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Abstract
Polyphenols, a diverse group of naturally occurring compounds found in plants, have 
garnered significant attention for their potential therapeutic properties in treating 
neurodegenerative diseases (NDs). The Wnt/β-catenin (WβC) signaling pathway, a 
crucial player in neurogenesis, neuronal survival, and synaptic plasticity, is involved 
in several cellular mechanisms related to NDs. Dysregulation of this pathway 
is a hallmark in the development of various NDs. This study explores multiple 
polyphenolic compounds, such as flavonoids, stilbenes, lignans, and phenolic acids, 
and their potential to protect the nervous system. It provides a comprehensive 
analysis of their effects on the WβC pathway, elucidating their modes of action. 
The study highlights the dual function of polyphenols in regulating and protecting 
the nervous system, providing reassurance about the research benefits. This review 
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1  |  INTRODUC TION

Neurological diseases are an increasing concern globally in this cen-
tury. Abnormalities of the autonomic nervous system, the brain, 
the muscles, the cranial nerves, the peripheral nerves, the spinal 
cord, the nerve roots, and the neuromuscular junctions (NMJ) are 
all included in the category of neurological diseases affecting both 
the central and the peripheral nervous systems.1 These conditions 
include epilepsy, multiple sclerosis (MS), Parkinson's disease (PD), 
Alzheimer's disease (AD), and other forms of dementia; cerebrovas-
cular diseases such as brain tumors and stroke; neuro-infections; 
traumatic disorders that result from head injuries; and neurological 
diseases that are caused by malnutrition.2,3 In general, neurolog-
ical diseases can be broken down into two categories: neurolog-
ical injuries and neurodegenerative diseases (NDs), with the latter 
being the more common of the two.4 These abnormalities cause a 
gradual and continual loss of brain cells, which ultimately results 
in neurodegeneration.5,6 Despite thorough research, there is still 
a lack of effective medicines that can end or reverse the progres-
sion of many diseases. An area of research that shows promise is 
focusing on specific cellular pathways involved in developing NDs. 
One such system that has received substantial consideration is the 
Wnt/β-catenin (WβC) signaling pathway.7 The WβC signaling sys-
tem is a crucial mechanism that controls multiple aspects of cellu-
lar functions, such as development, differentiation, proliferation, 
and survival.8 Within the central nervous system (CNS), this route 
plays a vital role in the production of new neurons, the ability of 
synapses to change and adapt, and the maintenance of neurons.9 
Signaling disruption is becoming more widely acknowledged as a 
shared characteristic in developing several NDs. Abnormal signaling 
can result in decreased neuronal function, heightened susceptibility 
to oxidative stress (OS), and enhanced inflammatory responses, all of 
which contribute to the advancement of NDs.9 In AD, aberrant Wnt 
signaling is associated with amyloid-β (Aβ) plaque formation and tau 
hyperphosphorylation, leading to cognitive decline.9 In PD, impaired 
Wnt signaling affects dopaminergic neuron survival,10 whereas in 
MS, it influences oligodendrocyte progenitor cell differentiation and 
myelination, exacerbating disease pathology.11 Huntington's disease 

(HD) also involves altered Wnt signaling, contributing to neuronal 
degeneration.12 Additionally, after acute neural injuries like stroke 
or traumatic brain injury,8 Wnt signaling plays a role in repair and 
regeneration.9 Targeting the WβC pathway using therapeutic inter-
ventions, including natural compounds like polyphenols, offers the 
potential for treating these conditions. Still, precise modulation is 
essential to avoid adverse effects due to the pathway's involvement 
in diverse physiological functions.8,13 More study is needed to de-
velop tailored therapeutics that maximize the beneficial effects of 
WβC signaling, providing diverse secondary metabolites with novel 
pharmacophores. Only 1% of over 250 000 higher plants have been 
thoroughly studied for their medicinal use.14 According to the World 
Health Organization, three-fourths of the global population relies 
on plant-based drugs for essential medical treatment. These phy-
tochemicals, found in herbs, spices, and foods, can have synergis-
tic, additive, or antagonistic effects on human health.15 Polyphenols 
are a diverse group of naturally occurring compounds that may be 
abundant in various plant-based foods, including tea, wine, and 
fruits and vegetables.16 They have been demonstrated to exhibit a 
wide range of biological activities, including neuroprotective, anti-
inflammatory, and antioxidant properties.16,17 According to a recent 
study, polyphenols can prevent the WβC signaling pathway, which 
can be used as a therapy method for neurological diseases.18 It has 
been discovered that polyphenols like epigallocatechin-3-gallate 
(EGCG) and resveratrol can alter the WβC signaling pathway in AD, 
therefore lowering the toxicity of Aβ and the hyperphosphorylation 
of tau.19 In PD, polyphenols may protect dopaminergic neurons by 
enhancing WβC signaling, thereby improving motor function.19,20 In 
MS, these compounds can promote remyelination by influencing the 
differentiation of oligodendrocyte progenitor cells.21 HD also ben-
efits from polyphenol-induced modulation of Wnt signaling, which 
can help mitigate neuronal degeneration.22 Furthermore, polyphe-
nols have demonstrated their potential to enhance the involvement 
of the WβC pathway in the neuronal repair and regeneration pro-
cess after acute traumas such as stroke and traumatic brain injury.18 
Polyphenols have a significant therapeutic potential; nevertheless, 
there are still problems regarding their bioavailability and the effi-
cient transport of polyphenols to the brain.23 To overcome these 

provides a comprehensive analysis of the results obtained from both in vitro studies 
and in vivo research, shedding light on how these substances influence the various 
components of the pathway. The focus is mainly on the molecular mechanisms that 
allow polyphenols to reduce oxidative stress, inflammation, and apoptotic processes, 
ultimately improving the function and survival of neurons. This study aims to offer 
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challenges and improve the effectiveness of polyphenol-based 
therapies for neurological conditions, researchers are looking at the 
possibility of using advances in nanotechnology and drug delivery 
systems. Therefore, the connection of polyphenols and the WβC sig-
naling pathway is a very intriguing and compelling field of research 
that holds significant implications for developing innovative treat-
ment options for neurological diseases.18

This study aims to comprehensively analyze previous research 
on polyphenols and their impact on the WβC signaling pathway in 
connection to NDs. By examining the molecular mechanisms, ther-
apeutic possibilities, and barriers linked to polyphenol-based thera-
pies, we aim to emphasize both the potential and constraints of this 
approach. Furthermore, we will review developments in drug deliv-
ery strategies that increase polyphenols' effectiveness and open the 
door to novel therapies for NDs.

2  |  CHEMISTRY OF POLYPHENOL S

Phenolic compounds, often known as phenolics, are distinguished 
by their aromatic ring structures with at least one hydroxyl group. 
The complexity of these substances can vary greatly, spanning from 
essential molecules to intricate polymers with substantial molecular 
weights.24 The categorization of phenolics is a subject of considerable 
discussion; however, the prevailing approach divides them into 
two primary categories: flavonoids and nonflavonoid polyphenols. 
Scientific literature frequently employs this categorization to 
arrange and investigate these substances.25 Flavonoids have a 
structural backbone consisting of C6–C3–C6, with two phenolic C6 
units known as ring A and ring B. Flavonoids can be classified into 
several subgroups based on the variability of the core C3 unit, also 
known as ring C. The subgroups consist of flavan-3-ols, flavonols, 
flavones, flavanones, and anthocyanins.26 The distinct arrangement 
and hydroxylation pattern of these rings lead to the extensive range 
of flavonoids in the natural world. Most flavonoids typically have 
ring B connected to the C2 location of ring C. Nevertheless, certain 
flavonoids, including isoflavones and neoflavonoids, exhibit a linkage 
between ring B and the C3 and C4 locations of ring C, respectively.26 
Flavonoids in plants are predominantly present as glycosides, 
meaning they are attached to sugar molecules rather than as free 
aglycones, which are the fundamental structures of flavonoids.27 
The process of glycosylation has an impact on the solubility, 
stability, and bioavailability of these substances. The biological 
functions of flavonoids, such as their ability to act as antioxidants, 
reduce inflammation, and inhibit the growth of microorganisms, are 
determined by their unique structural characteristics and patterns 
of glycosylation.28 The activities mentioned are essential for the 
function of flavonoids in plant defense mechanisms and their 
potential health advantages when included in the human diet.29

Conversely, nonflavonoid polyphenols comprise many chemi-
cals, including phenolic acids, stilbenes, and lignans. Furthermore, 
these molecules have noteworthy biological properties and play a 
role in the general health advantages linked to diets abundant in 

polyphenols. Phenolic acids, recognized for their antioxidant qual-
ities, are present in several foods.30 Stilbenes, like resveratrol, are 
present in grapes and berries and are being studied for their abil-
ity to slow down the aging process and prevent diseases.31 Lignans 
(Figure 1), found in seeds, whole grains, and vegetables, are recog-
nized for their ability to protect against specific types of cancer and 
cardiovascular diseases.32

Flavones consist of two benzene rings connected by a heterocy-
clic pyrone ring, forming its basic chemical structure. Luteolin and 
apigenin are the primary flavones commonly found in food, usually 
in the form of glycosides. Flavones and their 3-hydroxy derivatives, 
known as flavonols, make up the most significant subgroup of poly-
phenols.33 This subgroup includes compounds such as glycosides, 
methoxides, and other acylated products in all three rings. Quercetin 
and kaempferol, the most common flavonol aglycones, have a wide 
range of glycosidic combinations.34 Quercetin has at least 279 rec-
ognized combinations, whereas kaempferol has 347 identified com-
binations. Flavanones and their 3-hydroxy derivatives, commonly 
called flavanonols or dihydroflavonols, have been significantly iden-
tified over the past 15 years.35 Certain flavanones (Figure 2) exhibit 
distinct substitution patterns, including prenylated, furanoflava-
nones, pyranoflavanones, and benzylated flavanones. As a result, a 
wide range of substituted derivatives can be found within this class. 
Taxifolin, a flavanonol, is present mainly in citrus fruits and is widely 
recognized.35

Flavanols (Figure 3), sometimes called flavan-3-ols or generally 
known as catechins, have unique structural features when compared 
to the majority of flavonoids. Flavanols, unlike other flavonoids, do 
not have a double bond between carbon 2 and carbon 3, and they 
also do not have a carbonyl group at carbon 4 in ring C.36 The struc-
tural organization of flavanols, in conjunction with hydroxylation at 
carbon 3, enables the molecule to have two chiral centers, form-
ing four possible diastereoisomers as a consequence.37 The isomer 
with a trans configuration is called catechin, whereas that with a 

F I G U R E  1  Chemical structure of flavonoid, neoflavonoid, 
isoflavonoid, and chalcone backbone.
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cis configuration is called epicatechin.38 Each configuration com-
prises four stereoisomers: (±)-catechin and (±)-epicatechin. Both 
(+)-catechin and (−)-epicatechin are significant isomers that may be 
found in various plants consumed. The peels of grapes, apples, and 
blueberries are particularly rich in flavanols, which may be abundant 
in different fruits.39 The monomeric flavanols, especially catechin 
and epicatechin, and their derivatives, such as gallocatechins, are 
the significant flavonoids that may be found in tea leaves and cacao 
beans (chocolate).40 The polymers known as proanthocyanidins can 
be formed by combining catechin and epicatechin. Through the pro-
cess of acid-catalyzed cleavage of the polymeric chains, these poly-
mers have the potential to produce anthocyanidins.36,37,39

Anthocyanidins are the primary pigments responsible for the in-
tense red, blue, and purple hues in vegetable flower petals, fruits, 
and some types of grains, such as black rice.41 In plants, anthocyan-
idins are most often found in glycosidic molecules called anthocya-
nins. Cyanidin, pelargonidin, and delphinidin are the most prevalent 
anthocyanidins.42 There are also more than 20 unique anthocyan-
idins, bringing the total number of anthocyanidins to 31 different 
variants. Surprisingly, almost 90% of anthocyanins originate from 
cyanidin, delphinidin, and pelargonidin, together with their methyl-
ation variations.43 More than 500 anthocyanins have been discov-
ered, characterized by differences in hydroxylation, methoxylation 
patterns on the B ring, and glycosylation with various sugar units.44 
In addition, xanthones (Figure  4), a different group of polypheno-
lic chemicals, are known for their remarkable stability and have a 
dibenzo-γ-pyrone structure.45 These compounds, known as xan-
thone, xanthene-9-one, or dibenzo-γ-pyrone, have gained signifi-
cant attention from the food and pharmaceutical industries because 
of their chemical structures, which enable interactions with differ-
ent drug targets. As a result, they have potential in drug develop-
ment efforts.46,47

Other nonflavonoid polyphenols that can be present in the diet, 
in addition to phenolic acids, flavonoids, and phenolic amides, have 
significant consequences for the health of humans. On the one hand, 
ellagic acid and its derivatives are frequently discovered in berries 
like strawberries and raspberries, as well as in the skins of many 
kinds of tree nuts.48 Resveratrol, on the other hand, may be found in 
significant quantities in grapes and red wine. Resveratrol (Figure 5), 
C14H12O3, is classified as a stilbenoid molecule with a relatively small 
molecular weight. 3,5,4′-Trihydroxystilbene, or resveratrol, is a poly-
phenolic antioxidant compound of two phenol rings linked by a sty-
rene double bond.49 Curcumin, obtained from turmeric, is a notable 
polyphenol known for its potent antioxidant capabilities. Curcumin, 
known as diferuloylmethane, is a symmetrical molecule with the 
IUPAC (International Union of Pure and Applied Chemistry) name 
(1E,6E). The compound is named 1,7-bis(4-hydroxy-3-methoxyphen
yl)-1,6-heptadiene-3,5-dione, and its chemical formula is C21H20O6. 
Specifically, the structure comprises two aromatic ring systems that 
include o-methoxy phenolic groups. These ring systems are linked by 
a seven-carbon linker that consists of an α,β-unsaturated β-diketone 
moiety.50,51 In addition, it is essential to point out that rosmarinic 
acid, which is a compound that is composed of two molecules of 
caffeic acid, and ellagic acid, which is a compound that is composed 
of two molecules of gallic acid, are polyphenols that are of particular 
importance. Both gallic acid and ellagic acid may be found in their 

F I G U R E  2  Chemical structure of flavones, flavonoids, 
flavanones, and flavonols.

F I G U R E  3  Chemical structure of different flavonols.

F I G U R E  4  Chemical structure of anthocyanidine and xanthone.
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free forms; however, they can also be found in various plants in the 
form of glucose esters, classified as hydrolyzable tannins.52–55 Given 
their potential antinutritive characteristics, this review will not delve 
into a thorough study of these substances.

3  |  W ΒC SIGNALING PATHWAY TARGET

In both invertebrates and vertebrates, Wnts—glycoproteins with 
abundant cysteine—activate receptor-mediated signal transduc-
tion. The signaling cascades associated with Wnt may be classified 
into two primary pathways: the β-catenin dependent canonical 
pathway and the β-catenin independent noncanonical pathway. A 
crucial function is carried out by the frizzled family of seven-pass 
transmembrane receptors in most WβC signaling cascades.56 There 
are two basic classes of Wnt proteins, referred to as the Wnt1 class 
and the Wnt5a class, respectively. Regarding signal transmission, the 
Wnt5a group of proteins often utilizes routes that do not need the 
presence of β-catenin. The Wnt1-like proteins, on the contrary, are 
responsible for activating the canonical β-catenin-dependent path-
way through their interaction with the Fzd and LRP5/6 co-receptor 
structures.57

The WβC signaling pathway is one of the most thoroughly re-
searched of all the WβC signaling pathways. At least 6 of the 19 
Wnt proteins initiate this signaling pathway, namely Wnt1, 2, 3, 
3a, 8, 8b. In the majority of cases, the function of this pathway 
is primarily controlled by the cytoplasmic β-catenin concentra-
tion.58 Low levels of β-catenin in the cytoplasm are common, and 
it is accomplished by continuously breaking it down through the 

ubiquitin–proteasome pathway. The breakdown process is con-
trolled by a multiprotein complex consisting of axin, adenomatous 
polyposis coli (APC), glycogen synthase kinase-3β (GSK-3β), and 
casein kinase 1α (CK1α).12 The ubiquitin–proteasome pathway 
comprises many crucial enzymes: ubiquitin-activating enzyme (E1), 
ubiquitin-conjugating enzyme (E2), and ubiquitin ligase (E3). CK1α 
and GSK-3β promote the breakdown of β-catenin by phosphor-
ylating particular amino-terminal residues.59 GSK-3β phosphor-
ylates Ser33, Ser37, and Thr41, whereas CK1α phosphorylates 
Ser45. The phosphorylation events serve as a signal for β-catenin 
to be recognized by the β-transducin repeat-containing protein (β-
TrCP), which is part of the E3 ubiquitin ligase complex.12,57 This 
recognition leads to the destruction of β-catenin by the 26S pro-
teasome complex.8 The extracellular cysteine-rich domain of the 
Fzd receptor family and LRP5 or LRP6 interacts with Wnt proteins, 
which are glycoproteins released and bind with these proteins.60 
This connection activates the classical WβC signaling pathway, 
resulting in the phenomenon described. After the formation of a 
complex between the Wnt molecule and the Fzd/LRP5/6 receptor, 
an LRP-Wnt-Fz complex is formed due to the binding of three mol-
ecules. This arrangement stimulates the addition of a phosphate 
group to the cytoplasmic disheveled (Dvl) protein. It hinders the 
functions of GSK-3β and CK1α by capturing them at the scaf-
folding protein axin.61 Due to this inhibition, adding a phosphate 
group to β-catenin is impeded, leading to the accumulation of β-
catenin in the cytoplasm that has not been phosphorylated. The 
absence of phosphorylation in β-catenin results in its inability to 
be identified by β-TrCP, preventing its destruction and allowing it 
to enter the nucleus. When β-catenin is present in the nucleus, it 
forms a complex with the transcriptional factor TCF, also known 
as the T-cell factor.62 In the absence of β-catenin, the transcription 
factor TCF, in conjunction with Groucho, a co-repressor, forms a 
complex with Groucho to inhibit transcriptional activity. The rela-
tionship between TCF and Groucho encourages the activation of 
downstream target genes, such as c-myc and cyclin D1, whereas 
β-catenin is responsible for interrupting this contact. This pro-
cess occurs when they work together in conjunction with TCF 
and many other transcriptional cofactors, such as CREB-binding 
protein.63 The importance of the WβC signaling system in many 
cellular activities is emphasized by these connections and regula-
tory mechanisms.64

When the LRP5/6 and Fzd receptors interact with Dickkopf 
(DKK1) and soluble frizzled-related protein (sFRP), respectively, they 
prevent the formation of the LRP-Wnt-Fz complex, thus impeding 
WβC signaling.8 Synapses are affected both directly and indirectly 
by the reduction in Wnt signaling, which lowers the survival rate of 
microglia. Synapses are directly affected by the changes in Wnt sig-
naling. Studies have shown that the canonical WβC antagonist DKK1 
is elevated in the brains of people who have AD as well as in mice that 
have been modeled to have AD.65 As a result of DKK1's binding to 
LRP5/6 co-receptors, frizzled and LRP5/6 cannot recognize Wnt pro-
teins, which leads to a suppression of Wnt signaling. Consequently, 
individuals who suffer from AD exhibit increased levels of GSK-3β 

F I G U R E  5  Chemical structure of nonflavonoid polyphenols.
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activity and decreased levels of cytoplasmic β-catenin as a conse-
quence of the inhibitory impact exhibited by DKK1.66

The WβC signaling system is vital in forming the blood–brain 
barrier (BBB) and developing blood vessels in the brain during em-
bryonic development. From a clinical perspective, specific genetic 
variants in LRP6 are linked to a higher likelihood of experiencing 
an ischemic stroke.67 Persons who have recently had a blockage of 
blood flow to the brain also exhibit elevated levels of DKK1 in their 
blood plasma, compared to persons in good condition. Elevated lev-
els of DKK1 in cerebral ischemia (CI) exacerbate the disease by im-
proving GSK-3β action and impeding the canonical WβC pathway.61 
Elevated levels of DKK1 are detected in individuals with AD, PD, and 
CI.68 High DKK1 expression in PD is linked with better GSK-3β ac-
tion and diminished WβC signaling. Moreover, there is a connection 
between LRRK2 and Parkin mutations and the dysregulation of WβC 
signaling. WβC signaling controls a range of biological activities, such 
as the growth and upkeep of midbrain dopaminergic (mDA) neu-
rons.69 Because neuronal degeneration initiates PD, regenerative 
medicine primarily studies them as a potential treatment. Regarding 
the maintenance, protection, and regeneration of nigrostriatal do-
paminergic neurons, the WβC signaling pathway, working with glial 
cells, plays a vital role. Considering this information, this particular 
signaling route is essential in facilitating an all-encompassing pro-
gram for restoring neurological function in PD.70 Downregulation of 
the WβC pathway, which leads to a reduction in the transcription of 
Wnt prosurvival genes, is one of the essential features of HD. As a 
result, this ultimately increases apoptosis. A disruption in the break-
down of β-catenin is caused by the WβC canonical pathway, mak-
ing HD progression more severe.71 Research has found that there 
is a peculiar cytoplasmic accumulation of phosphorylated β-catenin. 
This phosphorylated β-catenin cannot travel to the nucleus and ac-
tivate the transcription of target genes. In addition to participating 
in other signaling pathways, the WβC signaling pathway is essential 
in oligodendrocyte development and remyelination. Many stud-
ies have revealed that Wnt molecules can inhibit the oligodendro-
cyte development process.72 The protein known as Wnt3a, which 
belongs to the WβC signaling family, has been associated with the 
development of cancer and other processes involved in cell pro-
liferation and determining their destiny during the early stages of 
development (Figure 6). Several methods can potentially impact the 
progression of MS, which may lead to consequences.73

In summary, the WβC pathway governs various neuronal pro-
cesses in the CNS, such as differentiation, synapse formation, neu-
rogenesis, and neuroprotection. Synaptic plasticity is crucial for 
cognitive tasks, including learning and memory. Its decline is con-
nected with cognitive impairments in NDs like AD.64,71 Wnt proteins 
play a role in promoting the development of synapses and regulating 
neurotransmission, both before and after the synapse. Recent evi-
dence suggests that WβC signaling is vital for the progress of mDA 
neurons and new neuron generation in the adult hippocampus. The 
deregulation of this pathway is involved in the development of NDs. 
Within a healthy CNS, the WβC signaling pathway is a sensor of the 
surroundings, ensuring a delicate equilibrium between cell survival 

and cell death.59,65 When Wnt signaling is inhibited, β-catenin under-
goes phosphorylation and degradation, which stops the transcrip-
tion of genes responsible for promoting neuron survival. The Wnt 
target genes implicated in neurogenesis, neuron survival, mainte-
nance, and plasticity comprise CCND1, NeuroD1, survivin, Mmp9, 
CACNA1G, NEUROGENIN 1, NURR1, and brain-derived neuro-
trophic factor (BDNF). These genes have essential responsibilities 
in the functioning of neurons, which are necessary for the overall 
health and functioning of the CNS.58

4  |  TARGETING W ΒC SIGNALING 
PATHWAY BY POLYPHENOL

4.1  |  Alzheimer's disease

AD is an ND that slowly worsens over time and primarily affects 
people who are in their later years. It is the most prevalent cause 
of dementia, which is marked by changes in behavior and personal-
ity, as well as a deterioration in cognitive function and memory loss. 
The formation of amyloid plaques (Aβ) and tau tangles in the brain 
is a hallmark of the disease, which causes a disruption in the com-
munication between neurons and ultimately results in the death of 
those neurons.74 For the past 25 years, Alzheimer's drug discovery 

F I G U R E  6  Schematic diagram showing the Wnt/β-catenin 
signaling pathway. Without Wnt ligands, β-catenin is degraded 
by a destruction complex composed of axin, APC, and GSK-3β, 
preventing nuclear entry and gene transcription. When Wnt binds 
to the frizzled receptor and co-receptor LRP5/6, the destruction 
complex is inhibited, allowing β-catenin to accumulate, translocate 
to the nucleus, and activate Wnt target genes through interaction 
with TCF/LEF. These genes regulate essential processes such as 
cell proliferation and neuronal development. Dysregulation of this 
pathway is linked to diseases like cancer and Alzheimer's. APC, 
adenomatous polyposis coli; GSK-3β, glycogen synthase kinase-3β; 
LRP5/6, low-density lipoprotein receptor-related protein 5/6; TCF/
LEF, T-cell factor/lymphoid enhancer factor; Wnt, wingless-related 
integration site. Biore​nder.​com program.

http://biorender.com
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has been driven by the amyloid hypothesis. Nevertheless, no anti-Aβ 
medication has succeeded in any of the clinical trials. Therefore, to 
address the pressing need for novel tailored therapeutics, current 
research is moving toward discovering medicines that can target 
various processes linked to the progression of AD.75,76 The WβC 
signaling pathway is crucial for cell functions like proliferation, mi-
gration, and differentiation, with Wnt proteins governing adult stem 
cells in mammals. Its disruption is linked to AD development.77 Over 
a decade ago, researchers proposed a strong link between AD and 
impairments in the WβC signaling pathway.77,78 In AD, the WβC sign-
aling pathway is disrupted in various ways, including a decrease in β-
catenin in the brains of AD patients with presenilin-1 (PS1) mutations 
and an increase in Dkk1 in AD brains and transgenic AD models.79 
The overexpression of Dkk1 is associated with cognitive deficien-
cies, synaptic disintegration, and reduced synaptic proteins.80 On 
the contrary, knocking down Dkk1 may prevent neuronal death 
and tau phosphorylation caused by Aβ, and an antibody directed 
against Dkk1 can prevent synaptic loss caused by Aβ. A new suscep-
tibility factor called clusterin has recently been discovered for late-
onset AD. Inhibition of clusterin protects against the neurotoxicity 
of antibodies and prevents the induction of Dkk1 by antibodies.81 
Increased c-Jun activity results from Dkk1's ability to inhibit the 
canonical WβC pathway while simultaneously activating the nonca-
nonical Wnt/JNK signaling cascade. These findings reveal that the 
clusterin/Dkk1/Wnt/JNK pathway activated by antibodies may be 
responsible for the neurotoxicity of antibodies. The aberrant phos-
phorylation of tau protein, which produces intra-neuronal neurofi-
brillary tangles, is one characteristic that distinguishes AD.82 In vitro, 
tau is phosphorylated by several kinases, but the most important 
in vivo include CDK 5, microtubule affinity-regulating kinase, extra-
cellular signal-related kinase 2, and GSK-3β. Increased GSK-3β activ-
ity is observed in cultured neurons after Aβ treatment, and active 
GSK-3β is present in AD brains, associated with decreased β-catenin 
levels and increased tau hyperphosphorylation.82,83 GSK-3β trans-
genic mice exhibit neurodegeneration and spatial learning deficits.84 
Phosphorylated tau prevents apoptosis by maintaining β-catenin 
levels, as increased phosphorylated tau correlates with increased 
nuclear β-catenin, and β-catenin knockdown negates tau's antiapop-
totic effects.85 This indicates that β-catenin plays a protective role in 
AD. There is a neuroprotective effect of the Wnt signaling pathway 
against the toxicity of Aβ. By inhibiting the decrease in β-catenin 
and neurotoxicity caused by Aβ in cultured hippocampus neurons, 
Wnt-3a plays a crucial role.86 Wnt-3a's protective effect is mediated 
by the Fz1 receptor, with Fz1 overexpression enhancing cell survival 
and Fz1 knockdown reducing Wnt-3a's neuroprotective effect.87 In 
an AD mouse model, GSK-3β inhibitor lithium activates WβC signal-
ing; increases β-catenin; inhibits GSK-3β; and reduces memory im-
pairment, Aβ aggregates, oligomers, and astrogliosis.88 Therefore, 
poor canonical WβC signaling may contribute to neurodegeneration 
found in AD, and stimulating this pathway may be a potential treat-
ment method.89

Polyphenol treatment is a widely used and effective strategy for 
the management of AD. Various polyphenols, including curcumin, 

honokiol, quercetin, resveratrol, fisetin, EGCG, and oleuropein, have 
shown promise in AD treatment.20 Honokiol is an anti-inflammatory 
agent that reduces cytokine production in glial cells and modulates 
peroxisome proliferator-activated receptor gamma (PPARγ) levels, 
nuclear factor kappa B (NF-κB) activities, reactive oxygen species 
(ROS) production, and apoptosis.90,91 Curcumin inhibits Aβ aggre-
gation, lowers mitochondrial membrane potential, increases Bcl-2 
expression, and reduces Cyt-c, AChE, and Bax expression in brain 
cells.92 Quercetin helps diminish ROS production, persuading AMP-
activated protein kinase (AMPK), restoring ATP synthesis, and re-
ducing Aβ accumulation.93 Research indicates that polyphenols, 
including curcumin, can target the WβC signaling pathway in AD. 
Curcumin has been exposed to enhance β-catenin mRNA and pro-
tein levels, induce cyclin D1, and activate the WβC signaling path-
way by inhibiting GSK-3 and γ-secretase. On the contrary, GSK-3 
plays a neuroprotective role by phosphorylating and inactivating 
various transcription factors and signaling pathways.94 Additionally, 
curcumin influences neurogenesis by targeting the WβC pathway, 
leading to the overexpression of proliferation-related genes (reelin, 
nestin, Pax6) and differentiation-related genes (neuroligin, NeuroD1 
neuregulin, neurogenin, Stat3). Moreover, small-interfering RNA-
mediated genetic WβC pathway inhibition has linked curcumin to 
Wnt inhibition.95 Another study demonstrated that curcumin has 
antiamyloidogenic properties, showing potential in AD treatment. 
In a rat model where Aβ peptide was injected, curcumin mitigated 
learning deficits, reduced the activation of astrocytes and microglial 
cells, and stabilized the AKT/GSK-3 pathways and BDNF expres-
sion. Curcumin-lipid core nanoparticles (CURCUMIN-LNC) were 
even more effective, requiring 20 times lower doses than curcumin 
alone to achieve protective effects against Aβ-induced signaling 
disturbances (Table  1).96 Curcumin also protected neuroblastoma 
SH-SY5Y cells from mitochondrial dysfunction induced by Aβ, re-
ducing OS and suppressing apoptosis-related proteins such as Bax, 
caspase-3, and cytochrome C.97 Additionally, curcumin reduced the 
production of Aβ by inhibiting GSK-3β-induced activation of PS1, a 
key component in γ-secretase activity essential for Aβ production.98 
Curcumin also activates the WβC pathway by suppressing GSK-3β, 
and increasing β-catenin and cyclin D levels, particularly in the nu-
cleus (Figure 7).95

In an in  vivo study, significant behavioral, histological, and 
biochemical alterations were identified in mice with AD induced 
by aluminum chloride (AlCl3). These changes mainly involved OS, 
inflammation, Wnt/GSK-3β/β-catenin signaling, endoplasmic re-
ticulum (ER) stress, autophagy, and apoptosis. The delivery of alu-
minum chloride (AlCl3) caused OS, as indicated by increased levels 
of malondialdehyde and decreased expression of cellular antiox-
idants (Nrf2, HO-1, SOD, and TAC). aluminum chloride (AlCl3) 
caused an increase in the expression of inflammatory biomarkers 
(TNF-α [tumor necrosis factor alpha] and IL-1β) and GSK-3β, re-
sulting in an increase in tau phosphorylation, a decrease in BDNF 
production, and a downregulation of the WβC pathway. These 
modifications affected the behavioral and histological changes 
identified in the AD model produced by aluminum chloride 
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(AlCl3). The administration of EGCG resulted in significant im-
provement in all evaluated parameters. The cocoa–nutraceutical 
combination mitigated the unfavorable adverse effects caused by 
AD by regulating interconnected pathophysiological pathways, 
including inflammation, antioxidant responses, GSK-3β-Wnt/β-
catenin signaling, endoplasmic reticulum (ER) stress, and apopto-
sis.99 In another experimental model, high-fat (HF) diet-induced 
metabolic stress in SAMP8 mice resulted in impaired cognitive 
abilities, increased OS, and mitochondrial dysfunction, including 
changes in organelle dynamics. Notably, the HF diet also affected 
the WβC pathway in the hippocampus. Resveratrol, known for 
its antioxidant properties, mitigated some HF-induced alter-
ations by reducing OS, restoring mitochondrial biogenesis, and 
decreasing neurodegenerative markers like tau hyperphosphor-
ylation. Additionally, resveratrol's activation of the WβC path-
way highlights its neuroprotective role.100 These data show that 
resveratrol may have therapeutic promise for reducing cognitive 
decline in aging and NDs, which implies that resveratrol may 
have such potential. In contrast, a study on PC12 cells revealed 
that honokiol possesses neuroprotective properties, protecting 
against the neurotoxicity caused by Aβ1-42 in these cells. The 
inhibition of mitochondrial apoptosis and OS appears to be the 
mechanism by which this neuroprotection is mediated, at least in 
part. The study's results showed that honokiol may reduce levels 
of β-catenin protein and block the activation of GSK-3β. These 
features make honokiol a promising candidate for treating AD 
(Table  1).101 In summary, polyphenols act as modulators of the 
WβC pathway by restoring its proper function in AD. By inhib-
iting GSK-3β, promoting β-catenin accumulation, and enhancing 
the activation of neuroprotective genes, polyphenols help reduce 
Aβ and tau pathology, combat OS, and improve synaptic plasticity 
and neurogenesis. These combined actions suggest that polyphe-
nols may offer therapeutic potential for mitigating the progres-
sion of AD through WβC pathway modulation.

4.2  |  Parkinson's disease

PD, the second most common age-related ND after AD, affects 
mobility. The disorder is characterized by the slow disintegration of 
mDA neurons in the substantia nigra pars compacta, leading to de-
creased dopamine levels and aberrant α-synuclein accumulation.102 
The gradual depletion of dopamine leads to motor symptoms, in-
cluding rigidity, tremor, bradykinesia, and postural instability. The 
exact molecular pathways responsible for the initiation of PD are 
not yet fully understood. However, it has been observed that OS 
and inflammation, which are linked to mitochondrial dysfunction 
and apoptosis, are present in the brains of individuals with PD.56 Till 
now, there is no therapy available that can influence the progres-
sion of PD.103 The primary approach to treatment involves replacing 
dopamine through the administration of levodopa or dopamine ago-
nists.104 However, these medicines only temporarily relieve symp-
toms and might have adverse effects such as reduced effectiveness 

and dyskinesias. A comprehensive understanding of the molecular 
pathways that cause the onset and progression of PD is essential to 
identify novel molecular targets for the advancement of more ef-
ficient therapy approaches.105

The WβC signaling system significantly impacts PD by controlling 
multiple cellular processes related to the survival, development, and 
maintenance of mDA neurons.106 Wnt proteins, released glycopro-
teins, attach to cell surface receptors like the Fzd receptors and 
LRP5/6. The WβC pathway is activated when Wnt ligands, such as 
Wnt1 and Wnt3a, bind to certain receptors, initiating a signaling cas-
cade.107 The binding of certain molecules forms a receptor complex 
that hinders the function of GSK-3β. This occurs by attracting Dvl 
proteins and other substances, leading to cytoplasmic β-catenin's 
stability. In the absence of WβC signaling, β-catenin undergoes phos-
phorylation by GSK-3β and CK1α inside a destruction complex that 
consists of axin and APC.108 Phosphorylation of β-catenin serves as 
a signal for ubiquitination and subsequent proteasomal destruction. 
However, activating WβC signaling inhibits phosphorylation, allow-
ing the accumulation of β-catenin, and allows to enter the nucleus. 
Wnt target genes are activated by β-catenin's interactions with TCF/
LEF transcription factors in the nucleus. These genes are essential 
for cell survival, proliferation, and differentiation.109 The WβC path-
way is critical to the survival and function of mDA neurons, which 
are increasingly reduced in PD. Synapse development and mainte-
nance affect neuronal transmission and plasticity via this signaling 
system. It also protects the BBB, which is impaired in PD and other 
NDs.107,108

Disruptions in the WβC pathway are often associated with PD 
development, as they are vital in pathogenic processes. The canoni-
cal WβC antagonist DKK1 is elevated in PD, suppressing WβC signal-
ing. DKK1 interacts with LRP5/6, inhibiting the assembly of the Wnt 
receptor complex, which leads to heightened GSK-3β activity and 
reduced levels of β-catenin.110 In addition, mutations in genes such 
as LRRK2 and Parkin, linked to familial PD, can interfere with con-
trolling the WβC pathway, exacerbating the deterioration of mDA 
neurons. Considering these specific functions, directing therapeutic 
efforts toward the WβC pathway can be effective in treating PD.111 
Increasing Wnt signaling can promote the survival of neurons, the 
formation of new neurons, and the ability of synapses to change and 
adapt. Compounds with the ability to encourage the WβC signal-
ing pathway or hinder its antagonists, such as DKK1, could poten-
tially provide neuroprotective benefits in PD.112 Comprehending 
and controlling this system could, therefore, offer novel treatment 
approaches for treating and potentially reducing the advancement 
of PD. Similar to AD, various polyphenols are considered beneficial 
for PD patients.113 Curcumin, for example, protects dopaminergic 
neurons by reducing OS-induced damage, removing α-synuclein, 
regulating apoptosis, and decreasing inducible nitric oxide synthase 
levels.114 Other polyphenols, such as honokiol, quercetin, and fisetin, 
also show potential benefits. A few studies have targeted the WβC 
signaling pathway using polyphenols in PD. Research indicates that 
curcumin reduces OS-induced injury in PD mice by regulating Wnt-
related factors (cyclin D1, Wnt3a, c-myc, and β-catenin), glutathione 
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peroxidase, malondialdehyde, superoxide dismutase, and mitochon-
drial membrane potential (Figure 8).115

Resveratrol was shown to reduce the neurotoxicity of 1-Methyl-​
4-phenyl-1,2,3,6-tetrahydropyridine on dopaminergic neurons in 
SNpc, preserving their function and allowing for striatal dopamine 
absorption. Resveratrol dramatically reduced MPP + -induced toxic-
ity in SH-SY5Y neurons. Resveratrol dramatically increased Wnt1, 
p-Ser9-GSK-3β, and β-catenin levels in SNpc of PD animals and 
SH-SY5Y cells. Resveratrol primarily regulates the WβC signaling 
pathway, providing neuroprotective benefits in the PD model.116 
Quercetin has been found to enhance cognitive impairment in PD 
induced by 6-hydroxydopamine (6-OHDA) treatment. Additionally, 
it diminishes the depletion of striatal dopamine and enhances the 
presence of OS indicators. Quercetin, when taken by mouth, ef-
fectively reduces the loss of dopamine in the striatum, improves 
behavioral impairments, and slows down the degradation of the 
nigrostriatal system. In a rat model using 6-OHDA, the quercetin 
glycoside rutin partially alleviates motor impairments. This improve-
ment is associated with a moderate yet considerable increase in do-
pamine and GSH levels in the brain's striatum. In general, quercetin 
has demonstrated potential advantages in the treatment of PD and 
cholinergic insufficiency.117 Finally, polyphenols provide neuropro-
tective benefits in PD by modulating the WβC signaling pathway at 
both molecular and cellular levels. These compounds counteract OS, 
inflammation, and neuronal death—key factors in PD progression. At 
the molecular level, polyphenols inhibit GSK-3β, a negative regula-
tor of Wnt signaling, stabilizing β-catenin and promoting its nuclear 
translocation. This activation of Wnt target genes enhances neuronal 

survival and neurogenesis. At the cellular level, polyphenols reduce 
oxidative damage and inflammation, protecting dopaminergic neu-
rons from degeneration and ultimately slowing PD progression.

4.3  |  Stroke

In the event of a stroke, the WβC pathway plays a significant role, 
and its involvement may be broken down into two distinct phases: 
the initial phase of injury and the subsequent phase of healing. 
The WβC signaling pathway is started during the acute phase in 
response to ischemia injury. This activation may be a protective 
mechanism, enhancing cell survival and suppressing apoptosis in the 
penumbra.139 Enhancing the signaling pathway between Wnt and β-
catenin during this phase can offer neuroprotection by maintaining 
the stability of β-catenin and encouraging the production of sur-
vival genes. In the recovery phase, the WβC pathway plays a crucial 
role in neurogenesis, angiogenesis, and synaptic plasticity, all crucial 
for functional recovery after a stroke.140 In addition to assisting in 
developing new blood vessels, this route facilitates the repair and 
regeneration of injured brain tissue. The therapeutic approach of 
targeting the WβC system for stroke treatment holds great poten-
tial, but it also presents several obstacles. Current research endeav-
ors are centered around identifying specific compounds or delivery 
mechanisms that can efficiently target the WβC pathway in stroke 
settings. Resveratrol exhibits neuroprotective effects in various 
models of neural injury and disease. In an in vitro ischemia model 
using oxygen–glucose deprivation of hippocampal samples, resver-
atrol induced phosphorylation of GSK-3β, AKT, and ERK1/2, with 
its neuroprotective effects being suppressed by the PI3K inhibitors 
but not MEK inhibitors.128 Resveratrol also activates AMP-activated 
protein kinase (AMPK) to enhance insulin signaling and effects in-
hibited by the AMP-activated protein kinase (AMPK) inhibitors.141 In 
a model of CI, resveratrol demonstrated antioxidant properties and 
scavenged free radicals, implicating GSK-3β and CREB in its neu-
roprotective mechanisms.142 Lipid core nanocapsules improved the 
neuroprotective efficacy of resveratrol in rats administered with Aβ, 
by modulating JNK and GSK-3 signaling pathways.143 Dietary res-
veratrol supplementation increased phosphorylation of GSK-3β and 
levels of neuroprotective proteins debrin and transthyretin.144 After 
traumatic brain injury, resveratrol protected astrocytes by inhibiting 
apoptotic and autophagic cell death by suppressing ROS-mediated 
GSK-3β activation. Additionally, in a rat model of brain ischemia rep-
erfusion, resveratrol reduced DJ-1 protein levels and activated the 
PI3K/AKT pathway, which suppressed GSK-3β activity, contribut-
ing to its neuroprotective effects.145 In another study, reperfusion 
therapy after CI frequently results in reperfusion injury, which is in-
duced by brain edema and disruption of the BBB in male rats. Global 
CI was induced by blocking both carotid arteries simultaneously 
and lowering blood pressure. Their findings demonstrated that 
quercetin effectively decreased cerebral edema and leakage of the 
BBB, while also enhancing the function of the BBB. Quercetin can 
potentially enhance the expression of ZO-1, claudin-5, β-catenin, 

F I G U R E  7  Schematic representation of the mechanism of action 
of polyphenols in Alzheimer's disease (AD) through modulation of 
the WβC signaling pathway. Dysregulation of this pathway triggers 
an increase in Wnt, ROCK, β-catenin, and Dvl levels, while reducing 
GSK-3β and DKK1, and contributing to the formation of amyloid-β 
plaques and neurofibrillary tangles—hallmarks of AD. Polyphenols 
counteract this dysregulation, helping restore balance in the WβC 
pathway and prevent AD progression. DKK1, Dickkopf-1; Dvl, 
disheveled; GSK-3β, glycogen synthase kinase-3β; ROCK, rho-
associated protein kinase; WβC, Wnt/ β-catenin. program (https://​
biore​nder.​com/​.

https://biorender.com/
https://biorender.com/
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and LEF1, while reducing the expression of MMP-9, GSK-3β, and 
axin. Furthermore, the presence of DKK1 can nullify the benefits 
of quercetin. Therefore, quercetin can ameliorate BBB dysfunc-
tion after global cerebral ischemia/reperfusion (I/R) in rats. This ef-
fect is likely due to the stimulation of the canonical WβC signaling 
pathway.130 On the contrary, through the Ang1/Tie-2 route and the 
WβC signaling pathway, 20 mg/kg of morin effectively increased 
angiogenic factors in the rat model, resulting in improved func-
tional outcomes.129 Another study showed that EGCG promoted 
the breakdown of intracellular β-catenin, which reduced β-catenin 
response transcription induced by Wnt3a-conditioned medium. 
This impact was not seen for oncogenic versions of β-catenin, but 
EGCG did cause N-terminal phosphorylation at the Ser33/37 resi-
dues and consequent promotion of its destruction. There was no 
change in the β-catenin breakdown induced by EGCG when GSK-3β 
was pharmacologically inhibited or depleted. Protein phosphatase 
2A expression and activity were unaffected by EGCG.146 A study 
examined kaempferol's effects on infarction volume and neurologi-
cal function in the middle cerebral artery (MCAO) animal model. The 
oxygen and glucose deprivation (OGD)/reoxygenation (R) brain stem 
cell paradigm examined kaempferol's effects on cell survival, migra-
tion, and apoptosis. Kaempferol decreased brain infarction and neu-
rological impairment after middle cerebral artery (MCAO) chronic 
cerebral hypoperfusion. Kaempferol prevented OGD/R-treated 

NSC death and enhanced cell migration. Furthermore, OGD/R de-
creased O-GlcNAcylation and β-catenin O-GlcNAcylation, impact-
ing the WβC pathway, whereas Kaempferol restored the effect. 
Inactivating the WβC pathway decreased NSCs' physiologic func-
tions mediated by kaempferol. Kaempferol prevented cerebral in-
farction through NSC migration, viability, and apoptosis prevention. 
Kaempferol mechanically stimulated the WβC pathway by enhanc-
ing β-catenin O-GlcNAcylation. Kaempferol may reduce stroke.131 
Baicalin polarized microglia as anti-inflammatory and suppressed 
pro-inflammatory cytokines in another chronic cerebral hypoper-
fusion rat model. Baicalin therapy dramatically increased GSK-3β 
phosphorylation, β-catenin expression, and nuclear translocation. 
Baicalin simultaneously decreased nuclear nuclear factor kappa B 
(NF-κB) expression. Baicalin may improve cognitive impairment in 
chronic cerebral hypoperfusion -induced vascular dementia rats by 
promoting myelination and reducing inflammation, possibly activat-
ing WβC, and decreasing nuclear factor kappa B (NF-κB In summary, 
polyphenols modulate the WβC pathway in stroke by stabilizing β-
catenin, inhibiting GSK-3β, reducing inflammation, and mitigating 
OS. These actions improve neuronal survival, reduce brain damage, 
and enhance poststroke recovery. This makes polyphenols promis-
ing candidates for therapeutic strategies aimed at neuroprotection 
and rehabilitation in stroke patients. However, further clinical stud-
ies are needed to validate these findings and translate them into 
effective treatments.

4.4  |  Huntington's disease

HD is a hereditary, advancing neurological condition distinguished 
by mental, cognitive, and motor deficiencies. The main etiology 
of HD is genetic abnormalities occurring in the Huntington gene 
located on chromosome 4.147 These mutations result in profound 
neurodegeneration in certain brain regions, including the thala-
mus, amygdala, insula, globus pallidus, and striatum. This prevalent 
neurodegeneration leads to a variety of symptoms, such as diffi-
culties with speech, walking, and swallowing in the early stages, 
and stiffness, slow movement, and inability to move in the later 
stages.148 Initially, cognitive deficits impact the regions underneath 
the cerebral cortex and then advance to a more widespread cog-
nitive dysfunction caused by the shrinking of both the cerebral 
cortex and the regions beneath it.149 Psychiatric symptoms, such 
as lack of interest, moodiness, and loss of touch with reality, are 
prevalent and differ greatly across individuals due to genetic vari-
ations. Aggression, psychosis, and sleep difficulties are prevalent 
among HD patients, with respective prevalence rates of 13%, 7%, 
and 13%.150

HD is linked to lower levels of β-catenin and decreased TCF-
mediated transcription, especially in striatal cells with the hun-
tingtin knock-in mutation. HD has exhibited inhibition of the WβC 
signaling pathway due to GSK-3β phosphorylation.151 However, 
the decreased β-catenin levels in HD are mostly a result of post-
transcriptional modifications rather than proteasomal degradation 

F I G U R E  8  Schematic representation of polyphenol-mediated 
modulation of WβC signaling in PD. The progression of PD is 
marked by the downregulation of WβC signaling, driven by multiple 
pathological factors, including reduced neurotrophic factor levels, 
astrocyte-induced OS, and microglia-mediated inflammation. 
Additional contributors, such as the antagonistic effects of GSK-3β, 
DKK1, SFRPs, and neurotoxins, exacerbate the disruption of WβC 
signaling, ultimately leading to neurodegeneration. Polyphenols 
are proposed to counteract these harmful mechanisms, offering 
neuroprotective potential by restoring WβC pathway activity. 
DKK1, Dickkopf-related protein 1; GSK-3β, glycogen synthase 
kinase-3β; SFRPs, secreted frizzled-related proteins; PD, 
Parkinson's disease; WβC, Wnt/β-catenin.



278  |    UTPAL et al.

driven by GSK-3β. High levels of miR-124, which maintain β-catenin, 
have been detected in HD. The β-catenin levels in HD have been 
shown to fluctuate across various models, including knock-in mice, 
Drosophila, and postmortem samples from HD patients, as indi-
cated by research.152 In individuals, HD neuronal cells derived from 
induced pluripotent stem cells (iPSC) exhibit a significant disruption 
of the β-catenin complex while exhibiting elevated expression of 
transcription factor 3 and frizzled transcripts. Furthermore, there is 
an increase in the expression of CCND1, a gene targeted by the WβC 
signaling pathway. Furthermore, microvascular cells obtained from 
iPSCs of patients diagnosed with HD exhibited increased expression 
of Wnt ligands, effectors, and downstream targets.153 Blocking WβC 
signaling has been demonstrated to effectively prevent the develop-
ment of angiogenic deficiencies and BBB disruption in HD. In con-
trast to other NDs, suppressing WβC signaling seems to positively 
affect HD.154 Recent studies suggest that blocking WβC signaling, 
both in laboratory settings (in vitro) and in living organisms (in vivo), 
can alleviate symptoms of HD. However, it is uncertain if pharma-
ceutical inhibition can provide similar advantages to individuals with 
HD. Further investigations should examine this route as a possible 
treatment target for HD. At the level of 50 mM that is employed in 
HD, quercetin acts on the population of neural stem cells (NSC). It 
can effectively abrogate this NSC population while still sparing neu-
ronal cells.133 In summary, polyphenols hold potential as modulators 
of the WβC pathway, offering a promising therapeutic approach to 
combat the neurodegeneration observed in HD.

4.5  |  Multiple sclerosis

MS is a persistent and serious disease that involves inflammation 
and autoimmunity. It is defined by the loss of myelin, a protective 
covering, in the white matter of the CNS. Chronic inflammation is 
responsible for the degeneration of the protective layer surrounding 
nerve fibers in the brain and spinal cord, ultimately resulting in the 
death of nerve cells and a steady reduction in neurological capaci-
ties.155 Microglia and Th17 cells are important contributors to the 
process, as they release pro-inflammatory mediators that play a role 
in demyelination. TCF-1, a transcription factor involved in the WβC 
signaling pathway, functions as an epigenetic regulator that detri-
mentally influences the process of Th17 development.156 Research 
has demonstrated that removing TCF-1 increases the expression 
of the interleukin-17 gene and promotes the development of Th17 
cells. This effect has been observed in experimental autoimmune 
encephalomyelitis (EAE), a model used to study MS.157 Within the 
context of EAE, the absence of LRP5, LRP6, or β-catenin leads to 
heightened production of pro-inflammatory cytokines and the po-
larization of Th1 and Th17 cells, ultimately worsening the disease's 
severity.158 Nevertheless, the concentrations of WNT3a and β-
catenin are notably increased in the pain regions of the spinal cord, 
suggesting a multifaceted function of these molecules in the patho-
genesis of MS.159 The WβC signaling pathway serves as an initial 
pathogenic indicator for diagnosing MS. Disruption of WβC signaling 

increases the permeability of the BBB and facilitates the entry of 
neutrophils. It is the WβC signaling pathway that plays a crucial role 
in maintaining the strength and effectiveness of the BBB. It does 
this by modulating the activity of endothelial cells and tight junction 
proteins.160 Recent research suggests that WβC signaling is elevated 
in CNS endothelial cells during MS, resulting in the breakdown of 
endothelial cells, increased infiltration of CD4+ T cells, and demy-
elination. Previous research has demonstrated that suppressing 
WβC signaling at the genetic level before disease onset can worsen 
these pathological outcomes. Conversely, reactivating WβC signal-
ing can partially improve endothelial function and hinder infiltration 
in MS.161 Resveratrol has been shown to reduce the loss of neurons 
in female SJL/J mice that were suffering from optic neuritis. Optic 
neuritis is an inflammatory optic nerve lesion associated with MS. 
Resveratrol was administered at 10 mg/kg.136

4.6  |  Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is an ND defined by the dete-
rioration of motor neurons, resulting in a gradual loss of muscle 
strength and eventual paralysis. The source of ALS is still unknown 
and involves several disease-causing mechanisms. Around 5%–10% 
of ALS cases are hereditary, and the remaining 90%–95% occur 
randomly. During the past 30 years, researchers have discovered 
more than 25 mutated genes that play a role in the development 
of ALS. These genes contribute to inflammation, glutamate accu-
mulation, and calcium-level imbalances. The prevalence of ALS is 
increasing, presenting a substantial worldwide health challenge.162 
Various therapies are employed to control the condition. Mexiletine, 
levetiracetam, baclofen, gabapentin, and tizanidine are utilized for 
the treatment of painful spasms, whereas botulinum toxin, atro-
pine, amitriptyline, hyoscyamine, and glycopyrrolate are employed 
to manage sialorrhea.163 Pharmacological substances such as dif-
luoroquinolone, riluzole, and edaravone provide alleviation from 
symptoms in ALS. Notwithstanding these alternatives, there is still 
a demand for disease-modifying treatments that are truly effective. 
The WβC signaling system, vital in neural development, neurogen-
esis, synaptic integrity, and plasticity, is excessively active in ALS 
transgenic mice. Nevertheless, whether this excessive activation 
is advantageous or detrimental is yet to be determined. WβC path-
ways that do not involve β-catenin, such as Wnt/Ca2+ and Wnt/
PCP, control Ca2+ levels by regulating the release of Ca2+ from the 
ER.164 Activation of these pathways affects the destiny and move-
ment of cells, leading to neurodegeneration. Astrocytes, microglia, 
and oligodendrocytes are essential for maintaining a stable inter-
nal environment in the brain and contribute to the development of 
ALS. The cells within ALS patients exhibit elevated amounts of WβC 
signaling and activation of β-catenin.165 Disruption of these path-
ways can result in the deterioration of motor neurons, the activa-
tion of astrocytes, the presence of pro-inflammatory microglia, and 
the impairment of oligodendrocyte function. Oligodendrocytes in 
ALS exhibit both regenerative and harmful effects. Although older 
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oligodendrocytes can restore the structure of myelin, regenerated 
oligodendrocytes frequently exhibit delayed maturation and poor 
myelin repair. Inhibiting GSK-3β, which increases WβC signaling, has 
a positive impact on existing oligodendrocytes but has a detrimental 
effect on regenerating ones. Additional investigation is required to 
clarify these pathways.166

The NMJ is essential for motor function as it connects skel-
etal muscle with spinal cord motor neurons. ALS causes paralysis 
and neuromuscular problems due to the separation of the NMJ.167 
Acetylcholine and acetylcholine receptors (AChR) play a crucial role 
in maintaining the structure and functioning of the NMJ. Wnt pro-
teins, including Wnt4 and Wnt11, play a crucial role in synapse for-
mation by promoting the development of postsynaptic structures, 
such as AChR clusters, and facilitating the growth of motor axons. 
On the contrary, Wnt3a hinders the clustering of AChR, which 
negatively affects motor function. The establishment of the NMJ 
in mammals is facilitated by the WβC and Wnt/PCP signaling path-
ways, which involve the participation of Wnt4 and Wnt11.168 Early 
detection of NMJ and skeletal muscle abnormalities could mitigate 
motor problems in ALS by enabling timely intervention. Activation of 
WβC plays a role in causing the loss of nerve function in neurons and 
impairing the functioning of glial cells. Suppressing WβC signaling, in 
addition to using muscle-specific kinase agonists and activating low-
density lipoprotein receptor-related protein 4, could perhaps pro-
vide therapeutic advantages for ALS. However, further investigation 
is required to comprehend the interaction between WβC signaling 
and the advancement of ALS (Figure 9).169

5  |  RESTORING W ΒC SIGNALING

Neurological diseases, categorized by the dysregulation of multi-
ple pathogenic pathways, frequently result in a considerable de-
crease in the signaling of WβC. The restoration of WβC signaling 
is a technique with great potential for producing innovative med-
icines to treat neurological diseases. This is because this route 
is vital to ensure the brain remains healthy. Not only is WβC 
signaling responsible for regulating cell survival, synaptic plas-
ticity, neurogenesis, and the integrity and function of the BBB, 
but it is also responsible for a wide variety of other biological 
processes.7 In the adult hippocampus, for instance, WβC signal-
ing is vital for preserving synaptic integrity. The loss of synapses, 
synaptic plasticity, and long-term memory is frequently related 
to the overexpression of DKK1, an antagonist of the WβC path-
way. In AD, reactivating the WβC pathway has demonstrated 
the capacity to reverse memory and synapse loss. This is espe-
cially true in the scenario of disease.170 The restoration of WβC 
signaling in the brains of people who suffer from NDs, such as 
PD and AD, has the potential to facilitate a wide variety of neu-
ronal processes often interfered with in these situations.171 The 
treatments now available for NDs generally focus on alleviating 
symptoms rather than delivering curative solutions. This high-
lights the critical need for therapies that target the processes 

responsible for the disease process. Considering this, the WβC 
signaling pathway is an intriguing potential therapeutic target. 
The research findings have shown that several components of 
the WβC pathway, including GSK-3β, β-catenin, APC, TCF7L2, 
and FZD3, have been linked to schizophrenia. This further em-
phasizes the extensive significance of WβC signaling in the field 
of neurological health.172

Restoring the WβC signaling pathway balance is crucial for de-
veloping new treatments for NDs, aiming to reestablish equilibrium 
between Wnt-OFF and Wnt-ON states. This will ensure that WβC 
signaling is neither overly activated nor under-restored. It is possible 
that this well-balanced strategy could reduce the dangers that are 
associated with abnormal Wnt activation, such as the development 
of tumors, while simultaneously maximizing the neuroprotective and 
regenerative capabilities of the pathway. Therefore, the targeting 
of the WβC pathway presents a viable avenue for the production 
of medicines that are curative for NDs. Future therapeutics could 
address the underlying causes of these diseases by concentrating 
on the restoration and careful control of WβC signaling. This would 
result in more effective and long-lasting improvements for patients. 
To implement these discoveries into therapeutic practice, it will be 

F I G U R E  9  Illustration representing the action of polyphenol 
on the ALS (amyotrophic lateral sclerosis). The development of 
ALS is influenced by WβC signaling and the β-catenin protein. 
In ALS, the substantial buildup of β-catenin in motor neurons 
leads to deterioration. The activation of WβC signaling influences 
astrogliosis in ALS. The activation of WβC signaling facilitates 
the transition of microglia to a pro-inflammatory state. Delaying 
the maturation of regenerated oligodendrocytes is caused 
by activation of WβC signaling. Activation of WβC signaling 
encourages the restoration of the degenerative myelin structure 
and oligodendrogliogenesis in the existing oligodendrocytes. 
Polyphenols prevent ALS through their action on the WβC signaling 
pathway. WβC, Wnt/β-catenin. program (https://​biore​nder.​com/​.

https://biorender.com/


280  |    UTPAL et al.

essential to continue studying the particular processes and effects 
of WβC signaling in various NDs.

6  |  CHALLENGES IN TARGETING THE 
W ΒC SIGNALING PATHWAY

Targeting the Wnt-β signaling pathway for neurological diseases 
remains challenging due to its complexity. The WβC signaling net-
work, with 19 Wnt ligands, 10 frizzled receptors, and 7 protein 
families, governs vital biological processes like embryogenesis and 
tissue regeneration. Disrupting WβC signaling can lead to tumor 
proliferation NDs, and metabolic irregularities.173 Safety consid-
erations further complicate the development of therapeutic drugs 
targeting the WβC pathway. Only a limited number of artificial 
small compounds have advanced to the stage of clinical trials, and 
among them, the porcupine inhibitor LGK974 has shown notable 
harmful consequences. For instance, clinical trials investigating 
LGK974 demonstrated its potential to induce the depletion of the 
intestinal epithelium, highlighting the delicate balance necessary 
for regulating this system. Multiple endeavors have been made to 
enhance the activation of WβC signaling as a therapeutic approach 
for disorders, including osteoporosis and neurological diseases. 
However, these endeavors are dangerous, as abnormal stimula-
tion of WβC signaling might stimulate cancer development. This 
underscores the urgent need for safe and effective therapeutic 
interventions for WβC signaling. An additional key hurdle is the 
problem of selectivity and specificity when targeting the WβC 
signaling pathway. The components of the route frequently pos-
sess multifunctional functions and participate in diverse biological 
processes.9 For example, GSK-3, a crucial enzyme involved in WβC 
signaling, also phosphorylates more than 100 distinct substances, 
contributing to glycogen production, inflammatory processes, and 
the stability of microtubules. Targeting this kinase could have ex-
tensive and unanticipated impacts due to its vast range of regu-
latory roles. Moreover, GSK-3β is involved in various diseases, 
including cancer, AD, and fibrosis, as well as metabolic disorders, 
including diabetes and inflammatory diseases.174 Wnt5a, usually 
related to noncanonical signaling, can activate β-catenin and func-
tion canonically.175 On the contrary, Wnt11, which is typically con-
nected with noncanonical signaling, has been discovered to define 
dorsal axis development in Xenopus through a canonical pathway 
that involves β-catenin. The complex interplay and interconnection 
between different functions and pathways within the WβC sign-
aling network pose significant challenges in selectively targeting 
individual proteins for therapeutic interventions without impacting 
other essential activities.176 The complexity, safety concerns, and 
challenge of obtaining selectivity and specificity all highlight the 
significant obstacles in developing effective and safe WβC signal-
ing therapies for neurological diseases. Although there has been 
notable progress in comprehending the WβC pathway, using this 
information in clinical settings is still tricky and challenging because 
of inherent obstacles.

7  |  CONCLUSION AND FUTURE 
PERSPEC TIVES

Polyphenols, including curcumin, resveratrol, apigenin, morin, and 
cyanidin, have gained recognition as promising agents for target-
ing the WβC signaling pathways in various NDs such as AD, PD, 
HD, stroke, MS, and ALS. These compounds exhibit a broad range 
of actions, modulating the WβC signaling pathway and providing 
neuroprotection through their anti-inflammatory, antioxidant, and 
antiapoptotic properties. Preclinical studies have consistently dem-
onstrated the significant ability of polyphenols to influence the WβC 
pathway, which is critical in the pathogenesis of NDs. For instance, 
curcumin has been shown to reduce amyloid plaque formation and 
tau hyperphosphorylation in AD models. At the same time, res-
veratrol has been found to enhance neuronal survival and synaptic 
plasticity through WβC modulation. Similarly, apigenin, morin, and 
cyanidin exert neuroprotective effects by targeting fundamental 
molecular mechanisms within the WβC pathway. Given the poten-
tial therapeutic advantages of these polyphenols, targeting the WβC 
signaling pathway represents a viable strategy for treating and man-
aging NDs. Their ability to cross the BBB and exert effects within the 
CNS further highlights their promise as neurotherapeutics.

Despite these encouraging findings, significant challenges re-
main before these preclinical results can be translated into clinical 
applications. One of the main hurdles is the bioavailability and stabil-
ity of polyphenols, which limit their therapeutic efficacy. Advanced 
drug delivery technologies, such as nanoparticles and liposomes, 
could improve the bioavailability of polyphenols, allowing more tar-
geted delivery to the brain and enhancing their therapeutic poten-
tial. Future research is essential to elucidate further the molecular 
mechanisms through which polyphenols regulate the WβC pathway 
in NDs. Moreover, large-scale clinical trials are crucial to confirm 
the safety and efficacy of these compounds in human populations. 
Combining polyphenols with existing pharmaceutical treatments 
may also yield synergistic effects, enhancing therapeutic outcomes. 
In addition, personalized medicine approaches, which consider in-
dividual patients' genetic and molecular profiles, could optimize 
the efficacy of polyphenol-based therapies and minimize adverse 
effects. In conclusion, polyphenols targeting the WβC signaling 
pathway have substantial potential for developing novel therapeutic 
strategies for NDs. Future efforts should focus on overcoming chal-
lenges related to bioavailability and stability, conducting compre-
hensive clinical trials, and exploring personalized treatment options. 
With continued research and innovation, polyphenols could become 
a key component in managing and treating NDs, offering patients 
improved outcomes and quality of life.
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