
846  ｜NEURAL REGENERATION RESEARCH｜Vol 19｜No. 4｜April 2024

NEURAL REGENERATION RESEARCH
www.nrronline.org Review

Abstract  
Alzheimer’s disease is a progressive neurodegenerative disorder and the most common cause of 
dementia that principally affects older adults. Pathogenic factors, such as oxidative stress, an increase 
in acetylcholinesterase activity, mitochondrial dysfunction, genotoxicity, and neuroinflammation are 
present in this syndrome, which leads to neurodegeneration. Neurodegenerative pathologies such as 
Alzheimer’s disease are considered late-onset diseases caused by the complex combination of genetic, 
epigenetic, and environmental factors. There are two main types of Alzheimer’s disease, known as 
familial Alzheimer’s disease (onset < 65 years) and late-onset or sporadic Alzheimer’s disease (onset 
≥ 65 years). Patients with familial Alzheimer’s disease inherit the disease due to rare mutations on 
the amyloid precursor protein (APP), presenilin 1 and 2 (PSEN1 and  PSEN2) genes in an autosomal-
dominantly fashion with closely 100% penetrance. In contrast, a different picture seems to emerge 
for sporadic Alzheimer’s disease, which exhibits numerous non-Mendelian anomalies suggesting an 
epigenetic component in its etiology. Importantly, the fundamental pathophysiological mechanisms 
driving Alzheimer’s disease are interfaced with epigenetic dysregulation. However, the dynamic nature 
of epigenetics seems to open up new avenues and hope in regenerative neurogenesis to improve 
brain repair in Alzheimer’s disease or following injury or stroke in humans. In recent years, there has 
been an increase in interest in using natural products for the treatment of neurodegenerative illnesses 
such as Alzheimer’s disease. Through epigenetic mechanisms, such as DNA methylation, non-coding 
RNAs, histone modification, and chromatin conformation regulation, natural compounds appear to 
exert neuroprotective effects. While we do not purport to cover every in this work, we do attempt to 
illustrate how various phytochemical compounds regulate the epigenetic effects of a few Alzheimer’s 
disease-related genes. 
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Introduction 
Alzheimer’s disease (AD) is a fatal neurological condition that affects about 
50 million people worldwide. It is also the most common cause of dementia 
among the elderly population (Prince, 2015). Some of the pathological 
and clinical characteristics of AD are amyloid beta (Aβ) peptide deposits, 
neurofibrillary tangles (NFTs), dystrophic neurites, inflammation, oxidative 
stress, genotoxicity, cholinergic disorder, and massive neuronal death (Lue 
et al., 1999; Castillo et al., 2016; Castillo and Aristizabal-Pachon, 2017). 
Clinically, AD patients have a steady decline in their memory and ability to 
carry out daily tasks. Additionally, as the disease progresses, patients manifest 
limitations such as language impairment, thinking skills, depression, hostile 
behavior, hallucination, and psychosis, and in the ultimate stage of AD, require 
total care from caretakers (Anand et al., 2014). 

Although a substantial amount of research has been conducted to 
comprehend the pathogenic mechanisms that cause AD, a consensus has 
not yet been reached and new theories on its causes are constantly being 
developed. AD is a chronic neurodegenerative disorder characterized by a 
number of genetic alterations and the subsequent dysregulation of gene 
activity and function. However, Alzheimer like other neurodegenerative 
diseases is not an entirely genetic disorder, and a variety of different biological 
processes, including immunological function, the microenvironment of the 
tissue, and epigenetic mechanisms, all play a role in how the disease evolves 
(Adwan and Zawia, 2013). 

The study of epigenetics as a whole has grown rapidly over the past few years 
thanks to the identification of new regulatory mechanisms and substances, as 
well as the emergence of new paradigms. In its broadest meaning, epigenetics 
is an additional layer of information and processes that sits atop the genome 
and contributes to the regulation of genetic material (Locke et al., 2019). 
The term “epigenetics” includes the Greek prefix “epi”, which implies these 

are processes that are “on top of” or “in addition to” the genetic effect 
(Nightingale, 2015). As such, genetic impacts refer to modification in the DNA 
sequence (i.e., when genes are mutated or rearranged) that result in changes 
in gene function and phenotype. In contrast, a heritable change in gene 
expression without any alterations in the nucleotide sequences of the DNA is 
referred to as an epigenetic modification.  

The interest in this area is due to three: (i) epigenetic mechanisms are 
frequently supported by innovative, intriguing mechanisms and involved 
in various key domains of biology. (ii) Since epigenetic control affects gene 
expression significantly, it contributes to the development of disease 
processes and is occasionally to blame. (iii) Numerous novel proteins and 
enzymes are involved in epigenetic processes, making attractive targets for 
small-molecule (Carey, 2015). 

DNA methylation, covalent histone modifications, small non-coding RNAs 
(ncRNAs), and chromatin conformation are the primary mechanisms of 
epigenetic control (Babenko et al., 2012; Gangisetty and Murugan, 2016). 
Overall, all these pathways act as mediators between the environment and 
the genome. Neurodegenerative pathologies such as AD are considered late-
onset diseases caused by the complex interplay of genetic and epigenetic 
environmental factors. The likelihood of developing a neurodegenerative 
disease later in life can be altered by early environmental influences that 
occur even during development (Iraola-Guzmán et al., 2011). 

Since most cases of AD are sporadic and develop over time, there is a 
significant contribution of environmental factors to the onset of this 
neurodegenerative pathology. Late-onset or sporadic AD (SAD, onset ≥ 
65 years) exhibits numerous non-Mendelian anomalies that suggest an 
epigenetic component in disease etiology (Wang et al., 2008; Adwan and 
Zawia, 2013; Chen et al., 2019). In contrast, a different picture to seem 
emerge for familial AD (FAD, onset < 65 years) whose disease is inherited in 
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an autosomal-dominantly fashion with close 100% penetrance, and is known 
to be associated with rare mutations on the amyloid precursor protein (APP), 
presenilin 1 (PSEN1), and PSEN2 genes. The dynamic nature of epigenetic 
marks and their participation in adaptive processes such as maturation and 
neural plasticity, aging, reprogramming of gene expression, and response 
to external stimuli, makes them important candidates to be involved in the 
etiology of complex diseases, such as AD (Karpova et al., 2017). 

Regarding therapeutic strategies, although AD has been studied for over 
a century, there is not a treatment that gets to change the course of the 
disease. To date, cholinergic inhibitors are the drugs approved by the US 
Food and Drugs Administration (FDA) for their treatment; however, they only 
provide symptomatic treatment but do not alter the course of the disease. 
The three acetylcholinesterase inhibitors (AChEi) approved by FDA (donepezil, 
rivastigmine, and galanthamine) are widely used in clinical therapy. The 
dysfunction of the cholinergic system in memory processing and storage is the 
base of the commonly accepted cholinergic hypothesis (Hampel et al., 2019). 
The identification of natural compounds is an emerging approach in medical 
chemistry. In this context, identifying plants or their metabolites as epigenetic 
regulators to treat neurodegenerative diseases has been of great interest in 
recent years. Several dietary components such as polyphenols, flavonoids, 
and alkaloids have been shown to selectively modulate gene expression 
through DNA methylation, acetylation homeostasis, and miRNA (Reuter et al., 
2011; Gangisetty and Murugan, 2016). As a result of the evolutionary process, 
compounds of natural origin are often complex and may affect multiple 
targets. Diet consists of a complex mixture of biologically active molecules 
that can be either micronutrients (in the nano-to-micromolar concentration 
range), such as vitamins, or macronutrients, such as carbohydrates, proteins, 
and fats. In this context, this work describes the main genetic and epigenetic 
targets of some natural compounds in the prevention and treatment of AD. 
These compounds may act by modulating gene expression or by altering the 
activity of enzymes involved in epigenetic regulation.

Search Strategy 
We conducted a comprehensive literature search using the PubMed, 
Scopus, and Web of Science databases. The search was based on the 
following keywords: “Alzheimer’s disease,” “epigenetics,” “natural products,” 
“phytochemicals,” “DNA methylation,” “histone modification,” “non-coding 
RNAs,” and “chromatin conformation.” We limited the search to articles 
published in English within the last ten years up to March 2023. We included 
studies that investigated the effects of natural products on epigenetic 
modifications in Alzheimer’s disease-related genes.

Alzheimer´s Disease Genetic Mutations Targeted 
by Natural Dietary Products
A better understanding of the genetic and environmental risk factors that 
contribute to the development of AD is essential for finding new therapeutic 
strategies (Figure 1). Although most cases of AD are sporadic, familial 
mutations in either presenilin 1 or 2 (PSEN1, PSEN2) or the amyloid precursor 
protein (APP) account for 1% of cases. These mutations correspond to FAD, 
which is more common in patients under 65 years of age (Bekris et al., 2010). 
In contrast, the main risk factor for SAD, besides age, is carrying the E4 allele 
of the apolipoprotein (APOE) gene (Roses and Saunders, 1994; Coon et al., 
2007; Bagaria et al., 2022). Numerous lifestyle factors have been associated 
with a lower risk of developing AD. For instance, AD is less likely to develop in 
those who have more years of formal education, have mentally challenging 
jobs, or maintain social engagement (Almeida et al., 2015; Sommerlad et 
al., 2019; Amelianchik et al., 2022); however, it is not entirely clear how 
these variables influence the reduction of the risk of developing cognitive 
impairment or dementia, which are the main symptoms of AD.

Somatic mutations are mutations that occur only in a subset of cells, creating 
a mosaic pattern of heterogeneous genomes in an organism. These mutations 
can arise from different causes and at different times, affecting either a single 
cell (private) or many cells (clonal) (Miller et al., 2021). Previous studies have 
shown that somatic mutations accumulate in neurons during normal aging at a 
similar rate as in dividing cells, suggesting that genetic factors, environmental 
exposure, or disease conditions may influence this process (Alexandrov et al., 
2015; Miller et al., 2022). Because somatic mutations in neurons accumulate 
throughout normal aging at a rate similar to dividing cells, it is possible that 
genetic variables, environmental exposure, or disease states may have an 
impact on this accumulation (Lodato et al., 2018; Starling, 2018).

The bulk of mutations are the consequence of accumulated changes brought 
on by endogenous and environmental variables over the course of a person´s 
lifetime, with some mutations being inheritable. Diet is one of the most 
important lifestyles variables, as it has shown have a significant impact on the 
occurrence and onset of neurodegenerative disorders. It has been suggested 
that plant-derived chemicals have a variety of neuroprotective effects on 
the brain, including the ability to protect neurons from damage brought on 
by neurotoxins and to enhance memory, learning, and cognitive function 
(Vauzour et al., 2008). Because of their capacity to interact with the molecular 
and cellular architecture involved in memory consolidation, storage, and 
maintenance, bioactive phytochemical have been shown to have an impact on 
neurocognitive performance. Accordingly, epidemiological evidence suggests 
that consuming a variety of fruits and vegetables may provide a number of 
bioactive phytochemical compounds that may combine to reduce the risk for 
neurodegenerative disorders such as AD (Kumar and Khanum, 2012; Figure 2). 

Figure 1 ｜ Alzheimer’s disease is the result of the interaction between genetic, 
epigenetic, and environmental factors. 
Adapted with permission from Castillo-Ordoñez (2022).

Figure 2 ｜ Consumption of fruits and vegetables against neuroprotection.
The intake of fruits and vegetables provides bioactive phytochemical compounds that 
work synergically to decrease the risk for neurodegenerative disorders (e.g., Alzheimer’s 
disease). Created using Microsoft PowerPoint. AChE: Acetylcholinesterase. 

The following subsection covers four common genetic mutations (APP, beta-
site APP cleaving enzyme 1 [BACE1], PSEN1/2, and APOE) targeted by dietary 
compounds; however, there are few studies aimed at evaluating the effect 
exerted by natural compounds on these genes:

APP
The APP gene located in chromosome 21, codes a member of the APP family 
of proteins. Even though its physiological function has not been clearly 
elucidated, it is known to be an important factor for the brain’s neural tissue 
development during processes including neurogenesis, proliferation, and cell 
fate specification of neural stem cells. Mechanistically, the enzymatic cleavage 
of APP produces amyloid-β (Aβ) protein, one of the major constituents of the 
extracellular senile plaques that characterize the brain of AD patients (Weggen 
and Beher, 2012). Therefore, it has been assumed that both peptides play a 
central role in its pathogenesis. Diverse enzymatic proteolysis mechanisms 
that result in the formation of various Aβ peptide variants are involved in 
the differential processing of APP by β- and γ-secretases. Each variant has 
a unique biological role in the physiological and pathological intracellular 
processes that occur during AD.

The observed modified processing of APP by these secretases is due in part to 
pathogenic mutations on APP which cause either, an increase of the overall Aβ 
production or a change in the ratio of different Aβ peptides (Goldgaber et al., 
1987). Thus, it is considered an important aspect in designing the therapeutic 
intervention, which has been mainly focused on reducing the levels of Aβ in 
AD.

More than 270 highly penetrant gene mutations related to AD have been 
reported including 53 APP constitutive mutations and duplications that cause 
its differential enzymatic processing (www.alzforum.org/mutations). Some of 
them have been linked to the neuropathology of early-onset familial types of 
AD. The Swedish mutation, which increases the processing of APP at the β site 
by 10- to 50-fold, has the highest risk effect for the early onset of AD (Zhou et 
al., 2022). A new mutation at exon 17, named the Uppsala deletion, increases 
APP cleavage by BACE1 generating the rapid aggregation of Aβ peptides 
which lack amino acids 19–24 due to the elimination of non-amyloidogenic 
processing of APP (Li et al., 2015). This mutation causes autosomal dominant 
inheritance of the disease which adds in favor of the amyloid cascade 
hypothesis (Pagnon de la Vega et al., 2021).  

Various mutations near to the BACE1 cleavage site modify Aβ production and 
have been associated with the risk of developing AD. Mutation A673T confers 
resistance to cleavage by the APP protease BACE1 which causes a reduction 
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of Aβ production and their oligomers present reduced aggregation capacity 
(Kero et al., 2013). Due to its variable frequency, this mutation seems to be a 
genetic protection factor that has shown a reduction of around 28% in AD risk 
development in some populations but low to imperceptible risk modulation 
in others (Wang et al., 2015). On the contrary, three mutations: A to V 
mutation at the same site, K to N on residue 670, and M to L on residue 671, 
all increase BACE1 cleavage activity and Aβ production and are related to an 
increased risk of AD (Mullan et al., 1992).

Alterations of epigenetic marks have been shown to affect APP gene. 
Since 1995, several authors have shown an association between age and 
progressive hypomethylation of the APP promoter element in postmortem 
brains of AD patients (Salameh et al., 2020). However, conflicting results have 
been reported by more recent studies. In addition, the relationship between 
APP epigenetic alterations and proposed mechanisms about the role of stem-
like cell subpopulations in the development of AD is being explored with the 
purpose of gaining a clearer understanding of the causes that underlie such 
epigenetic variations (De Strooper and Karran, 2016). The results suggest 
that epigenetic factors may play a role in the emergence of pathogenic cell 
subpopulations when embryonic stem or progenitor cells encounter chronic 
inflammation or oxidative stress (Chouliaras et al., 2013).

Therefore, there is a lot of potential for translational goals in understanding 
the molecular pathways involved in the programming and maintenance of 
epigenetic aberrations in associated genes in both early and late-onset forms 
of AD. This knowledge has already been applied in the discovery of epigenetic 
biomarkers and in the use of pharmacological targeting to undo AD-specific 
epigenetic changes. 

BACE1
BACE1, also named memapsin, is a type I transmembrane secretase of the 
pepsin family of proteases largely expressed in neuronal cells of the brain, 
although the majority of body tissues display β-secretase activity at variable 
low levels except for the pancreas (Haass et al., 1992; Yan et al., 1999). 

High activity and concentration of BACE1 have been detected at the synaptic 
terminals and also next to Aβ plaques in AD brains (Yang et al., 2003). 
BACE1 produces the amyloidogenic APP proteolysis forming soluble amyloid 
precursor protein β and β-C-terminal fragment called C99, which is further 
cleaved by γ-secretase to produce monomeric soluble Aβ40 and insoluble Aβ42 
peptides that aggregate in senile plaques in AD, causing synaptic disruption 
and inflammation respectively (Vassar et al., 1999; Yan et al., 1999). Alteration 
of normal posttranslational modifications of BACE1 during the progression of 
AD has been reported which affect its trafficking, activity, and degradation. 
Despite the documented importance of BACE1 gene in the etiology of AD, 
so far, gene mutations modulating the risk of the disease have not been 
reported. However, regulation of BACE1 by epigenetic mechanisms has been 
largely documented, including posttranscriptional degradation of mRNA by 
a variety of microRNAs including miR-107, miR-29c, miR-339-5p, miR-186, 
miR-195, miR-135b, miR-135a, miR-124, and miR298/328. These ncRNAs 
evidence cell type specificity and mRNA site of binding length variations, 
such as miR298 that was recently reported to reduce both APP and BACE1 
protein levels in vitro in an astrocytic but not in a neuron-like cell line with the 
truncated binding site on the target 3′-UTR mRNA (Wang and Lahiri, 2022). 

As the enzyme responsible for initiating Aβ generation, BACE has been 
identified as a key druggable molecule for early therapeutic inhibition of 
Aβ production in AD. Therefore, it is an ongoing interest in the search for 
molecules that safely inhibit β- or γ-secretase proteolytic action. Despite a 
few FDA-approved BACE1 inhibitors are available in the market, their usage 
is limited as they have shown adverse secondary effects. In addition, clinical 
trials with several molecules have not yet succeeded due to safety limitations 
or because have not shown acceptable therapeutic effects (Moussa-
Pacha et al., 2020). These observations, could be due to the fact that other 
BACE1substrates, in addition to APP, have been discovered with central roles in 
the physiology of synapsis (Kuhn et al., 2012). Recent studies have shown the 
involvement of BACE1 in insulin and leptin signaling explaining the association 
between type two diabetes and the risk of AD (Zhao and Townsend, 2009; 
Taylor et al., 2022). Therefore, the exact substrate interactions of BACE1 need 
to be completely identified as well as their involvement in the unintended 
adverse responses exerted by BACE1 inhibitors. To address this issue, a recent 
in silico docking analysis combined with molecular dynamics simulation 
protocols were able to identify among 26,467 natural food compounds, the 
Musella lasiocarpa’s bioactive component 4-(3,4-dihydroxyphenyl)-2-hydroxy-
1H-phenalen-1-one, as a safe potential inhibitor of BACE1 (Mukerjee et al., 
2022). Further in vitro and in vivo analyses need to be conducted to confirm 
its potential as an effective AD treatment. 

PSEN1 and PSEN2
The majority of early-onset, autosomal dominant AD has been linked to the 
PSEN1 and PSEN2 genes as pathogenic loci (Hutton and Hardy, 1997; Miller et 
al., 2021). In these two genes have been identified a series of (predominantly) 
missense mutations, which lead to pathology. Although the pathogenic 
mechanisms of these mutations are not clear, the effects of presenilin 
mutations are similar to those of the pathogenic mutations in the APP gene, 
which cause an increase in the production amyloid-β42, both patients and 
in vitro models (Hernández-Sapiéns et al., 2022). Therefore, the published 
studies on PSENs provide independent confirmation of the amyloid cascade 
hypothesis regarding Alzheimer’s etiology (Hutton and Hardy, 1997). Most 
of the autosomal dominantly transmitted mutations associated with AD are 

accounted for by PSEN1. It has been noted that this complex has more than 
300 mutations.  In contrast, less than 80 mutations in PSEN2 have so far been 
found, making them uncommon (Tanzi, 2012; Cai et al., 2015; Hernández-
Sapiéns et al., 2022) (www.alzforum.org/mutations). PSEN2 mutation-carrying 
AD patients, in contrast to PSEN1 patients, show a wide range of age of 
onset, from 40 to 80 years (Youn et al., 2014). Mutations in PSEN2 seem to be 
associated with other diseases such as frontotemporal dementia, dementia 
with Lewy bodies, breast cancer, and dilated cardiomyopathy (Cai et al., 
2015).

Several natural agents show their neuroprotective properties through 
PSEN1/2-dependent regulation. Among flavonoids, luteolin has shown 
positive effects on the nervous system. The neuroprotection mechanisms 
have been associated with the selective inactivation of the GSK-3α isoform, 
which is responsible for the phosphorylation of PSEN1, the catalytic core of 
the γ-secretase complex thereby decreasing PSEN1-APP interaction and Aβ 
generation (Fu et al., 2014; Wang et al., 2016). Natural compounds such as 
Curcumin present in turmeric have been used widely as an herbal medicine 
for its neuroprotective activity against cognitive impairment, and one of its 
action mechanisms has been associated with the capacity to modulate the 
expression of PSEN1/2. Studies conducted by Sayevand et al. (2022) showed 
that mRNA expression of proteolytic components of γ-secretase (PSEN1/2) 
was attenuated by curcumin and improved mRNA expression of catabolic 
enzymes involved in Aβ degradation and clearance. Another study shows 
that the administration of Curcumin to APPswe/ PSEN1dE9 double transgenic 
mice decreased the γ-secretase component and stimulated the degradation 
of aggregated Aβ (Yang et al., 2005). In addition, Curcumin such as natural 
polyphenol exerts a potent anti-amyloidogenic effect. Curcumin also 
decreased levels of oxidized proteins and plaque burden in APP-transgenic 
mice (Salminen et al., 2013). However, clinical trials on the properties of 
Curcumin in AD have provided inconsistent results that are difficult to 
interpret. 

The dried root of ginseng (Panax ginseng C. A. Meyer), a perennial herb 
belonging to the Araliaceae family, has long been utilized in Asian medicine. 
The primary components and main biologically active compounds of ginseng 
are known as ginsenoside, which are a subclass of triterpenoid saponins 
and steroid glycosides (Zheng et al., 2018). Ginsenosides have received a lot 
of interest recently for their neurotrophic and neuroprotective properties 
against neurodegenerative diseases such as AD, Parkinson’s disease, and 
vascular dementia (Huang et al., 2019; Li et al., 2022). In a transgenic AD 
model constructed through the overexpression of APP and PSEN1, treatment 
with ginsenoside Rg1 improved memory and reduced the accumulation of 
β-amyloid and p-Tau. Additionally, proteins associated with synaptic plasticity 
were upregulated following ginsenoside Rg1 application in the APPswe/
PSEN1dE9 transgenic mouse model (Li et al., 2016).

APOE
The primary carrier of lipids and cholesterol in the central nervous system 
is APOE. Humans possess three main polymorphisms: APOE2, APOE3, and 
APOE4. The genetic expression of APOE4 is one of the most significant 
risk factors for the emergence of late-onset Alzheimer’s disease. This 
categorization is founded on an arbitrary age cut-off range that corresponds 
to the age at which clinical symptoms first appear (Fernández-Calle et al., 
2022). APOE4 is less effective at removing Aβ from the blood-brain barrier 
(BBB) than other APOE isoforms (APOE2 and APOE3) because it has a lesser 
affinity for Aβ. Additionally causing improper brain cholesterol metabolism, 
APOE4 also increases Aβ production and promotes AD risk (Huang et al., 
2022). 

Growing epidemiological evidence indicates that a variety of environmental 
factors and lifestyle factors may interact with APOE alleles to influence 
the likelihood of developing AD. Among them, dietary practices such as 
consuming fat and following a ketogenic diet, physical activity, higher 
education, traumatic brain injury, cigarette smoking, coffee drinking, alcohol 
consumption, and exposure to pesticides and sunlight have drawn more and 
more attention. Although there is conflicting evidence at this time, it appears 
that younger APOE4 carriers in the preclinical stages may benefit mostly 
from preventive lifestyle interventions, whereas older APOE4 noncarriers 
with dementia may experience the most pronounced impact. The significant 
discrepancies in the epidemiological studies may be attributable to disparities 
in sample sizes, methodological designs, and participant demographics, 
including age and sex, as well as potential confounding factors such as 
associated exposures and comorbidities (Angelopoulou et al., 2021). 

Currently, it is still unclear whether the effect of lifestyle on cognition varies 
by genetic dementia risk represented by different APOE genotypes. Prior 
studies have reported inconsistent results on the interactions between APOE 
genotype and lifestyle factors on cognitive outcomes. Some studies showed 
significant interactions between APOE genotype and single lifestyle factors, 
such as physical activity, alcohol consumption, and diet, or the combined 
effect of lifestyle factors, with stronger effects among APOEε4 carriers than 
noncarriers (Anttila et al., 2004; Rovio et al., 2005; Laitinen et al., 2006). 
Nevertheless, other studies failed to detect such an interaction (Lourida et al., 
2019).

Based on APOE, dietary quality may affect individual genetic information; in 
this context, the utilization of genotype-based health information needs to be 
better understood in order to achieve long-term changes in the prevention 
of lifestyle-related disorders (Hietaranta-Luoma et al., 2014). Several studies 
have shown a negative correlation between the consumption of fruit 
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and vegetable and the development of AD regardless of education level, 
tea intake, tobacco use, amount of physical activity, and APOE genotype. 
However, antioxidant vitamins cannot solely explain the inverse association 
between fruit and vegetable consumption and AD. To ascertain whether 
substances other than antioxidants vitamins, such as polyphenols may have 
protective benefits, additional research is required. 

Mechanisms of Epigenetic Modifications
The term “epigenetic” describe molecular processes that initiate and sustain 
heritable modifications in gene expression without modifying the DNA itself. 
Epigenetic pathways are crucial to embryonic development and normal 
physiology. In evolutionary terms, the epigenetics interface between the 
genome and the environmental milieu is undoubtedly one of the most 
ingenious designs introduced by nature. Epigenetic systems provide potential 
as therapeutic targets since dysregulation of epigenetic events is linked to a 
number of disorders, including AD (Cacabelos, 2017). 

DNA methylation, chromatin remodeling, histone modification, and long 
ncRNAs, are effective regulators of activity-dependent changes in gene 
expression. A significant number of these epigenetic alterations in the brain 
have been strongly associated with synaptic plasticity and memory formation. 
However, it has only recently been investigated how these pathways are 
dysregulated throughout life and how they affect memory loss with aging and 
AD (Maity et al., 2021).

Particularly epigenetic modifications have the power to alter transcriptional 
activity coherently across thousands of genes and dozens of cellular pathways, 
but they behave differentially in monozygotic twins, the same organism at 
different periods of development, or adjacent cells in the same organ, all of 
which share the same genetic makeup. Therefore, the epigenetic landscape 
offers a way by which environmental factors including diet, risky exposures, 
and lifestyles can affect gene expression. Epigenetic pathways may therefore 
offer a point of convergence for many risk factors and pathophysiologic 
processes linked to AD (Mastroeni et al., 2011; Alcalà-Vida et al., 2021). 
Thus, epigenetic modifications can be desirable and viable targets for the 
prevention and treatment of AD.

DNA Methylation
In the human body, the distinct gene expression repertoire of each cell 
determines its individuality. It must be retained and passed on to daughter 
cells via epigenetic mechanisms, being DNA methylation one of the most 
studied (Maity et al., 2021). One epigenetic mechanism known as DNA 
methylation causes direct changes to DNA molecules through the addition of 
a methyl group at the fifth position of cytosine (5mC) in a CpG dinucleotide 
(Figure 3). CpG dinucleotides are not equivalently distributed across the 
genome, but these are commonly abundant in the promoters and regions of 
large repetitive sequences such as ALU and LINE retrotransposons elements. 
CpG islands are discrete regions found in the promotors of 50% to 70% of 
human genes (Shen et al., 2007). The transcriptional silence of repetitive DNA 
and genes that are not needed in a particular cell type is frequently linked to 
DNA methylation. 

Figure 3 ｜ Epigenetics regulation by DNA methylation.
Proximal promoter DNA methylation at cytosine-phosphate-guanine dinucleotide islands 
result in gene silencing by transcriptional repression, while DNA demethylation results 
in the activation of gene expression. Created using Microsoft PowerPoint. DNMTs: DNA 
methyltransferases.

DNA methylation is linked to transcriptional control due to the covalent 
addition of a methyl group to cytosine at carbon 5 by the enzyme 
DNA methyltransferases (DNMTs), which transfer a methyl group from 
S-adenosylmethionine (SAM) onto 5′-cytocine positions adjacent to guanine 
nucleobase to stablish the 5-methylcytosine mark (5mC). DNMTs are divided 
into various subgroups, each with its special function. So far, there are three 
main DNMTs identified such as DNMT1, DNMT3a, and DNMT3b. DNMT1 

maintains previously marked methylation on DNA by methylating the 
opposing DNA strand (Nakao, 2001; Bandyopadhyay and Medrano, 2003; 
Cacabelos, 2017), while DNMTs (3a and 3b) have identical affinity for both 
unmethylated and hemimethylated DNA and are required for global de novo 
methylation (Okano et al., 1999). 

The somatic cell´s DNA methylation pattern is an example of an epigenetic 
program that keeps the genome under general repression and imprinted 
genes in a particular environment. This mechanism is essential to preserve 
the DNA methylome during replication. However, during some developmental 
phases, such as the preimplantation phase and the formation of primordial 
germ cells, DNA methylation takes place. This biological pathway creates 
pluripotent states in early embryos and removes parental-origin-specific 
imprints in developing primordial germ cells (da Rocha and Gendrel, 2019). 
In the context of neuroepigenetics, its regulation is critical for the normal 
development and functioning of our brain. In principle, neuroepigenetics 
is based on the same mechanisms as all other of our tissues and cell types. 
This way, genome-wide DNA methylation patterns significantly change in the 
course of brain development and maturation; these mechanisms are the basis 
for neuronal plasticity (Carlberg and Molnár, 2019). The regulation of gene 
activity in the adult brain has been linked to DNA methylation (Mehler, 2008; 
Ratnu et al., 2017). It has to do with how synaptic activity affects whether 
genes are activated or suppressed. Such systems control the expression 
of particular sets of neuronal genes, which are necessary for the survival, 
morphogenesis, and neural activity of neurons. 

In the context of neurodegenerative disorders, the plastic nature of the 
dynamic part of the neural epigenome through demethylation has significant 
implications for possible epigenetic reprogramming. Target genes that are 
primarily involved in the pathogenesis of AD, such as APP, PSEN1, APOE, 
and BACE1, have shown altered methylation patterns. In the post-mortem 
brains of AD patients, it has been found that the APP gene’s promoter CpGs 
are hypomethylated. These changes in DNA methylation patterns affect how 
the APP gene is expressed, which may contribute to the gradual deposition 
and accumulation of Aβ (West et al., 1995). The few human investigations of 
PSEN1 methylation AD patients, however, have been contradictory. According 
to certain studies, the post-mortem brain of AD patients had hypomethylated 
PSEN1 (Wang et al., 2008), additional research has been unable to support 
these findings, both in the peripheral tissue and post-mortem brain 
(Barrachina and Ferrer, 2009; Carboni et al., 2015; Tannorella et al., 2015). 
However, these results need to be interpreted carefully, since small changes in 
methylation profiles, might not be easily detected; nevertheless, by relating to 
chronic degenerative diseases, subtle changes in vulnerable neurons may be 
sufficient to change methylation patterns and modulate disease progression.

Among widely studied epigenetic regulatory drugs, include DNA methylation 
inhibitors and histone deacetylases (HDAC) inhibitors (HDACIs). DNA 
methylation inhibitors such as zebularine and 5-AZA deoxycytidine are more 
frequently utilized to treat cancer. These drugs integrate into target DNA and 
attach to DNMT1 during DNA replication to impede its activity and therefore 
require DNA replication to be active (Wu and Santi, 1985; Gangisetty and 
Murugan, 2016). However, in neurodegernative disorders, such as AD, the use 
of these drugs has limitations since most of the neurons are postmitotic.

Together, neuroepigenetic associated with DNA methylation provide 
alternative and/or additional mechanistic explanations for the onset of 
neurodegenerative disorders. In this way, neuroepigenetic has the potential 
to direct the development of novel treatment approaches for reducing the 
negative effects of cognitive impairment and neurodegeneration.

Histone Modification
The epigenome’s physical representation is chromatin. Histones are the main 
protein components of chromatin and form octamers cores, around which 
DNA molecule is wrapped. Histones are enormously basic proteins that bind 
with chromatin´s DNA molecule via a substantial portion of their N-terminal 
tail. Structural approaches show that the N-terminal tail of histone proteins 
protrudes from the chromatin core and take place the post-translational 
modifications, which play a crucial role in controlling DNA structure and 
gene transcription (Luger et al., 1997). The majority of histone modifications, 
including methylation, acetylation, and sumoylation occur at the N-terminal. 
These mechanisms impact chromatin organization and all DNA-template 
processes, including replication, repair, and transcription. Depending on the 
type and position of the modification and the implicated residues, histone 
modification can either activate or inhibit gene expression (Mühlbacher et al., 
2006; Gangisetty and Murugan, 2016). 

Histone modifications are dynamically governed by groups of enzymes and 
are potentially reversible. The best-characterized modification within histone 
tails is methylation/demethylation, acetylation/deacetylation, events that are 
regulated by two groups of enzymes, histone acetyltransferases (HATs) which 
relaxes chromatin by adding acetyl groups, and HDACs, which removes acetyl 
groups (Adwan and Zawia, 2013). 

The positive charge of the amino acid lysine is neutralized when a HAT 
attaches an acetyl group to the amino group in the side chain. In the other 
direction, an HDAC can take the acetyl group off H3K4ac and reinstate the 
positive charge on the lysine residue. The balance between HATs and HDACs 
defined as acetylation homeostasis, and the context of neuroepigenetics is 
a key event in the control of neuronal growth and differentiation (Saha and 
Pahan, 2006; Beaver et al., 2020). 
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HDACs have been classified into four classes: class I (HDAC1, 2, and HDAC 8), 
class II (HDAC4-7 and HDAC9-10). Class III (SIRT1-7), and HDAC11 (Class IV) 
(Seto and Yoshida, 2014; Linciano et al., 2021). In particular, HDAC2, HDAC3, 
and HDAC7expression are associated with brain regions implicated in memory 
and learning, such as the hippocampus and cortical areas (Guan et al., 2009; 
Maiarù et al., 2016). In contrast, the loss function of HDAC7 leads to the 
increased expression of c-jun and c-fos, an essential feature of neural death 
(Ma and D’Mello, 2011; Jagirdar et al., 2016).

Another special mechanism of post-translational modification is the histone 
methylation. Histone methyltransferases, which can transfer up to three 
methyl groups from S-adenosine methionine to the lysine residues of the 
histone tail, catalyze the addition of methyl groups to a histone protein (Maity 
et al., 2021). Histone methylation is a more durable change in the protein than 
acetylation, and it also indicates a more persistent epigenetic state because of 
its lower turnover rate (Figure 4). Histone methylation, in contrast to histone 
acetylation, can result in either transcriptional activation or repression 
depending on the pattern of methylation. In particular, the number of methyl 
groups added and the specific histone location being modified both affect 
the direction of transcriptional control. For instance, methylation of histone 
H3 lysine 4 (H3K4me), H3K36me, and H3K79me is linked to transcriptional 
activation, while the addition of a methyl group at H3K9me, H3K27me, and 
H4K20me result in transcriptional repression (Hyun et al., 2017; Kumari et al., 
2022).

RNAs. The regulatory role of ncRNA is played during pre and post-
transcriptional phases and is considered fundamental epigenetic controller 
of gene expression through different mechanisms. Based on their size, 
ncRNAs are generally classified as small ncRNAs with a length smaller than 
200 nucleotides and include microRNAs, small interfering RNAs (siRNA), piwi-
interacting RNAs (piRNAs); ncRNAs longer than 200 nucleotides are named 
long ncRNAs and include intergenic lincRNAs, intronic ncRNAs, and sense 
and antisense lncRNAs (Zhang et al., 2019). The development of modern 
technologies of transcriptome analysis and big data analysis during the last 
decades has allowed a deep understanding of the key genetic processes that 
control expression such as the ones that are exerted by ncRNAs and how 
their dysregulation underlie the molecular bases of diverse human diseases. 
This knowledge offers novel strategies for preclinical diagnosis and specific 
treatments.

Among the ncRNAs implicated in AD pathogenesis, microRNAs are of 
great importance. They are the most abundant types of small ncRNA in 
the cell and mediate gene silencing at the post-transcriptional level by 
suppressing the stability and translation of target mRNAs when binding to 
its 3′ untranslated region (3′-UTR) or the promoter region. MicroRNAs are 
regulated by chromatin remodeling modifications and DNA methylation, 
which are associated with AD by obstructing mRNA expression (Jackson 
and Standart, 2007). A wide variety of microRNAs have been shown to be 
involved in neuronal physiology including proliferation, cell death, and cellular 
communication. MicroRNA346 is a microRNA with a well-characterized 
function in AD, which directly upregulates APP and Aβ production. 
Interestingly, MicroRNA346 binds the APP mRNA 5′-UTR where an active site 
for an iron-responsive element for the iron-dependent translational repressor 
is located (Rogers et al., 2002; Long et al., 2019). The overlapping with the 
iron-responsive element explains the role of iron on the APP upregulation 
activity of MicroRNA346, whose disruption has been reported during the late 
stages of AD (Long et al., 2019).  

In other mechanisms of action, microRNAs have been found to interact 
with lncRNA, which have elements that bind specific microRNAs causing 
a suppression of its functions in degrading target mRNA. It has also been 
discovered that miRNA can be made out of precursor lncRNAs, which undergo 
splicing to generate specific miRNAs post-transcriptionally regulating their 
activity. That is the case of BACE1-antisense transcript (BACE1-AS) that can act 
on miR-761 causing suppression of its degradation activity and upregulating 
BACE1 expression.  Deregulation of BACE1-AS is likely to initiate a cascade of 
events that lead to Alzheimer’s and other neurodegenerative diseases (Costa 
et al., 2012).  

Brain-derived neurotrophic factor (BDNF) has been studied as an important 
protein in promoting neurogenesis and their protection against apoptosis 
allowing neuronal plasticity. BDNF is a target of miR-206 and drops its 
expression. In healthy individuals, a regulatory negative feedback loop 
between ubiquitous BDNF and miRNAs is maintained in constant equilibrium 
which BDNF induces miRNA expression. However, in neurons of AD, 
characterized by reduced levels of BDNF, the balance is lost and the miRNAs 
change towards inhibition of BDNF (Keifer et al., 2015). Other microRNAs have 
been documented to regulate BDNF to control cellular signaling pathways 
such as miR-10a and miR-134-5p (Zhang et al., 2018; Khani-Habibabadi et al., 
2019). On the other hand miR-9-5p inhibitors were able to reverse the effect 
of siBDNF-AS on amyloid deposition (Ding et al., 2022). These observations 
and a mounting of others, give evidence on the usefulness of ncRNAs for 
elucidating mechanisms that inspire new approaches for a more effective 
treatment of AD. 

Chromatin Conformation
Mounting evidence has clearly recognized the importance of the mechanisms 
that control the three-dimensional (3D) organization of chromatin inside 
the nucleus as a fundamental epigenetic aspect that explains nearly 70% of 
the genome expression and maintenance of cell identity in tissues including 
the brain (Gosselin et al., 2017). Recent studies (Dileep and Tsai, 2021;  
Harabula and Pombo, 2021; Schaeffer and Nollmann, 2023) have revealed the 
processes that allow unique 3D chromatin conformation in the diverse cell 
types of the brain and their role in its development and function, as well as 
their impact in different pathologies including AD. 

Topologically associating domains, which are self-interacting chromatin loops, 
are the basic hierarchically level of chromatin organization that give rise to 
transcriptionally active and repressive compartments of the chromatin by 
allowing the formation of circuits of interactions between specific regulatory 
sequences (enhancer-promoter) and their target genes. At its highest 
organization, transcriptionally active chromatin remains compartmentalized 
to the nuclear interior whereas the repressive chromatin is localized towards 
the nuclear periphery attached to the nuclear membrane (Schoenfelder and 
Fraser, 2019). Therefore, disruptions at topologically associating domains 
affect the entire 3D genome organization and these pre-transcriptional events 
have been implicated in several diseases. 

Chromatin remodeling affects its nuclear organization, and whole genome 
sequencing studies have revealed that mutations in genes coding for 
chromatin remodeler factors are overrepresented in patients with several 
neurodegenerative disorders, including AD (Won et al., 2016). This 
evidence highlights the importance of this epigenetic mechanism and how 
it contributes to the early pathogenic continuum of events during disease 
development.

Figure 4 ｜ Histone modification.
Histone methylation, in contrast to histone acetylation, can result in either transcriptional 
activation or repression depending on the pattern of methylation. Created using 
Microsoft PowerPoint.

It is thought that epigenetic mechanisms such as methylation and histone 
modification are also crucial elements to the pathophysiology of AD as a 
complex and interacting link between genes and the environment. A new 
avenue for the study of AD has been made possible through epigenetic 
alteration. One of the most important research hotspots is the relationship 
between DNA methylation and histone modification. Because of this, attention 
and interest in HDACIs as a potential therapy option for neurodegenerative 
illnesses have grown. HDACIs were first used in the treatment of cancer (Yang 
et al., 2017). However, Hahnen et al. discovered in 2008 that HDACIs could 
be used as a therapeutic approach for neurodegenerative diseases. Histone 
acetylation has been found to be decreased in a variety of neurodegenerative 
disorders, including AD (Hahnen et al., 2008; Lockett et al., 2010). In vitro 
studies showed that trichostatin A, an HDAC inhibitor, caused a significant 
up-regulation of Aβ-degrading enzyme neprilysin (NEP) expression in the SH-
SY5Y cell line (Kerridge et al., 2014). On the other hand, the treatment of APP/
PS1 models with HDACI MS-275 showed ameliorated microglial activation, 
decreased Aβ deposition, and reduced inflammatory activation (Zhang and 
Schluesener, 2013). 

In several recent investigations, HDACIs have been identified to be 
novel, promising therapeutic agents, particularly for AD and other 
neurodegenerative diseases. HDACIs can improve cognitive impairment; these 
encouraging outcomes in AD animal models and cell lines, however, are rarely 
replicated in clinical trials. To lessen adverse side effects, it is imperative to 
address the development of HDACIs with enhanced isoform selectivity or seek 
other approaches (Yang et al., 2017).

HDACIs show good promise for cognitive improvement and are being 
considered for drug development in neurological diseases. Hence, HDACIs 
could be used as promising therapeutic agents for diseases associated with 
dementia and cognitive impairments. So far, class I HDACIs such as sodium 
valproate and sodium butyrate improve memory in AD mouse models (Kilgore 
et al. 2010). 

Non-coding RNAs 
ncRNAs are a group of diverse RNA molecules that are not translated into 
proteins but act through two main functions: housekeeping or regulatory 
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Bendl et al. (2021) conducted a case-control study consisting of a detailed 
comparison of genome-wide chromatin accessibility maps of neurons and 
non-neurons from 403 brain tissue samples dissected from the entorhinal 
cortex and superior temporal gyrus, two brain regions affected in AD. Their 
results show significant alterations in 3D chromatin conformation in samples 
from AD patients that affect accessibility and transcriptional regulatory 
processes. This significant study provides the multilevel type of information 
that contributes to elucidating the biological link between the extensive 
genetic, epigenetic, and transcriptional mechanisms that alter the 3D 
conformation of chromatin and act in concert during the pathogenesis of 
AD and are responsible for the massive neuronal loss that characterizes this 
pathology (Bendl et al., 2021).

Epigenetic Targets Modified by Natural Dietary 
Products against Alzheimer’s Disease
In the last decade, a new wealth of information has emerged to explain 
how nutrition and diet could influence epigenetic status, as most human 
diseases are significantly influenced by diet to varying degrees. Among plants, 
phytochemicals compounds are considered nonessential complex chemicals 
found particularly in fruits and vegetables. Despite not being classified as 
necessary nutrients for humans, phytochemicals have a significant positive 
impact on health and well-being. Several natural compounds have shown 
potential epigenetic effects in diseases such as cancer. However, very few 
researchers have focused on the pleiotropic function of natural products 
in modifying epigenetic pathways in brain disorders. Bioactive substances 
obtained from food can influence both epigenetic processes and their targets. 
For instance, genistein, a soy-derived compound is an isoflavone that affects 
tumorigenesis/carcinogenesis through epigenetic regulations. According to 
studies, genistein can control gene expression by deleting DNA methylation 
at the promoter level and could be implicated in suppressing the DNMTs. On 
the other hand, genistein inhibits DNMT3b expression in the neuroblastoma 
model, which suggests that genistein could be used as an adjuvant therapeutic 
drug for the treatment of neuroblastoma (Gangisetty and Murugan, 2016). 
In terms of histone modification, it has been demonstrated that genistein 
increases the acetylation of histones H3 and H4 at the transcriptional site of 
p21 and p16 in prostate cancer cells (Zhang and Chen, 2011). 

Green tea contains a large amount of epigallocatechin gallate (EGCG), a 
catechin that also occurs naturally in the ester form of epigallocatechin and 
gallic acid. According to studies, EGCG inhibits a number of enzymes involved 
in the epigenetic process, including DNA methyltransferase and histone 
acetyltransferase (Choi et al., 2009). With various health advantages, ECGC 
has the capacity to inhibit both DNMT and HDAC. According to studies, EGCG 
decreased the expression of UHR1 and DNMT1 in Jurkat cells, which led to an 
increase in the expression of the tumor suppressor genes p73 and p16 INK4A 
In addition, EGCG inhibited not only the DNMTs and HDACs, and histone 
methyltransferase EzH2, which adds a methyl group to the position H3K27 
and results in gene silencing (Achour et al., 2013). 

Lycopene is a carotenoid (tetraterpene) that exhibits strong antioxidant 
activity. This compound is mostly found in fruits and vegetables, including 
watermelon, pink guava, grapefruit, tomatoes, and papaya. Studies show that 
lycopene modifies DNA methylation and upregulates the GSTP1 gene in the 
breast cancer cell line (King-Batoon et al., 2008).

Curcuma longa
Curcumin is the principal curcuminoid with antioxidant, antitumor, and anti-
inflammatory properties. It is known to have an anti-disease effect in various 
animal models and humans. Curcumin inhibits Aβ aggregation and Aβ-
induced inflammation; in addition, it has been shown that Curcuma exerts the 
AChEi effect (Hamaguchi et al., 2010; Pulido-Moran et al., 2016). In addition, it 
has been shown to inhibit certain epigenetic enzymes (such as HATs, HDAC1, 
HDAC3, and HDAC8) in vitro (Reuter et al., 2011; Vahid et al., 2015). Given 
that it was able to silence AD-related genes including presenilin 1 (PS1) and 
BACE1 in murine neuroblastoma cells by inhibiting H3 acetylation, curcumin 
has a promising future as an AD treatment (Lu et al., 2014). In Asiatic 
countries, Curcuma has a long history of use as a food and medicinal, and its 
intake is associated with better cognitive performance in old age, which could 
be a reason why senior citizens in India, where curcuma is a staple food, have 
a lower rate of AD and better cognitive performance (Ng et al., 2006). 

Resveratrol
Resveratrol is a polyphenol present in plant foods including grape skin, red 
wine, and almonds. Due to its potential medical use in modifying aging-
related epigenetic pathways, it is currently attracting more and more interest. 
Resveratrol is frequently referred to as the “French Paradox” for its ability to 
prevent a variety of illnesses, including neurological such as AD, PD, and stroke 
(Gangisetty and Murugan, 2016). Numerous studies have demonstrated 
that the positive benefits of resveratrol extend beyond its anti-inflammatory 
and antioxidant properties. These benefits also result from the activation of 
Sirtuin 1 (SIRT1), a class III HDAC. Sirtuins are a family of signaling proteins 
that exert a role in the control of metabolism and are involved in aging. These 
are nicotinamide adenine dinucleotide (NAD (+))-dependent HDACs. Because 
resveratrol activates SIRT1, it slows the proliferation of cancer cells and delays 
aging processes (Baur, 2010). In vitro studies using cell lines have shown that 
resveratrol acts as a weak inhibitor of DNMT activity (Paluszczak et al., 2010). 

Through the activation of SIRT, resveratrol’s antioxidant action also 
contributes to the neural differentiation. The activation of SIRT1, which is 
expressed mostly in neurons in the adult mammalian brain, is one of the 
major neuroprotective mechanisms exerted by resveratrol (Guida et al., 
2015). Resveratrol induces SIRT1 activation, which decreases Aβ-induced 
microglial death and enhances cognitive performance (Chen et al., 2005). 
Although the fundamental mechanisms of resveratrol are linked to SIRT1 
overexpression, the subsequent neuroprotective impact that follows is still 
unknown. However, SIRT1 overexpression is crucial for neuronal preservation 
because it controls the generation of proinflammatory cytokines, reactive 
oxygen species, nitric oxide (NO), and A in the brains of AD patients (Salminen 
et al., 2013; Li et al., 2017).

Amaryllidacea family
With around 85 genera and 1100 species, the Amaryllidaceae family is a large 
family of bulbous plants. The tropical and warm regions of the world including 
the Mediterranean, Southern Africa, and Andean South America are habitats 
for several species of this family. The galantamine alkaloid is naturally found 
in several Amaryllidaceae species. Galantamine inhibits the AChE enzyme 
while also allosterically modulating nicotinic acetylcholine receptors, resulting 
in a dual-action mechanism. Additionally, it regulates the non-amyloidogenic 
processing of APP by inhibiting beta-site APP cleaving enzyme expression 
and thus the aggregation and toxicity of Aβ (Li et al., 2010). Moreover, this 
alkaloid also exerts antioxidant and antigenotoxic effects (Castillo et al., 2016; 
Castillo and Aristizabal-Pachon, 2017). Regarding the Amaryllidaceae family, 
we have previously shown the neuroprotective and antigenotoxic effects 
and AChEi activity exerted by crude extracts from Caliphruria subedentata 
(Varita de San José), a plant belonging to the Amaryllidaceae family, which 
among its alkaloids has galantamine (Castillo et al., 2018). However, in silico 
approaches have shown that other alkaloids found in this plant exhibited 
major or equal AChEi activity compared to galantamine (Castillo-Ordóñez et 
al., 2017). To better understand the role of Caliphruria subedentata alkaloids 
in neuroprotection, our laboratory has combined a set of concepts and 
models to explore these mechanisms (Figure 5). Plants such as Caliphruria 
subedentata seem to exhibit neuroprotective effects through various 
biological pathways, which offer a potential opportunity to target different 
unregulated mechanisms in multifactorial diseases such as Alzheimer’s and 
other neurodegenerative disorders.

Figure 5 ｜ Neuroprotective effects of Caliphruria subedentata.
In vitro and in silico studies show that Caliphruria subedentata extract and its alkaloids 
modulate the neurotoxicity and neuronal death induced by the amyloid-beta (Aβ) 
peptide, through acetylcholinesterase (AChE) inhibition, antigenotoxicity, and 
mitochondrial and histone deacetylases (HDAC) regulating. SH-SY5Y cell line is a common 
experimental model to study molecular events leading to Alzheimer’s disease. Created 
using Microsoft PowerPoint. RMSD: Root-mean-square deviation. 

Limitations and Challenges in the Development 
of Anti-Alzheimer’s Drugs 
The genomic era began in 2001 with the decoding of the first human genome. 
This was the biggest collaborative biology research initiative in the world. It 
allowed scientists to see the full DNA sequence, which changed how they 
approached biological questions related to humans. Genomic science faced 
significant challenges in the medical field at the beginning of the twenty-
first century, due to the limitations of existing DNA sequencing techniques, 
computational methods, and information technologies. To overcome these 
limitations, innovations were needed that would increase the speed and 
accuracy of sequencing, analysis, and storage of genomic data, while reducing 
the cost and complexity. Some of these innovations included next-generation 
sequencing platforms, cloud computing, and artificial intelligence, which 
enabled breakthroughs in precision medicine, gene therapy, and synthetic 
biology.

Thanks to the new genomic approaches, this decade has witnessed some 
groundbreaking conceptual shifts in the research of AD. These shifts recognize 
the risk factors and the complex spectrum of the underlying pathophysiology. 
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However, despite decades of exploration in the therapeutic field, no curative 
treatment has been found yet, and prevention remains the priority (Arafah 
et al., 2023). The limitations that hinder the development of an anti-
Alzheimer drug are varied. Among them are: drug delivery to the central 
nervous system remains a complex process and represents a challenge for 
developing therapeutic and preventive strategies (Passeri et al., 2022) The 
BBB is the most important factor that limits the development of new drugs 
for the central nervous system. Most central nervous system drug candidates 
cannot penetrate the brain because of the BBB. This includes 100% of large-
molecule pharmaceutics, such as peptides, recombinant proteins, monoclonal 
antibodies, RNA interference-based drugs, and gene therapies. A common 
misconception is that small molecules can easily cross the BBB. However, 
this is not true. More than 98% of all small molecules are also blocked by the 
BBB (Pardridge, 2007). Some drugs such as (Tysabri®) is FDA approved for the 
treatment of multiple sclerosis but this monoclonal antibody does not cross 
the BBB and works by blocking the trafficking of lymphocytes across the brain 
endothelial wall (Engelhardt and Coisne, 2011). 

The passage of a substance across the BBB is mainly determined by passive 
diffusion; however, optimal physicochemical properties may not be enough 
to overcome the efflux transporters such as P-glycoprotein (P-GP), a protein 
from BBB, which limit the entry of molecules into the brain. Molecules 
that can bypass this barrier and become suitable candidates for developing 
neuroprotective agents should possess certain physicochemical and biological 
characteristics. For instance, the alkaloids of the Amaryllidaceae family are 
within the narrow range of P-GP substrates (270–320 Da). They are positively 
loaded with physiological pH (pka: 7.1–9.1) and have negative logD7.4 values 
indicating relative hydrophilicity, which can contribute to their low or absent 
interaction with P-GP (Eriksson et al., 2012). Among Amaryllidaceae alkaloids, 
galantamine has a low affinity for P-GP, while licorine does not interact 
with it (Heinrich and Lee Teoh, 2004; Namanja et al., 2009). The absence of 
interaction between natural compounds and the efflux protein in the BBB 
makes alkaloids become promising metabolites that can reach different brain 
targets. As for the compounds that do not cross the blood-brain barrier, but 
still have bioactive properties such as antioxidant, antigenotoxic, and anti-
inflammatory activity, they could modulate peripheral pathways that are 
affected by the disease. 

Another important challenge is the multifactorial nature of the disease, 
which hinders the development of effective therapeutic strategies to 
tackle this pathology. Elderly patients frequently have multiple illnesses, 
a condition known as multimorbidity, which is a common feature among 
Alzheimer’s patients (Hijioka et al., 2023). On the other hand, AD progresses 
through three stages: the pre-symptomatic stage, the prodromal stage of 
mild cognitive impairment (MCI), and the clinical form of AD. However, the 
available biomarkers have limitations in detecting and categorizing these 
pathophysiological stages (Klyucherev et al., 2022). A biomarker is an indicator 
that evaluates a biological process, which can be normal or pathogenic. It also 
measures the pharmacological response to therapeutic intervention, playing 
a crucial role in drug development. Furthermore, AD biomarkers have some 
limitations. For example, some biomarkers may not be specific to AD and can 
also be present in other neurodegenerative diseases. Additionally, there may 
be variability in biomarker measurements due to factors such as age, sex, 
and comorbidities. Finally, the use of biomarkers alone may not be sufficient 
to demonstrate clinical benefit, and additional clinical endpoints may be 
necessary (Cummings, 2019).

According to experts, developing an effective treatment for AD has several 
challenges. One of the principal challenges is the complexity of disease-
related processes and pathways. Another challenge is the difficulty in 
diagnosing the disease early, when treatments may be more effective. 
Additionally, clinical trials for AD drugs have historically had a high failure 
rate, which can be costly and time-consuming for drug developers. Finally, the 
COVID-19 pandemic has also slowed down clinical trials temporally, which has 
further complicated the drug development process (Cummings et al., 2022). 

In addition, currently, it is clear that epigenetics plays a crucial role in 
medicine. In light of that fact, future advances in diagnostic, prognostic, 
and therapeutic methods will very probably depend more and more on 
individualized epigenetics for the best management of many, if not most, 
diseases (Rasool et al., 2015; Kronfol et al., 2017). Personalized genetic 
biomarkers have had a significant impact on cancer treatment by allowing 
for tailored therapies based on the individual patient’s genetic makeup and 
disease characteristics. This approach, known as precision medicine, has 
led to improved outcomes and reduced side effects compared to traditional 
treatments. Similarly, precision medicine strategies could be applied to AD 
by identifying specific predisposing risk alleles in young individuals, and 
intervening before symptoms appear. Recent advancements in AD genetics 
and genotyping technologies include the identification of several predisposing 
risk alleles involved in different pathogenic pathways. These risk alleles can be 
identified accurately and on a large scale using high-throughput genotyping 
technologies such as genome-wide association studies and whole-genome 
sequencing. These advances have created an optimal environment to move 
the AD field toward precision medicine (Di Meco and Vassar, 2021).

Current research on the role of epigenetics in the mechanism of AD 
focuses on four aspects: DNA methylation, chromatin remodeling, histone 
modifications, and ncRNA regulation. However, more details about these 
mechanisms and their biological significance in the brain are needed to 
understand the course of the disease, the epigenetic variability among the 
population, and vulnerable cells such as neurons. Additionally, epigenetic 

changes in AD could potentially be used as biomarkers for early diagnosis and 
evaluation of therapeutic strategies. Epigenetic mechanisms are reversible: 
this feature will enable precise evaluation of the direct effects of therapeutic 
interventions and the measurement of modifications through biomarkers; 
thus, epigenetic mechanisms offer a promising avenue for drug discovery and 
development (Liu et al., 2018).

Conclusions 
Epigenetic pathways are diverse and new modifications are constantly being 
discovered. In the last 20 years, there has been compelling evidence that 
these epigenetic pathways play a role in the formation of memories in the 
brain. However, despite the wide range of epigenetic changes that have been 
explored and linked to the formation and consolidation of memory, the exact 
pathways by which these modifications influence these processes remain 
poorly understood. Moreover, the dynamic nature of epigenetics could 
facilitate illness prevention, as well as advance clinical treatment.  

Some authors argue that modern medicine and pharmacology are 
reductionist, as they rely on a single compound for a specific disease. 
However, due to the multifactorial nature of AD, where a series of proteins 
and biochemical events are involved, natural products emerge as a strategy 
capable of acting simultaneously on multiple molecular targets. The 
development of epigenetic regulators with increased selectivity to reduce 
unwanted side effects is a key issue to be addressed. One promising approach 
is to use small molecules that target specific epigenetic enzymes or pathways 
to modulate gene expression and restore normal cellular function, and plants 
are a source of substances or metabolites with properties that make them 
promising candidates for the development of pharmaceuticals addressed to 
reach the brain.

In conclusion, developing effective treatments for AD is a challenging task that 
requires overcoming various obstacles, such as the complexity of the disease, 
the difficulty in early diagnosis, and the high failure rate of clinical trials. 
However, despite these challenges, researchers and drug developers continue 
to work hard to find new and better ways to treat this devastating disease. 
With continued research and innovation, it may be possible to develop 
epigenetic therapies that can slow or even reverse the progression of AD and 
improve the quality of life for millions of people around the world. 
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