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Abstract: Systemic lupus erythematosus (SLE) is a chronic autoimmune disease characterized by
an aberrant immune response and persistent inflammation. Its pathogenesis remains unknown;
however, a complex interaction between environmental, genetic, and epigenetic factors has been
suggested to cause disease onset. Several studies have demonstrated that epigenetic alterations, such
as DNA hypomethylation, miRNA overexpression, and altered histone acetylation, may contribute
to SLE onset and the disease’s clinical manifestations. Epigenetic changes, especially methylation
patterns, are modifiable and susceptible to environmental factors such as diet. It is well known that
methyl donor nutrients, such as folate, methionine, choline, and some B vitamins, play a relevant
role in DNA methylation by participating as methyl donors or coenzymes in one-carbon metabolism.
Based on this knowledge, this critical literature review aimed to integrate the evidence in animal
models and humans regarding the role of nutrients in epigenetic homeostasis and their impact on
immune system regulation to suggest a potential epigenetic diet that could serve as adjuvant therapy
in SLE.

Keywords: systemic lupus erythematosus; methyl donor nutrients; DNA methylation; miRNAs;
histone modifications; epigenetic diet

1. Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease characterized by
a loss of tolerance to self-antigens and, consequently, overactivation of B and T cells, which
promote an aberrant immune response and chronic inflammation. Innate and adaptative
responses against self-antigens induce autoantibodies production, a key mechanism related
to SLE manifestations, particularly when they form immune complexes. The deposition of
the immune complex activates the immune system by complement activation and by Fc
receptor binding, which can damage different organs: skin, kidneys, joints, lungs, coronary
system, and liver [1,2]. The incidence of SLE varied from 0.3–23.7 per 100,000 person-years,
with a prevalence of 20–70 per 100,000 depending on racial background, socioeconomic
factors, and environmental exposure [3,4].

The sequence of events that lead to autoimmunity remains unknown; however, the
evidence suggests a complex interaction between genetic and environmental factors, and
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epigenetic modifications have also been suggested as a risk factor for SLE susceptibil-
ity [1,5].

The first person to establish the field of epigenetics was Conrad Hal Waddington,
who coined the term and again observed the non-Mendelian inheritance phenomenon
with Drosophila melanogaster [6]. The term epigenetic refers to hereditable changes in
gene function that occur without changes in DNA sequence, including post-translational
modifications, such as phosphorylation, ubiquitination, biotinylation, sumoylation, ADP
ribosylation, acetylation, and methylation of histones [7]. Regarding SLE, non-coding
RNAs (ncRNAs) and changes in chromatin structure due to altered DNA methylation
are epigenetic mechanisms involved in its pathogenesis [1,8]. In mammals, DNA methy-
lation is primarily a stable mark found at cytokines in CpG dinucleotides; however, its
regulation is a dynamic process that may occur in a gene-specific and global manner [9].
Approximately 70% of vertebrate gene promotors are associated with DNA elements called
CpG islands, which integrate the activity of a range of chromatin-regulating factors that
post-translationally modify and modulate gene expression [10].

Diet is a relevant player in epigenetic homeostasis. The epigenetic mark most widely
described is methylation, probably due to levels of S-adenosyl-methionine (SAM), a methyl
donor that is dependent on dietary micronutrients, such as folate, methionine, choline, and
B vitamins, such as B6 and B12 [1]. Evidence demonstrates that altered consumption of
these nutrients acts to modify global methylation and in the promoters of disease-related
genes in animals and humans [9].

In SLE, global and specific hypomethylation in CD4+ T lymphocytes has been as-
sociated with clinical disease activity, while hypomethylation of B cells is related to the
SLE outset [5]. Epigenetic changes could be influenced by environmental factors, such
as diet, which provides a feasible intervention for autoimmune diseases. Based on this
knowledge, this literature review aimed to integrate the evidence in animal models and
humans regarding the role of nutrients in epigenetic homeostasis and their impact on im-
mune system regulation to suggest a potential epigenetic diet that could serve as adjuvant
therapy in SLE.

2. Epigenetic Mechanisms Related to SLE Pathophysiology

Epigenetic events are regulatory mechanisms that control the accessibility of chromatin
to transcriptional regulatory elements and can be influenced by several environmental
factors that are dynamic and heritable [11]. Regarding SLE, it has been suggested that
epigenetic mechanisms contribute to the dysregulation of innate and adaptive immune
responses; the pathophysiology of SLE is not fully understood, but the evidence indicates
the participation of epigenetic alterations in effector lymphocyte generation dysregulated
cytokine expression and tissue damage [11].

2.1. DNA Methylation and SLE

DNA methylation is an epigenetic process with cytosine methylation in CpG sites,
which results in gene silencing in the regulatory region. The methylated status of CpG sites
in a promoter region generally blocks accessibility to transcriptional factors that inhibit
gene transcription. The methylation status of DNA depends on three kinds of enzymes:
DNA methyl transferase 1 (DNMT1) exerts maintenance methylation, methyl CpG-binding
domain 2 (MBD2) is related to the demethylation effect, and DNA methyl transferase
3 (DNMT 3A and DNMT 3B) is related to the novo methylation [12].

Changes in DNA methylation can affect the expression of genes involved in the im-
mune response; therefore, global methylation may play a relevant role in autoimmune
diseases, such as SLE [12]. A reduced expression and activity of DNMTs are related to
hypomethylation and active demethylation mediated by ten-eleven translocation proteins
(TETs), which could influence changes in DNA methylation and alter the expression of
genes involved in the immune response; in this sense, it was previously reported that
hypomethylation of IFN-related genes such as IFI44L and BST2 correlated with overex-
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pression of these genes in total CD4+ T cells from lupus patients [13]. Similarly, Integrin
Subunit Alpha L (ITGAL) (CD11a) promoter hypomethylation was found in T cells from
SLE-active patients [14], indicating a possible role in SLE pathogenesis.

Balada et al. reported that in T cells, DNA hypomethylation might alter the expression
of genes that could induce autoreactivity [15]. In SLE, the evidence confirmed that those
patients presented hypomethylation in CD40+ T cells which contributes to the overexpres-
sion of SLE-related genes such as CD11a, CD70, and CD154/CD40 ligand (CD40L) [16]. In
addition, hypomethylation of the CD40L promoter was associated with the clinical disease
in female SLE patients [17] (Table 1 and Figure 1). On the other hand, levels and expression
of cytokines, such as interleukin 10 (IL-10) and interleukin 13 (IL-13), were correlated
with SLE clinical disease activity. According to Zhao et al., the methylation status of the
regulatory regions of IL-10 and IL-13 genes was reduced in SLE patients compared to
controls (Figure 1). IL-13 is involved in T helper 2 cell (Th2) differentiation and stimulates
the proliferation and differentiation of B lymphocytes by inducing IgM and IgG production.
These results highlight the critical role of DNA methylation in regulating the expression
of Th2 cytokines in SLE, which may also influence the clinical disease activity in these
patients [18] (Table 1).
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Figure 1. Epigenetic alterations in the pathophysiology of SLE. (a) SLE patients present epigenetic
alterations as DNA hypomethylation of immune-related genes promoting immune cell overexpression
and pro-inflammatory cytokine overproduction, which is associated with autoreactivity and clinical
disease activity on SLE. 1. Red circles: Interleukins-13; Purple circles: Interleukins-10. (b) H3 and
H4 histone hyperacetylation reduces DNMT1 expression; additionally, H3K9 hypomethylation in
CD4+ T cells is associated with clinical disease activity and SLE susceptibility. (c) The overexpression
of miR-29, miR-148, and miR-126 induces DNMT1 downregulation; in contrast, reduced expression
of miR-142-3p/5p promote overexpression of CD11 and CD70 genes. These miRNA disturbances
result in CD4+ T cell hyperactivity and B cell hyperstimulation. SLE: systemic lupus erythematosus
patients; DNMT1: DNA methyltransferase
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Table 1. Epigenetic mechanisms related to SLE pathogenesis.

Epigenetic Mechanisms Change in SLE Outcomes References

DNA methylation Hypomethylation of CD40L
promotor in CD40+ T cells

Association with clinical
disease activity Vordenbäumen et al., 2021 [17]

Hypomethylation of IL-10 and
IL-13 gene regulatory domains

Overexpression of IL-10
and IL-13 Zhao et al., 2010 [18]

ncRNAs Overexpression of miR-29b

Reduction of DNMT1 levels,
DNA hypomethylation, and

upregulation of genes
encoding CD11 and CD70

Qin et al., 2013 [19]

Overexpression of miR-126 in
CD4+ T cells

Contribution to T cell
autoreactivity by
targeting DNMT1

Zhao et al., 2011 [20]

Reduced expression of
miR-142-3p/5p in CD4+

T cells

T cell hyperactivity and B cell
hyperstimulation Ding et al., 2020 [21]

Histone modifications Elevated histone H3
acetylation in CD4+ T cells

Correlation with clinical
disease activity Zhou et al., 2011 [22]

High methylation in the
HDAC6 promoter

Lower HDAC6 levels and SLE
susceptibility Fang et al., 2016 [23]

SLE: systemic lupus erythematosus; DNMT1: DNA methyltransferase 1; HDAC6: histone deacetylases 6.

2.2. ncRNAs and SLE

Studies support that methylation inhibition is able by itself to induce the onset and
progression of SLE. The exact mechanisms that promote hypomethylation in SLE are not
fully understood; however, microRNAs (miRNAs) have been suggested as mechanisms
capable of inhibiting the DNA methylation machinery [19,24]. miRNAs are small non-
coding, single-stranded RNA molecules with a length of 19 to 25 nucleotides that regulate
gene expression at the posttranscriptional level by degrading or blocking the translation of
messenger RNA (mRNA) [25].

In SLE, miRNA dysregulation has been described, affecting innate and adaptative
responses, exacerbating T and B cell activity, and producing excessive inflammatory cy-
tokines [24]. Increased expression of miR-126-3p, miR-7, and miR-326 and decreased
expression of miR-31 and miR-146a, a negative regulator of type 1 IFN signaling, was
observed in SLE peripheral blood mononuclear cells (PBMC). In purified B cells from SLE
patients, miR-150, miR-16, miR-15, and miR-155 were overexpressed compared to healthy
controls [13], suggesting that mechanisms involving specific miRNAs could influence
SLE pathogenesis.

Moreover, the link between miRNAs and DNA methylation was described by Qin
et al. They demonstrated that overexpression of miR-29b induced downregulation of
DNMT1, which was related to hypomethylation in SLE (Figure 1) [19]. Similarly, the
enhanced expression of miR-21, miR-148, miR-126, and miR-29b in CD4+ T cells nega-
tively regulates DNMT1, which is associated with hypomethylation and overexpression
of sensitive-methylation genes, such as CD11a and CD70 [19,21] (Table 1). In contrast, the
reduced expression of miR-142-3p/5p in CD4+ T cells was associated with CD4+ T cell
hyperactivity and B cell hyperstimulation in SLE patients [21] (Table 1) (Figure 1).

2.3. Histones Post-Translational Modifications and SLE

Histones are proteins that wrap DNA to form nucleosome structures. Residues lo-
cated at histone tails, most commonly lysine and serine residues, are susceptible to post-
translational and covalent modification, such as phosphorylation, ubiquitination, acetyla-
tion, and methylation; these modifications are catalyzed by histone-modifying enzymes.
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Histone acetyltransferases (HATs) catalyze the addition of an acetyl group to the
histone’s tails, contributing to the accessibility of transcriptional factors to chromatin; there-
fore, histone acetylation is associated with gene expression activation; in contrast, histone
deacetylases (HDACs) remove acetyl groups to inhibit it [26]. Histone methyltransferases
are other histone-modifying enzymes that modify proteins by adding a methyl group,
which may decrease chromatin accessibility and reduce gene expression [26].

Specifically, histone 3 lysine 8 acetylation (H3K18ac) is related to conferring chro-
matin “opening”, while histone H3 lysine 9 methylation (H3K19me3) regulates chromatin
condensation and transcriptional silencing [27].

Regarding histone acetylation, acetyl-CoA can act as a metabolic signal by promoting
the activity of specific HATs, whereas NAD+ levels regulate the activity of sirtuin 2, a
HDAC dependent on NAD+ [28].

It has been shown that histone status could regulate inflammatory and anti-inflammatory
genes by determining their activation state [26]; therefore, histone modifications could play
a relevant role in autoimmunity onset.

An altered state of histone modifications has been suggested in SLE. Gautam et al.
showed that SLE patients presented H3 and H4 hyperacetylation with a decrease in DNMT1
expression compared to healthy controls; elevated histone H3 acetylation has also been cor-
related with the clinical disease activity in SLE [22,29] (Table 1) (Figure 1). In addition, Fang
et al. described that SLE patients had higher methylation and thus lower expression in the
histone deacetylases 6 (HDAC6) promoter than healthy controls; decreased HDAC6 levels
could result in increased histone acetylation and high immune-related gene expression;
therefore, the authors suggested that may be related to SLE susceptibility [23] (Table 1).

Regarding histone methylation, this mechanism is catalyzed by HMTs by adding
methyl groups to arginine and lysine histone residues, while HDMTs remove them [26].
Altered histone methylation has been described in SLE; apparently, these patients presented
decreased expression of some HMTs with global histone H3K9 hypomethylation in SLE
CD4+ T cells in humans and murine models (Figure 1). Nevertheless, the mechanism
related to altered histone methylation in SLE remains unknown [30].

3. Nutrients’ Role in Epigenetic Modifications

Epigenetic changes are dynamic and susceptible to modification in response to environ-
mental stimuli, which provides a feasible intervention to influence epigenetic homeostasis
through an “epigenetic diet.” The term epigenetic diet was previously described by Daniel
et al., referring to the consumption of certain foods, such as soy, grapes, vegetables, and
green tea, which exert mechanisms against aging and cancer. They also suggested that
introducing these food groups into a regular diet regime could serve as an effective ther-
apeutic strategy for medical and chemo-preventive purposes [7]. In this sense, a diet
source of micronutrients such as folate, choline, B vitamins, and methionine that acts as
methyl donors or directly influences DNA methylation, such as fatty acids, may provide
the possibility of designing an epigenetic diet in SLE treatment (Table 2).

Table 2. Impact of dietary compounds on DNA methylation.

Dietary Compound Population/Tissue Study Design Outcomes References

Folate

Colorectal adenoma
patients

Randomized controlled
trial 400 µg/day for

10 weeks

Increase DNA
methylation of 31% in
leukocytes and 25% in

colonic mucosa

Lu et al., 2006 [31]

Postmenopausal
women

Randomized
controlled trial

DNA hypomethylation
was reversed with high

folate intake
(286–516 µg/day)

Jacob et al.,1998 [32]
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Table 2. Cont.

Dietary Compound Population/Tissue Study Design Outcomes References

Choline/betaine Rat fetal liver and brain
Experimental study

Rats fed with several
choline doses

Maternal choline
supply modifies fetal

histone and DNA
methylation.

Davison et al., 2009 [33]

Cobalamin (B12) Wistar rats
Experimental study

Rats with and without
the absence of B12

Cobalamin
deprivation-induced

global
hypomethylation

Kulkami et al.,
2011 [34]

Methionine Women of
reproductive age

Observational
cohort study

High intake of
methionine in

pre-pregnancy reduced
hydroxymethylation

Pauwels et al., 2016 [35]

Fatty acids Human colorectal
cancer cells

In vitro study
Cells treated with

100 µM of DHA, EPA,
and LA for 6 days

Increase the expression
of DNMTs in human
colorectal cancer cell

line HT29/219

Sarabi et al., 2018 [36]

DHA: decosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; DNMTs: DNA methyltransferases.

3.1. Folate

Folate, also known as vitamin B9, is an essential micronutrient vital for cellular func-
tions, such as DNA synthesis and methylation [37]. Its immune functions have been
previously described. According to Courtermanche et al. [38], dietary folate deficiency is
likely to affect most dividing cells and could cause DNA breaks in human T lymphocytes,
affecting their proliferation and increasing apoptosis rate. Similarly, folate deficiency affects
cell function and T helper cell differentiation, which suggests that folate plays a relevant
role in maintaining Th cell homeostasis [39]. In this sense, folate may directly influence the
immune system by influencing immune cell homeostasis and indirectly by influencing the
DNA methylation of immune genes.

Under normal dietary conditions, the folate absorbed is metabolized to its bioactive
form of 5-methyltetrahydrofolate (5-methylTHF); this metabolite is required to maintain the
flux of methyl groups for the re-methylation of homocysteine to methionine. Methionine is
the substrate for SAM or S-adenosyl-L-methionine (AdoMet), a methyl group donor for
methylation reactions that most commonly occurs at the 5 positions of cytosine to generate
5-methylcytosine [40]. The evidence suggests that folate-deficient diets may induce DNA
hypomethylation. A study conducted on women aged 65–80 reported that inadequate
folate intake during 7 weeks resulted in DNA hypomethylation in leukocytes [31], which
highlights the role of folate in the modulation of DNA methylation (Figure 2).

In humans and rats, hypomethylation may be induced by low dietary folate and
reversed by folate repletion. In a randomized controlled trial, supplementation with 400 µg
per day of folate led to an increase in DNA methylation of 31% in leucocytes and 25% in
colonic mucosa; however, the statistical effect was marginal [31]. In a similar study, DNA
hypomethylation by folate repletion was reversed with supplementation of 286–516 µg
for 3 weeks (Table 2) [32]. Notably, DNA hypomethylation reversibility depends on folate
depletion duration. In a study conducted in rats with folate deficiency for 9, 18, 24, and
36 weeks, the repletion of the adequate folate diet just increased the DNA methylation in
those with 9 weeks of folate depletion [41], which suggests that hypomethylation is not
reversibly after prolonged folate deficiency.
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Figure 2. The role of the diet in epigenetic changes. Nutrients have a role in epigenetic modifications.
(a) B vitamins and choline donate methyl groups to promote DNA methylation and could reduce the
expression of immune-related genes and subsequently reduce cytokine overproduction. (b) Fatty
acids stimulate DNMT1 expression, which could compensate for the downregulation of DNMT1 in
SLE patients. (c) The methionine intake reduces hydroxymethylation a step before demethylation.
Altogether, these mechanisms promote epigenetic homeostasis. Therefore, a healthy epigenetic
diet that provides an adequate amount of these nutrients acts as an adjuvant therapy for SLE. SLE:
systemic lupus erythematosus. DNMT1: DNA methyltransferase 1.

3.2. Choline and Betaine

Choline is an essential nutrient involved in synthesizing the neurotransmitter acetyl-
choline, methyl group donor, betaine, and phospholipids. It has also been associated
with preventing cognition alterations, hepatic steatosis, cardiovascular disease, and cancer.
Choline also has a relevant role in epigenetic regulation through SAM synthesis (Figure 2)
during its oxidation to betaine [42].

Studies of global and gene-specific DNA methylation in rodent models exposed to
a maternal choline-deficient diet showed global and specific hypomethylation of cyclin-
dependent kinase 3 (CDKN3), calbindin1, and vascular endothelial growth factor (VEGF-
C) genes. Notably, this study also observed global hypomethylation but gene-specific
hypermethylation of insulin-like growth factor-2 (IGF-2) [43]. This demonstrates that
methyl donor nutrients could act differently by depending on global or gene-specific
methylation and by depending on the gene evaluated; however, more studies are necessary
to prove this theory. Another similar study has demonstrated that Maternal choline supply
modifies fetal histone and DNA methylation in rat fetal liver and brain (Table 2), suggesting
that choline exerts epigenetic mechanisms during stages of embryonic development [33].

Betaine is a nonessential nutrient found in several food sources and can be synthesized
from choline; it has an essential role in DNA methylation, playing as a methyl donor.
Recently, it has been suggested that betaine plays an anti-inflammatory role through the
betaine NF-κB signaling pathway, and NLRP3 inflammasome inhibition [44]. Due to its
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epigenetic and anti-inflammatory effects, adequate choline and betaine intake should be
ensured in SLE patients.

3.3. B Vitamins

B vitamins comprise a group of water-soluble vitamins that perform essential cellular
functions in catabolic and anabolic enzymatic reactions [45] but also play a relevant role in
epigenetic regulation, acting as methyl donors or as cofactors on the one-carbon metabolism
(Figure 2) [46].

Vitamin B12, also known as cobalamin, in one-carbon metabolism acts as a cofactor
for the enzyme methionine synthase; thus, it is a regulator of DNA methylation [46].
Cobalamin deprivation induced global hypomethylation in a murine model, even when
combined with a folate-rich diet (Table 2) [34]. This indicates that the high consumption of
other methyl donors cannot compensate for the cobalamin deficiency. Vitamin B12 could
also directly affect the immune system; its deficiency has been associated with TNF-alfa
overproduction [47]; thus, adequate cobalamin consumption may have anti-inflammatory
effects on SLE.

Pyridoxine or vitamin B6 serves as a coenzyme in the transfer of a one-carbon unit from
serine to tetrahydrofolate (THF) to generate glycine and 5,10 methylenetetrahydrofolate
(MTHF) [46]. Moreover, its role in methylation, it has been reported that B6 deficiency re-
sults in inflammation and has been involved in inflammatory diseases, such as rheumatoid
arthritis [48]; however, there is no evidence of its specific role in SLE.

Riboflavin has potent anti-inflammatory and antioxidant effects; its deficiency has been
associated with disturbing MTHFR activity and to the risk of cancer by influencing DNA
methylation patterns. In SLE, pyridoxine has been inversely associated with atherosclerotic
plaque, a common alteration in these patients; there is no evidence of pyridoxine and DNA
methylation in SLE; however, an adequate intake of this vitamin may reduce cardiovascular
alterations in SLE and avoid disturbances of the MTHFR activity [49,50].

3.4. Methionine

Methionine is an essential sulfur-containing amino acid that must be consumed in the
diet. Eggs, fish, dairy products, and some meats are sources of it. Regarding its role in DNA
methylation, it serves as a precursor of SAM; thus, when the concentration of methionine is
low, SAM synthesis is reduced, and DNA methylation is theoretically reduced [43]. A study
conducted on 168 women of reproductive age showed that high methionine intake reduces
hydroxymethylation (a step that precedes demethylation) (Table 2) (Figure 2) [35]. However,
methionine’s biological effects are controversial because it is necessary to preserve DNA
methylation patterns; however, in cancer, evidence suggests that methionine restriction
inhibits cancer cell growth and may enhance the efficacy of chemotherapeutic agents.
In addition, methionine has been involved in oxidative and aging events [51,52]. Due
to these possible adverse effects of methionine, it needs to be clarified how to be the
recommendation for methionine intake in SLE patients; however, an adequate but not
excessive amount of methionine may be included in the dietary recommendations for SLE.

3.5. Fatty Acids

Fatty acids are no part of the methyl donor nutrients; however, emerging findings
support that fatty acids can modify the epigenome. Until now, the exact mechanisms
through which fatty acids influence epigenetic changes were not known; however, some
mechanisms have suggested that short-chain fatty acids, such as butyric, propionic, and
valeric, can inhibit histone deacetylase activity. On the other hand, variation in energy
intake led to changes in cellular NAD+/NADH which may alter histone deacetylase
activities; therefore, indirectly, fatty acid could modulate histone deacetylase activity
through energy changes [53].

The evidence in the murine model and humans reported that PUFAs and saturated
fatty acid intake might alter the methylation status; however, the specificity of such effects
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still needs to be clarified [53]. In human colorectal cancer cells, PUFA treatment increases the
expression of DNMTs in HT29/219 (Figure 2) but suppresses other cell lines (Table 2) [36].
Thus, more evidence about fatty acids and their epigenetic roles is necessary.

Regarding the immune system, PUFAs, specifically omega-3 fatty acids, have been
widely related to immune function due to their anti-inflammatory properties. In macrophages,
treatment with omega-3 decreases pro-inflammatory cytokine synthesis and increases IL-10
cytokine production [54]. Additionally, omega-3 fatty acid promotes M2 polarization in
murine models and may modulate T cell activation. Even omega-3 fatty acid supplemen-
tation has demonstrated beneficial effects in T-mediated diseases, such as autoimmune
hepatitis [54] and probably SLE.

3.6. Other Environmental Factors that Impact DNA Methylation

Chronic alcohol consumption could promote DNA hypomethylation; it has been
demonstrated that alcohol can inhibit methionine synthase activity in the liver, resulting in
a significant reduction in s-adenosyl methionine levels [55].

In addition, tobacco compounds can promote cobalamin and folate inactivation and
interfere with one-carbon metabolism, consequently interfering with the availability of
methyl groups [43]. Therefore, promoting healthy habits in SLE patients, such as avoiding
or at least limiting alcohol intake and smoking, is crucial in treating the disease.

4. Diet as an Epigenetic Therapy in SLE: A New Paradigm?

The impact of dietary interventions may determine the curse of SLE pathogenesis;
for instance, increased methylation status through a rich methyl donor diet is associated
with reducing clinical disease activity in SLE patients [56]; in contrast, the restriction of
methionine, one of the principal methyl donor nutrients, is related to reducing aging
effects through oxidative stress reduction in healthy individuals [52]. This brings to light
a new “paradigm” about how diet in SLE patients must be; the research on SLE has
been increasing in recent decades, but there is still no consensus about specific dietary
recommendations that allow attenuating SLE clinical manifestations. However, the intake
of nutrients involved in epigenetic mechanisms based on the Dietary Reference Intake
(DRI) should be part of SLE nutritional recommendations (Table 3).

Table 3. Dietary compounds, food source, and dietary recommended intake.

Dietary Compound DRI Food Source

Folate 400 µg DFE/day Green vegetables, sweet peppers, legumes, oranges, eggs, red meat

Choline 400 mg/day Beef liver, egg, soybeans, potatoes, wheat germ, quinoa, peanuts,
carrots, apples, broccoli

Riboflavin (B2) 1.1 mg/day Oats, quinoa, apple, spinach, tomatoes, rice, salmon

Pyridoxine (B6) 1.3 mg/day Chickpeas, potatoes, salmon, tuna, cottage cheese, onions, rice, nuts,
watermelon

Cobalamin (B12) 2.4 µg/day Milk, beef liver, beans, strawberry, banana, spinach, salmon, tuna,
yogurt, cheese

Methionine - Eggs, yogurt, cheese, red meat, soja, milk

Omega 3 fatty acids 1.1 g/day Chia seeds, sardines, whole bread, milk, beans, salmon, soybean,
canola oils, flaxseed

Omega 6 fatty acids - Olive oil, safflower, sunflowers oils, peanut oil

Information obtained from the National Institutes of Health (NIH). DRI: Dietary Reference Intake; DFE: dietary
folate equivalent.

A Diet to Increase Methylation in SLE

The association between dietary product consumption and DNA methylation was
described by a study conducted on 61 female SLE patients from Germany, where they
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showed that the consumption of some methyl donor micronutrients such as methionine
and choline were associated with CD40L methylation in T cells, and thereby was negatively
associated with clinical disease activity. Nevertheless, the dietary products with the highest
impact on methylation included meat, ice cream, white bread, and cooked potatoes, which
could be considered unhealthy [56]. Hence, an epigenetic diet that promotes methylation
should be applied carefully and balanced against side effects on other comorbidities, such
as obesity and cardiovascular disease.

Based on this, it is necessary to implement not just an epigenetic diet but rather a
“healthy epigenetic diet” in SLE. A healthy epigenetic diet could be more challenging but
possible. According to Quin et al., overexpression of miR-29 in SLE patients from China
was associated with altered DNMT1 activity, promoting aberrant DNA methylation [19].
In contrast, in a previous study, the treatment with 100 µM of polyunsaturated fatty acids
(PUFAs), such as docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), and linoleic
acid (LA), for 6 days induced the expression of DNMT1 and DNMT3 influencing DNA
methylation; though these results were shown in human colorectal cancer cells [36] is
well known that a healthy diet includes the adequate consumption of PUFAs; also, there
is evidence that suggests a beneficial effect of PUFAs in SLE by reducing inflammatory
process [57,58], thus promote the intake of foods source of PUFAs such as vegetal oils like
soybean, and sunflower, walnuts, seeds, and marine sources as salmon and tuna may be
used as a safe dietary recommendation in SLE [57].

Regarding methyl donor nutrients, folate has demonstrated reverse hypomethyla-
tion [41]. Nevertheless, in addition to its epigenetic effect, adequate folate intake may
decrease cardiovascular alterations through decreased homocysteine concentrations, by
its antioxidant effects, by influencing nitric oxide synthesis, and by increasing antioxidant
enzyme activities [59,60]. SLE patients have a high prevalence of cardiovascular disease,
which is the main cause of death among those patients [61]. It has also been described that
SLE patients have low folic acid levels compared to healthy individuals [62], which could
be attributed to a folate-deficient diet [63]; therefore, promoting the high intake of foods
source of folates such as green vegetables, sweet peppers, legumes, egg, and red bread
should be part of the dietary recommendations in SLE, influencing the intake of methyl
donor dietary products and, to prevent or reverse cardiovascular alterations.

The role of methionine is more controversial, although it is part of the main methyl
donor nutrients and apparently is also related to aging effects by increasing oxidative
stress [52]; however, a diet with an adequate but not excessive amount of methionine could
be safe if it is accompanied by a diet rich in folate, which due to its antioxidant effects may
compensate for it.

B vitamins riboflavin, pyridoxine, and cobalamin are found in various foods, such
as meat, whole grains, eggs, dairy products, legumes, nuts, dark leafy vegetables, citric
fruits, avocados, and bananas. B vitamins are essential for several biological functions,
such as metabolism regulation, hemoglobin synthesis, and maintaining nervous system
integrity, but they are also crucial for one-carbon metabolism [43]; accordingly, the intake
of these vitamins may induce DNA methylation and gene expression changes that modify
the risk of diseases that involve DNA methylation, such as cancer [64], and probably SLE.
Nevertheless, due to the lack of clinical trials on methyl donor dietary supplementation
in SLE, it may not still be safe to promote it; however, a “healthy epigenetic diet” that
provides an adequate amount of methyl donors prevents its deficiency through the intake
of common and accessible foods may serve as a viable strategy in SLE treatment. On the
other hand, green vegetables, legumes, eggs, and red meat are folate sources and will
contribute to DNA methylation. In addition, olive oil, oil vegetables, milk, and salmon
provide omega 3 and omega 6, contributing to DNMT expression and promoting DNA
methylation. Peanuts and beef liver provide choline, while milk, soja, yogurt, and cheese
are methionine sources. Both choline and methionine promote SAM synthesis for one-
carbon metabolism. Milk, salmon, and yogurt are foods rich in cobalamin, a cofactor
for methionine synthase. Cheese, onions, and rice provide pyridoxine, the cofactor for
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synthesizing 5,10 methylenetetrahydrofolate. Salmon, cheese, and rice provide riboflavin,
which could contribute to MTHFR activity. The Sankey diagram graphically displays these
relationships and other characteristics (Figure 3).
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between the different studies. The wider the gray connection lines, the more congruency that
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5,10 methylenetetrahydrofolate.

5. Conclusions

To date, it needs to be clarified how methyl donors will act in a global or in a specific
gene way, and it is not possible to target a gene for epigenetic regulation through methyl
donor consumption. However, a healthy epigenetic diet rich in food sources of folate,
PUFAs, and B vitamins such as riboflavin, pyridoxine, and cobalamin may be a safe
coadjutant therapy in SLE patients, with an emphasis on the consumption of common
and healthy foods that in turn provide enough methyl donors. As prospects, more in vitro
studies are necessary to determine whether nutrients could target specific immune-related
genes to modulate their expression through epigenetic mechanisms, such as methylation.
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Additionally, more evidence based on clinical trials to evaluate methyl donors’ consumption
is necessary to establish an epigenetic diet in SLE patients.

Author Contributions: Conceptualization, U.D.l.C.-M.; investigation, K.P.-C., B.C.-L. and U.D.l.C.-M.;
data curation, K.P.-C., B.C.-L., J.M.M.-O., P.E.M.-G. and U.D.l.C.-M.; writing—original draft prepa-
ration, K.P.-C.; writing—review and editing, K.P.-C., B.C.-L., P.E.M.-G., J.M.M.-O. and U.D.l.C.-M.;
visualization, U.D.l.C.-M.; supervision, U.D.l.C.-M.; Funding, U.D.l.C.-M. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external or institutional funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the Programa de Apoyo a la Mejora en las Condiciones
de Producción de los Miembros del SNI y SNCA 2016–2022 to Ulises de la Cruz-Mosso from the
Universidad de Guadalajara.

Conflicts of Interest: The authors declare no conflict of interest. Figures 1 and 2 were created with
BioRender software, ©biorender.com. “Figure 3 was created using SankeyMATIC online tool”.

Abbreviations

SLE systemic lupus erythematosus
miRNAs micro RNAs
MTHFR methylenetetrahydrofolate reductase
DNMTs DNA methyltransferases
HMTs histone methyltransferases
HDMTs histone demethylases
5-methylTHF 5-methyltetrahydrofolate
SAM S -adenosyl methionine
CDKN3 cyclin-dependent kinase 3
VEGF-C vascular endothelial growth factor C
IGF-2 insulin-like growth factor-2
PUFAs polyunsaturated fatty acids
DHA docosahexaenoic acid
EPA eicosapentaenoic acid
LA linoleic acid

References
1. Montoya, T.; Castejón, M.L.; Muñoz-García, R.; Alarcón-de-la-Lastra, C. Epigenetic linkage of systemic lupus erythematosus and

nutrition. Nutr. Res. Rev. 2021, 16, 1–21.
2. Kaul, A.; Gordon, C.; Crow, M.K.; Touma, Z.; Urowitz, M.B.; Van Vollenhoven, R.; Ruiz-Irastorza, G.; Hughes, G. Systemic lupus

erythematosus. Nat. Rev. Dis. Prim. 2016, 2, 16039. [CrossRef]
3. Oku, K.; Atsumi, T. Systemic lupus erythematosus: Nothing stale her infinite variety. Mod. Rheumatol. 2018, 28, 758–765.

[CrossRef] [PubMed]
4. Pons-Estel, G.J.; Alarcón, G.S.; Scofield, L.; Reinlib, L.; Cooper, G.S. Understanding the Epidemiology and Progression of Systemic

Lupus Erythematosus. Semin. Arthritis Rheum. 2010, 39, 257–268. [CrossRef] [PubMed]
5. Renaudineau, Y.; Youinou, P. Epigenetics and Autoimmunity, with Special Emphasis on Methylation. Keio J. Med. 2011, 60, 10–16.

[CrossRef] [PubMed]
6. King, S.E.; Skinner, M.K. Epigenetic Transgenerational Inheritance of Obesity Susceptibility. Trends Endocrinol. Metab. 2020, 31,

478–494. [CrossRef]
7. Daniel, M.; Tollefsbol, T.O. Epigenetic linkage of aging, cancer and nutrition. J. Exp. Biol. 2015, 218, 59–70. [CrossRef]
8. Ling, C.; Rönn, T. Epigenetics in Human Obesity and Type 2 Diabetes. Cell Metab. 2019, 29, 1028–1044. [CrossRef]
9. Anderson, O.S.; Sant, K.E.; Dolinoy, D.C. Nutrition and epigenetics: An interplay of dietary methyl donors, one-carbon metabolism

and DNA methylation. J. Nutr. Biochem. 2012, 23, 853–859. [CrossRef]
10. Hughes, A.L.; Kelley, J.R.; Klose, R.J. Understanding the interplay between CpG island-associated gene promoters and H3K4

methylation. Biochim. Et Biophys. Acta (BBA) Gene Regul. Mech. 2020, 1863, 194567. [CrossRef]

biorender.com
http://doi.org/10.1038/nrdp.2016.39
http://doi.org/10.1080/14397595.2018.1494239
http://www.ncbi.nlm.nih.gov/pubmed/29947275
http://doi.org/10.1016/j.semarthrit.2008.10.007
http://www.ncbi.nlm.nih.gov/pubmed/19136143
http://doi.org/10.2302/kjm.60.10
http://www.ncbi.nlm.nih.gov/pubmed/21460598
http://doi.org/10.1016/j.tem.2020.02.009
http://doi.org/10.1242/jeb.107110
http://doi.org/10.1016/j.cmet.2019.03.009
http://doi.org/10.1016/j.jnutbio.2012.03.003
http://doi.org/10.1016/j.bbagrm.2020.194567


Int. J. Mol. Sci. 2023, 24, 3171 13 of 15

11. Surace, A.E.A.; Hedrich, C.M. The Role of Epigenetics in Autoimmune/Inflammatory Disease. Front. Immunol. 2019, 10, 1525.
[CrossRef]

12. Liu, C.; Ou, T.; Wu, C.; Li, R.; Lin, Y.; Lin, C.; Tsai, W.; Liu, H.; Yen, J. Global DNA methylation, DNMT1, and MBD2 in patients
with systemic lupus erythematosus. Lupus 2011, 20, 131–136. [CrossRef]

13. Catalina, M.D.; Owen, K.A.; Labonte, A.C.; Grammer, A.C.; Lipsky, P.E. The pathogenesis of systemic lupus erythematosus:
Harnessing big data to understand the molecular basis of lupus. J. Autoimmun. 2020, 110, 102359. [CrossRef]

14. Lu, Q.; Kaplan, M.; Ray, D.; Ray, D.; Zacharek, S.; Gutsch, D.; Richardson, B. Demethylation ofITGAL (CD11a) regulatory
sequences in systemic lupus erythematosus. Arthritis Rheum. 2002, 46, 1282–1291. [CrossRef] [PubMed]

15. Balada, E.; Ordi-Ros, J.; Vilardell-Tarres, M. DNA Methylation and Systemic Lupus Erythematosus. Ann. N. Y. Acad. Sci. 2007,
1108, 127–136. [CrossRef]

16. Ballestar, E.; Esteller, M.; Richardson, B.C. The Epigenetic Face of Systemic Lupus Erythematosus. J. Immunol. 2006, 176, 7143–7147.
[CrossRef] [PubMed]

17. Vordenbäumen, S.; Rosenbaum, A.; Gebhard, C.; Raithel, J.; Sokolowski, A.; Düsing, C.; Chehab, G.; Richter, J.G.; Brinks, R.; Rehli,
M.; et al. Associations of site-specific CD4+-T-cell hypomethylation within CD40-ligand promotor and enhancer regions with
disease activity of women with systemic lupus erythematosus. Lupus 2021, 30, 45–51. [CrossRef] [PubMed]

18. Zhao, M.; Tang, J.; Gao, F.; Wu, X.; Liang, Y.; Yin, H.; Lu, Q. Hypomethylation of IL10 and IL13 Promoters in CD4+ T Cells of
Patients with Systemic Lupus Erythematosus. J. Biomed. Biotechnol. 2010, 2010, 931018. [CrossRef]

19. Qin, H.; Zhu, X.; Liang, J.; Wu, J.; Yang, Y.; Wang, S.; Shi, W.; Xu, J. MicroRNA-29b contributes to DNA hypomethylation of
CD4+ T cells in systemic lupus erythematosus by indirectly targeting DNA methyltransferase 1. J. Dermatol. Sci. 2013, 69, 61–67.
[CrossRef]

20. Zhao, S.; Wang, Y.; Liang, Y.; Zhao, M.; Long, H.; Ding, S.; Yin, H.; Lu, Q. MicroRNA-126 regulates DNA methylation in CD4+ T
cells and contributes to systemic lupus erythematosus by targeting DNA methyltransferase 1. Arthritis Rheum. 2011, 63, 1376–1386.
[CrossRef]

21. Ding, S.; Zhang, Q.; Luo, S.; Gao, L.; Huang, J.; Lu, J.; Chen, J.; Zeng, Q.; Guo, A.; Zeng, J.; et al. BCL-6 suppresses miR-142-3p/5p
expression in SLE CD4+ T cells by modulating histone methylation and acetylation of the miR-142 promoter. Cell. Mol. Immunol.
2020, 17, 474–482. [CrossRef] [PubMed]

22. Zhou, Y.; Qiu, X.; Luo, Y.; Yuan, J.; Li, Y.; Zhong, Q.; Zhao, M.; Lu, Q. Histone modifications and methyl-CpG-binding domain
protein levels at the TNFSF7 (CD70) promoter in SLE CD4+ T cells. Lupus 2011, 20, 1365–1371. [CrossRef] [PubMed]

23. Fang, T.J.; Lin, Y.Z.; Liu, C.C.; Lin, C.H.; Li, R.N.; Wu, C.C.; Ou, T.T.; Tsai, W.C.; Yen, J.H. Methylation and gene expression of
histone deacetylases 6 in systemic lupus erythematosus. Int. J. Rheum. Dis. 2016, 19, 968–973. [CrossRef]

24. Dai, R.; Wang, Z.; Ahmed, S.A. Epigenetic Contribution and Genomic Imprinting Dlk1-Dio3 miRNAs in Systemic Lupus
Erythematosus. Genes 2021, 12, 680. [CrossRef]

25. Lu, T.X.; Rothenberg, M.E. MicroRNA. J. Allergy Clin. Immunol. 2018, 141, 1202–1207. [CrossRef] [PubMed]
26. Daskalaki, M.G.; Tsatsanis, C.; Kampranis, S.C. Histone methylation and acetylation in macrophages as a mechanism for

regulation of inflammatory responses. J. Cell. Physiol. 2018, 233, 6495–6507. [CrossRef] [PubMed]
27. Hedrich, C.M. Epigenetics in SLE. Curr. Rheumatol. Rep. 2017, 19, 58. [CrossRef]
28. Shen, Y.; Wei, W.; Zhou, D.X. Histone Acetylation Enzymes Coordinate Metabolism and Gene Expression. Trends Plant Sci. 2015,

20, 614–621. [CrossRef]
29. Gautam, P.; Sharma, A.; Bhatnagar, A. Global histone modification analysis reveals hypoacetylated H3 and H4 histones in B Cells

from systemic lupus erythematosus patients. Immunol. Lett. 2021, 240, 41–45. [CrossRef]
30. Zhao, S.; Long, H.; Lu, Q. Epigenetic Perspectives in Systemic Lupus Erythematosus: Pathogenesis, Biomarkers, and Therapeutic

Potentials. Clin. Rev. Allergy Immunol. 2010, 39, 3–9. [CrossRef]
31. Lu, Q.; Qiu, X.; Hu, N.; Wen, H.; Su, Y.; Richardson, B.C. Epigenetics, disease, and therapeutic interventions. Ageing Res. Rev.

2006, 5, 449–467. [CrossRef] [PubMed]
32. Jacob, R.A.; Gretz, D.M.; Taylor, P.C.; James, S.J.; Pogribny, I.P.; Miller, B.J.; Henning, S.M.; Swendseid, M.E. Moderate Folate

Depletion Increases Plasma Homocysteine and Decreases Lymphocyte DNA Methylation in Postmenopausal Women. J. Nutr.
1998, 128, 1204–1212. [CrossRef] [PubMed]

33. Davison, J.M.; Mellott, T.J.; Kovacheva, V.P.; Blusztajn, J.K. Gestational Choline Supply Regulates Methylation of Histone H3,
Expression of Histone Methyltransferases G9a (Kmt1c) and Suv39h1 (Kmt1a), and DNA Methylation of Their Genes in Rat Fetal
Liver and Brain. J. Biol. Chem. 2009, 284, 1982–1989. [CrossRef]

34. Kulkarni, A.; Dangat, K.; Kale, A.; Sable, P.; Chavan-Gautam, P.; Joshi, S. Effects of Altered Maternal Folic Acid, Vitamin B12 and
Docosahexaenoic Acid on Placental Global DNA Methylation Patterns in Wistar Rats. PLoS ONE 2011, 6, e17706. [CrossRef]
[PubMed]

35. Pauwels, S.; Duca, R.; Devlieger, R.; Freson, K.; Straetmans, D.; Van Herck, E.; Huybrechts, I.; Koppen, G.; Godderis, L. Maternal
Methyl-Group Donor Intake and Global DNA (Hydroxy)Methylation before and during Pregnancy. Nutrients 2016, 8, 474.
[CrossRef]

36. Sarabi, M.M.; Naghibalhossaini, F. The impact of polyunsaturated fatty acids on DNA methylation and expression of DNMTs in
human colorectal cancer cells. Biomed. Pharmacother. 2018, 101, 94–99. [CrossRef]

http://doi.org/10.3389/fimmu.2019.01525
http://doi.org/10.1177/0961203310381517
http://doi.org/10.1016/j.jaut.2019.102359
http://doi.org/10.1002/art.10234
http://www.ncbi.nlm.nih.gov/pubmed/12115234
http://doi.org/10.1196/annals.1422.015
http://doi.org/10.4049/jimmunol.176.12.7143
http://www.ncbi.nlm.nih.gov/pubmed/16751355
http://doi.org/10.1177/0961203320965690
http://www.ncbi.nlm.nih.gov/pubmed/33081589
http://doi.org/10.1155/2010/931018
http://doi.org/10.1016/j.jdermsci.2012.10.011
http://doi.org/10.1002/art.30196
http://doi.org/10.1038/s41423-019-0268-3
http://www.ncbi.nlm.nih.gov/pubmed/31431691
http://doi.org/10.1177/0961203311413412
http://www.ncbi.nlm.nih.gov/pubmed/21865261
http://doi.org/10.1111/1756-185X.12783
http://doi.org/10.3390/genes12050680
http://doi.org/10.1016/j.jaci.2017.08.034
http://www.ncbi.nlm.nih.gov/pubmed/29074454
http://doi.org/10.1002/jcp.26497
http://www.ncbi.nlm.nih.gov/pubmed/29574768
http://doi.org/10.1007/s11926-017-0685-1
http://doi.org/10.1016/j.tplants.2015.07.005
http://doi.org/10.1016/j.imlet.2021.09.007
http://doi.org/10.1007/s12016-009-8165-7
http://doi.org/10.1016/j.arr.2006.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16965942
http://doi.org/10.1093/jn/128.7.1204
http://www.ncbi.nlm.nih.gov/pubmed/9649607
http://doi.org/10.1074/jbc.M807651200
http://doi.org/10.1371/journal.pone.0017706
http://www.ncbi.nlm.nih.gov/pubmed/21423696
http://doi.org/10.3390/nu8080474
http://doi.org/10.1016/j.biopha.2018.02.077


Int. J. Mol. Sci. 2023, 24, 3171 14 of 15

37. Scaglione, F.; Panzavolta, G. Folate, folic acid and 5-methyltetrahydrofolate are not the same thing. Xenobiotica 2014, 44, 480–488.
[CrossRef]

38. Courtemanche, C.; Huang, A.C.; Elson-Schwab, I.; Kerry, N.; Ng, B.Y.; Ames, B.N. Folate deficiency and ionizing radiation cause
DNA breaks in primary human lymphocytes: A comparison. FASEB J. 2004, 18, 209–211. [CrossRef]

39. Wu, C.H.; Huang, T.C.; Lin, B.F. Folate deficiency affects dendritic cell function and subsequent T helper cell differentiation. J.
Nutr. Biochem. 2017, 41, 65–72. [CrossRef]

40. Crider, K.S.; Yang, T.P.; Berry, R.J.; Bailey, L.B. Folate and DNA Methylation: A Review of Molecular Mechanisms and the
Evidence for Folate’s Role. Adv. Nutr. 2012, 3, 21–38. [CrossRef]

41. Pogribny, I.P.; Ross, S.A.; Wise, C.; Pogribna, M.; Jones, E.A.; Tryndyak, V.P.; James, S.J.; Dragan, Y.P.; Poirier, L.A. Irreversible
global DNA hypomethylation as a key step in hepatocarcinogenesis induced by dietary methyl deficiency. Mutat. Res. Fundam.
Mol. Mech. Mutagen. 2006, 593, 80–87. [CrossRef]

42. Wiedeman, A.; Barr, S.; Green, T.; Xu, Z.; Innis, S.; Kitts, D. Dietary Choline Intake: Current State of Knowledge Across the Life
Cycle. Nutrients 2018, 10, 1513. [CrossRef] [PubMed]

43. Mahmoud, A.; Ali, M. Methyl Donor Micronutrients that Modify DNA Methylation and Cancer Outcome. Nutrients 2019, 11, 608.
[CrossRef]

44. Zhao, G.; He, F.; Wu, C.; Li, P.; Li, N.; Deng, J.; Zhu, G.; Ren, W.; Peng, Y. Betaine in Inflammation: Mechanistic Aspects and
Applications. Front. Immunol. 2018, 9, 1070. [CrossRef]

45. Kennedy, D. B Vitamins and the Brain: Mechanisms, Dose and Efficacy—A Review. Nutrients 2016, 8, 68. [CrossRef] [PubMed]
46. Cappuccilli, M.; Bergamini, C.; Giacomelli, F.A.; Cianciolo, G.; Donati, G.; Conte, D.; Natali, T.; La Manna, G.; Capelli, I. Vitamin B

Supplementation and Nutritional Intake of Methyl Donors in Patients with Chronic Kidney Disease: A Critical Review of the
Impact on Epigenetic Machinery. Nutrients 2020, 12, 1234. [CrossRef]

47. Peracchu, M.; Bamonti, C.; Pomati, M.; De Franceschi, M.; Scalabrino, G. Human cobalamin deficiency: Alterations in serum
tumor necrosis factor- α and epidermal growth factor. Eur. J. Haematol. 2001, 67, 123–127. [CrossRef] [PubMed]

48. Depeint, F.; Bruce, W.R.; Shangari, N.; Mehta, R.; O’Brien, P.J. Mitochondrial function and toxicity: Role of B vitamins on the
one-carbon transfer pathways. Chem. Biol. Interact. 2006, 163, 113–132. [CrossRef]

49. Lourdudoss, C.; Elkan, A.C.; Hafström, I.; Jogestrand, T.; Gustafsson, T.; van Vollenhoven, R.; Frostegård, J. Dietary micronutrient
intake and atherosclerosis in systemic lupus erythematosus. Lupus 2016, 25, 1602–1609. [CrossRef]

50. Suwannasom, N.; Kao, I.; Pruß, A.; Georgieva, R.; Bäumler, H. Riboflavin: The Health Benefits of a Forgotten Natural Vitamin.
Int. J. Mol. Sci. 2020, 21, 950. [CrossRef] [PubMed]

51. Wanders, D.; Hobson, K.; Ji, X. Methionine Restriction and Cancer Biology. Nutrients 2020, 12, 684. [CrossRef] [PubMed]
52. Kitada, M.; Ogura, Y.; Monno, I.; Xu, J.; Koya, D. Effect of Methionine Restriction on Aging: Its Relationship to Oxidative Stress.

Biomedicines 2021, 9, 130. [CrossRef]
53. Burdge, G.C.; Lillycrop, K.A. Fatty acids and epigenetics. Curr. Opin. Clin. Nutr. Metab. Care 2014, 17, 156–161. [CrossRef]

[PubMed]
54. Gutiérrez, S.; Svahn, S.L.; Johansson, M.E. Effects of Omega-3 Fatty Acids on Immune Cells. Int. J. Mol. Sci. 2019, 20, 5028.

[CrossRef]
55. Lu, S.C.; Huang, Z.Z.; Yang, H.; Mato, J.M.; Avila, M.A.; Tsukamoto, H. Changes in methionine adenosyltransferase and S

-adenosylmethionine homeostasis in alcoholic rat liver. Am. J. Physiol.-Gastrointest. Liver Physiol. 2000, 279, G178–G185. [CrossRef]
56. Vordenbäumen, S.; Sokolowski, A.; Rosenbaum, A.; Gebhard, C.; Raithel, J.; Düsing, C.; Chehab, G.; Richter, J.G.; Brinks, R.;

Rehli, M.; et al. Methyl donor micronutrients, CD40-ligand methylation and disease activity in systemic lupus erythematosus: A
cross-sectional association study. Lupus 2021, 30, 1773–1780. [CrossRef] [PubMed]

57. Kapoor, B.; Kapoor, D.; Gautam, S.; Singh, R.; Bhardwaj, S. Dietary Polyunsaturated Fatty Acids (PUFAs): Uses and Potential
Health Benefits. Curr. Nutr. Rep. 2021, 10, 232–242. [CrossRef]

58. Islam, M.A.; Khandker, S.S.; Kotyla, P.J.; Hassan, R. Immunomodulatory Effects of Diet and Nutrients in Systemic Lupus
Erythematosus (SLE): A Systematic Review. Front. Immunol. 2020, 11, 1477. [CrossRef]

59. Stanger, O.; Wonisch, W. Enzymatic and Non-enzymatic Antioxidative Effects of Folic Acid and Its Reduced Derivates. In Water
Soluble Vitamins; Stanger, O., Ed.; Part of the Subcellular Biochemistry Book Series (SCBI, Volume 56); Springer: Dordrecht, The
Netherlands, 2012; pp. 131–161. [CrossRef]

60. Moat, S.J.; Lang, D.; McDowell, I.F.W.; Clarke, Z.L.; Madhavan, A.K.; Lewis, M.J.; Goodfellow, J. Folate, homocysteine, endothelial
function and cardiovascular disease. J. Nutr. Biochem. 2004, 15, 64–79. [CrossRef]

61. Urowitz, M.B. The Bimodal Mortality Pattern of Systemic Lupus Erythematosus. Am. J. Med. 1976, 60, 221–225. [CrossRef]
62. Salomão, R.G.; de Carvalho, L.M.; Izumi, C.; Czernisz, É.S.; Rosa, J.C.; Antonini, S.R.R.; Bueno, A.C.; Almada, M.O.R.D.V.;

de Coelho-Landell, C.A.; Jordão, A.A.; et al. Homocysteine, folate, hs-C-reactive protein, tumor necrosis factor-alpha and
inflammatory proteins: Are these biomarkers related to nutritional status and cardiovascular risk in childhood-onset systemic
lupus erythematosus? Pediatr. Rheumatol. 2018, 16, 4. [CrossRef] [PubMed]

http://doi.org/10.3109/00498254.2013.845705
http://doi.org/10.1096/fj.03-0382fje
http://doi.org/10.1016/j.jnutbio.2016.11.008
http://doi.org/10.3945/an.111.000992
http://doi.org/10.1016/j.mrfmmm.2005.06.028
http://doi.org/10.3390/nu10101513
http://www.ncbi.nlm.nih.gov/pubmed/30332744
http://doi.org/10.3390/nu11030608
http://doi.org/10.3389/fimmu.2018.01070
http://doi.org/10.3390/nu8020068
http://www.ncbi.nlm.nih.gov/pubmed/26828517
http://doi.org/10.3390/nu12051234
http://doi.org/10.1034/j.1600-0609.2001.t01-1-00507.x
http://www.ncbi.nlm.nih.gov/pubmed/11722601
http://doi.org/10.1016/j.cbi.2006.05.010
http://doi.org/10.1177/0961203316655211
http://doi.org/10.3390/ijms21030950
http://www.ncbi.nlm.nih.gov/pubmed/32023913
http://doi.org/10.3390/nu12030684
http://www.ncbi.nlm.nih.gov/pubmed/32138282
http://doi.org/10.3390/biomedicines9020130
http://doi.org/10.1097/MCO.0000000000000023
http://www.ncbi.nlm.nih.gov/pubmed/24322369
http://doi.org/10.3390/ijms20205028
http://doi.org/10.1152/ajpgi.2000.279.1.G178
http://doi.org/10.1177/09612033211034559
http://www.ncbi.nlm.nih.gov/pubmed/34284675
http://doi.org/10.1007/s13668-021-00363-3
http://doi.org/10.3389/fimmu.2020.01477
http://doi.org/10.1007/978-94-007-2199-9_8
http://doi.org/10.1016/j.jnutbio.2003.08.010
http://doi.org/10.1016/0002-9343(76)90431-9
http://doi.org/10.1186/s12969-017-0220-y
http://www.ncbi.nlm.nih.gov/pubmed/29316941


Int. J. Mol. Sci. 2023, 24, 3171 15 of 15

63. Pocovi-Gerardino, G.; Correa-Rodríguez, M.; Callejas-Rubio, J.L.; Ríos-Fernández, R.; Ortego-Centeno, N.; Rueda-Medina, B.
Dietary intake and nutritional status in patients with systemic lupus erythematosus. Endocrinol. Diabetes Y Nutr. 2018, 65, 533–539.
[CrossRef] [PubMed]

64. Qiang, Y.; Li, Q.; Xin, Y.; Fang, X.; Tian, Y.; Ma, J.; Wang, J.; Wang, Q.; Zhang, R.; Wang, J.; et al. Intake of Dietary One-Carbon
Metabolism-Related B Vitamins and the Risk of Esophageal Cancer: A Dose-Response Meta-Analysis. Nutrients 2018, 10, 835.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.endinu.2018.05.009
http://www.ncbi.nlm.nih.gov/pubmed/29997049
http://doi.org/10.3390/nu10070835
http://www.ncbi.nlm.nih.gov/pubmed/29954131

	Introduction 
	Epigenetic Mechanisms Related to SLE Pathophysiology 
	DNA Methylation and SLE 
	ncRNAs and SLE 
	Histones Post-Translational Modifications and SLE 

	Nutrients’ Role in Epigenetic Modifications 
	Folate 
	Choline and Betaine 
	B Vitamins 
	Methionine 
	Fatty Acids 
	Other Environmental Factors that Impact DNA Methylation 

	Diet as an Epigenetic Therapy in SLE: A New Paradigm? 
	Conclusions 
	References

