability to modulate the properties and functions of proteins such
as histones, kinases, and transcription factors by removing acetyl groups
that have been post-translationally attached to their lysine residues by
acetyltransferases (Jesko and Strosznajder, 2016; Kupis et al., 2016). Sirtuins
(SIRTs) are class Il histone deacetylases (HDACs) and possess a conserved
catalytic NAD -binding domain. Therefore, NAD" is required for their activity
(Jesko and Strosznajder, 2016; Watroba and Szukiewicz, 2016; Tang, 2017).
In addition, NAD" is considered a strong regulator of metabolism due to its
important role in processes such as oxidation-reduction reactions of glycolysis,
the tricarboxylic acid (TCA) cycle, the electron transport chain (ETC), and
survival/death signaling. Thus, SIRT activity could be crucial in the regulation
of cellular metabolic status, inflammation, oxidative stress, and senescence
(Covington and Bajpeyi, 2016; Jesko et al., 2017).

Another important feature of SIRTs is that they participate in the crosstalk of
a wide spectrum of transcription factors, such as forkhead box subgroup O
(FOXOs), p53, NFkB, and proteins engaged in DNA repair as DNA-dependent
protein kinases (DNA-PKs) (Jesko et al., 2017). Regarding their cellular
localization, their presence in the cytoplasm, nucleus, and mitochondria has
been demonstrated. Examples of nuclear proteins are sirtuin 1 (SIRT1), SIRT6,
and SIRT7. However, SIRT1 can also be found as a mitochondrial SIRT, such
as SIRT3, SIRT4, and SIRT5 (Jesko et al., 2017). SIRT2 is mainly a cytoplasmic
protein, but it can also be translocated into the nucleus. All SIRTs are present
in the brain in a highly regulated, spatiotemporal pattern and may influence
the course of aging and pathological changes (Jesko et al., 2017).

In addition, other functions of SIRTs are to control and counter stress and
macromolecular damage associated with aging. Additionally, they are
bidirectionally linked to insulin and insulin-like growth factor-1 (IGF-1)
signaling pathways, which are collectively known as IIS (insulin/IGF signaling)
(Jesko et al., 2017). IGF-1 increases SIRT1 expression via JNK1 (c-Jun N-terminal
kinase 1) (Ng and Tang, 2013). In turn, SIRT1 restores the activity of the IGF/
insulin receptor target Akt. Nevertheless, IGF-1 synthesis declines in old
organisms, which probably causes a significant proportion of the observed
age-related disturbances in brain function (Belfiore et al., 2009; Ashpole
et al., 2015; Pardo et al., 2016). FOXO suppression is observed in aging-
associated stress, as well as in oxidative damage or starvation (Jesko et al.,
2017). Moreover, SIRTs might be involved in the longevity-modulating role of
11S, while SIRT1 seems to be involved in neuronal long-term survival through
signaling events in specific CNS regions, which are influenced by FOXO (Je$ko
etal., 2017).
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Low SIRT1 levels or activity in hippocampi have been reported in aged rats and
humans that develop AD (Quintas et al., 2012; Braidy et al., 2015; Wicinski
et al., 2020). However, RSV administration (30 mg/kg per day for 8 weeks)
in animal models has been shown to restore SIRT1 levels and activity (Chao
et al., 2017). The importance of SIRT1 lies in the fact that it can promote
neurite outgrowth, enhance neural plasticity in the hippocampal region,
reduce tau hyperphosphorylation levels, and exert protective properties
against neurodegeneration. Moreover, administration of RSV diminishes
the expression of ubiquitin ligase midline-1 (MID1) and increases protein
phosphatase 2A (PP2A) activity, which promotes tau dephosphorylation
by preventing its accumulation (Cicero et al., 2019; Wicinski et al., 2020).
The importance of this pathway has also been described in induced
neuropathological AD-like pattern rat models. In rodents, RSV has been
shown to improve AB peptide clearance, reduce fibrillary amyloid deposition
and diminish the burden of plaques and tangles (Wahl et al., 2019). Other
studies have reported that RSV decreases neuroinflammation, increases
synaptic plasticity, and enhances immunity (Wahl et al., 2019). SIRT1
activation after RSV administration attenuates tau hyperphosphorylation
induced by intracerebroventricular injection of streptozotocin, confirming the
hippocampal neuron protection (Cicero et al., 2019). Additionally, reactive
oxygen species (ROS) attenuation and restoration of glutathione (GSH) levels
have been reported. In this way, RSV antioxidant activity occurs via MAPK
and nuclear factor erythroid 2-related factor 2 (NRF2). This process results
in the expression of antioxidant enzymes, such as superoxide dismutase
(SOD), catalase, and haem oxygenase. Other studies suggest that RSV also
inhibits NFkB and cyclooxygenase-2 (COX-2) expression, high levels of which
cause neurodegeneration and mitochondrial dysfunction (Flores et al., 2016).
In cultures of neurons, glia, and oligodendrocytes, treatment with 25-100
umol/L RSV for 12—48 hours increased BDNF and GDNF production in a
manner dependent on ERK1/2 and cAMP, mainly in astroglia. Therefore, RSV
has been shown to be beneficial in the treatment of aging and AD, preventing
hippocampal neurodegeneration and cognitive deficits (Wicinski et al., 2020).

Neurotrophins and pharmacotherapy

Rapamycin, also known as sirolimus, is a macrocyclic lactone that is produced
by the bacterium Streptomyces hygroscopicus. In 1994, it was demonstrated
that rapamycin bound a specific protein known as the target of rapamycin
(mTOR), which is a serine/threonine kinase (Richardson et al., 2015; Garza-
Lombé and Gonsebatt, 2016). This signaling pathway plays important roles
in several physiological functions, such as cell growth, proliferation, protein
synthesis, metabolism, and autophagy, and at the brain level, the mTOR
pathway regulates synaptic plasticity, neuronal transmission, axon outgrowth,
neuronal size, spine morphology, and gliogenesis. In addition, several lines
of evidence demonstrate that loss of homeostasis of the mTOR pathway is
involved in the pathophysiology of a variety of neurologic diseases, such as
tuberous sclerosis complex, genetic and acquired epilepsy, brain tumors, and
neurodegenerative diseases such as AD and PD (Yang et al., 2015; Garza-
Lombd and Gonsebatt, 2016; Wu et al., 2018). In most of these diseases, the
mTOR pathway is excessively activated (Yang et al., 2015). mTOR signals can
be triggered by different stimuli, such as changes in the cellular energy state,
while at the brain level, mTOR signals are activated by the transduction of
neurotransmitters and neurotrophic signals (Garza-Lombd and Gonsebatt,
2016).

As mentioned above, mTOR participates in various functions at the brain
level, such as synaptic plasticity and adult neurogenesis, thus contributing
to learning and memory mechanisms (Garza-Lombdé and Gonsebatt, 2016).
In this regard, it is important to mention that mTOR has two distinct multi-
protein complexes, known as mTOR complex 1 (mTORC1) and mTOR complex
2 (mTORC2). The first complex is sensitive to rapamycin, while mTORC2
is relatively insensitive to rapamycin. However, some studies suggest that
long-term rapamycin treatment might also inhibit mTORC2 (Richardson
et al., 2015). Other functions of mMTORC1 are ribosome biogenesis, mRNA
translation, nutrient metabolism, and autophagy inhibition. In this regard,
the mechanism by which mTORC1 regulates protein synthesis is through
the phosphorylation and inactivation of a repressor of mRNA translation,
eukaryotic initiation factor 4E-binding protein (4E-BP1), and through the
phosphorylation and activation of S6 kinase (S6K1). Therefore, 4E-BP1 and
S6K1 phosphorylation can be used as an in vivo readout of mTOR activity.
The importance of understanding the activity of mTORCL1 lies in the fact that
it is an important key downstream molecule in a signaling cascade beginning
with the transduction of neurotransmitter and NT signals (Garza-Lombd and
Gonsebatt, 2016). Moreover, the activity of mTORC2 includes Akt activation,
and some important roles of Akt include the regulation of numerous cellular
mechanisms, such as metabolism, survival, proliferation, and pleiotropic
cellular ability (Garza-Lombd and Gonsebatt, 2016).

In a study conducted by Andrade-Talavera et al. (2015), wild-type (control
group) and Ts1Cje mice (experimental group) were used. The last group is
characterized by carrying a 7.6-Mb segmental trisomy from the distal end of
chromosome 16 (MMU16) because this chromosome has conserved synteny
to a large portion of human chromosome 21 (HSA21). Therefore, these
genetic mouse models have features that mimic human Down’s syndrome
(DS), such as craniofacial abnormalities and deficits in learning and memory.
Therefore, Ts1Cje mice are commonly used as DS models (Shimohata et al.,
2017).

Andrade-Talavera et al. (2015) reported that mTOR hyperactivation in Ts1Cje
mice provokes abnormally augmented synaptic local translation due to
increased BDNF/pro-BDNF levels. In this regard, the mTOR signaling pathway

is an attractive candidate to study with respect not only to aging and age-
related diseases but also DS (Richardson et al., 2015). In addition, this study
demonstrated that an mTOR-dependent form of synaptic plasticity is known
as CA3—CA1 BDNF-long-term potentiation (BDNF-LTP) is impaired in Ts1Cje
mice and that its restauration requires the activation of TrkB receptors
(Andrade-Talavera et al., 2015).

In this sense, Andrade-Talavera et al. (2015) administered rapamycin
(10 mg/kg per day for 5 days) by intraperitoneal injection and demonstrated
that its application restored the basal synaptic transmission deficit and
paired-pulse facilitation (PPF), BDNF-dependent plasticity, long-term memory
(LTM) persistence in the Barnes maze and local translation rates in Ts1Cje
mice. These findings suggest that rapamycin might be a potential therapeutic
alternative for improving cognition in DS. Nevertheless, the authors suggested
the need for further research.

Aging is considered the major risk factor for neurodegenerative diseases such
as AD due to the slow deterioration of cognitive performance, particularly in
learning and memory processes. Therefore, several studies in mouse models
have demonstrated that rapamycin reduces amyloid-beta levels and abolishes
cognitive deficits. Conversely, chronic treatment with rapamycin enhances
learning and memory in young mice and can maintain memory in old mice.
Moreover, rapamycin can exert anxiolytic and antidepressant-like effects
(Kolosova et al., 2013).

Other drugs of interest are NSAIDs, which are commonly used to reduce
inflammation by inhibiting the COX pathway, resulting in a decline in
pro-inflammatory prostaglandins (Morris et al., 2020). Studies have
been conducted to elucidate how NSAIDs contribute to minimizing
neurodegenerative diseases. Initially, in the AD brain, there is a “well-
intended” activation of microglia and astrocytes that increases chemokines,
ROS, and pro-inflammatory cytokines. This response aims to assist in
aggregated peptide clearance; nevertheless, this pro-inflammatory
environment may have deleterious effects on neural maturity, synapse
formation, and neuronal plasticity (Rojas-Gutierrez et al., 2017; Patel et
al., 2018). Patel et al. (2018) conducted a study to demonstrate whether
acetylsalicylic acid (ASA) might evoke calcium influx in cultured hippocampal
neurons. The above results are supported by the finding that aspirin not only
has anti-inflammatory properties but also might contribute to evoking calcium
influx through a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
and N-methyl D-aspartate (NMDA)-type glutamate receptors in vitro, thus
regulating numerous essential processes, such as kinase and phosphatase
activities, protein trafficking, structural and functional synaptic plasticity, cell
growth, cell survival, and apoptosis (Ayyadevara et al., 2017; Veronese et al.,
2017; Patel et al., 2018). Moreover, ASA and other NSAIDs can activate the
nuclear receptor peroxisome proliferator-activated receptor alpha (PPARa)
(Patel et al., 2018; Gaspar et al., 2020; Morris et al., 2020). PPARa is present
in the hippocampus and spinal cord, upregulates CREB transcription, and
improves hippocampal neuronal plasticity, long-term learning, and memory.
Patel et al. demonstrated that after ASA treatment, both AMPA and NMDA
mediate calcium currents that stimulate the expression of BDNF mRNA in
hippocampal neurons (Patel et al., 2018). In the endothelium, ASA has an
antithrombotic effect and is also used to treat vascular dementia (Rizwan et
al., 2016).

The administration of NTs is another therapeutic option. The regenerative
ability of NTs has been shown in preclinical interventions in models of
neurodegenerative diseases. Systemic administration of BDNF, NGF, and
NT-3 has demonstrated neurite outgrowth, neurogenesis, and functional
recovery in rodent stroke models. However, clinical application as a treatment
represents a challenge because NTs have a limited capacity to cross the blood-
brain barrier (BBB), limited effects on the peripheral nervous system (PNS),
and short half-lives due to their rapid enzymatic inactivation (Houlton et al.,
2019; Gavrilova and Alvarez, 2021). Therefore, other options with similar
advantages and without disadvantages have been investigated. In recent
years, HC-TeTx, a nontoxic fragment of tetanus toxin, has been used as a
neurotrophic agent to prevent damage in neurodegenerative models such as
amyotrophic lateral sclerosis, ischemia, spinal cord injury, and, more recently,
in PD (Mendieta et al., 2016; Getachew et al., 2019). HC-TeTx maintains the
capacity of membrane binding, internalization, and retrograde transport
with preferential localization in motoneurons, as demonstrated by studies in
vitro and in vivo, until it reaches the CNS (Netzahualcoyotzi and Tapia, 2018;
Herrando-Grabulosa et al., 2020). Since HC-TeTx shares the same retrograde
transport machinery as NT Trk receptors, it exerts a neuroprotective
effect by activating signaling pathways related to NTs, including p21ras/
MAPK, PI3K/Akt, and PLC/PKC (Mendieta et al., 2016; Sozbilen et al., 2018;
Herrando-Grabulosa et al., 2020; Vazquez-Roque et al., 2021). In vivo, HC-
TeTx administration has demonstrated motor and cognitive improvements,
protecting against neuronal death caused by neurotoxins such as 1-methyl-
4-phenylpyridinium (MPP"), 6-hydroxydopamine (6-OHDA), AB,,_s;, and
methamphetamine (Moreno-Galarza et al., 2018; Vazquez-Roque et al.,
2021). In rats, HC-TeTx treatment increases BDNF levels in the hippocampal
and frontal cortex 24 hours after a single administration (Getachew et
al., 2019). Additionally, HC-TeTx is used to transfer some NTs into the CNS
(Moreno-Galarza et al., 2018; Patricio et al., 2019). Thus, HC-TeTx could be a
novel treatment to enhance brain aging and reduce cognitive deterioration.

Likewise, cerebrolysin (CBL) is a small peptide that is studied in stroke models
and closed head injury due to its proven potential to reduce neuronal cell
death and increase neurogenesis and brain functions such as memory (Kang
et al., 2020). Commercial CBL is a neuropeptide preparation obtained from
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porcine brain tissue and consisting of low-molecular-weight neuropeptides
and free amino acids (Zhang et al., 2017; Flores-Paez et al., 2020). Many
studies have been conducted on the remarkable ability of CBL to act as a
neurotrophic drug because it increases NGF and BDNF levels and regulates
intracellular pathways related to neuronal survival, such as PI3K/Akt and
NFkB, promoting synaptogenic and neurogenic pathways (Kang et al., 2020;
Gavrilova and Alvarez, 2021). CBL treatment decreases inflammatory factors
(TNF-a and IL-1B), oxidative stress, and cytotoxic cascades, and it modulates
enzymatic activities related to AB, Tau, GSK3pB, and cyclin-dependent kinase
5 (CDK5). Moreover, CBL modulates the synaptic transmission of GABA and
glutamate and displays cholinotrophic activity (Gavrilova and Alvarez, 2021).

N-PEP-12, derived from cerebrolysin, is a peptide preparation produced
enzymatically from purified nerve cell proteins that have been demonstrated
to have multiple neurochemical and neurophysiological effects, many of
which mimic the effects of NGF. N-PEP-12 has two main differences from CBL.
First, it can be administered orally, whereas CBL administration is intravenous.
Second, N-PEP-12 is less potent than CBL (Herndndez-Hernandez et al., 2018;
Flores et al., 2020; Balea et al., 2021). In experimental studies using aged rats,
N-PEP-12 has been shown to exert neuroprotective and pro-cognitive effects,
increasing NTs, synapsis, plasticity biomarkers, the density of dendritic spines,
and the total dendritic length in neurons of the PFC (layers 3 and 5) and
hippocampi (CA1 and CA3). Thus, N-PEP-12 improves recognition memory
and promotes neuronal plasticity (Hernandez-Hernandez et al., 2018; Balea
etal., 2021).

Conclusion

In summary, current in vivo and in vitro studies and clinical trials provide wide
evidence that demonstrates how RSV, NTs such as BDNF, and neurotrophic-
like compounds, including HC-TeTx, cerebrolysin, N-PEP-12, and rapamycin,
are valuable and up-and-coming therapeutic options to modulate or minimize
brain aging and the negative impact of neurodegenerative diseases. However,
further information is needed to elucidate all the pathways through which
they exert their neuroprotective properties because their impact is favorable
not only to cognitive functions but also to the quality of life of both patients
and their families. Likewise, nutritional intervention is essential to provide
macro- and micronutrients, such as flavonoids and polyphenols, which
improve cell mechanisms related to NT, anti-inflammatory, and antioxidant
pathways. Additionally, the correct use of NSAIDs, rapamycin, and RSV as
a complementary strategy to improve the aging environment is a viable
therapeutic option. Together, the options discussed in this review are not
mutually exclusive in therapeutic interventions to positively impact healthy
aging and prevent or treat neurodegenerative diseases.
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