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Abstract. Alzheimer’s disease (AD) is a major form of dementia. Abnormal amyloidogenic event-mediated degeneration of
cholinergic neurons in the cognitive centers of the brain has been attributed to neuropathological sequelae and behavioral
deficits in AD. Besides, impaired adult neurogenesis in the hippocampus has experimentally been realized as an underlying
cause of dementia regardless of neurodegeneration. Therefore, nourishing the neurogenic process in the hippocampus has
been considered an effective therapeutic strategy to mitigate memory loss. In the physiological state, the Wnt pathway has
been identified as a potent mitogenic generator in the hippocampal stem cell niche. However, downstream components of Wnt
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signaling have been noticed to be downregulated in AD brains. Resveratrol (RSV) is a potent Sirtuin1 (SIRT1) enhancer that
facilitates neuroprotection and promotes neurogenesis in the hippocampus of the adult brain. While SIRT1 is an important
positive regulator of Wnt signaling, ample reports indicate that RSV treatment strongly mediates the fate determination of
stem cells through Wnt signaling. However, the possible therapeutic roles of RSV-mediated SIRT1 enhancement on the
regulation of hippocampal neurogenesis and reversal of memory loss through the Wnt signaling pathway have not been
addressed yet. Taken together, this review describes RSV-mediated effects on the regulation of hippocampal neurogenesis via
the activation of SIRT1 in synergy with the Wnt signaling. Further, the article emphasizes a hypothesis that RSV treatment
can provoke the activation of quiescent neural stem cells and prime their neurogenic capacity in the hippocampus via Wnt
signaling in AD.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive
neurodegenerative disorder that accounts for the
widespread prevalence of dementia in the elderly
population [1]. A recent estimate from the World
Health Organization indicates that around 55 mil-
lion individuals have been affected by dementia
worldwide. Nearly 10 million new AD cases are
diagnosed with dementia every year. The global bur-
den of AD has been predicted to be doubled by
2050 [2]. Thus, it necessitates an unmet need for
potential therapeutic interventions to alleviate the
clinical symptoms of AD. Defects in the process-
ing and clearance mechanism of amyloid-� protein
precursor (A�PP) responsible for the accumulation
of soluble amyloid-� 40 (A�40), insoluble A�42,
and C-terminal fragments in the brain have been
linked to the pathogenies of AD. Besides, the amyloid
plaques mediated abnormal biochemical, metabolic,
molecular, and cellular events appear to induce neu-
rodegeneration and render deleterious impacts on the
ongoing neurogenic processes in the hippocampus
[3]. Notably, impaired adult neurogenesis resulting
from defects in cell cycle events of neural stem
cells (NSCs) and apoptosis in newly developed neu-
rons in the hippocampus has been identified as the
potential cause of dementia regardless of neurode-
generation [4]. Thus, insight into the pathogenic
determinants that hinder neural regenerative plastic-
ity in AD appears to be a crucial scientific quest.

Notably, the regulation of adult neurogenesis in
the hippocampus has been reported to be altered in
AD subjects [5]. For example, a transgenic mouse
model of AD expressing the mutant APP has been
reported to display a drastic reduction in hippocam-
pal neurogenesis [6]. Similarly, studies of autopsy

brains from AD victims revealed prominent indica-
tions of reduced neurogenesis in the hippocampus
[7]. However, the underlying pathogenic mechanisms
responsible for the abnormal hippocampal neuroge-
nesis in AD remain obscure. While the neurogenic
failure has been attributed to impairments in the
proliferative potentials of NSCs in many neurodegen-
erative conditions, cell cycle reentry of post-mitotic
neurons in the brain resulting from elevated mito-
genic stimuli has been linked to reactive neurogenic
events [4, 8]. The Wnt signaling, a pleiotropic molec-
ular pathway has been identified as a potent inducer
and regulator of NSCs proliferation, cell fate deter-
mination, tissue remodeling, and neural plasticity
in the physiological brain [8, 9]. Growing scien-
tific evidence supports a strong association between
dysfunctional Wnt signaling and pathogenic cell
cycle events in the brains of subjects with vari-
ous neuropathological conditions, including AD [9,
10]. Thus, it can be proposed that the aberrant Wnt
signaling pathway might be responsible for the dys-
regulation of hippocampal neurogenesis in the brains
of experimental animal models and human AD sub-
jects, making it a valid therapeutic target in AD.
Therefore, a fundamental understanding of a poten-
tial link between Wnt signaling-mediated regulation
of neural regenerative plasticity and the pathogenic
progression of AD would be of great aid in establish-
ing a neural restorative strategy.

Of several therapeutic strategies proposed for neu-
ral regeneration, a potential drug that could exhibit
modulatory effects over gene regulation or extend
epigenetic modifications in reverting pathogenesis,
gains major interest in treating various comorbid dis-
ease conditions like AD [11]. Epigenetic changes are
likely to be involved in the learning and memory pro-
cesses in association with active neurogenesis [12].



K. Surya et al. / Efficacy of RSV on Neurogenesis and Cell Cycle in AD S127

Epigenetic changes in some key molecular determi-
nants of pathogenesis such as acetylcholinesterase
have been identified as potential druggable targets
for AD therapeutics [13]. Interestingly, neurogenesis
can be regulated by intrinsic epigenetic mechanisms
along the neuronal lineage of NSCs and extrinsi-
cally by surrounding niche signaling cells, such as
neurons, astrocytes, and endothelial cells [14, 15].
In turn, many of the intrinsic factors are epigeneti-
cally regulated by the prominent homeostatic switch
like Sirtuin1 (SIRT1). Sirtuins are a group of his-
tone deacetylase class III proteins, widely involved
in epigenetic regulation that maintain homeostasis
of different types of cells and tissues during various
stages of life [16]. SIRT1 appears to be involved in
the regulation of multiple metabolic and molecular
pathways associated with the regulation of neurore-
generative processes in the adult brain [17]. SIRT1
has been reported to promote adult neurogenesis
via the regulation of different intrinsic factors like
sonic hedgehog, sex-determining region Y (SRY)-
box (Sox), nuclear receptor subfamily 2 group E
member 1 (NR2E), and bone morphogenetic protein
(BMP) in the brain of various experimental animal
models [18–21].

Various in vitro experimental reports revealed that
the enchantment of SIRT1 signaling facilitates the
differentiation of stem cells and their cell survival
mechanisms. For example, SIRT1 activation has been
reported to be involved in the fate determination
of mesenchymal stem cells [21]. Through decades,
research evidence reported the loss of SIRT1 activ-
ity during aging as well as diseases, particularly AD
[22, 23]. Considering the facts, therapeutic interven-
tions that activate in vivo SIRT1 appear to be crucial.
Resveratrol (RSV), a polyphenolic phytochemical
present mainly in grapes, red wine, and peanuts has
been identified as an effective SIRT1-activating com-
pound [24, 25]. RSV has been known to facilitate
various bioregulatory events in different types of stem
cells. RSV is recognized to play a key role in the
fate determination of stem cells including NSCs [26].
RSV treatment appears to boost neuronal differenti-
ation in the brain via the SIRT1 signaling pathway.
Moreover, RSV has been proven for its homeosta-
sis role and neuroprotective effect acting via SIRT1
in the brain and therefore, it prevents memory loss
in AD [23, 27, 28]. Though there are studies and
theories on the action of RSV in promoting neuro-
genesis, its promising pro-neurogenic effect on cell
cycle activation of NSCs in the brain still needs to
be fully elucidated. While SIRT1 has been reported

as an important positive regulator of Wnt signaling,
ample reports indicate that RSV treatment facilitates
the fate determination of stem cells via Wnt signaling
[30, 31]. However, the possible therapeutic roles of
RSV-mediated SIRT1 activation on the regulation of
hippocampal plasticity and enhancement of cognitive
functions in synergy with the Wnt signaling pathway
have not been addressed yet. Given the valid scientific
reports indicating the mutual association between the
Wnt signaling and SIRT1 pathways, RSV could be a
potent regulator of the Wnt signaling cascade acting
at the level of neurogenic events in the hippocam-
pus of the adult brain. Hence, this review has been
intended to describe the recent and important research
findings related to the possible role of the Wnt signal-
ing pathway in the neuroregenerative plasticity in the
brain of subjects with AD. Further, this article empha-
sizes a hypothesis that RSV treatment can override
the quiescent state of NSCs and facilitate their pro-
neurogenic capacity in the hippocampus acting via
the Wnt signaling in synergy with SIRT1 in AD.

TYPES AND KEY PATHOLOGICAL
SIGNATURES OF AD

In general, AD has been classified into two types:
familial (early onset) and sporadic (late onset) forms.
More than 95% of AD cases occur sporadically,
which can stand up to interactions among numer-
ous known and unknown genetic elements and
environmental factors. Epidemiological data suggest
that hypertension, cardiovascular diseases, hyperc-
holesterolemia, diabetes, obesity, inflammation, and
viral infections are the potential risk factors for the
development of the sporadic form of AD [31, 32].
Genotypic versions of the apolipoprotein E (ApoE)
have also been considered as a principal disease-
causing molecular determinant of sporadic forms of
AD, as they play a key role in the regulation of lipid
metabolism [33]. Whereas the familial forms of AD
are very rare and are linked to mutations in various
genes involved in A�PP processing [34]. Besides,
mutations in the presenilin-1 and �-secretase have
also long been linked to familial forms of AD [35].

The pathogenic events of AD have been reported
to induce alterations primarily in the choliner-
gic systems of the brain thereby contributing to
neuronal dysfunction and synaptic vulnerability
[36, 37]. Moreover, decreased choline acetyltrans-
ferase activity-dependent selective loss of cholinergic
neurons has been established as a prominent
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neuropathological hallmark in AD [38]. Further, the
destructive intracellular signaling cascades like the
mitogen-activated protein kinase (MAPK), peroxi-
some proliferator-activated receptor–�, and nuclear
factor-kappa B originated from activated astrocytes
and microglia responsible for neuroinflammation
have increasingly been evident in AD [39]. The
neuropathogenic process of AD resulting in the
altered inflammatory response, apoptotic and cell
cycle events appear to induce progressive neurode-
generation and aberrant neurogenic events in the
affected brain regions including hippocampus.

ABNORMAL CELL CYCLE EVENTS AND
DYSREGULATION OF HIPPOCAMPAL
NEUROGENESIS DUE TO IMPAIRED
WNT SIGNALING IN AD

The Wnt signaling pathway has been considered
an evolutionarily conserved signal transduction path-
way that regulates various aspects of the stem cells
in embryonic development and adulthood [40]. In the
presence of Wnt ligand, a receptor complex is gener-
ated by joining a seven-pass transmembrane Frizzled
receptor with phosphorylated forms of co-receptors
like lipoprotein receptor-related protein (LRP5/6)
followed by the recruitments of disheveled (Dvl) and
axin [41]. This event disrupts and inactivates the
molecular complex that exists among axin, adeno-
matosis polyposis coli, glycogen synthase kinase 3
(GSK3), and casein kinase 1 responsible for the pro-
teasomal degradation of �-catenin in the cytoplasm
of the cell. Thus, it promotes the translocation of �-
catenin from the cytoplasm into the nucleus that acts
as a transcriptional coactivator for the T-cell factor
(TCF)/Lymphoid enhancer factor (LEF) leading to
various cellular processes [42, 43]. Notably, Wnt sig-
naling has been demonstrated to play a role in stem
cell maintenance, brain development, and dorsoven-
tral patterning during embryogenesis [44].

While Wnt signaling is important for the self-
renewal of stem cells and immune cells in a
physiological state, mutations in the Wnt signaling
components lead to the progression of cancer in var-
ious tissues [45]. In the sub-granular zone of the
hippocampus, the Wnt pathway regulates the prolif-
eration of NSCs, migration, terminal differentiation,
and synaptogenesis of existing and newborn neu-
rons [43, 46]. Recent experimental evidence suggests
that astrocytes-derived Wnt signaling components
promote neuronal fate determination of NSCs and

regulate neurogenesis in the hippocampus of the adult
brain [47]. Besides, Wnt signaling has been identified
to regulate the generation of astrocytes via BMPs
in the adult brain [48]. Moreover, the activation of
Wnt signaling pathways provokes cell cycle re-entry
in the quiescent stem cells in the brain [49]. Thus,
insight into the mechanisms by which the Wnt path-
way promotes the proliferation of quiescent NSCs
can be highly beneficial for neural replacement in
AD [50]. While astrocytes and microglia are in active
cell cycle phases in the brain, neurons in the cen-
tral nervous system exit the cell cycle as soon as
they differentiate from proliferative neuroepithelial
cells and NSCs during embryonic neurogenesis and
enter a post-mitotic state that lasts the rest of the
life [51, 52]. Neurons in later stages of morpho-
genesis remain in permanent cell cycle arrest by
expressing several cell cycle regulators required to
stop cell cycle progression [53]. As a result, the
terminally differentiated neurons remain in their post-
mitotic state through constitutive expression of cell
checkpoint regulators like cyclin-dependent kinase 4
(CDK4) [4, 54, 55]. However, in neurodegenerative
conditions like Huntington’s disease (HD) and AD,
the pathogenic events trigger the cell cycle reentry
in neurons [54, 56]. Yang et al. (2003) have indi-
cated that aberrant cell cycle events in mitotically
inactive neurons might lead to neuronal cell death
responsible for the pathogenic progression of AD
[57]. These abnormal cell cycle events in the brain
have been linked to the upregulation of cell cycle
proteins such as proliferating cell nuclear antigen
(PCNA), cyclin D, and cyclin B [54]. In support
of the above evidence, a higher expression level of
cell cycle proteins was evident, particularly in the
Cornu Ammonis-1 region of the hippocampus in AD
subjects [57]. Experimental evidence suggests that
neurons are at risk of resuming the cell cycle process
due to abnormal cell cycle protein expression in AD,
while the neurons with proliferative signals have been
identified to be driven towards apoptosis account-
ing for neurodegenerations followed by memory
impairment [57].

However, a substantial number of experimental
studies conducted using transgenic animals and the
human brain revealed abnormal cell cycle events
along the neurogenic process as the early pathogenic
sign of AD [58, 59]. Neurogenesis is the cellular pro-
cess by which new neurons are generated from NSC
through the development of neuroblasts or immature
neurons in the brain [56, 60–62]. While robust neu-
rogenesis is important for developing the brain, it
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appears to be gradually reduced upon aging but the
generation of a considerable number of new neurons
has become evident in the stem cell niches of the
brain throughout the lifespan [62, 63]. Notably, reg-
ulation of neurogenesis has been linked to learning
and memory in adulthood, while aging and neurode-
generative processes have been reported to negatively
modulate the neurogenic process in the brain [64–66].
Eventually, failure in the neurogenic process has
been regarded as a prominent underlying cause of
the neurocognitive decline in various brain diseases
including AD [56]. Tobin et al. (2019) reported a sig-
nificant decrease in the doublecortin (DCX), a marker
for immature neurons, and PCNA double-positive
immature neurons in the postmortem brain samples
of AD [67]. Another landmark study by Moreno-
Jimenez and colleagues in 2019 reported that the
impairment in the maturation of the DCX-expressing
immature neurons in the hippocampus occurs during
the progression of AD prior to the noticeable hyper-
phosphorylation of tubulin-associated unit (Tau) and
accumulation of A� plaque [5]. Notably, AD brains
have been characterized by abnormal hippocampal
neurogenesis and defects in Wnt signaling [68]. As
adult neurogenesis can be regulated by various cell
cycle regulators and signaling pathways, investiga-
tion of the Wnt signaling responsible for the cell

cycle events of NSCs has been a long-standing scien-
tific interest [69]. Thus, it can be strongly presumed
that abnormal Wnt signaling might be associated
with impaired neurogenesis and memory loss in AD
(Fig. 1). Choi et al. (2018) observed an improve-
ment against AD pathology and cognitive behaviors
by increasing hippocampal neurogenesis via induced
Wnt3 using P7C3, a substance that increases the sur-
vival of NSC pathways in an animal model of AD
[70]. Notably, the dysfunction of Wnt signaling has
been reported to cause the prominent neuropatho-
logical events in AD as follows: 1) production and
deposition of A� plaques, 2) phosphorylation of Tau
proteins causing neurofibrillary tangles; 3) cognitive
impairment linked to the aberrant hippocampal plas-
ticity; and 4) dysregulation of neurogenesis [71, 72].
A� mediated reduced level of Wnt signaling has
been reported in both the medial and temporal lobe
of the hippocampus resulting in AD-like pathogene-
sis [73]. While activation of Wnt signaling promotes
adult neurogenesis in the brain, many studies sug-
gest that the A� mediated neurodegeneration in the
AD brain is caused by a loss of the Wnt signaling [74,
75]. Therefore, scientific strategies for the restoration
of Wnt signaling have become important to facili-
tate neurogenesis and memory enhancement in AD
conditions.

Fig. 1. Adult neurogenesis in physiological state and mechanisms of cell cycle reentry of post-mitotic neurons in AD. This fig depicts the
flowchart describing neurogenic process and the cell cycle reentry of post-mitotic neurons in association with Wnt signaling in healthy
and AD conditions. In the normal brain, expression of CDK4 maintains the post-mitotic neurons at the G0 cell cycle phase whereas in the
pathogenic process of AD the elevated expression of cyclin D, Cyclin B, and PCNA and downregulation of CDK4 results in the cell cycle
reentry of post-mitotic neurons resulting in reactive neuroblastosis through the activation of Wnt signaling. Further, the activation of p53 in
neurons can lead to apoptosis accounting for neurodegeneration in AD.
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A�-MEDIATED ABERRANT WNT
SIGNALING IN AD

Various studies implicate that A�-mediated
defects in Wnt/�-catenin signal potentiate patho
mechanisms of AD. During the generation of A�,
multiple sequences of events are observed that
includes a) inactivation of Wnt ligands, hence activat-
ing the GSK3�, b) induced degradation of �-catenin
thus preventing its translocation into the nucleus, c)
downregulation of the Wnt-mediated gene expression
responsible for neuronal activities, and d) promotion
of the deleterious effects through the production of
reactive oxygen species accounting for the neuronal
oxidative stress [72, 74, 76]. Experimental evidence
supports that A� directly interacts with a Frizzled
receptor, enabling Dickkopf (Dkk)-1 and impeding
the activation of downstream transduction of Wnt
[71, 74]. In AD, the overexpression of LRP5/6 lig-
and, Dkk-1 has been linked to the pathogenic cascade
leading to neurodegeneration due to the antagonis-
tic influence of A� on Wnt/�-catenin signaling [71].
Initial events with TCF/LEF-induced transcription of
genes ensure �-catenin translocation into the nucleus
that drives the cell to the S phase of the cell cycle [76].
Therefore, stimulation of Wnt signaling by external
factors in the neurogenic niches may lead to a healthy
cell cycle entry in quiescent NSCs in AD. Ample
gene knockout/in studies suggests proper regulation
of Wnt signaling events could result in the formation
of new functional neurons in the brain.

In conditions like AD, the cell cycle reentry in
mature neurons results in apoptosis, accounting for
neurodegeneration rather than dedifferentiation. It
has been reported that reduced �-catenin in the cyto-
plasm fails to activate the transcription levels of
engrailed-1, a process that facilitates p53 activation
and stimulates apoptosis accounting for neuronal
death and impaired neural plasticity in the brain [77,
78]. The cell cycle reentry of neurons resulting in
apoptosis is supported by recent evidence stating
that A� reduces �-catenin levels in the cytoplasm
of the neurons in the brains of AD subjects [79].
On the other hand, different in vitro and in vivo
experiments revealed that overexpression of Wnt3
enhances neurogenesis in the hippocampus of the
brain [80, 81]. However, enhanced Wnt signaling has
been reported to result in the development of cancer
[82]. Therefore, regulated expression of the Wnt lig-
and remains mandatory to elicit positive effects by
promoting neural regeneration. Therefore, the cur-
rent scenario demands suitable Wnt regulators rather

than enhancers facilitating beneficial effects. Several
pharmaceutical and natural agents are proposed to
enhance Wnt activity and are recommended as a pos-
sible therapeutic method to promote the regeneration
in AD [83, 84] (Fig. 2).

Moreover, the aberrant levels of cytokines and
cell signaling regulators have been linked to altered
SIRT1 pathways in conditions like aging and AD.
Further, regulation of stem cell proliferation by
the epigenetic modifications of some genes has
been reported to be influenced by Wnt signaling
[36]. SIRT1 is a nicotinamide adenine dinucleotide
(NAD)+ dependent lysine deacetylase, recognized to
be involved in multiple metabolic events in associa-
tion with Wnt signaling [85]. However, SIRT1 levels
display an inverse proportionality with an increase
in age [23, 91]. SIRT1 deficiency in abnormal
aging and AD has been reported to be associ-
ated with impairment of synaptic plasticity and
memory loss [87]. Therefore, targeting the tran-
scriptional regulation of candidate genes through
the activation of SIRT1 appears to be the most
effective way of defending and managing the cel-
lular, molecular, and biochemical defects in various
diseases.

SIRT1-mediated histone modifications have been
reported to be involved in multiple cellular events
such as stress response, cellular differentiation,
metabolism, and cell proliferation [88]. Alterna-
tively, an age-dependent decrease in SIRT1 activity
appears to be associated with abnormalities in
the function of cell survival and trophic factors
viz., brain-derived neurotrophic factor (BDNF),
cAMP response element-binding protein (CREB),
Dkk1, and Wnt that results in an aberrant cell
cycle events leading to apoptosis, neurodegeneration,
and impaired neurogenesis. Interestingly, recruit-
ing H3K4 trimethyl transferase by SET Domain
Containing 1A (SETD1A, Histone Lysine Methyl-
transferase), a chromatin remodeler of H3-Lys-4
by mono,- di- and trimethylation influencing its
gene expression, stimulates �-catenin activity in
NSCs, thereby promoting neuronal differentiation
[89]. While the failure of the canonical Wnt pathway
could be regarded as a causative factor for aberrant
cell cycle events leading to AD pathogenesis, con-
sidering the use of SIRT1 activators to restore and
promote the activity of the Wnt pathway may hold a
therapeutic key to mitigate the pathogenic signature
of AD [72]. Therefore, it necessitates unraveling the
role of SIRT1’s epigenetic action on stem cell fate in
AD.
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Fig. 2. A� inhibits binding of Wnt ligand to the frizzled receptor and promotes �-catenin degradation. The figure illustrates that the quiescent
radial glial cells (q-RGL) can be activated (a-RGL) which can give rise to newborn neurons through the generation of neuroblasts in the
hippocampus of the normal brain responsible for learning and memory. In AD, the pathogenic A� plaques and their toxicity suppress the
neurogenic process leading to dementia. The enlarged view represents the A� mediated proposed pathomechanism in a neuronal cell during
AD at different levels. 1) A� antagonizes the Wnt signaling by binding to LRP5/6 and Frizzled receptors in the cell surface of the neurons,
2) A� deactivates Dvl, which in turn facilitates �-catenin degradation in the cytoplasm, 3) simultaneously, A� promotes the generation
of reactive oxygen species (ROS), driving the cell toward apoptosis via p53 expression, and 4) Further, A� promotes phosphorylating of
GSK3� and degrades �-catenin.

EPIGENETIC ROLES OF SIRT1 IN FATE
DETERMINATION OF NSCS ALONG THE
NEUROGENIC PROCESS IN THE ADULT
BRAIN

Neuronal commitment and differentiation of NSCs
during development are tightly controlled by regula-

tory mechanisms responsible for the cytoarchitecture
of the brain. Epigenetic mechanisms involving
changes in DNA methylation, non-coding RNA
expression, and histone modification determines the
fate of NSCs in the brain [96]. During the embryonic
development of the brain, the epigenetic regulation
of stem cell fate has been known to be carried out by
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sirtuins, while the prominent expression of SIRT1is
highly evident in several areas of the brain [91, 92].
The deacetylase activity of SIRT1 has recently been
identified to influence the final fate of neural pre-
cursor cells [93]. SIRT1 recruitment at the hairy and
enhancer of split (Hes)-5 promoter modulates histone
acetylation, which promotes neurogenesis via SIRT1-
dependent epigenetic suppression of specific notch
targets [94]. The function of SIRT1 is associated
with restricted calorie intake and is also vital for pre-
serving neurophysiological functions upon ageing.
Notably, SIRT1 has been identified as a therapeu-
tic target in numerous neurodegenerative illnesses,
including AD and Parkinson’s disease (PD). It has
been reported that in many experimental models of
brain pathologies, SIRT1 regulates the fate of NSCs
[95, 96]. In a reducing environment, SIRT1 does
not allow to bind to the mammalian achaete-scute
homolog (Mash)-1, a neuronal fate determination
factor of NSCs in the brain whereas in oxidative con-
ditions, SIRT1 shifts the cell fate of NSCs toward
the astroglial lineage [97, 98]. SIRT1 is expressed
by proliferating NSCs and regulates their neurogenic
potential in the sub-ventricular zone and hippocam-
pus of the adult brain [99]. It has been reported
that the expression of SIRT1 improves neurite out-
growth and prevents synaptic loss in association with
a transient expression of miR-134 in AD models
[100]. Taken together, the above evidence suggests
the epigenetic activity of SIRT1 and its signifi-
cant role in the fate determination of NSCs in the
brain. However, additional experiments are required
to reveal the functional roles of SIRT1 in the regula-
tion of NSCs in the brain. Eventually, unraveling the
therapeutic efficacy of SIRT1 can be vital in neu-
rogenic stimulation for treating neurodegenerative
diseases like AD [101]. Therefore, consideration of
drugs like RSV that promote SIRT1 expression could
be a promising therapeutic modality for different
diseases.

RESVERATROL IS A POTENT
THERAPEUTIC DRUG TO MITIGATE
THE PATHOGENESIS OF AD

Decades of research have revealed that diet and
nutritional factors play a major role in maintain-
ing homeostasis, and proved to be standard therapy
for managing numerous disorders. Polyphenols are
phytochemicals found largely in many vegetables,
fruits, coffee, chocolate, legumes, and beverages.

There are over 8000 naturally existing polypheno-
lic compounds that mainly function as antioxidants.
Polyphenols, flavonoids, caloric restriction, and
physical activity are the inducers of homeostasis and
exhibit positive effects on neurogenesis in the brain
[102–104]. A variety of plant-derived polyphenols
exhibit pleiotropic properties and show beneficial
neuroprotective effects by improving cognition and
memory in various models by interacting with a wide
number of pathways involved in neuronal damage
[102, 105]. Plants that contain antioxidants and sec-
ondary metabolites like RSV [106], curcumin [107],
and epigallocatechin gallate [108], can exhibit pos-
itive effects in reverting AD pathology. Of which,
RSV, a natural stilbene has been a drug of interest
to many researchers around the world to inves-
tigate its protective benefits in neurodegenerative
disorders [109]. Interestingly, RSV is present in
a large number of plant species with the capabil-
ity of mimicking calorie restriction, anti-oxidative
effects, anti-inflammatory, anti-diabetogenic, anti-
cancer, and anti-aging properties [110]. Initially, RSV
has been recognized for its potential anti-oxidant
effect against cardiovascular disease [111]; however,
its applications later expanded to anti-cancer and anti-
inflammatory activities [112]. RSV has been found
to protect the nervous system from ischemic stroke,
traumatic brain injury, PD, HD, and AD [113, 114].
Taken together, the role of RSV as a pro-neurogenic
drug and its neuroregenerative potential in various
conditions through SIRT1 action on the Wnt signal-
ing and cell cycle events needs to be considered for
the effective management of AD.

Interestingly, RSV has been found to interact with
multi-targeted pathophysiological pathways associ-
ated with diseases like AD, thereby serving as a
better therapeutic candidate. With respect to opti-
mum dosage and effective administration of RSV,
300 mg to 1000 mg of RSV/kilogram body weight
has been considered safe without any side effects.
In particular, no obvious toxicity to the kidney and
liver was observed in mice up to 1000 mg/kg body
weight [115]. Further, ingestion of RSV up to 1 gram
per day in a short-term dose did not exhibit any side
effects among patients with non-alcoholic fatty liver
disease [116]. Also, no significant adverse effect has
been reported in long-term clinical trials using RSV
upon treating various conditions [117]. RSV appears
to reduce the effect of Caspase-8-mediated apop-
tosis via p38MAPK signaling [118, 119]. Despite
the dose and age-dependent effect, several clinical
trials suggest that the optimum dosage of RSV is
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highly beneficial against cancer, stroke, cardiovascu-
lar diseases, obesity, diabetes, and AD [117]. Thus,
exploring the role of RSV with special reference to
neurogenesis could gain more insight into the treat-
ment value of RSV against AD. RSV in general
activates various factors that are involved in regu-
lation of neurogenesis like Wnt, NR2E1, Sox, and
BMP via modulating SIRT1 levels [20, 93, 120].
RSV is a well-known polyphenolic compound that is
well-reported for its sirtuin-enhancing capability in
vivo conditions. Various experimental data suggest
that RSV administration may promote sirtuin lev-
els that could help maintain homeostasis in vivo and
can extend its cytoprotective effect over a wide range
of metabolic disorders and AD. RSV exhibits anti-
neuroinflammatory properties by inhibiting activated
microglia involved in the priming of neurodegen-
erative events [121]. Likewise, RSV ameliorates
the expression of tumor necrosis factor-�, which
reduces microglial activation, neuroinflammation,
and oxidative stress-mediated neuronal degenera-
tion [122, 123]. A�1-42 accumulation in intercellular
regions stimulates the phosphorylation of SIRT1 pro-
tein and thereby preventing the binding of CREB to
Hes1, while RSV administration has been reported
to reverse this adverse event and promote neuroge-
nesis in the hippocampus [124, 125]. Modulation of
SIRT1 levels may have a prominent role in treating
geriatric disorders, which also alters the epigenetic
regulation of genes in an age-independent manner.
RSV administration regulates the apoptotic functions
of both p53 and forkhead box O (FOXO), a tran-
scription factor involved in multiple cell signaling
pathways via SIRT1 expression in both in vivo and
in vitro circumstances and confers neuroprotection
in AD [126]. RSV-mediated upregulation of SIRT1
activity influences many cell survival and prolifer-
ation pathways like AMP-activated protein kinase
(AMPK), phosphatidylinositol 3-kinase (PI3K), pro-
tein kinase B (PKB), and BDNF [127, 128]. Our
research group over a decade has been working
on the cognitive efficacy of RSV in normal-aged
rats and various rat models of AD [23, 27, 129].
It was evidenced that RSV exhibits a neuroprotec-
tive effect and positively influences cognitive ability
through SIRT1 enhancement in rodents [27, 129].
Interestingly, a considerable amount of experimen-
tal data suggests that RSV elicits its effects through
upregulating SIRT1 to promote cell proliferation and
improve neurogenesis in the hippocampus in differ-
ent neurodegenerative conditions as well as normal
aging, but the cell fate-determining role of SIRT1

mediated by RSV in the stem cell niches of the adult
brain remains less explored.

THE BENEFIT OF RSV ON THE
REGULATION OF
NEUROREGENERATIVE PLASTICITY

RSV appears to elicit profound positive biologi-
cal effects on hippocampal neurons. It is effective
against prenatal stress-induced neuronal dysfunction,
by increasing the expression of BDNF [27, 130].
RSV protects the neuronal cells from environmental
toxicity and promotes proliferation, fate determina-
tion, and differentiation and survival of NSCs in vitro
and in vivo in normal physiology and during pathol-
ogy [131, 132]. Pretreatment with RSV has rescued
ethanol-induced decline of granule cells and impair-
ments in their dendritic spines in the hippocampus
during early postnatal stages of experimental animals
[133]. Besides, RSV has been reported to facilitate the
proliferation and differentiation of NSC via SIRT1
enhancement in the hippocampus [133, 134]. More-
over, the intraperitoneal administration of RSV has
been reported to protect hippocampal glutamatergic
neurons, by increasing the phosphorylation of PKB
responsible for inducing the neuronal differentiation
pathway in NSCs [135]. The neuroprotective and neu-
rogenic effects of RSV in the hippocampus have been
linked to enhanced spatial learning and memory in
aging and experimental animal models of neurode-
generative disorders [23, 136, 137].

RSV is a well-proven calorific restriction-
mimicking drug that appears to minimize the
metabolic defect of stem cells leading to their
improved self-renewal and regenerative capacity.
Calorific restriction acts on the stem cell niche
through numerous mechanisms, including activating
diverse targets such as FOXO, SIRT1, and AMPK,
that promote genes involved in cell growth, prolifer-
ation, differentiation, and longevity [138]. Similarly,
switching diets to RSV-rich foods has resulted in ideal
body weight and fat loss in 6 weeks and considerable
upregulation in the production of newborn neurons in
the brain [139]. RSV treatment in late middle age is
beneficial for improving cognition and mood swings
later in old age, likely through positive alteration
of the hippocampal neural circuitry and inhibi-
tion of chronic inflammation, which collectively
accounts for the physiological functions mediated
by RSV [140]. RSV treatment has been reported to
enhance neurogenesis and memory in experimen-
tal models with lead-induced neurotoxicity [141].
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However, the exact molecular action of RSV in
enhancing memory via promoting hippocampal plas-
ticity remains unclear and needs further experimental
assessment.

THE POSSIBLE THERAPEUTIC EFFECT
OF RSV ACTING VIA THE WNT
PATHWAY IN SYNERGY WITH SIRT1

SIRT1 is a transient and constitutive regulator
of Wnt signaling as it interacts with Dvl proteins
which are involved in the degradation of �-catenin
in the cytoplasm [142]. In addition, SIRT1 inhibits
GSK3� activity that promotes synaptogenesis in cul-
tured hippocampal neurons by deacetylating PKB
[143]. In other aspects, SIRT1 can also deacetylate
Dkk1 protein thereby positively regulating the Wnt
pathway. In contrast to the above findings, SIRT1
gene knockout increased the Dkk1 activity in can-
cer cell lines [144]. Thus, it is evident that SIRT1
could exhibit a modulatory effect on the Wnt sig-
naling events in a context-dependent manner. It has
been reported that several polyphenols promote the
Wnt/�-catenin-related transcripts, thereby protecting
neurons against oxidative stress and inflammation.
The RSV-like compound exhibits its neuroprotec-
tive efficiency through SIRT1 enhancing ability.
Increased SIRT1 activity appears to promote nuclear
accumulation of �-catenin due to its deacetylation
process leading to endogenous Wnt activation [145].
Therefore, we hypothesize that RSV could mod-
ulate Wnt signaling in multiple ways, presumably
by increasing SIRT1, which may act on Dvl pro-
teins to prevent �-catenin degradation. Here, we
propose that SIRT1 may facilitate the activity of Dvl
proteins to prevent the proteasomal degradation of
�-catenin independent of the Wnt ligand. Simulta-
neously, deacetylation of �-catenin by SIRT1 may
promote its translocation into the nucleus thereby
facilitating the transcription of Wnt target genes inde-
pendent of the ligand (Fig. 3).

FUTURE PERSPECTIVES

Stem cell-based regenerative therapy has been a
challenging approach in recent years due to the lack
of defined therapeutic targets and scientific tools that
positively modulate the proliferation and differentia-
tion of stem cells. Current research fails to precisely
characterize the beneficial effects of different stem
cells in AD-like conditions. The concept of recruiting

newly generated neurons from endogenous NSCs to
treat AD and other neurodegenerative disorders opens
novel therapeutic strategies. However, the cellular
and molecular mechanisms that drive the progres-
sion of dividing NSCs into functional neurons in
regions of neurodegeneration needs to be revealed.
Finding a foregoing substance that elicits a positive
impact on NSC proliferation and differentiation is
crucial in managing and restoring functional loss in
neurodegenerative conditions. Increasing neurogenic
potentials of NSCs in the hippocampus of AD patients
could be effective therapeutics to compensate for neu-
rodegeneration thus preventing AD progression to
memory loss. Among various drugs, RSV appears
to be a promising naturally occurring candidate com-
pound as it mitigates various pathogenic events and
promotes tissue regeneration with no obvious side
effects. Hence, considering RSV treatment to man-
age AD conditions may provide excellent support to
enhance neurogenesis in the hippocampus. However,
this notion raises many questions, like how activities
of NSCs could be controlled by RSV and what could
be the obvious role of RSV in regulating the stem
cell niche. This review addressed the possible mech-
anism of RSV’s effects in boosting neuroregenerative
aspects in the hippocampus via SIRT1 and Wnt path-
ways. The novel methods for characterization of the
relevance and therapeutic efficacy of RSV on adult
NSCs acting via SIRT1 and Wnt pathways using
knockout model systems may demonstrate RSV as a
promising supplement for neurodegenerative disease
and dementia. Further, in silico approach to transcrip-
tomic data applying SIRT1 and Wnt pathways on
neurogenic events may help to address vital targets
of neural regeneration in AD.

Thus, a continued study in this field is essen-
tial for identifying whether therapies that improve
neurogenesis have the potential to help people with
neurodegenerative disorders. This review is a sugges-
tive of dynamic research on the much more detailed
role of RSV in key events oriented to the Wnt sig-
naling and cell cycle events that may promote the
possibility of neuroregenerative plasticity in AD.
Therefore, RSV may be a potent drug for individu-
als suffering from AD that may ensure healthy aging
and prolonged survival and defend the memory loss
to some extent.

CONCLUSION

RSV appears to be a promising natural drug in the
fields of biomedical science and neuro-regenerative
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Fig. 3. A proposed mechanism for RSV against A� mediated impaired neurogenesis. The figure describes the possibilities of how A�
induces aberrant Wnt activity resulting in apoptosis. 1) RSV treatment-mediated intracellular increase of SIRT1 activity may decrease the
expression of Dkk1 protein levels thereby facilitating positive Wnt signaling. 2) Blocked on Wnt signaling at the extracellular level by A�
can be surpassed by RSV-mediated SIRT1 enhancement at the level of activation of Dvl and disassociate the �-catenin destruction complex
�-catenin phosphorylation, 3) Enhanced SIRT1 levels in vivo may directly deacetylate �-catenin thereby promoting its translocation into the
nucleus independent of the ligand, 4) RSV mediated SIRT1 activity might deacetylate GSK3� by which it may prevent the destruction of
�-catenin. Overall, the action of SIRT1 on these key events that promote Wnt signaling to a positive cell cycle might enhance the neurogenic
process in AD-like conditions thereby facilitating neural regeneration.

medicine. RSV has undergone a wide variety of
experimental paradigms for its pleiotropic func-
tions, particularly in neurodegenerative conditions.
RSV is well known for its neurogenesis-stimulating
characteristics in both physiological and diseased
conditions. Under neurodegenerative conditions such
as AD, RSV has been shown to generate new neu-
rons from the quiescent NSCs in the hippocampus
of the adult brain. However, over some decades of
research, it is a quite unambiguous to know which
pathway positively responds to RSV intervention in
the cellular system. The upregulation of SIRT1 under
RSV treatment appears to be the most promising
to mitigate the pathogenesis of AD. Furthermore,
RSV elicits its effects by promoting the transcrip-

tion factors responsible for NSCs differentiation and
integration into the central cognitive circuit through
SIRT. SIRT1 has widely been recognized to regulate
the differentiation and proliferation potential of var-
ious cultured pluripotent stem cells by upregulating
the Wnt pathway. Similarly, SIRT1 effectively reg-
ulates the Wnt signaling components and its target
genes in vivo conditions and several cell lines. The
influence of SIRT1 in the Wnt pathway extends to
various area of research that includes cancer biology,
stem cell biology as well in neuroscience. Though
attempt with transplantation of NSCs has been con-
sidered the potential advantage to rescue AD that
involves invasive procedures and represent chances
of potential adverse effects. Thus, the use of RSV as
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a non-invasive therapeutic option can be highly rel-
evant to activate the endogenous neurogenic process
to manage AD. Extending future research on RSV’s
effects on cell cycle events of NSCs and neurogenesis
will answer many unknown facts behind the current
scenario of RSV treatment and neural regeneration.
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[55] Schmetsdorf S, Gärtner U, Arendt T (2007) Constitutive
expression of functionally active cyclin-dependent kinases
and their binding partners suggests noncanonical functions
of cell cycle regulators in differentiated neurons. Cereb
Cortex 17, 1821-1829.



S138 K. Surya et al. / Efficacy of RSV on Neurogenesis and Cell Cycle in AD

[56] Kandasamy M, Anusuyadevi M, Aigner KM, Unger MS,
Kniewallner KM, de Sousa DMB, Altendorfer B, Mrowetz
H, Bogdahn U, Aigner L (2020) TGF-� signaling: A thera-
peutic target to reinstate regenerative plasticity in vascular
dementia? Aging Dis 11, 828.

[57] Yang Y, Mufson EJ, Herrup K (2003) Neuronal cell death
is preceded by cell cycle events at all stages of Alzheimer’s
disease. J Neurosci 23, 2557-2563.

[58] Yoneyama M, Shiba T, Hasebe S, Ogita K (2011) Adult
neurogenesis is regulated by endogenous factors pro-
duced during neurodegeneration. J Pharmacol Sci 115,
425-432.

[59] Demars M, Hu Y-S, Gadadhar A, Lazarov O (2010)
Impaired neurogenesis is an early event in the etiology
of familial Alzheimer’s disease in transgenic mice. J Neu-
rosci Res 88, 2103-2117.

[60] Pino A, Fumagalli G, Bifari F, Decimo I (2017) New neu-
rons in adult brain: Distribution, molecular mechanisms
and therapies. Biochem Pharmacol 141, 4-22.

[61] Kandasamy M, Aigner L (2018) Reactive neuroblastosis
in huntington’s disease: A putative therapeutic target for
striatal regeneration in the adult brain. Front Cell Neurosci
12, 37.

[62] Kandasamy M, Aigner L (2018) Neuroplasticity, limbic
neuroblastosis and neuro-regenerative disorders. Neural
Regen Res 13, 1322.

[63] Denoth-Lippuner A, Jessberger S (2021) Formation and
integration of new neurons in the adult hippocampus. Nat
Rev Neurosci 22, 223-236.

[64] Shohayeb B, Diab M, Ahmed M, Ng DCH (2018) Fac-
tors that influence adult neurogenesis as potential therapy.
Transl Neurodegener 7, 4.

[65] Marxreiter F, Nuber S, Kandasamy M, Klucken J, Aigner
R, Burgmayer R, Couillard-Despres S, Riess O, Winkler
J, Winner B (2009) Changes in adult olfactory bulb neu-
rogenesis in mice expressing the A30P mutant form of
alpha-synuclein. Eur J Neurosci 29, 879-890.

[66] Couillard-Despres S, Wuertinger C, Kandasamy M,
Caioni M, Stadler K, Aigner R, Bogdahn U, Aigner L
(2009) Ageing abolishes the effects of fluoxetine on neu-
rogenesis. Mol Psychiatry 14, 856-864.

[67] Tobin MK, Musaraca K, Disouky A, Shetti A, Bheri A,
Honer WG, Kim N, Dawe RJ, Bennett DA, Arfanakis K,
Lazarov O (2019) Human hippocampal neurogenesis per-
sists in aged adults and Alzheimer’s disease patients. Cell
Stem Cell 24, 974-982.e3.

[68] Choe Y, Pleasure SJ, Mira H (2016) Control of adult neuro-
genesis by short-range morphogenic-signaling molecules.
Cold Spring Harb Perspect Biol 8, a018887.

[69] Faigle R, Song H (2013) Signaling mechanisms regulating
adult neural stem cells and neurogenesis. Biochim Biophys
Acta 1830, 2435-2448.

[70] Choi SH, Bylykbashi E, Chatila ZK, Lee SW, Pulli B,
Clemenson GD, Kim E, Rompala A, Oram MK, Asselin
C (2018) Combined adult neurogenesis and BDNF mimic
exercise effects on cognition in an Alzheimer’s mouse
model. Science 361, eaan8821.

[71] Inestrosa NC, Toledo EM (2008) The role of Wnt signal-
ing in neuronal dysfunction in Alzheimer’s disease. Mol
Neurodegener 3, 9.

[72] Tapia-Rojas C, Inestrosa NC (2018) Loss of canonical Wnt
signaling is involved in the pathogenesis of Alzheimer’s
disease. Neural Regen Res 13, 1705-1710.

[73] Riise J, Plath N, Pakkenberg B, Parachikova A (2015)
Aberrant Wnt signaling pathway in medial temporal lobe

structures of Alzheimer’s disease. J Neural Transm 122,
1303-1318.

[74] Magdesian MH, Carvalho MM, Mendes FA, Saraiva LM,
Juliano MA, Juliano L, Garcia-Abreu J, Ferreira ST (2008)
Amyloid-� binds to the extracellular cysteine-rich domain
of Frizzled and inhibits Wnt/�-catenin signaling. J Biol
Chem 283, 9359-9368.
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