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Abstract: Bee pollen is characterized by an exceptional diversity and abundance of micronu-
trients and bioactive phytochemicals. This richness remains very sparsely investigated,
but accumulating evidence strongly supports a promising future for bee pollen in human
nutrition and medicine. Epigenetic regulation is among the most compelling biomedical
topics that remain completely untapped in bee pollen and bee derivative research. In
our current research, we identified numerous ubiquitous compounds that are consistently
present in this matrix, regardless of its botanical and geographical origins, and that have
been well studied and documented as epigenetic regulators in recent years. Given the
relative newness of both bee pollen biomedical research and epigenetic studies within
nutritional, pharmaceutical, and medical sciences, this review aims to bridge these valuable
fields and advance related experimental investigations. To the best of our knowledge, this
is the first work that has aimed to comprehensively investigate the epigenetic modulatory
potential of bee pollen compounds. Our findings have also unveiled several intriguing
phenomena, such as a dual effect of the same compound depending on the cellular context
or the effect of some compounds on the cross-generational heritability of epigenetic traits.
Although experimental studies of epigenetic regulation by bee pollen as a whole or by its
extract are still lacking, our current study clearly indicates that this research avenue is very
promising and worth further investigations. We hope that our current work constitutes a
foundational cornerstone of future investigations for this avenue of research.

Keywords: bee pollen; epigenetic regulation; pollen extracellular vesicles; polyphenols;
nutrients; aging; DNA; histones; non-coding RNA

1. Introduction
Aging is a complex, gradual, and innate process of living organisms. In humans,

aging is linked to a series of non-communicable diseases that currently constitute the major
burden of global healthcare. Neurodegenerative diseases (NDDs) and cancers are among
the most challenging ones as they remain insufficiently understood and manageable, but
others such as cardiovascular and metabolic diseases remain also very burdensome, even if
their understanding and management are much more advanced. In the quest to figure out
efficient and safe agents to prevent and treat these diseases, natural compounds occupy a
prominent place as it has become widely known in recent years. Bee products, especially
bee pollen (BP), are among the most recently coveted natural sources in such a quest.
Research conducted so far showed that these products are very rich and safe resources of
natural candidates for nutritional and pharmacological uses. In our recent publications, we
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conducted a comprehensive review of the available evidence about the potential of BP as
a great pool of nutrients and bioactive compounds to tackle major aspects of age-related
disorders such as neurodegeneration and tumorigenesis [1,2].

Age-related diseases are generally a result of a convoluted interplay of diverse factors,
including environmental and lifestyle ones, which drive diverse pathophysiological pro-
cesses. While these processes are not always well understood, many of them are becoming
widely accepted as major hallmarks of aging and as underlying processes, at least partly,
in the settlement of age-related diseases such as NDDs, cancers, and metabolic, cardiovas-
cular, musculoskeletal, and other inflammatory diseases. However, despite the colossal
effort of the scientific community and the countless research works that are published
every year, the conditions and “thresholds” that make aging hallmarks, either separately
or jointly, culminate in pathological conditions remain elusive. Epidemiological data re-
vealed that aging hallmarks do not inevitably culminate in what is known as age-related
diseases, suggesting that the interplay of modifiable parameters such as lifestyle factors
and individual variables such as genetic and epigenetic parameters could play a key role
in these diseases [3]. Recently, we have elucidated the unequaled potential of BP as a rich
source of nutrients and bioactive compounds that may tackle a wide range of aging-related
alterations, in addition to its well-documented antioxidant and anti-inflammatory poten-
tials [1,2]. Therefore, we deemed it necessary to comprehensively explore the compelling
prospects of this bee-crafted cocktail against other major aging hallmarks. This publication
is the first in a series of forthcoming ones that seek to constitute a milestone in BP-related
research and in bioprospection in general. However, more robust data must be provided to
ensure the safety of the compounds mentioned in short- and long-term use.

2. Bee Pollen and Aging Hallmarks
Many recent studies tried to categorize and delimit known aging hallmarks. Broadly

speaking, the most widely accepted ones within the scientific community include ge-
nomic instability, telomere attrition, epigenetic alterations, chronic inflammation, loss of
protein homeostasis, impaired autophagy, mitochondrial dysfunction, dysbiosis, deregu-
lated nutrient-sensing, cellular senescence, stem cell exhaustion, and altered intercellular
communication [4–6] (See Figure 1).

It is important to highlight, however, that some physiological changes, which in-
evitably accompany the aging process, should also be considered. Immunosenescence,
which is a general aspect of aging and is clearly involved in the development and prone-
ness to numerous age-related diseases, is a striking example [7,8]. A similar remark could
also be evoked for compromised neural function and plasticity for example. In addition,
some authors have recently added other hallmarks such as nicotinamide adenine dinu-
cleotide (NAD+) depletion, due to the varied and pivotal roles of this cofactor in nuclear,
mitochondrial, and cellular functions [9]. Others have also suggested the defects of RNA
processing as a major aging hallmark [5]. Numerous studies that we reported earlier or
will report in this work have shown that BP and/or many of its compounds act to amelio-
rate at least many of these aging hallmarks. We have already reviewed BP’s potential to
ameliorate inflammation, oxidative stress, nutrient depletions, gut dysbiosis, autophagy,
neuronal functions and plasticity, and immune dysfunctions [1,2,10]. In this section, we
will present the available evidence regarding BP’s bioactivities on key aging hallmarks that
have a direct well-known interplay with epigenetic regulation, i.e., inflammaging and DNA
damage. Thereafter, we will underline some important remarks. It is important to note
that inflammaging, DNA damage, and epigenetic alterations are interconnected processes
and maintain several bidirectional interplays that culminate in potentiating age-related
pathophysiological alterations, as we will see in the upcoming passages.
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2.1. Chronic Low-Grade Inflammation or Inflammaging

Inflammaging refers to the chronic low-grade inflammation that is settled with aging,
and it maintains a bidirectional mutual exacerbation with other diverse aging hallmarks [6].
This chronic inflammation is installed both at the systemic level and in specific anatomical
locations and can be evidenced by the increase in pro-inflammatory cells and mediators
as well as multiple immune defects, including a weakness in adaptive immunity and an
exacerbation of innate immunity [4,11]. Initial pathophysiological mechanisms are, in great
part, similar in acute and chronic inflammation, but the subsistence of triggers or the failure
of inflammatory response regulation (e.g., the non-resolving of inflammatory response)
lead to the persistence of pro-inflammatory signaling for months or years, thus leading to
the apparition or exacerbation of inflammation-related diseases [12,13]. It is noteworthy
that the latter represents around 60% of all deaths worldwide [13].

Numerous experimental studies have shown that BP, depending mainly on its botan-
ical and geographical origin, may directly tackle a wide range of major chronic inflam-
mation mechanisms. BP has been reported to downregulate pro-inflammatory cytokines
(interleukins (ILs) IL-1α, IL-1β, IL-6, and IL-18, tumor necrosis factor alpha (TNF-α), in-
terferon gamma (IFN-γ)), inflammatory enzymes (e.g., inducible nitric oxide synthase,
cyclooxygenase 2), inflammation-mediating protein complexes (e.g., NLRP3 inflamma-
some), inflammatory cell flux and activation, and major inflammatory signaling pathways,
i.e., nuclear factor kappa B (NF-κB), mitogen-activated protein kinase (MAPK), and nu-
clear factor-erythroid 2-related factor 2 (Nrf2) pathways. Furthermore, it has also been
reported to upregulate anti-inflammatory cytokines (e.g., IL-10), enzymes (e.g., heme
oxygenase 1), and pathways (e.g., Janus kinase 2/signal transducer and activator of tran-
scription 3 (JAK2/STAT3), phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT)).
BP has also been reported to modulate other inflammation response effectors that have
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other complex networks of biological effects, such as intercellular adhesion molecule 1
(ICAM-1) and transforming growth factor beta (TGF-β). For a detailed review of these
bioactivities, see reference [1].

Inflammation resolution is a master phase to suppress inflammatory response chronic-
ity and restore tissular homeostasis, and its failure appears to be a key driver of age-related
chronic diseases. Due to these considerations, it is recently becoming largely coveted
as a maneuverable target to manage chronic inflammatory diseases [2]. The underlying
mechanisms of inflammation resolution remain poorly understood, but it is known that
an expanding list of discovered mediators are involved in mediating inflammatory re-
sponse termination and tissue repair initiation. These mediators are called specialized
lipidic pro-resolving mediators (SPMs, mainly lipoxins, resolvins, protectins, maresins,
and the recently unveiled docosapentaenoic acid derivatives, which are all derived from
omega-3 and omega-6 fatty acids and bind to G protein-coupled receptors to induce cellular
effects) [14,15]. In addition to epigenetic mechanisms that appear to be involved in SPM ef-
fects, there is also an enhancement in inflammatory cell apoptosis and phagocytosis [14,15].
The latter is mainly ensured through macrophage M2 phenotype-mediated efferocytosis,
i.e., apoptotic cell (mainly neutrophils) clearance [14]. Other non-lipidic mediators, such
as angiotensin 1−7, IL-10, arginase-1, and annexin A1, and mechanisms such as Treg cell
induction [16], are also involved in the complex and insufficiently understood inflammation
resolution process but remain less highlighted.

In addition to the effect on the inflammatory process initiation and execution, BP
appears to be endowed with an important potential to promote inflammation resolution.
Omega-3 and other polyunsaturated fatty acids, the major source of SPMs, are richly
present in BP [1]. Targeting SPMs thus appears to hold notable potential in managing the
inflammatory basis of many age-related diseases, including cancer, neurodegeneration,
and others [17,18]. Heme oxygenase-1 has been shown to plays a key role in inflammation
resolution by modulating macrophage polarization [19] and was reported to be signifi-
cantly downregulated by some BPs [1]. Macrophage polarization is also a recently pursued
target in conventional drug as well as in natural product pharmacology [20,21]. Among BP
common compounds, kaempferol [22], luteolin [23], quercetin [24], some phenolic acids
(e.g., rosmarinic [25] and chlorogenic [26] acids), and proanthocyanidins [22] were reported
to regulate macrophage polarization towards the M2 phenotype and suppress the M1
phenotype, while myricetin suppressed microglia M1 polarization in an induced hypoxia
environment [27]. Quercetin stimulates macrophage-mediated phagocytosis [28]. Both
quercetin and luteolin were found to induce Treg cell differentiation in vivo [29]. Efferocyto-
sis is modified with age and was also recently proposed as an interesting target in tackling
inflammaging and related diseases [30]. Resveratrol [31] and some phenolic acids such as
protocatechuic acid [32] were reported to promote macrophage-mediated efferocytosis in
addition to promoting M2 polarization through different mechanisms. In general, polyphe-
nols, and especially some subclasses such as anthocyanins, are regarded as promoters of
inflammation resolution [33,34]. Retinoids (carotenoid metabolites) were also found to pro-
mote macrophage M2 polarization and efferocytosis in rodent bone marrow [35]. However,
in colon cancer, β-carotene was found to suppress M2 polarization [28]. One should be
careful in interpreting experimental results about natural products in macrophage polariza-
tion. Indeed, even if it is generally admitted as a beneficial process in inflammation-backed
diseases related to aging, macrophage M2 polarization is a rather deleterious event in the
tumor microenvironment as it promotes tumorigenesis and tumor growth, while M1 polar-
ization may either encompass pro- or anti-tumorigenic properties in this microenvironment
depending on the cellular context [36]. It is important to note that a wide range of BP
compounds behave in contradictory ways in malignant and non-malignant cells, as we
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have reviewed in detail in our recent publication [2]. In addition to vitamin A, vitamins E
and K appear to promote efferocytosis [37]. From these preliminary results, we deem it
very important to advance experimental research on BP’s potential against inflammaging,
and especially, to study BP’s potential against the interplay between chronic low-grade
inflammation and other major changes that characterize the aging process and culminate
in age-related diseases. This embraces obviously genetic and epigenetic alterations where
oxidative and inflammatory events play a crucial role.

2.2. Genomic Alterations

Genetic and epigenetic alterations are among the most noticeable other mechanisms
that are implicated in the pathophysiology of age-related diseases. Due to the rarity of
studies on genome-related bioactivities of BP, we will highlight the available evidence
regarding the potential of this cocktail against DNA damage where some consistent experi-
mental data are available. Some elementary data are also available on the potential of some
bioactive phytochemicals and micronutrients that are present in BP on telomere attrition.
We will review these data at the end of the current subsection.

DNA damage response (DDR) is a complex system of sensors, transductors, and
effectors ensuring DNA repair and controlling cell cycle checkpoints to guide DNA repli-
cation and cell proliferation and maintain genomic stability and integrity [38]. Cell cycle
checkpoints are a cornerstone on which cells rely to prevent the accumulation and propaga-
tion of genetic errors during cell division phases [39]. In response to alterations in DNA
structure, replication, or assembly, cell cycle checkpoints specifically intervene to arrest
or slow down the cell cycle [39]. DDR is a vital process that declines with age, but other
factors can compromise it and therefore result in unrepaired or mistakenly repaired DNA
damage [40]. The latter is a well-established contributor to ageing by inducing cell death
and senescence, but it has also been recently verified to induce inflammation by direct and
indirect mechanisms, implicating a newly unveiled role in inflammaging, which is a major
culprit in aging and age-related disease [41]. The relation between inflammation and DNA
damage is not unidirectional. In fact, DNA damage, the cell senescence that it mediates,
and inflammation are mutually coupled to form a deleterious circuit that may culminate in
many diseases, including neurodegenerative ones, and that remain tightly linked to altered
redox homeostasis and immune response [42].

DNA damage is also an important trigger of epigenetic alterations, which in turn
clearly act as inflammation triggers [41]. Moreover, preclinical and clinical evidence re-
vealed that DNA damage may induce a wide range of alterations in mitochondrial structure,
dynamics, and function, not only being limited to redox imbalances, but also covering
mitochondrial DNA mutations, impaired mitophagy, aberrant metabolic signaling, and
other defects [43]. Damages in mitochondrial DNA, which is by nature highly prone to
such damages, can also have deleterious effects, which may culminate in transmitted
mutations and apoptotic cell death, especially if coupled to alterations in mitochondrial
dynamics and mitophagy [44,45]. These mitochondrial alterations may therefore drive
aging-related pathophysiological mechanisms and participate in the pathogenesis of many
diseases, including NDD, cancer, and related risks such as metabolic and cardiovascular dis-
eases [44,45]. In addition, DNA damage affects nearly all other known aging hallmarks and
is thus considered as a key player in the overall aging process [46]. Among small molecules
that have been investigated for such applications, polyphenols, mainly flavonoids, and
other natural compounds and nutraceuticals occupy a prominent place. A great number of
these compounds are widely present in BP, as we will see hereinafter.

An in vitro study reported that an ultrasound-assisted ethanolic extract of Castanea
sativa BP drastically reduced DNA damage byproducts by 34% [47]. The authors reported
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that used extract was markedly rich in phenolic compounds (32.18 mg GAE/g), including
a particularly high content of rosmarinic acid (5135 mg/kg) and considerable quantities
of other phenolics (mainly apigenin, vitexin, pinocembrin, hyperoside, and others), but
also contained carotenoids such as β-carotene, β-cryptoxanthin, lutein, and zeaxanthin.
Another study of Actinidia arguta BP reported that aqueous and ethanolic extracts exhibited
a protective role against experimental DNA damages as well as a potent cytoprotective
effect of mice lymphocytes against hydrogen peroxide [48]. This study noted that the
ultrasound-assisted ethanolic extract was the most active (completely abolished DNA
damage at 0.25 mg/mL) and the richest in total phenolic content among all tested extracts.
The different extracts under analysis were aqueous and ethanolic, and some were assisted
by heat and others by ultrasounds. An in vitro study of an ultrasound-assisted ethanolic
extract of a Chilean multifloral BP also found that it was effective in preventing DNA
strand breakage [49]. This study compared twelve BPs for their phenolic content and
antioxidant activities but only tested the richest sample in phenolics (15.32 mg GAE/g) in a
simulated in vitro digestion system. This sample showed a potent preventive effect against
DNA damage. The total phenolic content, concentration of cinnamic acid, myricetin and
quercetin (which were the major phenolics in BP sample), and bioaccessibility of these
compounds were generally higher in digesta samples from intestinal tract than those from
gastric or buccal simulated milieux.

In these studies, antioxidant compounds have generally been considered the main
actives standing behind DNA damage prevention. This is normal as oxidation is the
main mechanism by which environmental and endogenous toxicants and other offenders
drive DNA damage, as we have seen. However, we have already elucidated that phenolic
compounds are not always the only ones responsible for the antioxidant potential of BP [1].
Despite the examples that we have just enumerated, specific studies of BP as a protector
against DNA damage remain very rare. The few ones that have been conducted so far
showed very encouraging results, an outcome that is expected as BP is one of the most
potent antioxidant and anti-inflammatory cocktails that we know in nature. A guided
investigational effort should therefore be directed to bioprospecting for other compounds
that we may not know in BP, as well as for very important aspects that remain still almost
unstudied, such as synergistic, and obviously the possible antagonistic, effects of diverse
bioactive combinations that naturally exist in BP.

Polyphenols are generally supported with strong preclinical evidence as tacklers of
DNA damage and other aging-related biological alterations, and thus, they manifest an
important potential in countering age-related diseases. Compellingly, these compounds
have also been found to promote destructive events in malignant cells such as DNA damage,
cell cycle arrest, and redox homeostasis alteration in favor of oxidative stress [50].

Flavonoids seem to be collectively endowed with an inhibitory potential on DNA dam-
ages. Many human observational studies have reported that the total intake of flavonoids,
or in some cases of specific subfamilies such as anthocyanins or flavanols, is associated with
a marked to very marked reduction in the risk of developing many types of cancer [51]. At
the molecular level, many ubiquitous flavonoids in BP have been shown to exert inhibitory
effects on DNA damage via diverse mechanisms ending up in preventing DNA damage or
promoting DNA repair. Among known mechanisms, flavonoids, in addition to preventing
oxidative and inflammatory events, may enter in the DNA double-helix and stabilize it,
rendering it less vulnerable; bind to the DNA phosphate backbone; groove-bind to DNA
bases; interact with chromatin, thus inhibiting diverse proteins, especially many enzymes
that regulate genetic signaling; or, at least in the case of malignant cells, act with DNA
intercalation [52,53]. Although the mechanisms of DNA damage modulation remain not
fully understood, many BP flavonoids are known to act through them. This includes
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apigenin, catechin, chrysin, epicatechin, hesperidin, kaempferol, luteolin, myricetin, narin-
genin, quercetin, resveratrol, and some of their derivatives [51–57]. Quercetin, which is
one of the most studied flavonoids, showed a very strong binding potential to DNA, thus
resulting in a potent inhibition of DNA amplification and cancer cell proliferation [58]. Bi-
modal behavior against oxidative mechanisms depending on cellular context and bioactive
compound dosage appear to be shared among flavonoids [59]. Kaempferol has also been
described for similar activities, i.e., for suppressing DNA damages in healthy cells and
inducing them in cancerous cells, with breast cancer cells being the most sensitive [59].
Similar observations were reported for apigenin, luteolin, and quercetin [57,60]. To explain
this bifunctionality, some mechanisms have already been suggested. This mainly implies
the structure of molecular functional groups and the role of copper ion-mediated chelation
of flavonoids and their concentration levels in the DNA microenvironment (higher doses
appear to be more protective) [59,61,62], as well as other specific cell-selective properties,
as it was reported for luteolin [57].

In addition (or, sometimes, consequently) to their important potential against oxidative
and inflammatory mechanisms and roles in cell death and clearance regulation, which we
have previously reviewed [2], many phenolic acids have also been endowed with DNA
damage prevention qualities. A phenolic acid mixture, containing caffeic, chlorogenic,
ferulic, protocatechuic, and vanillic acids, which are all present in BP, and two other
phenolic acids (this mixture was prepared as an imitation of a phenolic acid composition of
a Panax ginseng variant), was recently reported to significantly prevent ultraviolet-induced
DNA damage in a concentration-dependent manner in human fibroblasts [63]. Another
in vitro study reported that caffeic and syringic acids (both present in BP) tested separately
exhibited a protective effect against DNA damage induced by snake venom in a human
leukocyte cell line [64]. Gallic acid was found to potently promote DNA damages in some
cancer cell types and to be an especially selective and potent tumor-suppressing agent in
colorectal cancer, with absent toxicity on tested human lymphocytes [65,66]. As we have
seen for flavonoids, many phenolic acids were reported to prevent DNA damages in healthy
cells and to promote them in cancer cells. Among the examples that are present in BP, we cite
chlorogenic, ellagic, ferulic, and rosmarinic acids, which were reported to have pronounced
potentials either as cancer-preventive or as cancer cell-damaging agents [65–69]. Note that
caffeic and ferulic acid are among the major metabolites of chlorogenic acid in the body [70].
All of these phenolic acids have been shown to be potently active in the studies that we
have cited and are known to be among the major ones in many BP types.

In addition to phenolic compounds, carotenoids are also ubiquitous compounds in BP
and may encompass preventive and corrective effects against DNA damage. Antioxidant
potential and the preventive role of carotenoids against oxidative stress- and age-related
diseases is widely known and reported in the literature [71–73]. Carotenoid effects against
DNA damage may obviously not emanate only from their known antioxidant potential, but
further studies are needed to elucidate this eventuality. Some members of this family act as
vitamin A sources in human organisms and are referred to as provitamin A carotenoids,
with β-carotene being the main representative, in addition to other precursors such as
α-carotene and β-cryptoxanthin [74], which are also found at high levels in some BPs [75].
Other non-provitamin A carotenoids include lycopene, lutein, and zeaxanthin [74], which are
also frequent in BP [2]. Many studies reported a preventive effect of DNA damage by combin-
ing carotenoids with each other or with other dietary antioxidants such as vitamins C and E
and selenium [76]. β-cryptoxanthin was found to protect against experimentally-induced
photodamages to plasmid [77] and mitochondrial [78] DNA in vitro and in animal mod-
els, respectively. Serum levels of provitamin A carotenoids (α-carotene, β-carotene, and
β-cryptoxanthin) were reported to correlate with enhanced DNA repair in humans bearing
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a specific gene variant of a DNA repair gene in men with prostate cancer treated with finas-
teride [79]. Lutein was reported to exert an anticancer effect by promoting DNA damages in
lung cancer and other cancer cell lines [80]. Lutein and zeaxanthin accumulate in the human
retina, where they reduce photodamage through suppressing DNA damage among other
mechanisms, such as reducing inflammation and enhancing cell proliferation [71].

Lycopene is a potent antioxidant and one of the most potent singlet oxygen quenchers
and free radical scavengers among carotenoids [81]. Lycopene has been shown to mitigate
oxidative stress more potently than β-carotene, β-cryptoxanthin, lutein, and zeaxanthin [71].
It has been reported to protect against experimentally induced oxidative DNA damage in
diverse cell lines [81,82] and to dramatically reduce DNA fragmentation in a colitis murine
model [71]. In prostate cancer cell lines, lycopene was reported to both increase and reduce
oxidative DNA damage, while in breast cancer cell lines, it was reported to potentiate
the DNA damaging effect of quinacrine [83]. Lycopene is not only a “tomato mark”.
BP has also been reported to contain important amounts of this well-studied carotenoid.
A recent study reported that lycopene content in fresh and dried tomato was 25.4–33.5
and 701–1181 mg/kg, respectively, depending on the harvest period [84]. Lycopene was
found to be present at substantial amounts in some BPs (59.18, 49.67, and 42.55 mg/kg in
Eucalyptus spp., Castanea sativa, and Erica spp. BPs, respectively [85]).

Besides the major bioactive phytochemicals of BP, many abundant micronutrients
in this matrix, such as vitamins C [86,87], B6 [88,89], B9 [90,91], B12 [92,93], and E [94],
and minerals such as zinc [95,96] and selenium [97,98] have been shown to prevent DNA
damage in different pathophysiological contexts and with different mechanisms.

In addition, these micronutrients are widely described for their possible other diver-
sified antitumor effects, as is the case for example for selenium [98,99] or vitamins A, C,
and E [100,101], as well as for their multiple neurodegeneration-tackling effects [102,103].
Furthermore, some of these nutrients have been reported to intricately modulate DNA
damage depending on the cell type, i.e., triggering DNA damage and oxidative events in
the studied malignant cells (e.g., vitamins C [86] and E [104] and zinc [95]) and preventing
DNA damages in healthy cells (see the references above). Despite these well-founded data,
studies of BP’s effect on DDR remain rare and are strongly encouraged. Further preclinical
studies are needed, and coordinated efforts must be made to gather further information
about BP composition and its determinants around the world.

In addition to tackling the occurrence of DNA damage and its subsequent culminations,
BP and its compounds may modulate a key effector that is involved in DDR but have
other complex networked physiological and pathological effects, namely poly(adenosine
diphosphate-ribose) polymerase 1 (PARP1). The latter is a ubiquitous enzyme intricately
involved in a myriad of biological mechanisms, including inflammation, DDR, and cell cycle
regulation, as well as in promoting nerve cell death and malignant cell survival [105,106].
In addition to cancer, PARP-1 hyperactivity is implicated in the pathogenesis of many
metabolic, cardiovascular, and neurodegenerative diseases and generally in inflammatory
and aging-related diseases [105,106]. PARP1 targeting has been successfully used in some
cancers and is actively studied in many age-related diseases, including cancers [107] and
NDD [108]. As many natural compounds have shown important modulatory effects on
PARP-1 but have not been clinically tested, neither in cancer nor in neurodegeneration,
it is important to remember that cell death is the ultimate desirable goal of anticancer
therapies, while it is the ultimate fatal condition to avoid in neurodegeneration. Indeed,
mechanistic interventions that may be wanted from targeting PARP-1 will be significantly
different between the two pathologies. PARP-1-based prospection in neurodegeneration
must especially consider the potential toxic effects of such approach, mainly emanating
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from activating PARP downstream signaling pathways, which are involved in a complex
network of physiological and pathophysiological events.

Experimental inhibition or genetic knockdown of PARP-1 has been shown to re-
duce Aβ42 isoform plaques and consequently reestablish locomotor activity in transgenic
Drosophila models of AD; in addition to a great increase in nicotinamide adenine dinu-
cleotide (NAD+, of which depletion is a well-known and important hallmark of neurode-
generation) levels in the brain of studied flies; a strong decrease in DNA transposable
elements, which are known to be excessively transcribed in many NDDs, including AD
and PD; and an amelioration of life expectancy [109]. This study in the most used model of
AD shows that PARP-1 inhibition could be a novel path in the ardent journey to search for
preventive and therapeutic means for neurodegeneration.

To the best of our knowledge, there is no published study about the effect of BP
as a whole product on PARP-1. However, there is a growing number of studies on BP
compounds. Many BP phenolics have been shown to inhibit PARP-1. Among the most
ubiquitous ones in BP, apigenin, delphinidin, luteolin, myricetin, many catechins, narin-
genin, quercetin, resveratrol, and hesperetin; and glycosylated derivatives of some of
these molecules, namely hesperidin, isoquercetin, and naringin, were all found to exert
inhibitory effects on PARP-1. All of these compounds were reviewed in [106]. Kaempferol
was also found to potently exert such an inhibition [110]. Isorhamnetin was found to
induce cleavage of PARP proteins [111]. Many phenolics have shown potent activities
that may exceed that of synthetic clinically adopted PARP inhibitors, but it is noteworthy
that glycosylated forms are generally less potent but may display high selectivity to some
cells (e.g., isoquercetin, naringin, and hesperidin to breast cancer cells) or a safer profile
(e.g., isoquercetin compared with quercetin) [106]. That is even more important, as major
BP flavonoids are known to be ubiquitously present in glycosylated forms in BP.

Nicotinamide, the water-soluble form of vitamin B3 and known precursor of NAD+,
is present in high quantities in BP [112]. Considering that a nicotinamide-like moiety
characterizes most of the known PARP-1 inhibitors (we have seen some exceptions, such
as the flavones apigenin and luteolin) [106], nicotinamide itself was found to possess a
marked PARP-1 inhibitory potential. It is involved in numerous vital metabolic roles,
including those related to neuroprotection and anticancer mechanisms, such as enhancing
mitochondrial function and dynamics; tackling oxidative stress; suppressing numerous
pro-inflammatory processes, including neurological ones; and regulating autophagy [113].
By a feedback mechanism, nicotinamide inhibits PARP-1 and, interestingly, SIRT1, another
key effector in DNA repair, carcinogenesis, aging, and cell death; the two effects thus result
in the suppression of NAD+ depletion [114].

Telomere attrition is another genomic alteration that is well established as a factor
of aging and aging-related pathophysiological events. Telomeres are built with TTAGGG
hexanucleotide repeats bound by a set of telomere-capping proteins that protect telomeres
from DDR and ensure the regulation of their functions [115]. Telomere attrition occurs as
the ability of cells to fully replicate DNA ends declines with age. Such a decline is driven by
normal aging process (number of successive cell divisions) but also by diverse internal and
external factors that exacerbate it [116]. When a critical telomere length is reached, the latter
become vulnerable to DDR by being unable to sufficiently bind capping proteins. This situa-
tion induces a cell proliferation arrest and permanent foci of DDR with a resistance to DNA
repair mechanisms, in addition to other aging-related events such as stem cell alterations
and sustained pro-inflammatory processes [115]. Differently to what is observed in in vitro
assays, telomerase, the enzyme that is the main responsible for telomere extension and
maintaining, cannot assemble alone and needs other proteins for its assembly and activity
in human cells [117]. Diverse studies have suggested that foods that are generally rich in
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antioxidant and anti-inflammatory compounds appear to tackle telomere shortening [118].
Polyphenols are reported to preserve telomere length in healthy cells and to promote telom-
ere attrition and cell death in malignant cells [119]. Some frequent BP compounds such as
quercetin were found to tackle telomere shortening and cellular senescence [120]. Higher
intake of carotenoids have also been reported by observational studies to preserve telom-
ere length and integrity in humans [119]. Many nutrients that are present in BP, such as
dietary fibers [119], unsaturated fats (e.g., omega-3 and monounsaturated fatty acids [121]),
vitamins (e.g., vitamin C [87], folic acid [122], and alpha-tocopherol [123]), and minerals
(e.g., selenium and zinc [124]), have been reported to promote diverse mechanisms that
prevent telomere attrition and preserve telomere integrity.

Interactions among different BP compounds in such effects may be of great importance
and are still not studied. Resveratrol for example, which is also present in some BPs, have
been largely reported to suppress telomere attrition and cellular senescence [125]. This
stilbene, when associated with copper, produced a pro-oxidant effect but still induced a
series of anti-aging effects, including the reduction of cellular senescence and telomere
attrition in rodents [126].

In summary, BP’s potential to modulate DNA damage and repair mechanisms could
be broadly resumed in three major mechanisms, namely the antagonism of DNA damage-
generating stimuli, in the DNA damage process, and in DNA repair mechanisms. A general
presentation of this potential is presented in Figure 2.
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2.3. Important Remarks

In different subsections of this paper and in our other recent publications [1,2,10], we
have seen that a wide range of BP compounds tackle diverse events that are directly and
indirectly involved in DNA damage and other genomic and epigenomic alterations, as
well as in cellular senescence. Bioprospection in BP, and in natural products in general,
must focus on deciphering bioactive compounds and synergies to prevent DNA damages,
promote DNA repair mechanisms, suppress other genomic vulnerabilities such as telomere
alteration and epigenetic aggressions, and complement theses bioactivities through the
hindering of other pathophysiological mechanisms that maintain bidirectional exacerbation
loops with genomic and epigenomic alterations. In this context, some great challenges
must still be overcome. We think that the most important ones at our current level of
knowledge are the problems of reduced bioavailability of natural products in general and
phenolic compounds in particular, as well as the poor understanding of both pharmaco-
dynamics and pharmacokinetics of natural antioxidants and the exact regulation of DDR
in the different contexts of healthy, at-risk, or damaged (e.g., malignant, senescent, or
degeneration-condemned) cells. The potential of some polyphenols and other molecules
that we have seen to intricately modulate oxidative events, DNA damage, and cell death
mechanisms by promoting them in malignant cells and mitigating them in healthy cells
should deeply draw the attention of scientists. This urge to figure out the implicated mech-
anisms and use acquired knowledge about these properties in conceiving novel therapeutic
means or boosting the existing ones, as well as to tackle drug toxicity, still constitutes one
of the most dreadful impediments in managing complex diseases. Understanding when
this modulatory potential is beneficial and when it may become deleterious is a crucial
need, firstly to avoid unknown hazards that may be linked to these products if isolated
and used at high doses, and secondly to take advantage of their interesting and pleiotropic
bioactivities. The distinction between these two axes of activities obviously appears to
be very hard to delineate, but experimental evidence and data from observational and
from some clinical studies focusing on polyphenols also appear to be very encouraging.
A new era of rigorous and objective, but open-minded and holistic, research projects is
needed more than ever as we are facing an endless pool for bioprospection and a set of
very devastating diseases that remain ununderstood, untreatable, and unpreventable.

It is important to keep in mind that the interplay of aging hallmarks is still not
clearly elucidated and that auto-sustained loops exist between these hallmarks. Aging
process and age-related diseases generally occur as specific sets of these hallmarks and their
interactions. On the other hand, BP is a great multitargeting arsenal that is rich in numerous
compounds that tackle nearly all known systemic aging hallmarks, as well as localized
aging phenomena such as neurodegeneration. The challenge is therefore to gather the
available substantial amount of elementary preclinical data and translate it into meaningful
knowledge for clinical practice and real-world interventions.

3. Bee Pollen Compounds and Epigenetics
The evidence for BP potential in epigenetic modulation is also consistent and very

noteworthy. Although the studies of BP as a whole product are still quasi-absent, we will
detail a large body of evidence to unveil such potential. To narrow the spectrum of examples
due to the large diversity of age-related diseases and their underlying mechanisms, we will
focus our analysis in this section on neurodegeneration and cancer. We made this choice
because these are the most challenging burdens of worldwide healthcare due to the great
insufficiency in their understanding and the scarcity in their management arsenals, which
unfortunately culminate in a lack of efficient preventive and curative means, especially
in neurodegeneration.
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3.1. Epigenetic Regulation and Age-Related Diseases

Epigenetic regulation, being mediated by three major types of mechanisms, i.e., DNA
methylation, histone modification, and non-coding RNA (ncRNA), is a major genome
modulator that may shape the human phenotype, and, thus, deeply contributes to defin-
ing health and disease factors and critically determining numerous pathological events,
including those implicated in age-related diseases [127,128]. Although playing a key role
in genetic expression and being inheritable and transmissible during cell division, epige-
netic modifications can be reversed and are fortunately “reprogrammable” or “erasable”
due to pharmacological and nutritional interventions [127–129]. In this context, BP, as an
unequaled nutrient resource and a rich pool in bioactive compounds, may represent a
potential tool to carry out such interventions. Before developing BP’s potential, we will
briefly summarize the three major epigenetic mechanisms:

1. DNA methylation is the fixation of a methyl group predominantly to CpG (cytosine-
guanine in the 5′-3′ direction) dinucleotides by DNA methyltransferases (DNMTs),
thus forming 5-methylcytosine (5mC) [130]. The methyl group originates mainly
from S-adenosylmethionine (SAM), which acts as a universal methyl donor to DN-
MTs [131,132]. SAM originates from the methionine cycle, which in turn is known to
be a part of the larger one-carbon metabolism (OCM) network of metabolic pathways
that involve many micronutrients as methyl donors to produce SAM (we will see
them below) [131]. The DNA methylation profile appear to be a reliable indicator
of epigenetic age in diverse organs and functions and is being used to define many
age predictors that become commonly known as epigenetic clocks [133]. These clocks
are subject to extensive research in aging and present a highly accurate mean of
expressing chronological age and evaluating its distinction from biological age ac-
cording to DNA methylation level discrepancies between normal and pathological
aging [133,134], a gap that is significantly big in some age-related diseases such as
neurodegeneration [135].

2. Histone post-translational modifications include acetylation, methylation, phosphory-
lation, and ubiquitination. These modifications, which may alter chromatin structure
by steric hindrance or induce physicochemical modifications of histones, may happen
separately or in combination and therefore result in an endless number of combi-
nations and consequent biological responses [127]. In all cases, these modifications
will act as marks and will trigger the recruitment of chromatin-modeling complexes,
which are proteins that may be called “writers” (grab these marks, e.g., histone acetyl-
transferases (HATs)), “readers” (read them), or “erasers” (delete them, e.g., histone
deacetylases (HDACs)), depending on their function [127].

3. ncRNAs: Advances in genetic detection and isolation techniques and the achievement
of the Human Genome Project strikingly permitted us to know that only 1–2% of the
human genome codes for protein and that ncRNAs are a very functional and regula-
tory network involved in controlling all biological processes and playing crucial roles
in the pathophysiology of diverse human diseases [136,137]. These RNA transcripts
are roughly classified in “housekeeping” and “regulatory” ncRNAs, while the latter
are simply distinguished according to their sequence length into short and long ncR-
NAs and are emerging as promising biomarkers and therapeutic targets in numerous
diseases, including NDDs and cancers [136,137]. Among short ncRNAs, microRNAs
(miRNAs) have been extensively studied for their post-transcriptional regulatory
role (messenger RNA silencing) of gene expression and are widespread epigenetic
regulators, which are present in diverse cell compartments, including cytoplasm,
mitochondria, intracellular vesicles, and others [138]. Extracellular vesicles, which are
known to play critical roles in variety of cellular communication and pathophysiolog-
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ical processes, also contain ncRNAs in their cargos and may thus play important roles
in regulating gene expression through regulatory ncRNAs such as miRNAs [139].
We will see that BP compounds may affect all epigenetic regulators that we have
briefly described, including miRNAs, and that extracellular vesicles may present an
enormously rich and complex BP component that is still completely untapped.

To illustrate the importance of epigenetic alteration in age-related pathology, we
will highlight major mechanisms in two major disease examples, namely carcinogenesis
and neurodegeneration.

In addition to genetic alterations that we have briefly described, epigenetic mecha-
nisms are other major actors in the complex interplay, leading to the carcinogenesis process
and involving environmental and body-specific modulable factors. In cancer pathogene-
sis, it is very important to note that epigenetic information is settled since the very early
phases in life (beginning just after fecundation), and this may be of extreme importance
as epigenetic alterations and carcinogenic processes can affect pluripotent cells, either
stem or embryonic, thus lastingly influencing cellular and organism fate [140]. Major
epigenetic mechanisms in carcinogenesis may be summarized into three main groups.
First, DNA methylation and demethylation levels and distributions are altered in diverse
tumors, resulting in the hypomethylation in large areas of chromosomic material and
consequently in a more abundant and vulnerable euchromatin, genomic instability, and
overexpression of diverse oncogenic genes, or inversely in hypermethylation in a few
regions, which may imply silencing crucial genes such as tumor suppressors, which is a
common cancer hallmark and is one of the most studied and widespread orchestrators of
tumor genesis and metastasis [141,142]. Second, histone post-translational modifications
and/or ATP-dependent remodeling can modulate histone conformation and consequently
the accessibility of transcription factors and other mediators and/or induce gene expression
aberrances that can result in promoting pro-carcinogenic gene expression, especially those
related to migration, invasion, and metastasis [140–142]. Third, alterations in non-coding
RNA expression may drive alterations in chromatin dynamics and conformation; diverse
interactions in the nucleus and cytoplasm; and increased or decreased binding to various
target genes, and thus, they may promote gene expressions that are involved in initiating
or developing tumor formation [140,141].

Regarding neurodegeneration, DNA methylation has been proven to be crucial for
neurogenesis, neurodevelopment, and numerous neurological functions, including memory
and cognition and diseases including NDDs, although the exact underlying mechanisms are
not always clear [143]. However, it is still not understood whether DNA methylation itself
is a driver of the ageing process or just a mediator trained by other molecular and cellular
mechanisms [133]. Altered DNA methylation is a common aspect in major NDDs, including
Alzheimer’s (AD) and Parkinson’s (PD) diseases. Interestingly, these diseases manifest a
similar pattern of epigenetic alterations in a significant set of CpG sites [144], supporting
the possibility of common NDD pathogenesis that differentiate thereafter according to
unknown or partially known interacting factors.

Alterations in the regulation of histone acetylation are tightly linked to aberrant pro-
tein deposition and impaired neuronal homeostasis and plasticity [145] and therefore may
play a crucial role in neurodegeneration pathophysiology. Overexpression of some HDACs
and impaired acetylation in general is associated with pathogenic Aβ, tau, α-synuclein,
and huntingtin aggregation [145,146]. The inhibition of HDACs and upregulation of HAT-
mediated acetylation have been reported to reduce aberrant protein deposition and other
neurodegeneration traits in animal models and were proposed as potential therapeutic
targets to restore gene transcription and correct cognitive decline and other neurodegener-
ative processes [147,148]. However, before engaging in such an appealing perspective, a
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pivotal question must first be answered: are these acetylation aberrances a trigger or a result
of neurodegeneration? Obviously, both mechanisms may exist, but conclusive evidence
is still lacking. Altered histone acetylation is also strongly involved in neuroinflamma-
tion [149,150] and in a myriad of other neurodegeneration-triggering mechanisms [151,152].
Histone and chromatin modifications, as well as ncRNA actions, are also implicated in
age-related neuronal function and survival [153]. Moreover, histone modifications and
chromatin remodeling were linked to nerve regeneration in humans, for example, through
restoring myelination by oligodendrocytes [154]. Likewise, histone modifications are very
tightly linked to the pathophysiological mechanisms in diverse types of cancers and are
successfully investigated, and sometimes clinically used, as therapeutic targets (for recent
reviews, see [155,156]).

Wingless-type mouse mammary tumor virus integration site (Wnt)/β-catenin is a
crucial and extensively studied signaling pathway involved in a myriad of biological
processes related to cell differentiation, renewal, proliferation, and fate determination
through the whole lifespan, and thus, it has a great and multifaceted impact in many
pathophysiological events, particularly those related to cell alterations such as cancers and
neurodegeneration [157,158]. The Wnt/β-catenin pathway is substantially regulated by
epigenetic mechanisms involving numerous genes and signals and implying all epigenetic
ways, i.e., DNA methylation, histone modification, and microRNAs [159,160]. β-catenin
is particularly implicated in DDR by targeting many of its genes [161] and affects many
cell cycle regulators but also many metabolic signaling pathways, making its abnormal
levels, which may result from different mutations in the Wnt canonical pathway, deeply in-
volved in carcinogenesis, metastasis, and resistance to chemotherapy [157]. Wnt/β-catenin
alteration is also markedly involved in altering microglia, astrocyte, and oligodendrocyte
functions; impairing neuronal survival and regeneration; affecting synaptic plasticity and
transmission; and promoting aberrant protein deposition and neuroinflammation, among
other effects [158].

3.2. BP as a Valuable Source of Epigenetic Modulators

Many BP ubiquitous phytochemicals have been found to modulate major epigenetic
mechanisms. Some of them have potently suppressed oncogenic epigenetic signaling and
promoted the epigenetic induction of tumor suppressor gene expression in experimental
studies. Polyphenols are widely reported for their countless effects resulting from epigenetic
modulatory mechanisms in neurodegeneration and cancer pathophysiology (good recent
reviews can be found in [162–166]). All of these effects are not limited to differentiated fully
functional cells. The three major mechanisms of epigenetic modulations have also been
verified for numerous polyphenols in cancer stem cells, which play a crucial role in cancer
renewal and resistance (reviewed in [163]). Indeed, we will hereinafter give only some of
the most relevant examples of BP ubiquitous compounds.

Kaempferol inhibition of DNMT1 is for example an interesting mechanism which re-
sults in an increase in the demethylation of disheveled-associated antagonist of β-catenin 2
(DACT2), i.e., its reactivation, which has been shown to suppress colorectal cancer cell
proliferation and migration [162]. DACT2 is known to be depleted in many cancers, and
its decreased levels closely correlate with increased occurrence, development, invasion,
metastasis, and overall poor prognosis in many cancers [167]. In silico and in vivo studies
have reported that kaempferol was an HDAC inhibitor against all tested deacetylases [168].
Marked inhibitory activity on HDACs was especially confirmed in human cell lines of hep-
atoma and colon cancer and correlated with the reduced viability and proliferation of these
cells [166,169]. In addition, this flavanol upregulated the expression of miR-340, which is an
apoptosis inducer and cell proliferation inhibitor [168]. Interestingly, kaempferol has also
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been shown to mitigate the Warburg effect in human colon cancer cell lines by inhibiting
aerobic glycolysis through the upregulation of miR-339-5p (a tumor suppressor that is
altered in some cancers), an effect that was further enhanced when associating kaempferol
with a miR-339-5p mimic [170].

Quercetin inhibits DNMTs, HATs, and HDACs, with consequent activities, including
histone acetylation enhancement and an increase in DNA demethylation in the promoter
regions of apoptotic genes, thus resulting in the upregulated transcription of proapoptotic
mediators in many cancer experimental studies [162,171]. In breast cancer, quercetin
enhances the epigenetically modulated expression of breast cancer genes (BCRA 1 and 2), an
effect where HAT-mediated regulation of β-catenin appears to be involved [172]. It was also
found to be very effective in reversing epigenetic silencing of androgen receptor in prostate
cancer and in potentiating adopted drugs for such effects [169]. In a wide range of human
cancer cell lines, quercetin has also been reported to upregulate some anticarcinogenic, anti-
proliferative, and proapoptotic miRNAs; downregulate some oncogenic and metastasis-
mediating (promoting migration and invasion) miRNAs; and to correct aberrances of
other antiproliferative, anti-angiogenic, and proapoptotic ncRNAs (these effects were
recently reviewed in [169,173]), in addition to obviously exert a myriad of anti-proliferative,
anti-metastatic, anti-angiogenic, proapoptotic, and chemo-sensitizing effects [174,175].
Quercetin was also reported to activate SIRT1 (which is also a histone deacetylase appearing
to selectively prevent aberrant methylation [176]) in some cancers [162] and its AMPK and
mTOR downstream pathways, with histone modification and DNMT regulation likely
being involved in these effects [177].

Resveratrol has been reported to reverse epigenetic alterations through miRNAs that
are involved in ovarian cancer, inflammatory processes, NDDs, and other diseases and
cells [178,179]. Resveratrol is especially known to upregulate a vast array of proapoptotic
and tumor suppressor miRNAs or corresponding genes that are commonly silenced in
diverse cancers [142]. It also corrects the altered expression of many long ncRNAs involved
in carcinogenesis initiation and progression and malignant cell proliferation and apoptosis
in different cancer cell lines (implications in cancer are reviewed in [173]). Resveratrol
also modulates HATs and HDAC and interestingly regulates other chromatin proteins
than histones [179]. Accordingly, resveratrol inhibited the epigenetic reader metastasis-
associated protein 1 and its associated cell signaling, tumor progression, and metastasis in
prostate cancer [180]. Furthermore, importantly, this phytochemical was found to prevent
epigenetic mark transmission from rodent mothers to offspring. This valuable quality
was verified in neurodegeneration and some metabolic disorders and manifested in DNA
methylation, histone modification, and miRNA signatures, thus unveiling an important
trans-generation preventive role [179,181]. In addition, trans-resveratrol administration
to mother rats, even at low doses, upregulated the most abundant miRNA in the brain,
viz., miRNA-124, and resulted in the enhancement of neuroprotection, neurodevelopment,
and neuroplasticity since early life [182]. Resveratrol is also widely known to upregulate
SIRT1 [162,179,183], an effect which appears to markedly stand behind a large part of its
roles in many inflammatory, oncogenic, and neurodegenerative processes [179,184,185].
Epigenetic regulation by resveratrol is also involved in its modulatory effects on many vital
signaling pathways such as AMPK (through SIRT1 upregulation and via other indirect
mechanisms), mTOR, and insulin/insulin-like growth factor-1 [179,183].

Apigenin has especially been characterized by its marked inhibitory potential on
HDACs in diverse cancers [168,169]. This multipotent flavone was also found to greatly
induce, through epigenetic modulation, activating transcription factor 3 [169], which is a
major regulator of immune response and many metabolic and other biological processes,
notably manifesting in its crucial protective roles against many cancers [186]. Apigenin
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upregulated some proapoptotic miRNAs and downregulated oncogenic ones in human cell
lines [187–189]. Myricetin is another BP and plant ubiquitous flavone that potently inhibits
DNMT and upregulates HDACs, especially SIRT1 [169]. Still among flavones, marked
DNMT inhibition has been identified as a participant in the strong anticancer effects that
have been widely reported for luteolin by many experimental studies [169]. In addition,
studies in diverse cancer cell lines have reported that luteolin upregulates a large number
of tumor-suppressing and proapoptotic miRNAs and downregulates many oncogenic and
anti-apoptotic ones [190].

A series of experimental, mainly in silico and in vitro studies, have unveiled that
hesperidin and naringenin drove, through epigenetic modulation in breast cancer, nu-
merous anticancer biological responses, such as increased proapoptotic gene expression,
oncogenic gene suppression, and many signaling pathway enhancements, especially in
Wnt/β-catenin and its downstream pathways [191]. Naringenin was found to exert neu-
roprotective and anticancer effects by downregulating the expression of some pleiotropic
miRNAs such as miR-25 and miR-17, which are involved in oxidative, inflammatory, and
diverse other biological processes, and upregulating the immunomodulatory miR-223 and
tumor suppressor miRNA let-7a [169]. Some evidence has also suggested that naringenin
possess HDAC inhibitory activity [168].

Epicatechin, epicatechin gallate, gallic acid, quercetin, kaempferol, and resveratrol
inhibited DNMT in different cancer types [162,166]. Inhibiting DNMTs and decreasing
their gene expression and translation appear to be shared among catechins, including those
present in BP, i.e., catechin and epicatechin [192]. Epicatechin, epicatechin gallate, and
gallic acid act as inhibitors of HATs [162]. Gallic acid inhibits the majority of HDACs [162],
and was found to modulate miRNAs and long ncRNAs, with a special effect on miRNAs
involved in DNA repair, while spermidine was reported to regulate chromatin condensation
and DNA conformation [193]. Delphinidin, reported as a main anthocyanidin in some
BPs [194,195], was found to exert DNMT and HDAC inhibitory activities and to suppress
some pro-carcinogenic and metastasis-promoting miRNAs [168].

Genistein, the soybean “mark”, is also the major isoflavone present in BP [196]. Studies
in human breast cancer cell lines and animal models have reported that genistein inhibits
DNMT1; reduces the promoter methylation of BRCA genes and other tumor suppressors,
thus reactivating them and promoting their protective role; enhances chromatin acetylation
marks; and modulates miRNAs (e.g., upregulates tumor-suppressive and proapoptotic
miRNAs and downregulates the oncogenic ones) in diverse cancer types [172–174]. Genis-
tein was also found to promote histone acetylation at starter sites of tumor suppression
genes in human cell lines of many cancer types [142]. This phytocompound also corrected
the epigenetic loss of the anti-aging protein Klotho in mouse fibrotic kidney. Underlying
mechanisms included simultaneous inhibition of histone 3 deacetylation of the Klotho pro-
moter and correction of the promoter DNA hypermethylation by suppressing DNMTs [197].
To complete its wide array of anticancer effects, this phytochemical plays important roles in
promoting cancer cell apoptosis and suppressing proliferation, angiogenesis, and metastasis
in some cancers through long ncRNAs modulation [173].

Chronic inflammation is a main interacting culprit with epigenetic mechanisms and is
a major pathogenic factor in cancer and neurodegeneration, as we have explained. Interest-
ingly, polyphenols may reduce inflammation directly and through epigenetic modulation
mechanisms, which will result in mitigating low-grade chronic inflammatory diseases [198]
such as cancer and NDDs. A series of experimental studies have verified the significant
modulatory potential of polyphenols toward chronic inflammatory response via all known
major epigenetic mechanisms. Among those present in BPs, this includes apigenin, epi-
catechin, gallic acid, luteolin, resveratrol, and other polyphenolic mixes isolated from
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vegetal sources (reviewed in [199]). The other inflammation-related chronic deleterious
phenomenon in cancer and neurodegeneration is undeniably oxidative stress. Epigenetic
mechanisms are acknowledged as the mediator between oxidative stress and genetic struc-
tures and functions [200]. Oxidative stress may directly damage DNA and chromatin
structures or indirectly affect them through inhibiting DNMT binding, affecting histone
post-translational modifications, deregulating transcription factors, impairing the genesis
and effects of miRNAs, and altering diverse metabolites that are essential for epigenetic
mechanisms and implicated enzymes [200,201]. Phenolic compounds are widely reported
to modulate this stress through epigenetic regulation. Among many studied phenolics,
some of those present in BP, such as apigenin, delphinidin, luteolin, and resveratrol, reduce
the Nrf2 methylation by inhibiting DNMTs, mediating its demethylation, and thus promot-
ing reduced methylation of the Nrf2 gene promotor and contributing to the correction of
altered levels of this key transcription factor in inflammatory and oxidative regulation [202].
More generally, many phenolic compounds, including some of those present in BPs, have
been shown to exert a part of their antioxidant effects through the epigenetic modulation
of DNA methylation, histone, and other chromatin protein modifications and/or ncRNA
regulation, in addition to obviously inducing miscellaneous epigenetic regulations as a
result of their direct antioxidant mechanisms, either inside the mitochondrion or in other
cell compartments [164,179,192,200,203].

Numerous effects of phenolic compounds, including some of those present in BP,
on epigenetic processes have also been shown to result in neurodegeneration-countering
outcomes. This included, for example, ellagic acid, epicatechins, gallic acid, kaempferol,
quercetin, and resveratrol [166,179,204,205]. The number of studies investigating epigenetic
regulation by phenolic compounds in neurodegeneration prevention and treatment remains
far less than studies focusing on cancer. This appears to be mainly due to the poorer
understanding of neurodegeneration mechanisms and the scarcity of interventional tools
in managing NDDs in comparison with cancers. Small molecules acting as epigenetic
modifiers, such as the examples that we have seen, have an important advantage if they
can cross the BBB. This will permit, especially at early disease stages, the mitigation of
neurodegenerative mechanisms that are known to be epigenetically induced or modulated
(e.g., Aβ production, tau phosphorylation and accumulation), a possibility which has been
observed with HDAC inhibitors in animal models of NDDs [130].

Another point to consider is that the same epigenetic mechanisms or signals are
frequently involved in the pathophysiological issues of both types of diseases. The clearest
example could be miRNAs, which usually play a large plethora of physiological and
pathological roles. miR-134 is known to be a brain-enriched miRNA that contributes in
regulating neurogenesis, neurodevelopment, synaptic plasticity, and neuronal excitability,
and it appears to be implicated in many neurological disorders, including AD and epilepsy,
where it has emerged as a potential disease-modifying target [206–209]. This miRNA
is paradoxically known to be an important tumor suppressor in many cancers [210,211]
and has been markedly downregulated by resveratrol in rat models of AD [212]. Another
example without a contradictory appearance is miR-7. This miRNA is well studied in cancer
and is known to play a crucial stabilizing role in a number of networked signaling pathways,
mediate a series of transcriptional feedback loops, and especially act as tumor suppressor
while being silenced by DNA methylation in cancer cells [213]. This miRNA is potently
upregulated by quercetin (it was found to be the most potent activator of miR-7 using a
nano-scanning investigation) [214]. This upregulation has been found to be particularly
useful in suppressing α-synuclein deposition [214]. Experimentally induced overexpression
of miR-7 was found to inhibit α-synuclein fibrillation, mitigate neuroinflammation, and
protect dopaminergic neurons in animal models [215]. Notwithstanding their complexity
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and the insufficient understanding of their implications, these shared mechanisms may
endow multitarget epigenetic modifiers with a great potential in fighting aging-related
diseases, among which cancer and neurodegeneration occupy the foremost place. This is
even more interesting in the case of natural safe resources that may be used as nutraceutical
and pharmacological tools in humans, such as BP.

The plethora of epigenetic regulatory mechanisms that we have seen for these major
examples is clearly important and very promising. One of the most important challenges
to resolve in the case of BP as a wholly usable product in human nutrition and medicine
is to study the combinations of these bioactive compounds and how they behave when
administered together. BP generally contains more than one of these phenolics and other
epigenetic-regulating compounds and nutrients that we will see briefly. Studies of syner-
gistic effects remain very scarce. However, the few ones that have been conducted so far
reported expectedly encouraging results (see sample reviews in [216,217] for combinations
including the example molecules that we have just discussed). In addition to this type
of research, many other studies that we do not report here have reported advantageous
results when combining the epigenetic regulators that we have seen, viz., phenolics with
chemotherapeutic drugs. As we have already discussed, the BP pool around the world
remains untapped for the most part. The few BPs that have been characterized in detail
from different regions of the world have unveiled a wide spectrum of important epigenetic
modifiers, including bioactive phytochemicals and micronutrients, which are frequently
present at substantial amounts in this natural and rich matrix. Epigenetic alterations are
widely acknowledged among the scientific community to be a main contributor in the
pathogenesis of cancers and NDDs, a contribution that generally evolves over many years
to settle the confirmed disease state. The presence of such a large spectrum of bioactive
compounds in BP may represent a novel and versatile arsenal to lastingly reduce the
incidence and accumulation of epigenetic alterations, at least in at-risk individuals. In
addition, BP prospection for novel phytopharmaceuticals with potential application in
epigenetics should advance at greater pace due to the amount of available evidence and
the urgency of epigenetically driven diseases. Complementarily, the available literature
has also reported a substantial amount of evidence unveiling the potential of phenolic
compounds in regulating numerous aspects of metabolic and cardiovascular disorders (not
reviewed in the current work due to the great length of our discussed topic), which are
usually approached as culprits in the long-term triggering of neurodegeneration and car-
cinogenesis. The same thing is widely verified for diverse micronutrients of BP. A problem
that remains to be solved with this bee cocktail is the difficulty of using it to selectively
target an epigenetic regulator or process. However, due to the networked and complex
implication of every known epigenetic process, the great complexity and multifactorial
nature of related diseases such as neurodegeneration and cancer, and the complementary
activities of BP in many pathophysiological situations (as we are seeing in this work), the
molecular approach of preventing and managing diseases appears to have many things
to reconsider.

Another big issue for translational research on phenolic compounds in epigenetics
is the fact that experimental research works almost always study specific compounds
prepared in lab extracts that may differ from the real natural context of bioactive com-
pounds, or, in case of single molecules, evaluate them in an experimental media while
overlooking diverse interactions that may occur in complex biological contexts; thus, the
analysis incompletely, or even wrongly, understands the underlying mechanisms. In
addition, investigations always focus on limited number of epigenetic variables and/or
signaling pathways, a reality that alters the credibility of experimental results given that
such variables and pathways are known to generally interact with each other and to also be
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modulated by other mechanisms, either known and missed or unknown, in very complex,
intricate, and experimentally hard to reproduce ways. To help to avoid such hindrances,
especially when facing the great diversity and complexity of epigenetic mechanisms and
phenolic compounds, profitable use must be made of the available online databases that
gather a lot of data about molecular compounds, biological matrixes, miRNAs, and other
translational tools. High-throughput untargeted technics, involving network pharmacolog-
ical studies and omics sciences and using new machine learning advances, and in silico
studies may save a lot of time and effort and accelerate bioprospection, especially in very
diversified and complex resources such as BP. Furthermore, researchers and public and
scientific authorities may have the “moral duty” to enrich such databases and settle new
ones to make results accessible to other researchers and achieve reliable and sustainable
results. In this context, gathering epigenetic marks and adopting reliable profiles of such
marks to detect vulnerable pathophysiological contexts to neurodegeneration or cancer
early on is an urgent need and will be an unequaled achievement of worldwide coordinated
research works. It also goes without saying that analytical and other logistical tools must
be accordingly rendered more affordable and accessible to researchers.

BP’s nutritional value is one of its most valuable endowments. Accordingly, the
potential roles of nutritional interventions in modulating epigenetic alterations, especially
in preventing long-term deleterious “programming” of biological processes and cell fate
determination, are solidly based on a large and growing body of evidence. For recent
reviews related to aging, neurodegeneration, and cancer, see [129,218–223]. Therefore, BP
may virtually be a great source of epigenetic modulatory nutrients as it contains almost
all known essential micronutrients, generally in marked concentrations, as we have seen.
We will briefly describe the evidence-based data of vitamins, minerals, and other nutrients
that are frequent in BP, epigenetic programming, as well as consequent prospects for
intervention in neurodegeneration and carcinogenesis pathologies.

Vitamin C may be the most important epigenetic-regulating vitamin in BP; notwith-
standing vitamin D, which is a widely acknowledged epigenetic modulator [224,225], but
very rare studies have reported its presence in BP, as we have seen. One of the seemingly
most relevant roles of vitamin C, which was relatively newly discovered, in epigenetic
processes is its role as a cofactor of ten-eleven translocation (TET) and jumonji C-domain-
containing histone demethylases (JHDMs) [226,227]. TETs are a family of enzymes involved
in inducing DNA demethylation by oxidizing 5mC, and they are consequently implicated
in numerous biological and pathophysiological processes [228]. JHDMs are a large family
of enzymes (33 identified in humans) that are involved in regulating histone methylation
and in orchestrating the crosstalk between cancer and inflammation. This involvement has
been recently identified as one of the most important mechanisms in tumor occurrence and
progression [229]. Vitamin C is a pleiotropic inducer of DNA demethylation (thus inducing
demethylation in ~2000 genes in embryonic stem cells for example), while its depletion was
reported to result in a quasi-complete suppression of histone demethylation in vitro [226].
Also implying its other activities, numerous mechanisms by which this vitamin epigeneti-
cally enhances genomic stability have been unveiled (reviewed in [230]). In non-malignant
cells, vitamin C reduced apoptosis and downregulated 1 and upregulated 41 miRNAs in
hydrogen peroxide-injured human umbilical vein endothelial cells [231]. The analysis of the
10 most changed miRNAs showed that they were involved in antiapoptotic, antioxidant,
and antioncogenic protections, among other effects. In clinical studies, vitamin C intake
was positively associated with the expression level of the tumor suppressors miR-31 and
miR-375 in head and neck squamous cell carcinoma patients [232].

Vitamin A, in retinoic acid form, regulates gene expression through its nuclear recep-
tors (retinoid acid receptors, RARs; and retinoid X receptors, RXRs), which are involved
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in DNA methylation and histone acetylation [233]. It reduces DNA methylation by up-
regulating TETs and promote HDACs expression by competitively displacing them from
binding to retinoic acid response elements in gene promoters [201]. In addition, retinoic
acid inhibits DNMTs and activates HATs [220]. The modulation DNA methylation and
especially histone acetylation via retinoid receptors was particularly found to drive the
important cell differentiation-inducing effect of vitamin A in stem cells [220,234]. Cell
differentiation is a therapeutic target in many cancers, making retinoic acid an adopted or
potential disease-modifying treatment in many of them [235–237]. Accordingly, a multipath
effect with a great interest in cancer immunotherapy was recently unveiled. Indeed, RAR
activation by vitamin A metabolites resulted, through diverse histone acetylation-related
mechanisms, in the promotion of T-cell differentiation, comprehensive repression of gene
expressions related to memory T-cells and, consequently, in the promotion of effector T-cell
differentiation [238]. Furthermore, vitamin A modulates the expression of multiple miR-
NAs in healthy and malignant cells as well as in cancer progression, notably manifesting in
the upregulation of many tumor-suppressing miRNAs in diverse cancers [220].

Vitamin B12 is also involved in DNA methylation by being a crucial cofactor in the
methionine biosynthesis from homocysteine, given that methionine is essential in the DNA
methylation process (acting as a methyl donor for methyltransferases) [201,239]. Other
vitamins, such as B2, B3, B6, B9, and E, have been reported to drive diverse epigenetic
regulations through diverse, and generally indirect, mechanisms, for example, being related
to interference with DNA damage and repair or other biochemical pathways, although
a few reports have unveiled some roles in miRNA regulation (e.g., vitamin B3) or DNA
methylation (e.g., vitamin B2) in addition to the known role of some B vitamins in the me-
thionine cycle and OCM in general (e.g., vitamins B3, B6, B9, and B12) [218,220,233,239,240].
These effects remain, however, less studied and apparently less striking than those that we
have seen for other vitamins, at least according to our current level of knowledge.

Apart from methionine, which is known as a core element in methyl transfer reactions
in living organisms, other amino acids such as those linked to OCM (e.g., arginine, cys-
teine, glycine, histidine, serine, threonine, and homocysteine) or branched-chain amino
acids (leucin, isoleucine, and valine) may regulate epigenetic mechanisms in important
and complex ways with direct implications in cancer and neurodegeneration pathophys-
iology [241–244]. Protein restrictions have also been reported to induce a global decline
in DNA methylation and DNMT regulation, correlating with consequent alterations in
major cell signaling pathways such as AMPK, SIRT1, and mTOR [245]. In addition, many
short peptides have been shown to modulate epigenetic mechanisms and to culminate,
through this modulation, in important pathophysiological roles and targeting possibilities
in neurodegeneration [246,247] and cancer [247,248]. Moreover, recent evidence suggests
that protein structure is also determined by epigenetic regulation and not only by amino
acid sequence resulting from gene coding, as it was previously thought for decades [249].
Furthermore, we have already seen that BP is rich in proteins and almost all amino acids
involved in human metabolism and that some peptides isolated from BP manifested in-
teresting bioactivities [1]. Considering all of these observations together, we “dare” to
confidently suggest that the topic of epigenetic regulatory activities must also be investi-
gated in BP peptides. This remains a totally untapped research topic and may open new
perspectives for BP-mediated epigenetic regulation, especially regarding the large number
of epigenetic regulators that we have described and that exist in BPs. In addition, we take
this opportunity to invite researchers to focus on the epigenetic potential of BP as a whole
product or on its extracts while taking into consideration the substantial preclinical evi-
dence that we have elucidated in this work regarding already known epigenetic modifiers
that are widespread in BP.
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Many experimental studies have reported that unsaturated fatty acid (omega-3, -6, and
-9) supplementation have resulted in modulating global and localized DNA methylations
in different cellular models, resulting in the modulation of the gene expression of diverse
mediators of inflammatory and immune responses and other effects related to their anti-
cancer potential [166,199]. Epigenetic mechanisms related to the anti-neurodegeneration
potential of these fatty acids remain very scarce. Saturated fatty acids, viz., palmitate and
stearate, were also found to induce the hypermethylation of isoform 1 of the peroxisome
proliferator-activated receptor γ (PPARγ1) gene promoter, which is a critical determinant
of pro-inflammatory activation and insulin resistance in macrophages [199]. The anti-
inflammatory effect of oleic acid and other well-known fatty acids was also reported to
be mediated by their modulatory effect on DNA methylation, histone modification, and
microRNA signatures [250]. All of these fatty acids are present in BP, and palmitic acid
is reportedly the most abundant saturated fatty acid in BP, while oleic acid is also among
the main unsaturated fatty acids in this valuable matrix [1]. These are only some of the
most illustrative examples, as other studies of BP fatty acids for such effects are available in
the literature.

Other compounds that are frequently found in BP or that are found in high amounts
in some BP types have also been reported for their important epigenetic effects. In addition
to B vitamins and methionine as we have seen, choline is also a methyl donor in the
OCM network (it is a precursor of betaine that gives the methyl group to homocysteine to
be converted to methionine), therefore making DNA methylation also dependent on its
presence and availability [131]. Choline is endowed with further importance as it is a key
contributor to acetylcholine production and cholinergic neurotransmission, in addition to
it being a crucial component of cell membranes via phosphatidylcholine production [131].
Diverse studies have reported that deficiency in dietary methyl donors may be implicated
in disorders, including carcinogenesis, neurodegeneration, and other related ones such as
neurodevelopmental, metabolic, and cardiovascular disorders [131,217,245,251,252]; and
to results in early epigenetic alterations in offspring [253]. Accordingly, supplementation
of these donors resulted in enhancing neurodevelopment and diverse neurofunctions
including cognition and in reversing neurodegenerative processes in animals [245]. Specific
studies have reported that supplementing choline (in animal models of AD) and betaine
(in AD patients) resulted in the improvement of many NDD traits [245].

We have already seen that BP is rich in selenium and that normal dosage consumption
of some BPs may provide the daily recommended amount of this vital element. Selenium is
implicated in epigenetic regulation in an intricate and multifaceted way. It has been found
to alter heterochromatin structure in murine embryonic cells, inhibit DNMTs in diverse
human and animal cell lines, and induce demethylation in some cancers; meanwhile, it has
acted as an HDAC inhibitor in other types of cancer [254–256]. These epigenetic effects have
mediated anticancer effects such tumor suppressor induction and epigenetic mark deletions
in many experimental studies [254]. Selenium has other epigenetic involvement phenom-
ena, such as stabilizing telomeres and regulating homocysteine levels by contributing to
SAM demethylation [255]. This essential microelement was finally reported to modulate a
wide range of miRNAs, including the tumor suppressor miR-185, which was silenced in a
selenium-depleted medium [254,257]. This miRNA appears, through the targeting of many
genes, to play a central role in regulating carcinogenesis, progression, and metastasis and
appears to affect all cancers (only a few exceptions remain to be deciphered and reported
regarding the oncogenic effect of this miRNA, mainly in colorectal cancer,) [258,259]. In
addition, miR-185 may be involved in mitigating neurodegeneration. In PD, where it
is depleted, miR-185 has been shown to correct a great number of disease traits such as
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behavioral troubles, dopaminergic neuron damages, oxidative stress, and alterations of
many proteins involved in PD pathophysiology [260,261].

Zinc is also markedly involved in epigenetic mechanisms. This mineral is a corner-
stone element in DNA replication, repair, and transcription [245,262]. Maternal deficiency
culminates in epigenetic alterations in offspring and diverse epigenetically induced diseases
in later life [263], while zinc supplementation in offspring has resulted in the correction of
the expression of some DNMTs and related DNA methylation levels [264]. Zinc deficiency
in general results in SAM depletion and reduced DNMT function [265]. It is estimated
that about 10% of human genes bind to zinc, either directly or indirectly, a binding that
commonly occurs through the zinc finger domains (ZFDs), which are present in numerous
transcriptional factors [262]. Zinc finger proteins are the largest group of transcription
factors in mammals and are diversly involved in various cancers, either through oncogenic
or tumor suppressive roles, given that they impact all main epigenetic regulations and
other cancer-associated pathophysiological processes such as inflammation, apoptosis, and
cancer cell proliferation and metastasis [266]. Likewise, these kinds of proteins are deeply
involved in aging, neurodevelopment, brain function, and diverse neurological disorders,
including neurodegeneration [267]. Indeed, many DNMTs, HATs, histone methyltrans-
ferases (HMTs), and histone demethylases carry a ZFD, which promotes their substrate
access and recognition and consequently mediates their effects on gene expression, epi-
genetic marks, and chromatin structural changes [262,264]. Zinc-dependent HDACs are
also a key group of histone deacetylases (except for sirtuins, in which zinc role remains
controversial, all other known HDACs are zinc-dependent [262]) and a potential thera-
peutic target in cancer and neurodegeneration that is already used in clinical practice,
especially in cancers [148]. Zinc deficiency increased the expression and activity of DNMT1
and DNMT3A in human cancer cell lines and upregulated DNMT1 and downregulated
DNMT3A in the hippocampus of cognitive dysfunction murine models, wherein these
DNMT alterations were significantly mitigated by zinc supplementation [264]. Other stud-
ies in cancer reported that zinc may inhibit DNMTs [245]. ZFD-containing proteins are
also involved in demethylation, a quality that also appears to be interesting in terms of
selectively reactivating genes that have been silenced by aberrant methylation in many
diseases, including oncological and neurological ones [268]. For very illustrative examples,
methylation-mediated silencing of miR-193b [269] and miR-128 [270] by zinc deficiency
was observed in human cell lines and animal models of esophageal cancer, respectively.
Interestingly, miR-193b, which was reported as a key tumor-suppressing actor in many
cancers aside from some rare exceptions, was recently described as an ideal biomarker
of cancer prognosis in an Asian meta-analysis. This study concluded that miR-193b ex-
pression positively correlated with poorer survival and overall prognosis in patients with
diverse cancers [271]. Despite its universal alteration in neurodegeneration and cancer,
the expression profile of miR-128 was controversially described in NDDs [272], whilst
this expression suppressed cell proliferation, migration, invasion, and tumor growth and
induced cell apoptosis in many cancers, including in the brain, where this miRNA is among
the most expressed ones in humans [273]. Studies in some cancers have reported that zinc
supplementation improves treatment efficiency and patient outcomes, but zinc excess is
also known to result in diverse alterations such as neuroinflammation and cell toxicity [265].
These multiple and core involvements of zinc in epigenetic processes make metabolic and
signaling processes in which this vital element is involved appealing targets for preventing
and managing epigenetically driven diseases, especially cancers and NDDs.

Carotenoids are also a chemical family that may be endowed with important epigenetic
modulatory activities. We have already discussed vitamin A for epigenetic activities,
achieved mainly through retinoic acid receptors. It is therefore clear that β-carotene is
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importantly involved in epigenetic regulation either through DNA methylation, histone
modification, or ncRNAs, given that it is metabolized to all trans-retinoic acid, which
is extensively studied in epigenetics (it is thoroughly reviewed for cancer implications
in [274], while studies in NDDs remain very scarce and inconclusive). Similar observations
may be correct for β-cryptoxanthin and other provitamin A carotenoids that are present
in BP. Many studies, including those in humans, have reported that β-cryptoxanthin has
cancer-preventing potential independently of other carotenoids and nutraceuticals, with
many effects having an epigenetic outcome (e.g., SIRT1, microbiome, and other signaling
pathways), apparently resulting from the molecule itself and not from its metabolization
to retinoic acid [275]. Lutein was found to increase acetyl-coenzyme A in the human
undifferentiated neuroblastoma cell line [276]. Because acetyl-coenzyme A is a pivotal
metabolite in epigenetic regulation by serving as supplier of the acetyl group that is
transferred by HATs to lysine residues in histone [277], lutein appears to possibly have
an important role in modulating histone acetylation and thus epigenetic processes. The
detection of such an effect in undifferentiated cells may also open a way to therapeutic
targeting of cancer cells. Nanoencapsulation has been proposed as a way to bypass the
challenge of the poor stability and bioavailability of lutein for its use in therapeutics [278], a
technique that is obviously promising for other natural phytochemicals. Lycopene has also
been reported to downregulate DNMT3A and activate (demethylate) the gene promoter
of glutathione S-transferase Pi (GSTP1, an important regulator involved in the defense
against oxidative and genotoxic damages and silenced by hypermethylation in a variety
of cancers [279]) in prostate cancer [280], in addition to exerting a wide range of indirect
epigenetic modulations on cell signaling pathways involved in antioxidative defense,
DNA damage and repair, inflammatory response, and cell death [281]. It has been also
reported to upregulate (demethylate) other tumor suppressors and to be linked with the
hypermethylation of possibly pro-oncogenic genes such as inflammatory mediators and
T-cell activators [282,283]. However, the fact of whether this DNA methylation modulatory
activity is due to DNMT inhibition or demethylation activation or both is not yet clear, and
the reproducibility of the results in diverse cancers needs to be verified.

Large observational studies analyzing the six carotenoids that we have cited as exam-
ples, i.e., α-carotene, β-carotene, β-cryptoxanthin, lutein, lycopene, and zeaxanthin, have
shown that circulating levels of these compounds as well as total circulating carotenoid
levels were associated with reduced breast cancer risk [284]. A metabolomic analysis of
these six compounds, considering their involvement in epigenetic regulations (acetylated
and methylated metabolites) among other biological responses, concluded that only the
metabolic signatures for β-carotene and estimated vitamin A potential significantly fulfilled
the correlation with reduced breast cancer risk [284]. This conclusion supports a role of
retinoic acid downstream pathways in anticancer prevention, but the extent of importance
that epigenetic processes occupy in these observations were unfortunately not assessed
by the authors. Due to the complexity of such an assessment, further studies are needed
to decipher the real implications of epigenetic modulation by carotenoids in cancers. In
fact, all carotenoid examples that we have discussed here are known to have a plethora
of other cancer-mitigating bioactivities which, in spite of some very rare exceptions, are
supported by a large body of evidence from preclinical and clinical studies in diverse
cancers [82,285–290]. Direct studies of the implications of carotenoid-mediated epigenetic
modulation in NDDs unfortunately remain a little-investigated topic, except for some
studies of indirect mechanisms that we have already discussed, such as those focused on
mitigating oxidative stress and DNA damage. Indeed, it may be of great significance to
remember that more than 600 carotenoids are known in nature [291], leading to the prospec-
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tion for these valuable compounds in BP to still be in its very early phases, especially for
epigenetic interest.

Other frequent BP compounds are also known for their potential to mediate epigenetic
regulations. We have already seen that BP is rich in phytosterols as it is the sole source of
these vital nutrients to honeybees. Phytostanols are also widely present in plant pollens, al-
though they are not yet studied in BP [1]. Phytosterols and phytostanols have been reported
to be involved in substantially (more than two-fold) modulating more than 100 miRNAs
and potently inhibiting class 1 HDAC in addition to inhibiting both the expression and activ-
ity of DNMTs [292]. β-sitosterol inhibited DNMT1 and HDAC1 overexpression and cancer
cell migration and suppressed some histone methylation marks induced by hydrogen per-
oxide in a human breast cancer cell line [293]. Phytosterols, including β-sitosterol, activate
AMPK, which is an important therapeutic target in managing many cancers [174]. This
activation certainly has an epigenetic implication, at least due to the known AMPK–SIRT1
feedback loop, which is deeply involved in cancer and aging pathophysiology [294,295].
Glucosinolates have been recently reported to be widely present in BP and have even been
proposed as a reliable differentiating biomarker of BP origin [296]. These compounds are
known to encompass epigenetic modulating effects, and some of their derivatives such as
sulforaphane are well known for their epigenetic and anticancer effects [297,298], but due
to the rarity of the studies that cover their amounts in BP, we will not succinctly review
them in our current work.

The human microbiota is among the major players in epigenetic regulation and in
genome-related hallmarks of aging [299–301]. We have already elucidated its deep and
complex involvement in cancer and neurodegeneration pathophysiology as well as its
importance as a therapeutic target, along with the propitious potential of BP in this con-
text. Gut microbiota for example can induce epigenetic modulation through diverse
means, including the biosynthesis and metabolism of diverse methyl and acetyl donors
to epigenetic-regulating enzymes; direct implication in the function and gene expression
of DNMTs, HMTs, and HDACs; and modifications of diverse pathways that regulate epi-
genetic processes inside the host cells [300]. Gut microbiota-mediated hypermethylation
of DNA was found to correlate with human disease, including metabolic and cancerous
ones, and to have lifelong-lasting culminations depending on its early life profile [300].
Specific germs from the gut microbiota have also been shown to participate in immune
response modulation by regulating histone modification in immune cells, a regulation that
then results in impacting cytokine liberation and immune cell phenotypic changes [300].
Many long ncRNAs and some miRNAs (e.g., the tumor suppressor and inflammation
regulator miR-181) have also been shown to be modulated by microbiota, while many dis-
tant microbiota-induced effects were found to be exerted through long ncRNAs, including
immune response effects in distant immune organs such as the spleen and thymus [300,301].
Such implications in immune and epigenetic modulation through complex and pleiotropic
ways further confirm the very important involvement of the gut microbiota that we have
already elucidated in cancer and neurodegeneration pathophysiologies. There is some evi-
dence suggesting that microbiota modulation may reverse early life epigenetic alterations,
even in distant tissues. A recent study in murine models of type 1 diabetes reported that
microbiota transfer from mother cecum to pups corrected the global epigenetic alterations
(histone, chromatin, and miRNA changes), immune expressions, and other intestinal and
distant phenotypic alterations that were induced in pups by antibiotic administration [302].
Since we have seen that BP feeding may correct microbiota alterations, a possible role
of this bee cocktail in microbiota-mediated correction of epigenetic aberrances should be
considered and investigated by future studies.
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BP has the potential to significantly modulate the composition, diversity, abundance,
and metabolites of microbiota, thus inducing both local and distant effects, as we have
thoroughly explained. In addition to some metabolites that microbiota may produce, and
which are known to have epigenetic roles (e.g., some polyphenols and B vitamins that we
have seen), SCFAs are major “messenger” microbiota metabolites that are known to have a
large plethora of local and systemic effects, including epigenetic modulation. These fatty
acids are important modulators of HDAC activities and usually inhibit these deacetylases,
both directly and indirectly, either locally in the gut or distantly in other organs including
the CNS, generally resulting in an increased expression of target genes in addition to
influencing acetyl-coenzyme A levels and methyl transfers, as well as modulating immune
cell function and cytokine liberation through the modulation of related histone acetylation
and miRNA signaling [300,301,303,304]. HDAC inhibition is also a key mechanism in pre-
serving and enhancing BBB integrity by SCFAs, which manifest in reducing inflammatory
aspects and enhancing epithelial cells of this barrier and manifest in a series of correcting
effects on tight junctions and structural proteins [305].

Butyrate, the most potent inhibitor of HDACs among SCFAs, intricately contributes to
modulating cell fate in the colon lumen through an insufficiently understood duality that
depends on concentration, time, localization, and cell types [303]. It is maintained at low
levels by serving as an energy source for healthy cells in colon crypts (SCFAs fulfill up to 70%
of colonocyte energetic needs) and promoting the advancement of residing cells, including
stem ones, through the cell cycle; meanwhile, in cancerous cells, its accumulation, due to the
reliance of malignant cells on glycolysis, promotes HDAC inhibition resulting in apoptosis
induction and cell proliferation suppression [303]. In the CNS, several experimental studies
have reported that butyrate exerts a wide range of neurodegeneration-mitigating effects
that were, at least partly, mediated by or concomitant with increased histone acetylation
(reviewed in [303,306]). In cancer pathogenesis, SCFAs induce the downregulation of many
oncogenic genes and reactivate the transcription of other silenced tumor suppressors in
addition to diverse other anticarcinogenic effects (reviewed in [307]). SCFAs may also be
involved in a large regulatory network of ncRNAs. A recent study reported that butyrate
induces apoptosis and inhibits cell proliferation, invasion, and metastasis in a human
colorectal cell line [308]. By adopting a computer-based prediction, this study found that
butyrate acted through a complex network involving 46 miRNAs and 9 long ncRNAs. The
literature on SCFAs’ effects on epigenetic processes in cancer and NDDs is very extensive,
and its explanation falls beyond the scope of this review. We have just provided some
elucidative examples to show the postulated potential of microbiota and SCFA modulation
that may be induced by BP in epigenetic modulation.

Finally, we would like to raise a potentially important but completely untapped
topic for epigenetic issues in BP. We know that extracellular vesicles (EVs) are shared
communication cargos among living cells and are packed with a variety of nutrients,
genetic material, and other functional molecules. Among EV load components, plant-
derived miRNAs are an important element that are recently being discovered to play a
major role in plant–mammalian communication and mediate, through regulating gene
expression in the recipient, many physiological and/or disease-modifying roles in diverse
mammal illnesses, including inflammations, cancers, and neurological alterations [309–313].
Plant pollen tubes bear large amounts of EVs that support their growth and ensure signal
transduction and other functions [314]. Plant EVs have also been found to be excessively
secreted in some pathological states of plants, such as infections [315]. In addition, EVs
are widespread in bee bodies [316], and exosomes, i.e., the EVs in humans, are important
epigenetic actors in many pathophysiological processes in cancers [201]. EVs have recently
been characterized in BP and royal jelly for the first time [317]. This study demonstrated
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that BP depletion from EVs resulted in decreasing its antibacterial and biofilm inhibitory
activity potential, an observation that may suggest that EVs may play important roles in
other BP bioactivities. The first profiling of royal jelly miRNAs was just published and
reported important results, mainly the presence of 29 known mature miRNAs and 17 novel
ones, in addition to reverse ethanol-induced apoptosis and enhance cell viability [316]. The
authors of this study supposed that miRNAs may be involved in the observed effects, as
some of the identified miRNAs in this study were reported by diverse anterior studies to
mediate observed apoptosis- and cell viability-related effects. To the best of our knowledge,
there is no published study that has investigated miRNAs or other epigenetic effects of
BP EVs. This appears to constitute a compelling research field and is theorized to add
important perspectives to BP’s epigenetic effects.

To conclude our discussions, Figure 3 summarizes the major effects of BP on epigenetic
mechanisms that were highlighted throughout the current work.
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4. Materials and Methods
Major scientific databases specializing in medical and pharmaceutical fields were

searched for in raw scientific materials for inclusion in this review. A preliminary search
was conducted in PubMed, ScienceDirect, Scopus, Web of Science, Cochrane Library, and
Google Scholar. The used terms were “epigenetic “bee pollen” in Google Scholar and
“epigenetic bee pollen” in other databases. The results returned were not satisfying for
conducting a conclusive review, so we decided to establish a list of major BP compounds
and search for their relevance to epigenetics. The compounded list that we adopted is
the same as that which we adopted in our most recent review (see [2]), where we have
seen in detail the importance of the chosen molecules as major BP compounds and the
studies that have investigated their presence and importance in BP. To recapitulate, the
chosen compounds were apigenin, catechin, chrysin, cyanidin, delphinidin, epicatechin,
genistein, hesperidin, hesperetin, isorhamnetin, kaempferol, luteolin, myricetin, naringenin,
naringin, pinocembrin, and quercetin for flavonoids; benzoic, caffeic, chlorogenic, cinnamic,
coumaric, dihydroxybenzoic, ellagic, ferulic, gallic, hydroxycinnamic, protocatechuic, ros-
marinic, syringic, and vanillic acids for phenolic acids; resveratrol for stilbene derivatives;
α-carotene, β-carotene, β-cryptoxanthin, lutein, zeaxanthin, and lycopene for carotenoids;
spermidine and its glycosides for phenolamides; betaine and choline for betaines; glu-
cosinolates; and coenzyme Q10. Among BP nutrients, we mainly focused on all vitamins,
minerals (copper, iron, selenium, and zinc), and phytosterols.

Firstly, we used search keywords such as “natural”, “phytochemical”, “polyphenol”,
“flavonoid”, “nutrient”, and “vitamin” coupled with the keyword “epigenetic” using the
“AND” Boolean function. Then, we searched for publications containing the name of the
investigated molecule and the term “epigenetic”. While conducting our work, other terms
such as “aging” and “age disease” were included in the search. Some recent articles were
gathered to explain aging and other pathophysiological processes that we focused on in
our work. The search interval timing was limited to the last five years. The initial search
returned a great number of articles (more than 25 k). A total of 4387 articles were selected,
classified, and analyzed to conduct our recent review and a series of reviews on BP that we
will publish as soon as possible. The final number of articles used in the redaction of the
current review was 327.

5. Concluding Remarks and Perspectives
To infer this important subsection, we can conclude that epigenetic regulation is a

very promising research area in BP, and a highly complex and multifaceted potential is a
priori verified for a wide spectrum of BP compounds. Because epigenetic processes are
among the most studied and influential etiological factors in neurodegeneration, cancers,
and age-related diseases in general, more focused studies are strongly recommended to
decipher possible interventions, especially in long-term preventive interventions, but also
in managing confirmed pathological states and/or in conducing prenatal interventions.

We consequently want to underline some important observations. First, it is a matter
of course that some nutrient deficiencies or malnutrition in general, especially at early
life stages, may have diverse and long-lasting deleterious effects on epigenetic regulation.
On the other hand, maternal overnutrition and metabolic disorders are well known to be
associated with substantial DNA methylation changes and other epigenetic alterations and
consequent lifelong proneness in offspring to diverse disorders, including cardiometabolic,
oncological and neurological diseases [318–322]. In addition, we have already seen that
epigenetic alterations may be reversed with long-term interventions. This evidence has
been verified by many preclinical studies [323–327], but translation into important clinical
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relevance is still facing diverse challenges. To correct nutritional disequilibrium and
deficiencies, BP is among the best-known natural candidates.

The second observation relates to the main challenges that epigenetic research must
overcome. Epigenetic regulatory processes are known to have crosstalk as one of the
main characteristics. Enzymes, transcriptional factors, and diverse signaling pathways are
generally involved in complex biological networks, implying diverse pathophysiological
processes and interactions. In addition, age-related diseases entail very variable epigenetic
signatures that may greatly differ for the same disease from one patient to another. Fortu-
nately, due to recent advances in genomic technics, known epigenetic marks have become
more easily detectable and quantifiable. Furthermore, the complexity of natural resources
such as BP as well as the pleiotropic effects of sole phytocompounds such as phenolics is
another challenge. These complexities render focused epigenetic targeting and avoidance
of potential undesirable effects and toxicities very difficult. It is, however, encouraging
that focused epigenetic interventions were possible and are authorized and successfully
adopted in the clinical management of some diseases. Moreover, many studied examples of
natural epigenetic modulators were reported to synergistically potentiate chemotherapeutic
drugs via epigenetic mechanisms (we did not develop this issue in our work).

The third observation is that BP, as a multitarget product and a rich source of multi-
targeting compounds, is endowed with a valuable potential to mitigate many pathogenic
processes that are usually verified as mutual culprits of epigenetic aberrances in triggering
age-related pathological processes. We have thoroughly elucidated in this work and in
our recent publications [1,2] that BP and its known compounds act through a multitude of
mechanisms in most aging hallmarks. These data theoretically confer to BP an additional
great potential in managing epigenetically induced alterations in humans. Furthermore,
due to its potential safety, BP may be adopted for early and long-term interventions for
epigenetic reprogramming if the research with clinical trials validates this potential.

It is also important to underline the crucial importance of resolving some major
challenges that still hinder the harnessing of cumulating experimental evidence in the
real world. One of the most impactful challenges is obviously the low bioavailability and
bioaccessibility of natural compounds such as polyphenols and carotenoids. We have seen
the example of microencapsulation as a valuable avenue in the cited studies. Future works
must especially focus on novel techniques such as nano-encapsulation and synergism
evaluation, in addition to establishing a deeper understanding of the pharmacodynamic
and pharmacokinetic fates of natural phytocompounds, especially when delivered to
human consumption in their natural matrices.

In conclusion, the availability of thousands of studies that have investigated diverse
BP compounds as epigenetic modifiers is, in our opinion, a sufficient argument to conduct
large-scale clinical studies, either for BP compounds, or for BP as a whole product. It is
unfortunate to see that no study has been conducted in humans until now to assess the
epigenetic potential of BP despite the great amount of preclinical evidence. BP is endowed
with a recognized safety profile and popular consumption acceptance and should be
urgently explored as a potential preventive and therapeutic arsenal to modulate age-related
risks and disease course.
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213. Korać, P.; Antica, M.; Matulić, M. Mir-7 in cancer development. Biomedicines 2021, 9, 325. [CrossRef]
214. Zhu, S.; Choudhury, N.R.; Rooney, S.; Pham, N.T.; Koszela, J.; Kelly, D.; Spanos, C.; Rappsilber, J.; Auer, M.; Michlewski, G.

RNA pull-down confocal nanoscanning (RP-CONA) detects quercetin as pri-miR-7/HuR interaction inhibitor that decreases
α-synuclein levels. Nucleic Acids Res. 2021, 49, 6456–6473. [CrossRef]

215. Zhang, J.; Zhao, M.; Yan, R.; Liu, J.; Maddila, S.; Junn, E.; Mouradian, M.M. MicroRNA-7 Protects Against Neurodegeneration
Induced by α-Synuclein Preformed Fibrils in the Mouse Brain. Neurotherapeutics 2021, 18, 2529–2540. [CrossRef] [PubMed]

216. Mondal, P.; Natesh, J.; Penta, D.; Meeran, S.M. Progress and promises of epigenetic drugs and epigenetic diets in cancer prevention
and therapy: A clinical update. Semin. Cancer Biol. 2022, 83, 503–522. [CrossRef]

217. Ghazi, T.; Arumugam, T.; Foolchand, A.; Chuturgoon, A.A. The Impact of Natural Dietary Compounds and Food-Borne
Mycotoxins on DNA Methylation and Cancer. Cells 2020, 9, 2004. [CrossRef]

218. Gómez de Cedrón, M.; Moreno Palomares, R.; Ramírez de Molina, A. Metabolo-epigenetic interplay provides targeted nutritional
interventions in chronic diseases and ageing. Front. Oncol. 2023, 13, 1169168. [CrossRef]

https://doi.org/10.3390/molecules28020715
https://www.ncbi.nlm.nih.gov/pubmed/36677772
https://doi.org/10.1016/j.tifs.2020.02.001
https://doi.org/10.3390/antiox12030557
https://www.ncbi.nlm.nih.gov/pubmed/36978805
https://doi.org/10.1007/s00109-019-01759-z
https://www.ncbi.nlm.nih.gov/pubmed/30806715
https://doi.org/10.3390/nu12051265
https://doi.org/10.1007/s00011-020-01425-y
https://doi.org/10.1016/j.fochms.2022.100155
https://doi.org/10.3390/antiox12030771
https://doi.org/10.3390/nu15153347
https://www.ncbi.nlm.nih.gov/pubmed/37571283
https://doi.org/10.1016/j.semcancer.2020.02.002
https://doi.org/10.3390/nu12051344
https://www.ncbi.nlm.nih.gov/pubmed/32397145
https://doi.org/10.3390/genes11091094
https://www.ncbi.nlm.nih.gov/pubmed/32962067
https://doi.org/10.3390/genes13030425
https://www.ncbi.nlm.nih.gov/pubmed/35327979
https://doi.org/10.1111/acel.13046
https://www.ncbi.nlm.nih.gov/pubmed/31625272
https://doi.org/10.1016/j.ebiom.2019.07.008
https://www.ncbi.nlm.nih.gov/pubmed/31300345
https://doi.org/10.1002/jcp.29908
https://doi.org/10.1016/j.omtn.2016.11.003
https://doi.org/10.2174/1871520620666200402074752
https://doi.org/10.1007/s12011-021-03073-7
https://www.ncbi.nlm.nih.gov/pubmed/35059981
https://doi.org/10.3390/biomedicines9030325
https://doi.org/10.1093/nar/gkab484
https://doi.org/10.1007/s13311-021-01130-6
https://www.ncbi.nlm.nih.gov/pubmed/34697773
https://doi.org/10.1016/j.semcancer.2020.12.006
https://doi.org/10.3390/cells9092004
https://doi.org/10.3389/fonc.2023.1169168


Foods 2025, 14, 347 38 of 42

219. Sharma, S.; Bhonde, R. Epigenetic Modifiers as Game Changers for Healthy Aging. Rejuvenation Res. 2023, 26, 88–104. [CrossRef]
[PubMed]

220. Nur, S.M.; Rath, S.; Ahmad, V.; Ahmad, A.; Ateeq, B.; Khan, M.I. Nutritive vitamins as epidrugs. Crit. Rev. Food Sci. Nutr. 2021,
61, 1–13. [CrossRef] [PubMed]

221. Barrero, M.J.; Cejas, P.; Long, H.W.; Ramirez de Molina, A. Nutritional Epigenetics in Cancer. Adv. Nutr. 2022, 13, 1748–1761.
[CrossRef]

222. Holzapfel, C.; Waldenberger, M.; Lorkowski, S.; Daniel, H.; Working Group “Personalized Nutrition” of the German Nutrition
Society. Genetics and Epigenetics in Personalized Nutrition: Evidence, Expectations, and Experiences. Mol. Nutr. Food Res. 2022,
66, e2200077. [CrossRef]

223. Siddeek, B.; Simeoni, U. Epigenetics provides a bridge between early nutrition and long-term health and a target for disease
prevention. Acta Paediatr. Int. J. Paediatr. 2022, 111, 927–934. [CrossRef] [PubMed]

224. Vetter, V.M.; Sommerer, Y.; Kalies, C.H.; Spira, D.; Bertram, L.; Demuth, I. Vitamin D supplementation is associated with slower
epigenetic aging. GeroScience 2022, 44, 1847–1859. [CrossRef]

225. Snegarova, V.; Naydenova, D. Vitamin D: A Review of its Effects on Epigenetics and Gene Regulation. Folia Med. 2020,
62, 662–667. [CrossRef] [PubMed]

226. Pavlovic, V.; Ciric, M.; Petkovic, M.; Golubovic, M. Vitamin C and epigenetics: A short physiological overview. Open Med. 2023,
18, 20230688. [CrossRef] [PubMed]

227. Maity, J.; Majumder, S.; Pal, R.; Saha, B.; Mukhopadhyay, P.K. Ascorbic acid modulates immune responses through Jumonji-
C domain containing histone demethylases and Ten eleven translocation (TET) methylcytosine dioxygenase. Bioessays
2023, e2300035. [CrossRef]

228. Zhang, X.; Zhang, Y.; Wang, C.; Wang, X. TET (Ten-eleven translocation) family proteins: Structure, biological functions and
applications. Signal Transduct. Target. Ther. 2023, 8, 297. [CrossRef]

229. Yang, J.; Hu, Y.; Zhang, B.; Liang, X.; Li, X. The JMJD Family Histone Demethylases in Crosstalk Between Inflammation and
Cancer. Front. Immunol. 2022, 13, 881396. [CrossRef] [PubMed]

230. Brabson, J.P.; Leesang, T.; Mohammad, S.; Cimmino, L. Epigenetic Regulation of Genomic Stability by Vitamin C. Front. Genet.
2021, 12, 675780. [CrossRef]

231. Wu, J.; Liang, J.; Li, M.; Lin, M.; Mai, L.; Huang, X.; Liang, J.; Hu, Y.; Huang, Y. Modulation of miRNAs by vitamin C in
H2O2-exposed human umbilical vein endothelial cells. Int. J. Mol. Med. 2020, 46, 2150–2160. [CrossRef] [PubMed]

232. Ferreira, T.J.; de Araújo, C.C.; da Silva Lima, A.C.; Matida, L.M.; Griebeler, A.F.M.; Coelho, A.S.G.; Gontijo, A.P.M.; Cominetti, C.;
Vêncio, E.F.; Horst, M.A. Dietary Intake is Associated with miR-31 and miR-375 Expression in Patients with Head and Neck
Squamous Cell Carcinoma. Nutr. Cancer 2022, 74, 2049–2058. [CrossRef] [PubMed]

233. Khajebishak, Y.; Alivand, M.; Faghfouri, A.H.; Moludi, J.; Payahoo, L. The effects of vitamins and dietary pattern on epigenetic
modification of non-communicable diseases: A review. Int. J. Vitam. Nutr. Res. 2023, 93, 362–377. [CrossRef]

234. Brown, G. Retinoic acid receptor regulation of decision-making for cell differentiation. Front. Cell Dev. Biol. 2023, 11, 1182204.
[CrossRef] [PubMed]

235. Bizzarri, M.; Giuliani, A.; Cucina, A.; Minini, M. Redifferentiation therapeutic strategies in cancer. Drug Discov. Today 2020,
25, 731–738. [CrossRef]

236. Lavudi, K.; Nuguri, S.M.; Olverson, Z.; Dhanabalan, A.K.; Patnaik, S.; Kokkanti, R.R. Targeting the retinoic acid signaling pathway
as a modern precision therapy against cancers. Front. Cell Dev. Biol. 2023, 11, 1254612. [CrossRef] [PubMed]

237. Takahashi, N.; Saito, D.; Hasegawa, S.; Yamasaki, M.; Imai, M. Vitamin A in health care: Suppression of growth and induction of
differentiation in cancer cells by vitamin A and its derivatives and their mechanisms of action. Pharmacol. Ther. 2022, 230, 107942.
[CrossRef]

238. Fujiki, F.; Morimoto, S.; Katsuhara, A.; Okuda, A.; Ogawa, S.; Ueda, E.; Miyazaki, M.; Isotani, A.; Ikawa, M.; Nishida, S.; et al.
T Cell-Intrinsic Vitamin A Metabolism and Its Signaling Are Targets for Memory T Cell-Based Cancer Immunotherapy. Front.
Immunol. 2022, 13, 935465. [CrossRef]

239. Caffrey, A.; Lamers, Y.; Murphy, M.M.; Letourneau, N.; Irwin, R.E.; Pentieva, K.; Ward, M.; Tan, A.; Rojas-Gómez, A.; Santos-
Calderón, L.A.; et al. Epigenetic effects of folate and related B vitamins on brain health throughout life: Scientific substantiation
and translation of the evidence for health improvement strategies. Nutr. Bull. 2023, 48, 267–277. [CrossRef] [PubMed]

240. Franco, C.N.; Seabrook, L.J.; Nguyen, S.T.; Leonard, J.T.; Albrecht, L.V. Simplifying the B Complex: How Vitamins B6 and B9
Modulate One Carbon Metabolism in Cancer and Beyond. Metabolites 2022, 12, 961. [CrossRef] [PubMed]

241. Lionaki, E.; Ploumi, C.; Tavernarakis, N. One-Carbon Metabolism: Pulling the Strings behind Aging and Neurodegeneration.
Cells 2022, 11, 214. [CrossRef]

242. Li, X.; Zhang, H.-S. Amino acid metabolism, redox balance and epigenetic regulation in cancer. FEBS J. 2023, 291, 412–429.
[CrossRef] [PubMed]

https://doi.org/10.1089/rej.2022.0059
https://www.ncbi.nlm.nih.gov/pubmed/37082972
https://doi.org/10.1080/10408398.2020.1712674
https://www.ncbi.nlm.nih.gov/pubmed/32023132
https://doi.org/10.1093/advances/nmac039
https://doi.org/10.1002/mnfr.202200077
https://doi.org/10.1111/apa.16258
https://www.ncbi.nlm.nih.gov/pubmed/35038770
https://doi.org/10.1007/s11357-022-00581-9
https://doi.org/10.3897/folmed.62.e50204
https://www.ncbi.nlm.nih.gov/pubmed/33415918
https://doi.org/10.1515/med-2023-0688
https://www.ncbi.nlm.nih.gov/pubmed/37359134
https://doi.org/10.1002/bies.202300035
https://doi.org/10.1038/s41392-023-01537-x
https://doi.org/10.3389/fimmu.2022.881396
https://www.ncbi.nlm.nih.gov/pubmed/35558079
https://doi.org/10.3389/fgene.2021.675780
https://doi.org/10.3892/ijmm.2020.4753
https://www.ncbi.nlm.nih.gov/pubmed/33125125
https://doi.org/10.1080/01635581.2021.1990972
https://www.ncbi.nlm.nih.gov/pubmed/34647497
https://doi.org/10.1024/0300-9831/a000735
https://doi.org/10.3389/fcell.2023.1182204
https://www.ncbi.nlm.nih.gov/pubmed/37082619
https://doi.org/10.1016/j.drudis.2020.01.021
https://doi.org/10.3389/fcell.2023.1254612
https://www.ncbi.nlm.nih.gov/pubmed/37645246
https://doi.org/10.1016/j.pharmthera.2021.107942
https://doi.org/10.3389/fimmu.2022.935465
https://doi.org/10.1111/nbu.12611
https://www.ncbi.nlm.nih.gov/pubmed/36807740
https://doi.org/10.3390/metabo12100961
https://www.ncbi.nlm.nih.gov/pubmed/36295863
https://doi.org/10.3390/cells11020214
https://doi.org/10.1111/febs.16803
https://www.ncbi.nlm.nih.gov/pubmed/37129434


Foods 2025, 14, 347 39 of 42

243. Yoo, H.S.; Shanmugalingam, U.; Smith, P.D. Potential roles of branched-chain amino acids in neurodegeneration. Nutrition 2022,
103–104, 111762. [CrossRef]

244. Torres, N.; Tobón-Cornejo, S.; Velazquez-Villegas, L.A.; Noriega, L.G.; Alemán-Escondrillas, G.; Tovar, A.R. Amino Acid
Catabolism: An Overlooked Area of Metabolism. Nutrients 2023, 15, 3378. [CrossRef]

245. Maleknia, M.; Ahmadirad, N.; Golab, F.; Katebi, Y.; Haj Mohamad Ebrahim Ketabforoush, A. DNA Methylation in Cancer:
Epigenetic View of Dietary and Lifestyle Factors. Epigenet. Insights 2023, 16, 2516865723119989. [CrossRef] [PubMed]

246. Ilina, A.; Khavinson, V.; Linkova, N.; Petukhov, M. Neuroepigenetic Mechanisms of Action of Ultrashort Peptides in Alzheimer’s
Disease. Int. J. Mol. Sci. 2022, 23, 4259. [CrossRef] [PubMed]

247. Janssens, Y.; Wynendaele, E.; Vanden Berghe, W.; De Spiegeleer, B. Peptides as epigenetic modulators: Therapeutic implications.
Clin. Epigenetics 2019, 11, 101. [CrossRef]

248. Mukherjee, A.G.; Wanjari, U.R.; Gopalakrishnan, A.V.; Bradu, P.; Biswas, A.; Ganesan, R.; Renu, K.; Dey, A.; Vellingiri, B.;
El Allali, A.; et al. Evolving strategies and application of proteins and peptide therapeutics in cancer treatment. Biomed. Pharma-
cother. 2023, 163, 114832. [CrossRef] [PubMed]

249. Azzaz, F.; Fantini, J. The epigenetic dimension of protein structure. Biomol. Concepts 2022, 13, 55–60. [CrossRef]
250. Santa-María, C.; López-Enríquez, S.; Montserrat-de la Paz, S.; Geniz, I.; Reyes-Quiroz, M.E.; Moreno, M.; Palomares, F.;

Sobrino, F.; Alba, G. Update on Anti-Inflammatory Molecular Mechanisms Induced by Oleic Acid. Nutrients 2023, 15, 224.
[CrossRef]

251. Choi, S.-W.; Friso, S. Modulation of DNA methylation by one-carbon metabolism: A milestone for healthy aging. Nutr. Res. Pract.
2023, 17, 597–615. [CrossRef] [PubMed]

252. Korsmo, H.W.; Jiang, X. One carbon metabolism and early development: A diet-dependent destiny. Trends Endocrinol. Metab.
2021, 32, 579–593. [CrossRef]

253. Bokor, S.; Vass, R.A.; Funke, S.; Ertl, T.; Molnár, D. Epigenetic Effect of Maternal Methyl-Group Donor Intake on Offspring’s
Health and Disease. Life 2022, 12, 609. [CrossRef] [PubMed]

254. Genchi, G.; Lauria, G.; Catalano, A.; Sinicropi, M.S.; Carocci, A. Biological Activity of Selenium and Its Impact on Human Health.
Int. J. Mol. Sci. 2023, 24, 2633. [CrossRef] [PubMed]

255. Alehagen, U.; Opstad, T.B.; Alexander, J.; Larsson, A.; Aaseth, J. Impact of selenium on biomarkers and clinical aspects related to
ageing. A review. Biomolecules 2021, 11, 1478. [CrossRef] [PubMed]

256. Zhang, Y.; He, Q. The role of SELENBP1 and its epigenetic regulation in carcinogenic progression. Front. Genet. 2022, 13, 1027726.
[CrossRef]

257. Huang, X.; Dong, Y.L.; Li, T.; Xiong, W.; Zhang, X.; Wang, P.J.; Huang, J.Q. Dietary selenium regulates micrornas in metabolic
disease: Recent progress. Nutrients 2021, 13, 1527. [CrossRef]

258. Babaeenezhad, E.; Naghibalhossaini, F.; Rajabibazl, M.; Jangravi, Z.; Hadipour Moradi, F.; Fattahi, M.D.; Hoheisel, J.D.;
Sarabi, M.M.; Shahryarhesami, S. The Roles of microRNA miR-185 in Digestive Tract Cancers. Non-Coding RNA 2022, 8, 67.
[CrossRef]

259. Pordel, S.; Khorrami, M.; Saadatpour, F.; Rezaee, D.; Cho, W.C.; Jahani, S.; Aghaei-Zarch, S.M.; Hashemi, E.; Najafi, S. The role
of microRNA-185 in the pathogenesis of human diseases: A focus on cancer. Pathol. Res. Pract. 2023, 249, 154729. [CrossRef]
[PubMed]

260. Qin, X.; Zhang, X.; Li, P.; Wang, M.; Yan, L.; Pan, P.; Zhang, H.; Hong, X.; Liu, M.; Bao, Z. MicroRNA-185 activates PI3K/AKT
signalling pathway to alleviate dopaminergic neuron damage via targeting IGF1 in Parkinson’s disease. J. Drug Target. 2021,
29, 875–883. [CrossRef]

261. Rahimmi, A.; Peluso, I.; Rajabi, A.; Hassanzadeh, K. miR-185 and SEPT5 Genes May Contribute to Parkinson’s Disease
Pathophysiology. Oxidative Med. Cell. Longev. 2019, 2019, 5019815. [CrossRef] [PubMed]

262. Brito, S.; Lee, M.-G.G.; Bin, B.-H.H.; Lee, J.-S.S. Zinc and its transporters in epigenetics. Mol. Cells 2020, 43, 323–330. [CrossRef]
[PubMed]

263. Sanusi, K.O.; Ibrahim, K.G.; Abubakar, B.; Malami, I.; Bello, M.B.; Imam, M.U.; Abubakar, M.B. Effect of maternal zinc deficiency
on offspring health: The epigenetic impact. J. Trace Elem. Med. Biol. 2021, 65, 126731. [CrossRef] [PubMed]

264. Yusuf, A.P.; Abubakar, M.B.; Malami, I.; Ibrahim, K.G.; Abubakar, B.; Bello, M.B.; Qusty, N.; Elazab, S.T.; Imam, M.U.; Alexiou, A.;
et al. Zinc Metalloproteins in Epigenetics and Their Crosstalk. Life 2021, 11, 186. [CrossRef]

265. Balaji, E.V.; Kumar, N.; Satarker, S.; Nampoothiri, M. Zinc as a plausible epigenetic modulator of glioblastoma multiforme. Eur. J.
Pharmacol. 2020, 887, 173549. [CrossRef]

266. Zhao, J.; Wen, D.; Zhang, S.; Jiang, H.; Di, X. The role of zinc finger proteins in malignant tumors. FASEB J. 2023, 37, e23157.
[CrossRef]

267. Sun, R.; Wang, J.; Feng, J.; Cao, B. Zinc in Cognitive Impairment and Aging. Biomolecules 2022, 12, 1000. [CrossRef] [PubMed]
268. Neja, S.A. Site-Specific DNA Demethylation as a Potential Target for Cancer Epigenetic Therapy. Epigenet. Insights 2020,

13, 2516865720964808. [CrossRef] [PubMed]

https://doi.org/10.1016/j.nut.2022.111762
https://doi.org/10.3390/nu15153378
https://doi.org/10.1177/25168657231199893
https://www.ncbi.nlm.nih.gov/pubmed/37720354
https://doi.org/10.3390/ijms23084259
https://www.ncbi.nlm.nih.gov/pubmed/35457077
https://doi.org/10.1186/s13148-019-0700-7
https://doi.org/10.1016/j.biopha.2023.114832
https://www.ncbi.nlm.nih.gov/pubmed/37150032
https://doi.org/10.1515/bmc-2022-0006
https://doi.org/10.3390/nu15010224
https://doi.org/10.4162/nrp.2023.17.4.597
https://www.ncbi.nlm.nih.gov/pubmed/37529262
https://doi.org/10.1016/j.tem.2021.05.011
https://doi.org/10.3390/life12050609
https://www.ncbi.nlm.nih.gov/pubmed/35629277
https://doi.org/10.3390/ijms24032633
https://www.ncbi.nlm.nih.gov/pubmed/36768955
https://doi.org/10.3390/biom11101478
https://www.ncbi.nlm.nih.gov/pubmed/34680111
https://doi.org/10.3389/fgene.2022.1027726
https://doi.org/10.3390/nu13051527
https://doi.org/10.3390/ncrna8050067
https://doi.org/10.1016/j.prp.2023.154729
https://www.ncbi.nlm.nih.gov/pubmed/37639952
https://doi.org/10.1080/1061186X.2021.1886300
https://doi.org/10.1155/2019/5019815
https://www.ncbi.nlm.nih.gov/pubmed/31814881
https://doi.org/10.14348/molcells.2020.0026
https://www.ncbi.nlm.nih.gov/pubmed/32274919
https://doi.org/10.1016/j.jtemb.2021.126731
https://www.ncbi.nlm.nih.gov/pubmed/33610057
https://doi.org/10.3390/life11030186
https://doi.org/10.1016/j.ejphar.2020.173549
https://doi.org/10.1096/fj.202300801R
https://doi.org/10.3390/biom12071000
https://www.ncbi.nlm.nih.gov/pubmed/35883555
https://doi.org/10.1177/2516865720964808
https://www.ncbi.nlm.nih.gov/pubmed/35036833


Foods 2025, 14, 347 40 of 42

269. Jin, J.; Guo, Y.; Dong, X.; Liu, J.; He, Y. Methylation-associated silencing of miR-193b improves the radiotherapy sensitivity of
esophageal cancer cells by targeting cyclin D1 in areas with zinc deficiency. Radiother. Oncol. 2020, 150, 104–113. [CrossRef]
[PubMed]

270. Jin, J.; Guo, T.; Guo, Y.; Liu, J.; Qu, F.; He, Y. Methylation-associated silencing of miR-128 promotes the development of esophageal
cancer by targeting COX-2 in areas with a high incidence of esophageal cancer. Int. J. Oncol. 2019, 54, 644–654. [CrossRef]
[PubMed]

271. Yu, H.; Peng, Y.; Wu, Z.; Wang, M.; Jiang, X. MiR-193b as an effective biomarker in human cancer prognosis for Asian patients: A
meta-analysis. Transl. Cancer Res. 2022, 11, 2249–2261. [CrossRef] [PubMed]

272. Lanza, M.; Cuzzocrea, S.; Oddo, S.; Esposito, E.; Casili, G. The Role of miR-128 in Neurodegenerative Diseases. Int. J. Mol. Sci.
2023, 24, 6024. [CrossRef]

273. Budi, H.S.; Younus, L.A.; Lafta, M.H.; Parveen, S.; Mohammad, H.J.; Al-Qaim, Z.H.; Jawad, M.A.; Parra, R.M.R.; Mustafa, Y.F.;
Alhachami, F.R.; et al. The role of miR-128 in cancer development, prevention, drug resistance, and immunotherapy. Front. Oncol.
2023, 12, 1067974. [CrossRef] [PubMed]

274. Rossetti, S.; Sacchi, N. Emerging cancer epigenetic mechanisms regulated by all-trans retinoic acid. Cancers 2020, 12, 2275.
[CrossRef]

275. Lim, J.Y.; Wang, X.-D.D. Mechanistic understanding of β-cryptoxanthin and lycopene in cancer prevention in animal models.
Biochim. Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2020, 1865, 158652. [CrossRef]

276. Xie, K.; Ngo, S.; Rong, J.; Sheppard, A. Modulation of mitochondrial respiration underpins neuronal differentiation enhanced by
lutein. Neural Regen. Res. 2019, 14, 87–99. [CrossRef] [PubMed]

277. Hao, Y.; Yi, Q.; XiaoWu, X.; WeiBo, C.; GuangChen, Z.; XueMin, C. Acetyl-CoA: An interplay between metabolism and epigenetics
in cancer. Front. Mol. Med. 2022, 2, 1044585. [CrossRef]

278. Zhang, G.; Zhang, M.; Pei, Y.; Qian, K.; Xie, J.; Huang, Q.; Liu, S.; Xue, N.; Zu, Y.; Wang, H. Enhancing stability of liposomes using
high molecular weight chitosan to promote antioxidative stress effects and lipid-lowering activity of encapsulated lutein in vivo
and in vitro. Int. J. Biol. Macromol. 2023, 253, 126564. [CrossRef]

279. Cui, J.; Li, G.; Yin, J.; Li, L.; Tan, Y.; Wei, H.; Liu, B.; Deng, L.; Tang, J.; Chen, Y.; et al. GSTP1 and cancer: Expression, methylation,
polymorphisms and signaling (Review). Int. J. Oncol. 2020, 56, 867–878. [CrossRef] [PubMed]
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