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LINK BETWEEN METHYL NUTRIENTS AND THE DNA METHYLATION
PROCESS IN THE COURSE OF SELECTED DISEASES IN ADULTS

Paulina tobos', Bozena Regulska-Ilow'
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ABSTRACT

DNA methylation is a reversible epigenetic modification that plays a crucial role in transcriptional gene silencing. Both
excessive (hypermethylation) and reduced DNA methylation (hypomethylation) can contribute to the disturbance of the
proper course of many important processes in the human body. The aim of the study was to discuss the relationship
between methyl nutrients and the DNA methylation process in the course of selected diseases in adults. Methyl nutrients
include folates (vitamin B9), riboflavin (vitamin B2), cobalamin (vitamin B12), pyridoxine (vitamin B6) and choline
(vitamin B4), as well as methionine and betaine. These substances play the role of both substrates and cofactors in
transformations related to one-carbon metabolism. The deficiency of methyl nutrients in the body can lead to disturbances
in SAM synthesis, which is the primary donor of methyl groups in the DNA methylation process. However, the mechanism
explaining the discussed relationship has not been fully explained so far. Both the concentration in the body and the
intake of folate and vitamin B12 in the diet can, to some extent, have an effect on the level of DNA methylation in healthy
people. In comparison, data on the effect of excessive intake of vitamin B12 in the diet on the risk of cancer development
are inconsistent. An adequate betaine and choline intake in the diet might not only affect the overall improvement of the
DNA methylation profile, but, to some extent, also reduce the risk of cancer, the effect of which can depend on the content
of folic acid in the body. Research results on the effect of supplementation of methyl nutrients on the DNA methylation
process are inconclusive. It is therefore necessary to conduct further research in this area to draw clear conclusions.
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STRESZCZENIE

Metylacja DNA jest odwracalna modyfikacjg epigenetyczna, ktora odgrywa kluczowa role w transkrypcyjnym wyciszaniu
gendéw. Zardwno nadmierna (hipermetylacja), jak i zmniejszona metylacja DNA (hipometylacja) moga przyczyniaé si¢
do zaburzenia prawidlowego przebiegu wielu istotnych procesow zachodzacych w organizmie cztowieka. Celem pracy
byto oméwienie zwiazku migdzy metylowymi skladnikami diety a procesem metylacji DNA w przebiegu wybranych
chordb u 0soéb dorostych. Do metylowych sktadnikéw pokarmowych zaliczane s3: foliany (witamina B9), ryboflawina
(witamina B2), kobalamina (witamina B12), pirydoksyna (witamina B6) i cholina (witamina B4) oraz metionina i betaina.
Substancje te petnig zaré6wno rolg substratow, jak i kofaktorow w przemianach zwigzanych z metabolizmem jednego
atomu wegla. Niedobor metylowych sktadnikéw pokarmowych w organizmie moze prowadzi¢ do zaburzen w syntezie
SAM, bedacej podstawowym donorem grup metylowych w procesie metylacji DNA. Mechanizm wyjasniajacy
omawiang zalezno$¢ nie zostal jednak dotychczas w peini wyjasniony. Zarowno stgzenie w organizmie, jak i podaz
w diecie folianéw oraz witaminy B12 moga w pewnym stopniu oddzialywac¢ na poziom metylacji DNA u 0so6b zdrowych,
przy czym dane dotyczace wptywu nadmiernej zawarto$ci witaminy B12 w diecie na ryzyko rozwoju nowotworow sa
niespojne. Odpowiednia podaz betainy i choliny w diecie moze wptywac¢ korzystanie nie tylko na ogélna poprawg profilu
metylacji DNA, ale w pewnym stopniu rowniez na zmniejszenie ryzyka wystapienia nowotwordw, przy czym efekt ten
moze by¢ zalezny od zawarto$ci kwasu foliowego w organizmie. Wyniki badan odnoszace si¢ do wpltywu suplementacji
metylowymi sktadnikami pokarmowymi na przebieg procesu metylacji DNA sa niejednoznaczne. Konieczne jest
prowadzenie dalszych badan w tej dziedzinie w celu sformutowania jednoznacznych wnioskéw.
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ABBREVIATIONS

ADCY3 — adenylate cyclase type 3

BHMT - betaine homocysteine methyltransferase
BMI - body mass index

BRCAL1 - breast cancer gene 1

C — ¢ytosine

CBS - B-cystathionine synthase

CG - cytosine-guanine

CIN — cervical intraepithelial neoplasia

CpG — cytosine-phosphate group-guanine

DMG - dimethylglycine

DNA — deoxyribonucleic acid

DNMTs — DNA methyltransferases

EC-SOD - extracellular superoxide dismutase
ESR1 — estrogen receptor 1

GST - glutathione S-transferase

HDACS — histone deacetylases

HATS — histone acetyltransferases

HPV — human papilloma virus

LINE-1 — long interspersed nucleotide element-1
MBDs — methyl-CpG binding domains

MBPs — methyl-CpG binding proteins

MLH1 - human MutL homolog 1

MTHFR — methylenetetrahydrofolate reductase
PBMCs — peripheral blood mononuclear cells
RAPGEF4 — rap guanine nucleotide exchange factor 4
RARB - retinoic acid receptor beta

SAH — S-adenosyl-L-homocysteine

INTRODUCTION

Every human body contains a unique genome,
which consists of two main components. The first
is a double-stranded deoxyribonucleic acid (DNA)
packed in condensed chromatin form that contains
specific nucleotide sequences (genetic information
record), and the second is methylation. Methylation
is a complex molecular mechanism that regulates the
course of numerous biochemical processes responsible
for the correct reading of the genetic information stored
in DNA, maintains genome stability, and controls the
course of gene transitions [26, 42]. Methylation is
one of the epigenetic processes that is not related to
modifications of nucleotide sequences in DNA [17,
19, 33, 42]. While epigenetic changes occur at every
stage of life and can be inherited, they do undergo
modification under the influence of external factors,
such as: lifestyle (including, in particular, diet, weight
disorders and physical activity), as well as drugs and
toxic substances [19, 22, 42].

In recent years, there has been a significant
progress in studies on nutriepigenetics, including the
analysis of nutrients influence on epigenetic processes,
especially on their effect on modifying susceptibility
to the development of many chronic diseases. It has
been indicated that some nutrients may influence the
regulation of gene expression. More and more attention
is also paid to the analysis of the influence of selected

nutrients on the course of the DNA methylation
process [3, 13, 22, 26]. DNA methylation plays a key
role not only in controlling processes in determining
the gene expression level in cells, but also regulates the
course of important biological processes taking place
in the human body, such as genomic imprinting and
X-chromosome inactivation [14, 26, 32, 33, 42]. DNA
methylation may also condition the silencing of genes
related to the aging process [20, 44]. Both excessive
(hypermethylation) and reduced DNA methylation
(hypomethylation) may contribute to the abnormalities
of the proper course of many key body processes [3,
10, 13, 44]. Abnormalities in the DNA methylation
profile are very often associated with the development
of genetic diseases (including Prader-Willi, Beckwith-
Wiedemann, and Silver-Russell syndromes) [14].
Numerous scientific research has also shown that
abnormal DNA methylation can contribute to the
initiation of the carcinogenesis process [19, 31, 40, 44,
48]. The research indicates that abnormalities in the
DNA methylation profile may also be associated with
the occurrence of cardiovascular diseases [17, 28, 36,
73], metabolic disorders (including obesity and type 2
diabetes) [10, 35, 50, 61] and schizophrenia [47, 55, 62]
or depression [5, 9, 34]. It has also been assumed that
the abnormal course of DNA methylation may play
a significant role in the development of Alzheimer’s
disease pathogenesis [59, 64, 71] and liver diseases
[12, 43, 67]. However, due to the inconsistent results
of scientific analyzes carried out in this field, it is not
possible to formulate clear conclusions on this subject.
Understanding the relationship between the selected
nutrients and the course of the DNA methylation
process may be significant both in the context of
controlling the rate of body aging, and in the prevention
and treatment of diseases which pathomechanism is
associated with DNA hypo- and/or hypermethylation
[3, 10, 17, 19, 26].

The aim of the present study is to discuss the
relationship between methyl nutrients and the DNA
methylation process in the course of selected diseases
in adults, based on a review of the current literature.

DNA METHYLATION

DNA methylation is a reversible, post-replication,
enzymatic modification of DNA that plays a crucial
role in transcriptional gene silencing. It occurs
primarily during the S phase of the cell cycle.
Methylation is a process of covalently attaching methyl
groups (-CH,) onto nitrogen bases of nucleotides —
in particular to cytosine, but less often to adenine
— and forming products of which the most frequent
are C°-methylcytosine (m°C), and sometimes also N*-
methylcytosine (m°C), and NS-methyladenosine (m°A)
[16, 33, 42].
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The DNA methylation process requires DNA
methyltransferases (DNMTs) family enzymes such
as adenine-specific and cytosine-specific DNA
methyltransferases, which have an ability to transfer
methyl groups between individual structures in the
body [17, 19, 26, 33, 36, 40, 42]. Among DNMTs, DNA
methyltransferase 1 (DNMT1) plays the most crucial
role in regulating the DNA methylation process. This
enzymeisresponsible for copying the DNA methylation
pattern to the newly synthesized DNA strands during
the replication process. It also has the ability to repair
errors that appear in the DNA methylation pattern.
On the other hand, the DNA-methyltransferase
3-like (DNMTS3L) participates indirectly in the DNA
methylation process, and despite lacking catalytic
properties, has the ability to stimulate activity of
DNMT3a and DNMT3b methyltransferases, which
are responsible for de novo methylation [22, 33, 36,
40, 42]. The primary role of DNMTs is to catalyze the
additional reactions of methyl groups derived from
the donor S-adenosyl-L-methionine (SAM), to the
C> carbon of the cytosine pyrimidine ring, or to the
amine group of adenine (N°) or cytosine (N*) [22, 26,
33]. This process leads to the formation of methylated
DNA and S-adenosyl-L-homocysteine (SAH) [17, 26,
33, 39, 42]. The conversion reaction of SAM to SAH is
a complex biochemical process known as one-carbon
metabolism [16].

Methylation is a targeted process that mainly occurs
on cytosines contained in CpG islands. CpG islands are
short stretches of DNA (about 1000 bp) characterized
by a high content of specific sequences of 5’-CpG-3
dinucleotides (cytosine-phosphate group-guanine) [17,
26, 33, 36, 39, 42]. The islands occur mainly within or
in close proximity to the promoter regions that are the
gene origin and are essential for cell functioning. About
70% of CpG dinucleotides in the human body have
a methyl group attached to cytosine (CG — cytosine-
guanine), and as a result the genes encoded by this
sequence are not accessible for cellular transcription
systems. There is an inverse relationship between the
transcriptional activity of certain genes and the degree
of methylation in the promoter regions — the higher
the methylation level, the weaker the gene expression.
On both DNA strands, the methylation at CpG sites
occurs in a mostly symmetrical way and only a small
number of CpG sequences undergo asymmetrical
methylation [17, 26, 33, 39, 42]. The structure that
results from the interaction of transcription factors
with promoter genes is a open chromatin — a highly
acetylated chromatin containing CpG islands [26,
33, 42]. About half of all human genes contain CpG
islands, and these are called housekeeping genes, as
well as tissue-specific genes. It has been considered
that transcriptionally inactive sequences are most

often methylated, while transcriptionally active genes
are hypomethylated [17, 26, 33, 42].

Increasing the frequency of CpG islands
methylation in the promoter regions leads to silencing
of a certain gene expression due to chromatin
condensation resulting from a decrease in histone
acetylation. Consequently, this phenomenon leads
to blocking or disturbing synthesis of the encoded
products (mainly proteins) by a certain gene. The
exact mechanism that determines this relationship is
not yet fully understood. One of the proposed models
assumes that this process involves methyl-CpG
binding proteins (MBPs) that bind to the methylated
DNA, with the participation of methyl-CpG binding
domains (MBDs). The MBPs interact with chromatin
remodeling complexes and with a histone deacetylase.
These modifications result in histone H3 lysine 9
methylation, followed by the deacetylation of histones,
causing a change in the chromatin structure from the
active, relaxed form (euchromatin) to its concentrated
form (heterochromatin), which is inaccessible to
transcription factors. On the other hand, histone
protein acetylation of lysine, which occurs at histone
H4, leads to partial decondensation of chromatin,
making it more available to transcription factors,
and causing an increase in the gene expression level.
This is due to the fact that the condensation and
decondensation of chromatin take place in a dynamic
way, because both forms can intertwine with each
other to either allow or block gene transcription.
Therefore, it has been indicated that gene expression
can be modified both by DNA methylation and by
acetylation or deacetylation of histones. Histones
are transformed with the participation of histone
deacetylases (HDACSs) and histone acetyltransferases
(HATs). However, it is important to note that due to
the possibility of 5-methylcytosine deamination to
thymine, epigenetic changes can be transformed into
permanent mutations [16, 19, 22, 40, 42].

Methylation is a reversible process that is
independent of DNA, because when necessary genes
can be reactivated. However, the exact mechanism
determining the course of this process has not yet
been fully understood. It has been recognized that
DNA demethylation can take place through enzymatic
processes, and in a passive way. The enzymatic process
occurs independently of the cell division cycle and
under the influence of demethylases, stimulating the
detachment of methyl groups from DNA, including the
ten-eleven translocation proteins (TETs). The passive
way occurs due to a lack of methylation of the newly
synthesized DNA chain by DNMTs during replication
[26, 33, 40, 42].

The DNA methylation pattern changes during
the body’s development, growth, and aging.
Nevertheless, all properly functioning cells have
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a stable DNA methylation pattern, which is specific
to each cell type [3, 13, 26, 33, 36, 42]. Some of the
changes in the DNA methylation pattern tend to be
aphysiological adaptation to changing environmental
conditions, however, some changes may be related to
adeveloping disease or intensification of the cell aging
processes in the human body [20, 33, 44]. Regulatory
mechanisms, such as DNA demethylation, chromatin
structure modification, and active transcription,
should prevent those changes in the DNA methylation
pattern. If the functioning of these mechanisms is
disturbed, an uncontrolled DNA methylation process
can occur. This consists of a lowering of the genome
methylation level, or the attachment of de novo
methyl groups, the main consequence of which can
be the disturbance of DNA integrity and stability.
Changes in the DNA methylation pattern include, but
are not limited to, hypo- and hypermethylation as
well as m°C transition to thymine. S-methylcytosine
formed as a result of cytosine (C) methylation in the
DNA strand can undergo spontaneous deamination to
thymine (T), resulting in the C — T transition. Due
to the fact that DNA thymine glycosylase exhibits
low repair activity that is additionally inhibited by
DNMTs, this mutation is often not repaired, which
can lead to its fixation. It has been shown that the
DNA methylation pattern in the course of selected
chronic diseases can differ from that which occurs
under physiological conditions [26, 32].

MECHANISMS CONDITIONING

THE INFLUENCE OF METHYL

NUTRIENTS ON THE COURSE
OF DNA METHYLATION

It is believed that diet can influence the course of
DNA methylation as a result of the interaction of at
least three different mechanisms [19, 26]. It should be
emphasized that exact explanation of the biochemical
mechanisms that determine the dependencies
described below is not fully possible because in most
of the scientific analyzes, the authors relied mainly on
hypotheses and general assumptions. Therefore, it is
necessary to conduct further research in this area in
order to draw clear conclusions [26].

The first and most often-described mechanism is
the optimal supply of methyl nutrients in one-carbon
metabolism, which enables the proper course of
the DNA methylation process. An adequate supply
of methyl nutrients determines the production of
SAM, which is the primary donor of methyl groups
in the DNA methylation process. Methyl nutrients
include vitamins, the most important of which
are: folates (vitamin B), riboflavin (vitamin B),
cobalamin (vitamin B )), pyridoxine (vitamin B,),
choline (vitamin B,), as well as amino acids such as

methionine and betaine. These substances play the
role of both substrates and cofactors in transformations
related to one-carbon metabolism [16, 17, 26, 39, 40].
Methyl nutrient deficiencies in the body can lead
to disturbances in SAM synthesis, and thus to the
formation of abnormalities in various biochemical
pathways in the DNA methylation process [16, 26,
40]. The analysis conducted by Inoue-Choi et al. [24]
showed that the concentration of choline, methionine
and SAH in the subjects’ blood serum was positively
correlated with the concentration of SAM in their
blood. The authors emphasized the significant role
of controlling the concentration of methyl nutrients
in the blood serum in the context of preventing the
occurrence of DNA methylation disorders resulting
from insufficient SAM content in the body.

Another mechanism that can determine the course
of the DNA methylation process is the influence of
nutrients on the change in the activity of enzymes
related to the regulation of the DNA methylation
process, especially with regard to one-carbon
metabolism [16, 19, 26, 40]. It has been indicated
that a deficiency of methyl nutrients can indirectly
interfere with the activity of DNA methyltransferases
as aresult of the insufficient supply of SAM. Moreover,
it is presumed that some nutrients can play the role of
DNMTs inhibitors in the human body [19, 26].

It has been assumed that another mechanism
explaining the discussed dependence can also be
the indirect influence of nutrients on the process of
DNA demethylation [26]. This is because individual
publications describe vitamin C as potentially affecting
the process of DNA demethylation by supporting the
reactions associated with TETs proteins [41, 69]. It has
also been indicated that disturbances in the regulation
of transformations related to TETs may also result
from insufficient supply of methyl nutrients [66].
However, it should be emphasized that the hypotheses
explaining the influence of diet on the process of DNA
demethylation are still inconsistent [26, 41, 66, 69].

The DNA methylation process includes the
interconnected cycles of folate and methionine, in which
individual nutrients play both the role of substrates and
cofactors of biochemical reactions (Fig. 1) [39]. Folates
are found in many food products. Their rich sources
include green leafy and cruciferous vegetables,
legume seeds, avocados, liver, beets and eggs [39, 40].
Dietary folates are metabolized to tetrahydrofolate
(THF), which through numerous changes is converted
to 5S-methyl-THF under the influence of, among other
things, serine hydroxymethyltransferase (SHMT)
and vitamin B, as well as methylenetetrahydrofolate
reductase (MTHFR) and vitamin B, [16, 17, 39, 40].
Vitamin B, is mainly found in fish, meat, offal, as well
as in legume seeds, nuts and seeds. Wholegrain cereal
products are also valuable sources of this vitamin.
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Whereas the basic nutritional sources of vitamin B,
are milk and its products, eggs and offal [40]. 5-methyl-
THF transfers the methyl group to the methionine
cycle as a result of homocysteine remethylation to
methionine [16, 17, 39, 40]. This reaction requires the
participation of vitamin B,,, which is present only in
animal products — meat, fish, eggs, dairy products
and offal [39, 40]. The richest sources of methionine
in food are primarily protein-rich products, e.g. meat,
fish, eggs, dairy products, soybeans and Brazil nuts
[39]. 5-methyl-THF can be converted back to THF
and reused in the above DNA methylation process.
Moreover, homocysteine can also receive a methyl
group, which is necessary for the production of
methionine, as a result of the conversion of betaine
to dimethylglycine (DMG) taking place under the
influence of betaine homocysteine methyltransferase
(BHMT) [16, 26, 39, 40]. Betaine can originate from
both food and the process of endogenous choline
oxidation. Foods such as quinoa, wheat germ, bran,
beetroot, spinach and seafood are a rich source of
betaine in the diet [39]. The main food sources of
choline are egg yolk, offal, wheat germ, soybeans,
meat and fish [39, 40]. The methionine formed from
homocysteine is then converted to SAM, from
which, with the participation of DNMTs, methylated
DNA (in the form of 5-methylcytosine) and SAH are
formed. Then, under the influence of SAH hydrolase,

SAH is hydrolyzed to adenosine and homocysteine.
Subsequently, homocysteine can be reused in the
methionine cycle or be broken down to cystathionine
and cysteine by trans-sulfuration, which is dependent
on f3-cystathionine synthase (CBS) and vitamin B, [16,
17, 39, 40]. Cysteine can then be used for the synthesis
of body proteins or be transformed, for example, into
taurine and glutathione. Glutathione shows strong
antioxidant properties [16, 40].

Upon the transfer of methyl groups, SAM is
converted to SAH, which competes with SAM for
influence over the DNA methyltransferases. SAH
acts as a DNMT inhibitor, therefore its excess in the
body can disturb the course of reactions catalyzed
by this group of enzymes [16, 26]. It has been shown
that changes in SAM and SAH levels resulting from
a methyl-deficient diet for a period of over 18 weeks
led to irreversible changes in DNA methylation in the
liver cells of F344 male rats [54]. Moreover, it has also
been found that a moderate increase of homocysteine
levels in the blood serum is associated with an
increase in SAH levels, with no changes in SAM
levels, while the increased SAH levels are associated
with the occurrence of DNA hypomethylation [70].
Maintaining the balance between SAM and SAH,
which relies on stimulating SAM synthesis and
supporting SAH removal, seems to be crucial in
ensuring the proper DNMT activity. Nevertheless, due
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to the complexity of SAM and SAH transformations
in the human body, it is not possible to formulate
unambiguous conclusions indicating that the SAM to
SAH ratio could be a common indicator determining
the risk of DNA hypo- or hypermethylation in the
human body [26].

EFFECT OF METHYL NUTRIENTS
ON THE PROCESS OF DNA
METHYLATION IN THE COURSE
OF SELECTED DISEASES IN ADULTS

The relationship between methyl nutrients and
the course of the DNA methylation process has
been described in several animal studies [11, 27, 54].
Pogribny et al. [54] found that in F344 male rats,
which were fed a methyl-low diet for 9 weeks (low in
methionine, choline and folates), SAH did not change
but SAM content decreased by 70% compared to
rats on a control diet. Thus, a significant imbalance
between SAM and SAH was demonstrated in the
organisms of the tested animals. In addition, it was
also observed that the number of unmethylated CpG
sites in liver cells increased by 60% as a result of the
methyl-deficient diet. Interestingly, the reintroduction
of a diet with the correct methyl nutrient content
made it possible to reverse previously induced
DNA hypomethylation only in the rats that were fed
a deficient diet for 9 weeks. For animals that were
exposed to methyl nutrient deficiencies for 18, 24, or 36
weeks, reintroducing these nutrients did not influence
the normalization of the DNA methylation levels. It is
worth noting, however, that the presence of glutathione
S-transferase (GST), which is associated with the
process of hepatocarcinogenesis, was confirmed in
the liver tissue of the studied rats even after 9 weeks
of using a methyl-low diet. In a study by Kalani et
al. [27] for 6 weeks C57BL/6J mice were fed a diet
containing increased methionine content (1.2%) and
a reduced amount of folate (0.08 mg/kg body weight),
vitamin B, (0.01 mg/kg body weight), and vitamin
B,, (104 mg/kg body weight). Based on analysis, it
was shown that the C°>-methylcytosine levels in the
brain of the tested mice had increased as a result of
the applied diet. Moreover, in mice on a methionine-
rich diet and deficient in folates and vitamins B,
and B ,, a decrease in the expression of the netrin-1
protein was observed as a result of the increase in the
methylation level in the promoter region of the netrin-1
gene, which resulted in the occurrence of long-term
memory disorders in the tested animals. Interestingly,
the mice’s long-term memory improved when netrin
was readministered. The authors indicated that,
based on the results obtained in the study, it should
be assumed that a methyl-deficient diet can contribute
to the development of learning and memory disorders.

The authors also stated that the decrease in netrin-1
expression due to hypermethylation of its gene can,
presumably, be associated with impairment or loss of
long-term memory. In a study by Cordero et al. [11],
Wistar rats were fed one of three diets: a Western-
type diet (defined as increasing the risk of obesity),
a Western-type diet additionally supplemented with
methyl nutrients (choline, betaine, vitamin B,, and
folic acid), and a control group. It was shown that
after 8 weeks, the rats in both of the intervention
groups gained body weight and increased their body
fat. Interestingly, the intensification of fatty liver was
observed only in the animals on the Western-type
diet. In rats that were additionally supplemented with
methyl nutrients in addition to the Western-type diet,
the fatty liver was reduced. The authors indicated that
methyl nutrients can have a potentially protective effect
against the accumulation of excess fat tissue caused by
a high-fat diet, however, the effect is probably limited
to only the liver. Cordero et al. also suggested that
the potential mechanism determining this link might,
to some extent, be related to the influence of methyl
nutrients on the course of the DNA methylation
process in liver cells. However, it was emphasized that
in the rats from both intervention groups there were
some changes in the DNA methylation profile.

Analysis of the overall relationship between methyl
nutrients and the course of the DNA methylation
process has also been described in human studies [3,
8, 38, 51]. A systematic review conducted by Amenyah
et al. [3] demonstrated a relationship between methyl
nutrients that are specific to one-carbon metabolism,
and the DNA methylation process. In a study by Li et
al. [38] involving the 6-year observation of 5,687
women aged 65-79, it was found that a diet that is rich
in vitamin B — which is a methyl donor in the DNA
methylation process (along with folate, vitamin B,,
B, and B )) — can modify long-term changes in body
weight and body fat. This happens through the effects
of these nutrients on DNA methylation determined by
the rs752579 variant of the sterol regulatory element
binding factor 1 (SREBFI) gene. However, not all
scientific analyses in this area have obtained similar
conclusions. In a study by Perng et al. [51], conducted
on 987 healthy people aged 45-84, no correlation
was found between the supply of methyl nutrients in
the diet and the DNA methylation level in the tested
subjects. However, it was found that a higher body
mass index (BMI) in the subjects was associated with
a higher degree of methylation of the long interspersed
nucleotide element-1 (LINE-1). In another analysis by
Chamberlain et al. [8] conducted on 5,168 healthy
adults, no correlation was found between the methyl
nutrients content in the diet and the CpG island
methylation level in the tested subjects.
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Nevertheless, most scientific studies have focused
on the assessment of the effect of individual methyl
nutrients on the course of DNA methylation [7, 18,
45, 58]. The compounds most often reported in this
context were folate and vitamin B,,. Folates are the
primary methyl-group donors in the DNA methylation
process. In comparison, appropriate amounts of
vitamin B, are required to remethylate homocysteine
to methionine because vitamin B, acts as a cofactor
in this reaction. Therefore, it has been assumed that
a deficiency of both of these components can lead to
disturbances in the course of changes related to SAM
and SAH in the body [16]. In an analysis by Hirsch
et al. [18], conducted on a group of healthy people,
it was found that higher folic acid levels in the blood
serum (>45 nmol/L) was associated with an increased
content of SAM and SAH in the erythrocytes of the
tested subjects. This is not, however, related to the
SAM-to-SAH ratio, and the CpG island methylation
level in the promoter region of the extracellular
superoxide dismutase (EC-SOD) gene. Neither was
a correlation found between the vitamin B, levels
in the blood serum and the SAM or SAH content in
the erythrocytes of the tested subjects. Alternatively,
Pufulete et al. [58] showed that the folic acid levels both
in blood serum and in erythrocytes were inversely
correlated with the plasma homocysteine levels (r =
-0.573, p <0.001 and r=-0.307, p = 0.01, respectively),
as well as with the presence of DNA hypomethylation
in the colon mucosa (r = -0.311, p = 0.01 and r =
-0.356, p = 0.03). When gender, age, BMI, smoking,
and genotype were taken into account, however, it
was found that this relationship was much weaker (p
=0.07 and p = 0.08). On the other hand, in an analysis
by Morris et al. [45] conducted on 1,858 people >60,
it was found that the concentration of 5-methyl-THF
in the body was associated with better results of tests
assessing cognitive functions in tested subjects with no
vitamin B , deficiency in the blood serum. A study by
Bednarska-Makaruk et al. [7] carried out on a similar
age group, showed that patients with dementia had
lower folic acid levels (p = 0.002) and 5-methyl-THF
(p = 0.005) in the blood than those without memory
impairment. Moreover, a positive correlation was also
observed between the concentration of folic acid in
the blood serum and the DNA methylation level in the
tested subjects (p = 0.013).

A deficiency of folic acid and vitamin B , in the body
can also be a risk factor for the development of certain
types of cancer [4, 53, 57]. An analysis by Piyathilake
et al. [53] of 315 women who tested positive for human
papilloma virus (HPV) type 16, who were diagnosed
with cervical intraepithelial neoplasia (CIN), stage
CIN2+ or <CINI, showed that in women with a higher
degree of HPV 16 DNA methylation and a higher
concentration of both folic acid and vitamin B, in the

plasma, the probability of CIN2+ was lower by 75% (p
< 0.01) and 60% (p = 0.02), respectively. The authors
suggested that maintaining the appropriate methyl
donors content in the body, including in particular
folic acid and vitamin B ,, can play a critical role in
ensuring a high degree of CpG islands methylation,
among other things, within the promoters of the
HPV E6 gene, which are associated with a higher
probability of being diagnosed with CIN2+. On the
other hand, a study by Badigi et al. [4] found that
women with higher blood homocysteine levels were
more likely to be diagnosed with CIN2+ (OR = 1.86, p
= 0.005). In contrast, the higher folic acid levels in the
plasma were a significant determinant of lower blood
homocysteine levels in the tested subjects (OR = 0.4,
p =10.0002). In women with homocysteinemia, a lower
degree of methylation of LINE-1 of peripheral blood
mononuclear cells (PBMCs) (OR = 2.3, p = 0.0007)
was observed significantly more frequently (PBMCs
are a potential biomarker of CIN2+ development). The
authors emphasized that maintaining the appropriate
content of folic acid in the body can have a potentially
beneficial effect on reducing homocysteine blood
levels and increasing the degree of PBMC LINE-1
methylation, which could, consequently contribute
to the reduction of the risk of developing CIN2+. In
another analysis by Pufulete et al. [S7] it was showed
that patients diagnosed with colorectal cancer had
a 26% lower folic acid content in the body (95% CI:
6-44%, p = 0.01) and a 21% lower vitamin B , level
in the blood (95% CI: -38-1%, p = 0.06), compared to
a control group of people without colorectal disease.
Moreover, it was also found that high folic acid levels
in the blood were associated with a reduced risk of
developing colorectal cancer (p = 0.01). While the
DNA hypomethylation of colon cells and leukocytes
was associated with an increased risk of colorectal
adenoma (p = 0.02 and p = 0.01, respectively).

Apart from the assessment of the relationship
between the total content of folic acid and vitamin B,
in the body and DNA methylation, scientific research
also analyzed the impact of the supply of these
components in the diet on the course of the discussed
process of DNA methylation [1, 29, 52, 63]. In a study
by Agodi et al. [1] carried out on 177 healthy, non-
pregnant women, it was shown that subjects whose
fruit consumption was lower than the median value
for the whole group (<201 g/day) were 3.7 times more
likely to develop LINE- 1 hypomethylation, compared
to women with fruit consumption higher than the
median (OR = 3.7, 95% CI: 1.4-9.5). Similarly, the
female subjects whose dietary folate intake was 3.6
times lower than the demand, were more likely to
develop LINE-1 hypomethylation compared to women
with normal dietary content of folates in their diet (OR
= 3.6, 95% CI: 1.1-12.1). The authors have indicated
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that low fruit consumption and too low dietary folate
content may possibly increase the risk of cancer
development because of LINE-1 hypomethylation.
Notwithstanding, in the study by Pirouzpanah et al.
[52], an inverse relationship was found between the
folate supply in the diet and the intensification of the
hypermethylation process in the promoter regions of
retinoic acid receptor beta (RARB) gene, such as in
female patients <48 years of age and breast cancer
gene 1 (BRCALI), and in tested subjects >48 years
old age. It should be emphasized that with regard to
the vitamin B, content in their diet, this relationship
was significant only with the RARB gene, and only
in female patients aged <48 years old. The authors
indicated that an insufficient supply of folate and
vitamin B, in the diet can contribute to the increased
likelihood of breast cancer development as a result
of hypermethylation of the promoter regions of the
discussed genes. However, this effect is probably
dependent on the age of the female patients. In a study
by Kawakita et al. [29], covering over 12.5 years of
observation, it was shown that higher intake of folate
in the diet and higher consumption of folic acid-
fortified products were associated with a reduced risk
of head and neck cancer. However, this effect was
dose-dependent (for folate intake in the diet: quartile
1 vs. 4: HR = 0.35, 95% CI: 0.18-0.67, and for the
consumption of folic acid-fortified products: quartile 1
vs. 4 HR = 0.49, 95% CI: 0.3-0.82). The authors
suggest that the above results are presumably related
to the role of folates in regulating the DNA methylation
process, but this relationship was not analyzed in the
study. Interestingly, in a study by Steluti et al. [63], no
correlation was found between dietary folate supply
and the level of DNA methylation, even in people who
consumed folic acid-fortified flours.

One of the best-studied issues in the context of
the discussed topic is the analysis of the effect of
supplementation with selected methyl nutrients,
including folic acid and vitamin B,,, on the DNA
methylation level and the risk of developing diseases
associated with disturbances in this process [3, 6, 21,
25, 30]. In a randomized, double-blind study by Kok et
al. [30] conducted on healthy people aged 65-75 with
moderately elevated levels of homocysteine in the
blood serum, it was shown that 2-year supplementation
with folic acid at a dose of 400 pg/day and vitamin B,
at a dose of 500 pg/day contributed to the occurrence
of changes in the DNA methylation profile of several
genes, including genes related to neurological
functions and the process of carcinogenesis.
Nonetheless, in a study by Bea et al. [6] conducted on
408 healthy, postmenopausal women, a dependence
between periods of folic acid supplementation and
its concentration in erythrocytes was observed,
compared to the DNA methylation level. It was shown

that in women with a higher concentration of folic acid
in erythrocytes (compared to the lower concentration
of this parameter), the average DNA methylation
level was higher in the period before supplementation
(5.12 vs. 4.99%, p = 0.05), but decreased in the post-
supplementation period (4.95 vs. 5.16%, p = 0.03). The
authors emphasized that the increased concentration of
folic acid in erythrocytes as a result of supplementation
can affect the DNA methylation levels in leukocytes
in postmenopausal women. However, not all scientific
analyses have obtained similar results on the effect
of supplementation with selected methyl nutrients
on the course of the DNA methylation process. In
a randomized, double-blind study conducted by Jung
et al. [25] it was found that a 3-year supplementation
with folic acid at a dose of 800 pg/day did not
affect the DNA methylation level in a population of
healthy women and men aged 50-70 with moderate
hyperhomocysteinemia. Moreover, in the study by
Hiibner et al. [21] no relationship was found between
the 1-year supplementation of B vitamins (500 pg of
folic acid, 500 ug of vitamin B , and 50 mg of vitamin
B, per day), vitamin D (1,200 1U/day) and calcium
(456 mg/day) on the SAM and SAH levels in the blood
serum and the LINE-1 methylation level, in a group
of people aged 46-88. Nevertheless, in a meta-analysis
conducted by Amenyah et al. [3] it was found that
despite many methodological inaccuracies, it could
be concluded that supplementation with folic acid,
both alone and in combination with vitamin B, can
increase the DNA methylation level. However, a need
for further analyses on this topic was emphasized, to
obtain data enabling the formulation of unambiguous
conclusions in this area.

A study by Li et al. [37] conducted on obese
C57BL/6J mice showed that a 10-week, fat-rich diet,
combined with folic acid supplementation, contributed
to the reduction of body fat and blood glucose levels,
and improved insulin sensitivity in the tested mice. The
animals that were fed only with a high-fat diet showed
increased weight gain compared to mice in the control
group. In addition, it was shown that animals on a high-
fat diet without additional folic acid supplementation
developed type 2 diabetes and insulin resistance. The
authors also indicated that the observed differences
between the intervention groups resulted from the
fact that folic acid supplementation contributed to the
reduction of DNA methylation within adipose tissue
of adenylate cyclase type 3 (ADCY3) gene, and rap
guanine nucleotide exchange factor 4 (RAPGEF4)
gene, which have the ability to influence adipose
tissue metabolism and regulate insulin sensitivity in
the body. Conversely, Park et al. [49] found in their
analysis that the changes in DNA methylation patterns
as a result of folic acid supplementation were different
in women aged 18-35, and depended on their body
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weight. As a result of folic acid supplementation at
a dose of 800 pg/day for 8 weeks, serum folic acid
levels increased both in women with normal body
weight (from 38.36 + 2.5 to 71.41 + 3.03 nmol/L), and
those with obesity (from 27.12 £+ 3.09 to 56.85 £ 3.9
nmol/L). However, in the obese women, this level was
significantly lower than in the women with normal
body weight, before and after the introduction of folic
acid supplementation in both groups. Nevertheless,
the change in serum folic acid levels as a result of the
introduced supplementation was greater in the obese
women than those with normal body weight (109.6%
vs. 86.2%). Moreover, it was indicated that the number
of changes occurring in DNA methylation as a result
of folic acid supplementation was higher in the obese
women, compared to those with normal body weight
(99 vs. 56 CpG stretches). The authors suggested that
the need to modify the recommendations for folic acid
supplementation doses depending on women’s body
weight should be considered.

There have also been studies that analyzed the
effect of folic acid supplementation on the risk of
developing cancer, and the course of cancer, in
relation to disturbances in the DNA methylation
process [2, 15, 29, 46, 56, 60]. In a randomized
study by O'Reilly et al. [46], which included post-
polypectomy patients using folic acid supplementation
at a dose of 600 ug/day for 6 months, an increase in
folic acid levels was observed that was determined
directly in colonocytes, as well as a decrease in the
DNA methylation level compared to a placebo group.
The authors suggested that folic acid supplementation
in patients at risk of developing colorectal cancer
can affect the folic acid supplementation deficiency
directly in the colonocytes, which presumably reduces
the risk of initiating the process of carcinogenesis due
to DNA hypomethylation. A randomized study by
Pufulete et al. [56] found that DNA hypomethylation
caused by insufficient folate intake in the diet can be
normalized as a result of the implementation of folic
acid supplementation. The same study showed that
folic acid supplementation for 10 weeks at a dose of
400 pg/day in patients with colorectal adenoma had
the following effects: 81% increased concentration of
folic acid in blood serum (95% CI: 57-104%, p < 0.001
vs. placebo), 57% increased concentration of folic
acid in erythrocytes (95% CI: 40-74%, p < 0.001 vs.
placebo), 12% decreased serum homocysteine levels
(95% CI: 4-20%, p < 0.001 vs. placebo), 31% increased
methylation in leukocytes (95% CI: 16-47%, p = 0.05
vs. placebo), and 25% increased methylation in the
colon mucosa (95% CI: 11-39%, p = 0.09 vs. placebo).
Interestingly, not all studies have formulated similar
conclusions about these dependencies. In the previously
mentioned study by Kawakita et al. [29], no evidence
of the relationship between folic acid supplementation

and the risk of developing head and neck cancer was
found. Moreover, a randomized, double-blind study
[2] of a 10-week folic acid supplementation at a dose of
400 pg/day in patients with colorectal adenoma, with
no deficiency of folic acid and vitamin B, , in the body,
found no effect on the improvement of methylation of
promotor regions of the estrogen receptor 1 (ESR1)
and human MutL homolog 1 (MLH1) genes. ESR1 and
MLHI1 genes can undergo hypermethylation in the
course of colon tumors. Surprising conclusions were
formulated in the study by Farias et al. [15], carried
out using human colonosphere formation in a colon
cancer cell line grown in vitro. It was shown that
long-term increased folic acid intake from both folic
acid supplements and folic acid-fortified food may
lead to abnormalities in DNA methylation patterns,
especially those related to DNMT activity. It was
suggested that this relationship can cause initiation
of carcinogenesis, or the progression of pre-existing
neoplastic tumors. The authors have emphasized the
need for further analyses on the impact of excessive
supplementation with methyl nutrients on the risk
of development or progression of cancerous tumors.
A meta-analysis conducted by Qiang et al. [60] found
that each increase in dietary folate content by 100 pg/
day was associated with a 12% reduction in the risk
of development of esophageal cancer. Moreover, each
increase of B, vitamin intake in a diet by 1 mg/day
contributed to the reduction of the risk of esophageal
cancer development by 16%. Interestingly, it was
shown, however, that each increase of B, vitamin
intake in a diet by 1 pg/day was associated with a 2%
increase in esophageal cancer risk, particularly in the
United States and Europe, which could indicate both
geographic and histological differences in this regard.
The authors concluded that the increased intake of
dietary one-carbon metabolism-related B vitamins
could be a protective factor in the risk of developing
esophageal cancer, with the exception of vitamin B,
the supply of which in the diet should be controlled.
There are not many studies analyzing the effects of
choline and betaine on the course of DNA methylation
in adults [23, 63]. Both of these components play
a crucial role in one-carbon metabolism. Betaine is
involved in the process of converting homocysteine
to methionine, and can be obtained from diet or as
a result of choline oxidation in endogenous processes
[16]. In the study by Steluti et al. [63], it was found
that of all methyl nutrients, only the supply of betaine
in the diet had an effect on modifying the DNA
methylation level. Imbard et al. [23] conducted a study
on 109 healthy volunteers, analyzing the relationship
between the concentration of choline and betaine in
the blood serum, folate, SAM, SAH and homocysteine
levels in the blood, and DNA methylation levels. Based
on the obtained data, a strong positive correlation
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was found between the choline levels and folic acid
levels in the blood. A strong positive correlation was
also found between choline and SAM and SAH levels
in blood serum, although in the multivariate linear
regression model no correlation was found between
blood choline levels and the SAM-to-SAH ratio.
Moreover, it was pointed out that the serum betaine
levels were positively correlated with folic acid levels
and negatively with the blood homocysteine levels.
Interestingly, no statistically significant relationship
between the analyzed indicators’ levels in the blood
serum and DNA methylation levels was confirmed.
Nevertheless, the authors emphasized that there is
a need to extend the scope of the scientific research
evaluating the effect of methyl nutrients on the course
of the DNA methylation process by analyzing the
role of choline and betaine in this regard. Several
studies have also assessed the effect of dietary choline
and betaine intake on the risk of developing various
types of cancer [65, 68, 72]. One such analysis was
a two-stage case-control study by Zhang et al. [72],
with the participation of 807 women diagnosed with
breast cancer, and 807 healthy women qualified for
the control group. Based on the obtained data, an
inverse relationship was found between the choline
and betaine content in the diet and the risk of breast
cancer development. The adjusted odds ratio (OR) for
the highest quartile intake of the analyzed nutrients,
in comparison with their lowest amount in the diet,
was, respectively: 0.4 for choline (95% CI: 0.28-0.57,
p < 0.001), 0.58 for betaine (95% CI: 0.42-0.8, p <
0.001), and 0.38 for choline and betaine combined
(95% CI: 0.27-0.53, p < 0.001). Interestingly, it has
also been found that the described relationship was
statistically significant only in subjects with low
dietary folate intake (<242 pg/day). Zhang et al. [72]
emphasized the importance of the role of appropriate
choline and betaine content in the diet, with regards
to reducing the risk of breast cancer development in
women. However, the potentially beneficial effects
can also depend on the possible occurrence of folic
acid deficiency in the body. Another study, by Ying
et al. [68], analyzed the effect of choline and betaine
intake in the diet on the risk of developing lung cancer,
depending on smoking. Higher betaine content in the
diet was statistically significantly associated with
a reduced risk of lung cancer in smokers, with the
protective effect being more pronounced in current
smokers than in ex-smokers. Similar relationships
were also observed with regard to choline content in
the diet, however, the effect was less pronounced. The
authors indicated that based on their results, it can be
assumed that increased betaine intake in the smokers’
diet, as well as choline (but to a lesser extent), can
be a protective element in the risk of lung cancer
development, through some kind of mitigation of the

adverse effects of smoking. Meta-analysis conducted
by Sun et al. [65] found that choline and betaine intake
in a diet may reduce the risk of developing neoplastic
diseases, however, the authors emphasized the need for
further analyses in this area due to the small number of
studies conducted so far. It was shown that the relative
risk (RR) of cancer occurrence for the lowest and the
highest ranges was, respectively: 0.82 (95% CI: 0.7-
0.97) for the choline intake, 0.86 (95% CI: 0.76-0.97)
for betaine in the diet, and 0.6 (95% CI: 0.4-0.9) for the
total choline and betaine in the diet. It was determined
that increasing the choline and betaine content by
100 mg/day contributed to the reduction of risk of
developing cancer by 11% (0.89, 95% CI: 0.87-0.92).

CONCLUSIONS

Despite significant scientific progress in the field of
nutriepigenetics, it is not possible to draw unambiguous
conclusions about the relationship between methyl
nutrients and the DNA methylation process in the
course of selected diseases in adults. There are few
randomized studies of high methodological quality
that have analyzed this relationship in humans. Due
to the fact that some of studies conducted so far were
performed on animals and others on human cell
lines, the comparison of these results is difficult. It is
necessary to conduct further analyses on this topic,
in order to obtain data enabling the formulation of
unambiguous conclusions in this area.

Based on the research results examined above, it
should be assumed, however, that both folic acid and
vitamin B, levels in the body, as well as folate and
vitamin B, intake in the diet of healthy people, can
affect their DNA methylation level to some extent. In
contrast, the data on the effect of excessive vitamin B,
content on the risk of developing cancer is inconsistent.
Moreover, it has also been indicated that the control of
the folic acid content, and to a lesser extent also of
vitamin B , in the body, can be particularly significant
in patients at risk of developing cancer.

Research results on the effect of the supplementation
of methyl nutrients on the DNA methylation process is
inconclusive. Some studies have shown that folic acid
supplementation, both alone and in combination with
vitamin B, ,, can increase the DNA methylation level.
Nevertheless, many analyses have not confirmed this
effect, or even an increase in the risk of developing
cancer as a result of such diets.

There are few studies assessing the effect of
choline and betaine on the course of DNA methylation
in adults. On the basis of the cited studies, however,
it should be concluded that the appropriate intake
of both betaine and choline in the diet can have
a beneficial effect not only on the overall improvement
of the DNA methylation profile, but also to some
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extent, on reducing the risk of developing cancer, and
this effect may depend on the folic acid content in the
body. Nevertheless, there is a need to extend the scope
of scientific research evaluating the effect of methyl
nutrients on the course of DNA methylation based on
analyses of betaine and choline effect in this context,
due to the small number of valuable studies carried out
on this topic so far.

It should be emphasized, however, that the exact
explanation of the biochemical mechanisms that
determine the dependencies described above is not
fully possible because in most of the scientific analyses,
the authors relied mainly on hypotheses and general
assumptions. More research is needed in this area in
order to draw clear conclusions and fully understand
these relationships. This could contribute to obtaining
data that could be used to formulate guidelines for
recommended intakes of methyl nutrients for dietary
amounts, and supplementation. This recommendation
could be valuable both in the context of prevention
and treatment of selected diseases in adults, including
cancer diseases in particular.

REFERENCES

1. Agodi A., Barchitta M., Quattrocchi A., Maugeri A.,
Canto C., Marchese A.E., Vinciguerra M.: Low fruit
consumption and folate deficiency are associated with
LINE-1 hypomethylation in women of a cancer-free
population. Genes Nutr 2015;10(5):480 doi: 10.1007/
s12263-015-0480-4.

2. Al-Ghnaniem Abbadi R., Emery P., Pufulete M.:
Short-term folate supplementation in physiological
doses has no effect on ESRI and MLH1 methylation
in colonic mucosa of individuals with adenoma. J
Nutrigenet Nutrigenomics 2012;5(6):327-338  doi:
10.1159/000345819.

3. Amenyah S.D., Hughes C.F., Ward M., Rosborough S.,
Deane J., Thursby S.J., Walsh C.P., Kok D.E., Strain
J.J, McNulty H., Lees-Murdock D.J.: Influence of
nutrients involved in one-carbon metabolism on DNA
methylation in adults — a systematic review and meta-
analysis. Nutr Rev 2020;78(8):647-666 doi: 10.1093/
nutrit/nuz094.

4. Badiga S., Siddiqui N.R., Macaluso M., Johanning
G.L., Piyathilake C.J.: Homocysteinemia is associated
with a lower degree of PBMC LINE-1 methylation
and a higher risk of CIN 2C in the U.S. post-folic acid
fortification era. Nutr Cancer 2016;68(3):446-455 doi:
10.1080/01635581.2016.1152388.

5. Bakusic J., Schaufeli W., Claes S., Godderis L.: Stress,
burnout and depression: a systematic review on DNA
methylation mechanisms. J Psychosom Res 2017;92:34-
44 doi: 10.1016/j.jpsychores.2016.11.005.

6. Bea S., Ulrich C.M., Bailey L.B., Malysheva O., Brown
E.C., Maneval D.R., Neuhouser M.L., Cheng TY.D.,,
Miller JW., Zheng Y., Xiao L., Hou L., Song X., Buck
K., Beresford S.A.A., Caudill M.A.: Impact of folic

acid fortification on global DNA methylation and one-
carbon biomarkers in the Women’s Health Initiative
Observational Study cohort. Epigenetics 2014;9(3):393-
403 doi: 10.4161/epi.27323.

7. Bednarska-Makaruk M., Graban A., Sobczynska-

Malefora A., Harrington D.J., Mitchell M., Voong K.,
Dai L., Lojkowska W, Bochynska A., Ryglewicz D.,
Wisniewska A., Wehr H.: Homocysteine metabolism
and the associations of global DNA methylation with
selected gene polymorphisms and nutritional factors in
patients with dementia. Exp Gerontol 2016;81:83-91 doi:
10.1016/j.exger.2016.05.002.

8. Chamberlain J A., Dugué P.A. Bassett JK., Hodge

A.M., Brinkman M.T, Joo J.E., Jung C.H., Makalic E.,
Schmidt D.F., Hooper J.L., Buchanan D.D., English
D.R., Southey M.C., Giles G.G., Milne R.L.: Dietary
intake of one-carbon metabolism nutrients and DNA
methylation in peripheral blood. Am J Clin Nutr
2018;108(3):611-621 doi: 10.1093/ajecn/nqy119.

9. Chen D., Meng L., Pei F.,, Zheng Y., Leng Y.: A review

of DNA methylation in depression. J Clin Neurosci
2017;43:39-46 doi: 10.1016/j.jocn.2017.05.022.
10.Cheng Z., Zheng L., Almeida F.A.. Epigenetic
reprogramming in metabolic disorders: nutritional
factors and beyond. J Nutr Biochem 2018;54:1-10 doi:
10.1016/j.jnutbio.2017.10.004.

11. Cordero P., Gomez-Uriz A.M., Campion J., Milagro
FI, Martinez J.A.: Dietary supplementation with
methyl donors reduces fatty liver and modifies the fatty
acid synthase DNA methylation profile in rats fed an
obesogenic diet. Genes Nutr 2013;8(1):105-113 doi:
10.1007/512263-012-0300-z.

12.Del Campo J.A., Gallego-Duran R., Gallego P., Grande
L.: Genetic and epigenetic regulation in nonalcoholic
fatty liver disease (NAFLD). IntJ Mol Sci 2018;19(3):911
doi: 10.3390/ijms19030911.

13.ElGendy K., Malcomson F.C., Lara J.G., Bradburn
D.M., Mathers J.C.: Effects of dietary interventions on
DNA methylation in adult humans: systematic review
and meta-analysis. Br J Nutr 2018;120(9):961-976 doi:
10.1017/S000711451800243X.

14. Elhamamsy A.R.: Role of DNA methylation in imprinting
disorders: an updated review. J Assist Reprod Genet
2017;34(5):549-562 doi: 10.1007/s10815-017-0895-5.

15. Farias N., Ho N., Butler S., Delaney L., Morrison J.,
Shahrzad S., Coomber B.L.: The effects of folic acid on
global DNA methylation and colonosphere formation in
colon cancer cell lines. J Nutr Biochem 2015;26(8):818-
826 doi: 10.1016/j.jnutbio.2015.02.002.

16.Friso S., Udali S., De Santis D., Choi S.W. One-
carbon metabolism and epigenetics. Mol Aspects Med
2017;54:28-36 doi: 10.1016/j.mam.2016.11.007.

17. Glier M.B., Green T.J., Devlin A.M.: Methyl nutrients,
DNA methylation, and cardiovascular disease. Mol Nutr
Food Res 2014;58:172-182 doi: 10.1002/mnfr.201200636.

18. Hirsch S., Ronco A.M., Guerrero-Bosagna C., de la
Maza M.P., Leiva L., Berrera G., Llanos M., Alliende
M.A., Silva F., Bunout D.. Methylation status in
healthy subjects with normal and high serum folate



134

Link between methyl nutrients and the DNA methylation process in the course of selected diseases in adults

No 2

concentration. Nutrition 2008;24(11-12):1103-1109 doi:
10.1016/j.nut.2008.05.018.

19. Ho E., Beaver L.M., Williams D.E., Dashwood R.H.:
Dietary factors and epigenetic regulation for prostate
cancer prevention. Adv Nutr 2011;2(6):497-510 doi:
10.3945/an.111.001032.

20.Horvath S., Raj K.: DNA methylation-based biomarkers
and the epigenetic clock theory of ageing. Nat Rev Genet
2018;19(6):371-384 doi: 10.1038/s41576-018-0004-3.

21. Hiibner U., Geisel J., Kirsch S.H., Kruse V., Bodis M.,
Klein C., Herrmann W., Obeid R.: Effect of 1 year B
and D vitamin supplementation on LINE-1 repetitive
element methylation in older subjects. Clin Chem Lab
Med 2013;51(3):649-655 doi: 10.1515/cclm-2012-0624.

22.Ideraabdullah FY., Zeisel S.H.: Dietary modulation of
the epigenome. Physiol Rev 2018;98(2):667-695 doi:
10.1152/physrev.00010.2017.

23.Imbard A., Smulders Y.M., Barto R., Smith D.E.C.,
Kok RM., Jakobs C., Blom H.J.: Plasma choline and
betaine correlate with serum folate, plasma S-adenosyl-
methionine and S-adenosyl-homocysteine in healthy
volunteers. Clin Chem Lab Med 2013;51(3):683-692
doi: 10.1515/cclm-2012-0302.

24.Inoue-Choi M., Nelson H.H., Robien K. Arning
E., Bottiglieri T, Koh WP, Yuan J.M.: One-
carbon metabolism nutrient status and plasma
S-adenosylmethionine concentrations in middle-aged
and older Chinese in Singapore. Int J] Mol Epidemiol
Genet 2012;3(2):160-173.

25.Jung A.Y., Smulders Y., Verhoef P., Kok F.J., Blom H.,
Kok R.M., Kampman E., Durga J.: No effect of folic acid
supplementation on global DNA methylation in men
and women with moderately elevated homocysteine.
PLoS One 2011;6(9):¢24976 doi: 10.1371/journal.
pone.0024976.

26.Kadayifci F.Z., Zheng S., Pan Y.X.: Molecular
mechanisms underlying the link between diet and
DNA methylation. Int J Mol Sci 2018;19(12):4055 doi:
10.3390/ijms19124055.

27.Kalani A., Chaturvedi P., Kalani K., Kamat P.K.,
Chaturvedi P.: A high methionine, low folate and
vitamin B/B,, containing diet can be associated with
memory loss by epigenetic silencing of netrin-1. Neural
Regen Res 2019;14(7):1247-1254 doi: 10.4103/1673-
5374.251333.

28.Kalea A.Z., Drosatos K., Buxton J.L.: Nutriepigenetics
and cardiovascular disease. Curr Opin Clin Nutr
Metab  Care  2018;21(4):252-259  doi:  10.1097/
MCO0.0000000000000477.

29.Kawakita D., Lee Y.C.A., Gren L.H., Buys S.S., La
Vecchia C., Hashibe M.: The impact of folate intake on
the risk of head and neck cancer in the prostate, lung,
colorectal, and ovarian cancer screening trial (PLCO)
cohort. Br J Cancer 2018;118(2):299-306 doi: 10.1038/
bjc.2017.383.

30.Kok D.E.G., Dhonukshe-Rutten R.A.M. Lute C.,
Heil S.G., Uitterlinden A.G., van der Velde N., van
Meurs J.B.J., van Schoor N.M., Hooiveld G.J.E., de
Groot L.C.P.G.M., Kampman E., Steegenga W.T: The
effects of long-term daily folic acid and vitamin B,

supplementation on genome-wide DNA methylation
in elderly subjects. Clin Epigenetics 2015;7:121 doi:
10.1186/s13148-015-0154-5.

31. Lakshminarasimhan R., Liang G.: The role of DNA
methylation in cancer. Adv Exp Med Biol 2016;94:151-
172 doi: 10.1007/978-3-319-43624-1 7.

32.Levenson V.V.: DNA methylation as a universal
biomarker. Expert Rev Mol Diagn 2010;10(4):481-488
doi: 10.1586/erm.10.17.

33.Li E., Zhang Y.: DNA methylation in mammals. Cold
Spring Harb Perspect Biol 2014;6(5):a019133 doi:
10.1101/cshperspect.a019133.

34.Li M., DArcy C., Li X, Zhang T, Joober R., Meng
X.: What do DNA methylation studies tell us about
depression? A systematic review. Transl Psychiatry
2019;9:68 doi: 10.1038/341398-019-0412-y.

35.Ling C., Ronn T: Epigenetics in human obesity and
type 2 diabetes. Cell Metab 2019;29(5):1028-1044 doi:
10.1016/j.cmet.2019.03.009.

36.Liu G., Bin P, Wang T, Ren W, Zhong J., Liang J.,
Hu C.AA., Zeng Z., Yin Y. DNA methylation and
the potential role of methyl-containing nutrients
in cardiovascular diseases. Oxid Med Cell Longev
2017;2017:1670815 doi: 10.1155/2017/1670815.

37.Li W, Tang R., Ma F., Ouyang S., Liu Z., Wu J.: Folic
acid supplementation alters the DNA methylation
profile and improves insulin resistance in high-fat-diet-
fed mice. J Nutr Biochem 2018;59:76-83 doi: 10.1016/j.
jnutbio.2018.05.010.

38.Li X, Wang T, Zhao M., Huang T, Sun D., Han L.,
Nisa H., Shang X., Heianza Y., Qi L.: DNA methylation
variant, B-vitamins intake and longitudinal change in
body mass index. Int J Obes (Lond) 2019;43(3):468-474
doi: 10.1038/s41366-018-0106-1.

39.Mafra D., Esgalhado M., Borges N.A., Cardozo
L. FM.F., Stockler-Pinto M.B., Craven H., Buchanan
S.J.,, Lindholm B., Stenvinkel P., Shiels P.G.: Methyl
donor nutrients in chronic kidney disease: impact on
the epigenetic landscape. J Nutr 2019;149(3):372-380
doi: 10.1093/jn/nxy289.

40.Mahmoud A.M., Ali M.M.: Methyl donor micronutrients
that modify DNA methylation and cancer outcome.
Nutrients 2019;11(3):608 doi: 10.3390/nu11030608.

41. Minor E.A., Court B.L., Young JI, Wang G.:
Ascorbate induces ten-eleven translocation
(Tet) methylcytosine dioxygenase-mediated
generation of 5-hydroxymethylcytosine. J Biol
Chem 2013;288(19):13669-13674 doi:  10.1074/jbc.
C113.464800.

42.Moore L.D., Le T, Fan G.: DNA methylation and its
basic function. Neuropsychopharmacol 2013;38(1):23-
38 doi: 10.1038/npp.2012.112.

43. Moran-Salvador E., Mann J.: Epigenetics and liver
fibrosis. Cell Mol Gastroenterol Hepatol 2017;4(1):125-
134 doi: 10.1016/j.jcmgh.2017.04.007.

44 Morgan A.E., Davies T.J., McAuley M.T: The role of
DNA methylation in ageing and cancer. Proc Nutr Soc
2018;77(4):412-422 doi: 10.1017/S0029665118000150.

45. Morris M.S., Jacques P.F., Rosenberg LH., Selhub
J: Circulating unmetabolized folic acid and



No 2

P. Lobos, B. Regulska-Ilow

135

5-methyltetrahydrofolate in relation to anemia,
macrocytosis, and cognitive test performance in
American seniors. Am J Clin Nutr 2010;91(6):1733-1744
doi: 10.3945/ajcn.2009.28671.

46.0Reilly S.L., McGlynn A.P., McNulty H., Reynolds
J., Wasson G.R., Molloy A.M., Strain J.J., Weir D.G.,
Ward M., McKerr G., Scott J. M., Downes C.S.: Folic
acid supplementation in postpolypectomy patients in
a randomized controlled trial increases tissue folate
concentrations and reduces aberrant DNA biomarkers
in colonic tissues adjacent to the former polyp site. J
Nutr 2016;146(5):933-939 doi: 10.3945/jn.115.222547.

47. Ovenden E.S., McGregor N.W., Emsley R.A., Warnich
L.: DNA methylation and antipsychotic treatment
mechanisms in schizophrenia: progress and future
directions. Prog Neuropsychopharmacol Biol Psychiatry
2018;81:38-49 doi: 10.1016/j.pnpbp.2017.10.004.

48.Pan Y., Liu G., Zhou F., Su B., Li Y.: DNA methylation
profiles in cancer diagnosis and therapeutics. Clin Exp
Med 2018;18(1):1-14 doi: 10.1007/s10238-017-0467-0.

49. Park H.J., Bailey L.B., Shade D.C., Hausman D.B.,
Hohos N.M., Meagher R.B., Kauwell G.P., Lewis
R.D., Smith A.K.: Distinctions in gene-specific
changes in DNA methylation in response to folic acid
supplementation between women with normal weight
and obesity. Obes Res Clin Pract 2017;11(6):665-676
doi: 10.1016/j.0rcp.2017.06.004.

50. Parrillo L., Spinelli R., Nicolo A., Longo M., Mirra P.,
Raciti G.A., Miele C., Beguinot F.: Nutritional factors,
DNA methylation, and risk of type 2 diabetes and
obesity: perspectives and challenges. Int J Mol Sci
2019;20(12):2983 doi: 10.3390/ijms20122983.

51. Perng W. Villamor E., Shroff M.R., Nettleton JA.,
Pilsner JR., Liu Y, Diez-Roux A.V:: Dietary intake,
plasma homocysteine, and repetitive element DNA
methylation in the Multi-Ethnic Study of Atherosclerosis
(MESA). Nutr Metab Cardiovasc Dis 2014;24(6):614-
622 doi: 10.1016/j.numecd.2013.11.011.

52.Pirouzpanah S., Taleban F.A., Mehdipour P., Atri M.
Association of folate and other one-carbon related
nutrients with hypermethylation status and expression
of RARB, BRCAI, and RASSFIA genes in breast
cancer patients. J] Mol Med (Berl) 2015;93(8):917-934
doi: 10.1007/s00109-015-1268-0.

53. Piyathilake C.J., Macaluso M., Chambers M.M., Badiga
S., Siddiqui N.R., Bell W.C., Edberg J.C., Patridge E.E.,
Alvarez R.D., Johanning G.L.: Folate and vitamin
B12 may play a critical role in lowering the HPV 16
methylation-associated risk of developing higher grades
of CIN. Cancer Prev Res (Phila) 2014;7(11):1128-1137
doi: 10.1158/1940-6207.CAPR-14-0143.

54.Pogribny IL.P., Ross S.A., Wise C., Pogribna M., Jones
E.A., Tryndyak V.P., James S.J., Dragan Y.P., Poirier
L.A.: TIrreversible global DNA hypomethylation as
a key step in hepatocarcinogenesis induced by dietary
methyl deficiency. Mutat Res 2006;593(1-2):80-87 doi:
10.1016/j.mrfmmm.2005.06.028.

55. Pries L.K., Giiloksiiz S., Kenis G.. DNA methylation
in schizophrenia. Adv Exp Med Biol 2017;978:211-236
doi: 10.1007/978-3-319-53889-1 12.

56.Pufulete M., Al-Ghnaniem R., Khushal A., Appleby
P, Harris N., Gout S., Emery P.W., Sanders T.A.B.:
Effect of folic acid supplementation on genomic DNA
methylation in patients with colorectal adenoma. Gut
2005;54(5):648-653 doi: 10.1136/gut.2004.054718.

57. Pufulete M., Al-Ghnaniem R., Leather A.J.M., Appleby
P, Gout S., Terry C., Emery P.W. Sanders T.A.B.:
Folate status, genomic DNA hypomethylation, and risk
of colorectal adenoma and cancer: a case control study.
Gastroenterology 2003;124(5):1240-1248 doi: 10.1016/
s0016-5085(03)00279-8.

58.Pufulete M., Al-Ghnaniem R., Rennie J.A., Appleby
P, Harris N., Gout S., Emery P.W., Sanders T.A.B.:
Influence of folate status on genomic DNA methylation
in colonic mucosa of subjects without colorectal
adenoma or cancer. Br J Cancer 2005;92(5):838-842
doi: 10.1038/sj.bjc.6602439.

59.Qazi T.J, Quan Z., Mir A., Qing H.: Epigenetics in
Alzheimer's disease: perspective of DNA methylation.
Mol Neurobiol 2018;55(2):1026-1044 doi: 10.1007/
$12035-016-0357-6.

60.Qiang Y, Li Q., Xin Y., Fang X., Tian Y., Ma J., Wang J.,
Wang Q., Zhang R., Wang J., Wang F.: Intake of dietary
one-carbon metabolism-related B vitamins and the risk
of esophageal cancer: a dose-response meta-analysis.
Nutrients 2018;10(7):835 doi: 10.3390/nul0070835.

61.Samblas M., Milagro F.I, Martinez A.. DNA
methylation markers in obesity, metabolic syndrome,
and weight loss. Epigenetics 2019;14(5):421-444 doi:
10.1080/15592294.2019.1595297.

62.Smigielski L., Jagannath V., Rossler W, Walitza S.,
Griinblatt E.: Epigenetic mechanisms in schizophrenia
and other psychotic disorders: a systematic review
of empirical human findings. Mol Psychiatry
2020;25(8):1718-1748 doi: 10.1038/s41380-019-0601-3.

63. Steluti J., Palchetti C.Z., Miranda A.M., Fisberg R.M.,
Marchioni D.M.: DNA methylation and one-carbon
metabolism related nutrients and polymorphisms:
analysis after mandatory flour fortification with
folic acid. Br J Nutr 2020;123:23-29 doi: 10.1017/
S0007114519002526.

64.Stoccoro A., Coppedé F.. Role of epigenetics in
Alzheimer's disease pathogenesis. Neurodegener Dis
Manag 2018;8(3):181-193 doi: 10.2217/nmt-2018-0004.

65.SunS., Li X., Ren A., DuM., Du H., Shu Y., Zhu L., Wang
W.: Choline and betaine consumption lowers cancer
risk: a meta-analysis of epidemiologic studies. Sci Rep
2016;6:35547 doi: 10.1038/srep35547.

66.Takumi S., Okamura K., Yanagisawa H., Sano T,
Kobayashi Y., Nohara K. The effect of a methyl-
deficient diet on the global DNA methylation and the
DNA methylation regulatory pathways. J Appl Toxicol
2015;35(12):1550-1556 doi: 10.1002/jat.3117.

67. Wilson C.L., Mann D.A., Borthwick L.A.: Epigenetic
reprogramming in liver fibrosis and cancer. Adv
Drug Deliv Rev 2017;121:124-132 doi: 10.1016/j.
addr.2017.10.011.

68.Ying J.,, Rahbar M.H., Hallman D.M., Hernandez L.M.,
Spitz M.R., Forman M.R., Gorlova O.Y.: Associations
between dietary intake of choline and betaine and lung


https://pubmed.ncbi.nlm.nih.gov/?term=R%C3%B6ssler+W&cauthor_id=31907379

136

Link between methyl nutrients and the DNA methylation process in the course of selected diseases in adults

No 2

cancer risk. PLoS One 2013;8(2):e54561 doi: 10.1371/
journal.pone.0054561.

69.Yin R., Mao S.Q., Zhao B., Chong Z., Yang Y., Zhao C.,
Zhang D., Huang H., Gao J., Li Z., Jiao Y., Li C., Liu S.,
Wu D., Gu W, Yang Y.G., Xu G.L., Wang H.: Ascorbic
acid enhances Tet-mediated 5-methylcytosine oxidation
and promotes DNA demethylation in mammals. J] Am
Chem Soc 2013;135(28):10396-10403 doi: 10.1021/
ja402834e6.

70.Yi P, Melnyk S., Pogribna M., Pogribny LP., Hine
R.J.,, James S.J.: Increase in plasma homocysteine
associated with parallel increases in plasma
S-adenosylhomocysteine and lymphocyte DNA
hypomethylation. J Biol Chem 2000;275(38):29318-
29323 doi: 10.1074/j6¢.M002725200.

71. Yokoyama A.S. Rutledge J.C., Medici V.. DNA
methylation alterations in Alzheimer's disease. Environ
Epigenet 2017;3(2):dvx008 doi: 10.1093/cep/dvx008.

72.Zhang CX., Pan MX, Li B., Wang L, Mo XF,
Chen Y M., Lin F.Y, Ho S.C.: Choline and betaine
intake is inversely associated with breast cancer risk:
a two-stage case-control study in China. Cancer Sci
2013;104(2):250-258 doi: 10.1111/cas.12064.

73.Zhang Y, Zeng C.. Role of DNA methylation in
cardiovascular  diseases. Clin Exp Hypertens
2016;38(3):261-267 doi: 10.3109/10641963.2015.1107087.

Received: 18.12.2020
Accepted: 31.03.2021
Published online first: 27.04.2021

This article is available in Open Access model and licensed under a Creative Commons Attribution-Non Commercial 3.0.Poland License (CC-BY-NC)

available at: http://creativecommons.org/licenses/by-nc/3.0/pl/deed.en


https://dx.doi.org/10.1093%2Feep%2Fdvx008
http://creativecommons.org/licenses/by-nc/3.0/pl/deed.en

