Molecular Nutrition & Food Research W ILEY-VCH
M@llar Nutrition

| RESEARCH ARTICLE ZEI1EEED

Genome-Wide DNA Methylation Changes Induced by
High-Fat Diet and Methyl Donor Supplementation in
Female Lupus Models: An Exploratory Study

Amanda Alves Ribeiro'? | Lucas Moura Carvalho? | Jhulia Caroline Nunes Leal da Motal> | Leticia Lobato Souzal? |
Marcela Augusta de Souza Pinhel** | Carla Barbosa Nonino* | Bidossessi Wilfried Hounkpe® |

Walcy Paganelli Rosolia Teodoro® | Nicolas Costa-Fraga® | Andrea Gonzales Izquierdo”® | Angel Diaz-Lagares® |

Ana Belen Crujeiras™® | Carolina Ferreira Nicoletti*3

! Applied Physiology and Nutrition Research Group - School of Physical Education and Sport and Faculdade de Medicina FMUSP, Universidade De Sao Paulo,
Brazil | 2Center of Lifestyle Medicine, Faculdade de Medicina FMUSP, Universidade De Sao Paulo, Brazil | *Department of Internal Medicine, Ribeirdo Preto
Medical School, University of Sdo Paulo, Brazil | *Division of Nutrition and Metabolism, Department of Health Sciences, Ribeirdo Preto Medical School,
University of Sdo Paulo, Brazil | *Rheumatology Division, Hospital das Clinicas HCFMUSP, Faculdade de Medicina, Universidade De Sdo Paulo, Sao Paulo,
Brazil | *Epigenomics Unit, Cancer Epigenomics, Translational Medical Oncology Group (ONCOMET); Clinical University Hospital & Health Research
Institute of Santiago de Compostela. CIBERONC, University of Santiago de Compostela, Santiago de Compostela, Spain | “Epigenomics in Endocrinology and
Nutrition Group, Epigenomics Unit, Health Research Institute of Santiago de Compostela (IDIS), University Clinical Hospital of Santiago (CHUS, SERGAS),
Santiago de Compostela, Spain | #Centro De Investigacion Biomédica En Red Fisiopatologia De La Obesidad y Nutricion (CIBERobn), Instituto De Salud Carlos
11T (ISCIII), Madrid, Spain

Correspondence: Carolina Ferreira Nicoletti (carolina.nicoletti.ferreira@usp.br)
Received: 4 December 2025 | Revised: 13 March 2026 | Accepted: 30 April 2026

Keywords: DNA methylation | epigenetic | folic acid | lupus | obesity | vitamin B12

ABSTRACT

This exploratory study investigated the interactive effects of dietary fat content and methyl-donor supplementation on genome-
wide DNA methylation in adipose tissue of female lupus-prone NZBWF1/J mice. Thirty mice were randomly assigned to four
groups for 12 weeks in a 2 X 2 factorial design: standard diet (SD, n = 7), high-fat diet (HFD, n = 7), standard diet supplemented
(SDS, n = 8), and high-fat diet supplemented (HFDS, n = 8). The standard diet provided 4.2 kcal/g and the high-fat diet 6.6 kcal/g.
Supplemented diets contained 8 mg/kg folic acid and 50 pg/kg vitamin B12. After a 10-h fast, subcutaneous adipose tissue was
collected for genome-wide DNA methylation analysis using the Infinium Mouse Methylation BeadChip, followed by differential
methylation and pathway enrichment analyses. The high-fat diet induced a distinct methylation profile with 90 differentially
methylated CpGs (p < 0.05, AB > 0.05). Enrichment analyses did not identify significantly overrepresented pathways. Diet X
supplementation interaction analysis identified 31 CpGs with significant interaction effects (p < 0.01). Pathway enrichment
analysis revealed overrepresentation of the IL-17 signaling pathway. Only one CpG overlapped between HFD-associated and
interaction-associated loci, indicating largely distinct epigenetic responses to diet and supplementation. A high-fat diet induces
widespread epigenetic remodeling in adipose tissue, while folic acid and vitamin B12 supplementation modulates inflammatory
epigenetic pathways in a diet-dependent manner.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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1 | Introduction

Systemic lupus erythematosus (SLE) is a complex autoimmune
disease that affects multiple organs and systems, presenting with
diverse clinical manifestations [1]. While the precise etiology
and pathogenic mechanisms of SLE remain incompletely under-
stood, accumulating evidence highlights the critical roles of
environmental factors, genetic predisposition, and epigenetic
regulation triggering immune system dysregulation [2]. The
immunopathogenesis of SLE is characterized by hyper-
activation of B and T lymphocytes, chronic inflammation,
immune complex deposition, and a breakdown of self-tolerance

[3].

Obesity has emerged as a significant modulator of immune
responses and inflammation, playing a key role in the patho-
physiology of several chronic diseases, including autoimmune
disorders [4]. Notably, the prevalence of obesity among individu-
als with SLE is substantial, ranging from 30% to 40% [5-7]. Studies
suggest that obesity may exacerbate autoimmune processes, con-
tributing to worsened clinical manifestations, increased disease
activity, and poorer prognoses [5, 8]. In fact, higher body mass
index (BMI) has been positively associated with increased SLE
disease activity, particularly among female patients, where exces-
sive body weight correlates with more severe clinical symptoms
compared to normal-weight individuals [9, 10].

Epigenetic mechanisms, particularly DNA methylation, have
been implicated in the pathogenesis of both SLE and obesity [11,
12]. DNA methylation, a well-characterized epigenetic modifi-
cation, involves the addition of a methyl group (CH3) to the 5’
position of cytosine residues in CpG dinucleotides, modulating
gene expression by altering chromatin structure and accessibility
[13, 14]. Aberrant DNA methylation patterns have been exten-
sively reported in SLE, with disease activity and progression
being inversely correlated with global DNA methylation levels
[15]. Specifically, patients with active SLE display global DNA
hypomethylation in peripheral lymphocytes, leading to overex-
pression of CD4+ T cells and subsequent immune dysregulation
[16-19].

Similarly, obesity is associated with epigenetic alterations in
genes involved in metabolism, inflammation, and adipogenesis
[20]. DNA hypomethylation of specific genes has been impli-
cated in obesity pathogenesis, reinforcing the pro-inflammatory
state associated with excessive adiposity. Interestingly, emerging
evidence suggests a potential epigenetic interplay between SLE
and obesity, wherein obesity exacerbates SLE severity through
shared mechanisms involving dysregulated DNA methylation.
Collectively, evidence from experimental models indicates that
SLE-prone mice exposed to high-fat diets may exhibit DNA
methylation alterations, including hypomethylation patterns par-
ticularly described in immune cell populations, accompanied by
enhanced immune activation and increased production of anti-
DNA autoantibodies [8, 21]. However, the extent to which these
alterations represent global demethylation versus tissue-specific
epigenetic remodeling remains incompletely understood.

Moreover, DNA methylation is influenced by the availability
of specific nutrients, particularly methyl donors such as folate

and vitamin BI12 [22]. These nutrients play essential roles in
one-carbon metabolism, providing methyl groups necessary for
DNA methylation reactions [23, 24]. In vivo studies have demon-
strated that diets with excessive or deficient methyl donors
can significantly alter key metabolic intermediates, such as S-
adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH),
leading to widespread epigenetic modifications [25, 26]. Notably,
obesogenic diets supplemented with methyl donor nutrients have
been shown to induce DNA hypermethylation, further modifying
the epigenetic landscape [12].

Given the critical role of DNA methylation in both SLE and
obesity, this exploratory study aims to investigate the DNA methy-
lation profile in adipose tissue from SLE-prone mice subjected
to standard or high-fat diets. Additionally, we will evaluate the
potential impact of folic acid and vitamin BI12 supplementation
on genome-wide DNA methylation profile.

2 | Materials and Methods

2.1 | Animals, Diets, and Experimental Design

A total of 30 female 8-week-old NZBWF1/J mice (initial body
weight of 30 g) supplied by the Jackson Laboratory (Bar Harbor,
ME) were housed in polysulfone cages (3—-4 animals per cage)
at controlled temperature (22 + 2°C) and humidity (40%-60%)
conditions with a 12:12 h light:darkness cycle. The mice received
a standard diet (AIN-93G) and water ad libitum for a 2-week
acclimation period.

On day 0 mice were randomly assigned (via Random.org) to one
of four diets: 1. Standard Diet group (SD group, n = 7) that was
fed a standard diet, 2. High-fat diet group (HFD group, n = 7) that
was fed a high-fat diet, 3. standard diet supplemented group (SDS
group, n = 8) that was fed a standard diet supplemented with folic
acid and vitamin B12, and 4. high-fat diet supplemented group
(HFDS group, n = 8) that was fed a high-fat diet supplemented
with folic acid and vitamin B12.

All diets were purchased from Rhoster (Aracoiaba da Serra, SP,
Brazil). The standard diet contained 4.2 kcal/g in dry weight,
whereas HFD contained 6.6 kcal/g (Table S1). The supplemented
diets differed from their base diets by including 8 mg/kg of folic
acid and 50 pg/kg of vitamin B12. The supplementation doses
were selected based on previous rodent studies investigating
methyl donor modulation and DNA methylation dynamics, in
which similar concentrations were shown to alter one-carbon
metabolism without inducing toxicity. These doses are considered
nutritionally enhanced rather than pharmacological, aiming to
modulate physiological methyl donor availability [27].

The diets were stored at 4°C until they were provided to the ani-
mals. The food was replenished three times per week. Before that,
the remaining food in each cage was weighed. After cleaning,
freshly weighed food was added to the cages. Food intake was
determined by calculating the difference between the total food
provided and the residual amount in each cage, normalized to the
number of animals per cage. Intake assessments were conducted
separately for each experimental group.
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Body weight was monitored three times per week, and the mean
value for each animal was calculated for subsequent analyses.
Weighing was performed on the same days each week to ensure
uniformity in the data collection process. After 12 weeks of ad
libitum dietary treatment, the animals were euthanized using
ketamine/xylazine overdoses following a 10-h fast. Samples of
adipose depots (subcutaneous) were carefully dissected and
stored immediately at —80°C. All the procedures performed
agreed with guidelines for the care and use of experimental
animals and study protocol was approved by Institutional Animal
Experimentation Ethics Committee (No. 1695/2021) of the School
of Medicine—University of Sao Paulo.

2.2 | Statistical Analysis of Phenotypic Data
Numerical variables were described using mean =+ standard
deviation. The Shapiro-Wilk test verified the normality of data
distribution. Generalized Estimating Equations statistical signif-
icance was set at 5% (p < 0.05). Analyses were performed using
SPSS version 22.0 (Inc., Chicago, IL).

2.3 | DNA Methylation Analysis

DNA was extracted using the DNeasy Blood and Tissue Kit
(Qiagen), followed by bisulfite treatment using the EZ DNA
Methylation-Gold kit (Zymo Research), according to the manu-
facturer’s instructions. Bisulfite-converted DNA was then ampli-
fied and hybridized to the Infinium Mouse Methylation BeadChip
(Illumina, CA, USA), and scanned using the Illumina iScan sys-
tem (Illumina, CA, USA), following the manufacturer’s protocols.

2.4 | Quality Control and Preprocessing

Raw IDAT intensity files were imported into R (v4.5) and
processed using the minfi package (v1.54.1) [28]. Arrays were
normalized via quantile normalization to correct for systematic
differences between Type I and Type II probes. Sample integrity
was evaluated using internal control probes and by assessing
concordance between reported and inferred sex. Probes were
excluded if they presented a detection p-value > 0.01 in any
sample or contained single nucleotide polymorphisms at the
single-base extension or CpG interrogation site. Sample-level
quality control included inspection of control probes, hierarchical
clustering, and principal component analysis (PCA) to identify
potential outliers and assess potential batch effects. No systematic
batch structure was identified. DNA methylation levels were
quantified as B-values ranging from 0 (fully unmethylated) to 1
(fully methylated).

2.5 | Probe-Wise Differential Methylation
Analysis

Single-CpG differential methylation was assessed using the
limma package (v3.64.3). The design matrix included diet, supple-
mentation, and their interaction term (diet X supplementation),
allowing estimation of both main and interaction effects on DNA
methylation levels. Linear models were fitted to M-values to

improve statistical performance, and empirical Bayes moderation
(eBayes) was applied to stabilize variance estimates. Differentially
methylated CpGs were defined as loci with p < 0.05 and an
absolute methylation difference (AS) > 0.05 between comparison
groups. Body weight and caloric intake were not included as
covariates because these variables represent biological outcomes
of the dietary intervention rather than independent confounding
factors. For the interaction analysis, CpGs with p < 0.01 were
considered nominally significant.

2.6 | Gene-Set Enrichment Analysis

Functional annotation of genes associated with differentially
methylated CpGs was performed by mapping CpG sites to gene
symbols using the Illumina Mouse Methylation array annotation.
Gene-set enrichment analysis was conducted using both the
KEGG and Gene Ontology (GO) databases through the cluster-
Profiler R package to explore biological pathways associated with
diet X supplementation interaction CpGs.

3 | Results

All animals completed the experimental period, and clinical signs
of SLE development were observed across all groups. A notable
manifestation was the presence of rash malar (Figure 1A). This
finding reinforces the relevance of the NZBWF1/J model in study-
ing SLE pathophysiology, as it closely mimics human disease
features. Total caloric intake over the course of the 12 weeks
according to groups is demonstrated in Figure 1B. Considering
that the consumption was assessed per cage rather than per
animal, no statistical analysis was performed. As expected, HFD
induced an obese phenotype in both HFD and HFDS groups
(Figure 1C). After 12 weeks, weight gain in HFD (14.5+1.6 g) and
HFDS (14+2.4 g) groups was higher than in the SD (7.5+2.7 g) and
SDS (7.4+2.1 g) groups (all p < 0.05). No relevant differences were
found between the weight gain among mice fed the standard or
supplemented diets (Figure 1D).

3.1 | Global Effects of High-Fat Diet

Genome-wide DNA methylation analysis revealed a diet-specific
epigenetic signature driven by HFD exposure. Comparative anal-
ysis between HFD and SD groups identified 90 differentially
methylated CpGs (DMCpGs) (p< 0.05, AB > 0.05). Among these
loci, 36 CpGs were hypermethylated and 54 were hypomethy-
lated in the HFD group, indicating that both directions of
methylation change contribute to the diet-induced epigenetic
response (Figure 2). Table 1 shows the top 15 DMCpGs sites
(considering AB values). Functional enrichment analysis using
both KEGG and Gene Ontology databases did not identify
pathways reaching statistical significance after multiple testing
correction. The associated genes include proteins involved in
transcriptional regulation, cellular signaling, and structural or
membrane-associated processes, as well as several predicted
or poorly characterized loci. This pattern suggests that HFD-
associated methylation alterations are functionally heteroge-
neous and broadly distributed across multiple genomic contexts
rather than concentrated within specific canonical biological
pathways.
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Effects of dietary interventions on clinical and metabolic parameters in NZBWF1/J mice. (A) Representative image showing malar

rash, a clinical manifestation consistent with SLE development. (B) Total energy intake (kcal/week) during the 12-week intervention. Consumption
was measured per cage, and therefore no statistical analysis was performed. (C) Weight gain (g) after 12 weeks of dietary intervention. (D) Body weight
evolution (g) over the 12-week experimental period. Data are presented as mean + SEM. p < 0.05. SD: standard diet; HFD: high-fat diet; SDS: standard
diet + supplement; HFDS: high-fat diet + supplement. Sample sizes: SD (n = 7), HFD (n = 7), SDS (n = 8), and HFDS (n = 8). All replicates correspond to
independent biological samples (individual animals). Longitudinal body weight analysis was performed using Generalized Estimating Equations (GEE).

3.2 | Diet X Supplementation Interaction

A total of 31 CpGs exhibited nominally significant diet X sup-
plementation interaction effects (p < 0.01). Among these loci,
12 CpGs showed higher methylation levels in the HFDS group
relative to SD, whereas 19 CpGs showed lower methylation
levels, indicating that the epigenetic response to supplementation
is strongly dependent on dietary context. The magnitude of
methylation changes across these loci was generally modest but
biologically relevant, with AB values ranging from approximately
-0.03 to +0.05, consistent with typical effect sizes observed in
epigenome-wide studies. Volcano plot analysis highlighted CpGs
showing nominally significant interaction effects (p < 0.01),
indicating loci where supplementation modifies methylation
patterns depending on dietary context (Figure 3). To highlight
the most biologically relevant loci, the 15 CpGs with the largest
absolute Af values were selected (Table 2). Notably, several CpGs
were located within promoter-associated regions or CpG islands,
suggesting potential regulatory implications for gene expres-
sion. KEGG pathway enrichment analysis identified significant
overrepresentation of the IL-17 signaling pathway (adjusted p
= 0.032) among genes associated with CpGs exhibiting diet x
supplementation interaction effects. This pathway is a key medi-
ator of inflammatory responses and has been widely implicated
in autoimmune diseases, including systemic lupus erythemato-
sus. The enrichment suggests that micronutrient supplemen-

tation may influence diet-dependent epigenetic regulation of
inflammatory signaling pathways in adipose tissue. Collectively,
these findings indicate that vitamin supplementation exerts
context-dependent epigenetic modulation, with its methylation
effects varying according to dietary exposure. This interac-
tion pattern suggests that nutritional supplementation may
partially reshape diet-induced epigenetic signatures in adipose
tissue.

3.3 | Overlap of Differentially Methylated CpGs

Comparative analysis between diet-associated CpGs (HFD vs. SD)
and diet X supplementation interaction CpGs revealed minimal
overlap between the two sets (Figure 4). Only one CpG site
was shared between the HFD-associated methylation signature
and the diet x supplementation interaction loci. In contrast,
the vast majority of CpGs were condition-specific, with 89 sites
unique to the HFD comparison and 30 sites unique to the
interaction analysis. This unique CpG site (cg42984005_TC21)
was annotated to the Rbakdn gene and located within the gene
body region near the transcription start site (tss_body) in an
OpenSea CpG context. This limited overlap suggests that diet-
induced methylation changes and supplementation-modulated
methylation responses largely occur at distinct genomic loci,
indicating that micronutrient supplementation may reshape epi-
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FIGURE 2 | Global effects of high-fat diet on genome-wide DNA

methylation. Volcano plot representing differentially methylated CpG
sites (DMCpGs) between the high-fat diet (HFD) and standard diet (SD)
groups. The x-axis shows the methylation difference (AB, HFD — SD), and
the y-axis displays —loglO(p-value). CpGs classified as hypermethylated
in the HFD group are shown in red, while hypomethylated CpGs are
shown in blue. Grey dots represent CpGs that did not reach statistical
significance. Dashed vertical and horizontal lines indicate the thresholds
used for differential methylation. Sample sizes: SD (n = 7), HFD (n =
7), SDS (n = 8), and HFDS (n = 8). All samples represent independent
biological replicates.

genetic patterns through mechanisms that are not simply the
reversal of diet-induced alterations.

4 | Discussion

In the present study, all animals developed hallmark features
of SLE, including malar rash, confirming the robustness and
translational relevance of the NZBWF1/J model. As expected,
the HFD promoted marked weight gain, consistent with its
obesogenic effect. In contrast, micronutrient supplementation
did not affect body weight, suggesting that its potential effects
may occur primarily at the epigenetic level rather than through
observable phenotypic changes.

Previous studies have shown that obesity is linked to a chronic
low-grade inflammatory state, driven by increased levels of
proinflammatory cytokines such as TNF-a and IL-6 [29, 30]. This
inflammatory condition may worsen autoimmunity, accelerating
both the severity and progression of SLE [31, 32]. Our genome-
wide DNA methylation analysis supports this idea, showing
that HFD induced a distinct epigenetic profile. Almost one
hundred CpGs were differentially methylated, with a balanced
distribution of hyper- and hypomethylated sites, indicating broad
reprogramming of the epigenome. However, enrichment analyses
did not identify specific canonical pathways associated with these
CpGs, suggesting that HFD-induced methylation alterations are
widely distributed across the genome rather than concentrated
in specific biological pathways. These findings are consistent

with the concept that obesogenic environments may promote
heterogeneous epigenetic remodeling, which affects multiple
biological processes simultaneously.

The HFD used in this study contained higher amounts of hydro-
genated vegetable fat, which may have contributed to epigenetic
remodeling and the inflammatory phenotypes observed. These
findings are consistent with previous murine studies showing
that high-fat diets alter DNA methylation and gene expression
in adipose tissue and liver, affecting insulin signaling and
inflammatory pathways [33-35].

In humans, controlled interventions have demonstrated that
dietary lipid composition directly impacts the epigenome of
metabolically active tissues. For instance, in the LIPOGAIN
study, overfeeding either saturated or polyunsaturated fatty acids
induced distinct DNA methylation signatures in subcutaneous
adipose tissue, modulating genes involved in insulin signal-
ing and inflammatory pathways [36]. Epigenetic alterations in
response to high-fat diets have also been reported in skele-
tal muscle, where short-term overfeeding induced widespread
methylation changes in genes linked to energy metabolism and
insulin sensitivity [37]. Similarly, Gillberg et al. [38] showed
that only five days of high-fat overfeeding were sufficient to
alter the expression of genes such as INSR and IRS2 in adipose
tissue, reinforcing the role of dietary fats in driving epigenetic
remodeling associated with insulin resistance. Collectively, these
findings demonstrate that the mechanisms described in murine
models are also evident in humans, supporting the view that high-
fat diets promote pro-inflammatory phenotypes and metabolic
dysregulation through epigenetic pathways.

Interestingly, micronutrient supplementation showed strong
effects on DNA methylation, but only in the context of animals
being fed with HFD. Thirty-one CpGs exhibited significant
diet x supplementation interaction effects, indicating that the
epigenetic response to methyl-donor supplementation depends
strongly on dietary context. This observation suggests that
supplementation does not exert uniform epigenetic effects but
rather interacts with the metabolic environment created by
the diet. Such context-dependent epigenetic modulation may
reflect alterations in one-carbon metabolism and methyl group
availability under obesogenic conditions. KEGG pathway enrich-
ment analysis revealed significant overrepresentation of the
IL-17 signaling pathway among CpGs affected by the diet X
supplementation interaction. This finding is particularly relevant
in the context of SLE pathogenesis. IL-17 is a pro-inflammatory
cytokine mainly produced by Thi17 cells and has been widely
implicated in autoimmune diseases, including systemic lupus
erythematosus. Increased IL-17 activity has been associated with
enhanced autoantibody production, tissue inflammation, and
disease severity in lupus patients and experimental models.
Our findings therefore suggest that methyl-donor supplemen-
tation may influence the epigenetic regulation of inflammatory
pathways linked to Th17 activity, particularly under obesogenic
conditions.

Numerous studies have demonstrated that micronutrient sup-
plementation can influence phenotypic variables such as adi-
posity, glucose metabolism, and lipid metabolism in response
to HFD intake [39-41]. In parallel, evidence indicates that
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TABLE 1 | Top 15 differentially methylated CpG sites identified between high-fat diet (HFD) and standard diet (SD) groups.
CpGID Gene ApB (HFD — SD) Direction (HFD vs. SD) p-value
€g28495593_BCl11 — —-0.09 Hypomethylated in HFD 0.0439
¢g31019775_TC21 — —0.09 Hypomethylated in HFD 0.0167
€g31529292_TC21 Atxnl —-0.10 Hypomethylated in HFD 0.0471
cg34415276_BCl11 — -0.09 Hypomethylated in HFD 0.0422
€g36259492_TC21 Kankl 0.10 Hypermethylated in HFD 0.0192
€g38974905_BC21 — -0.12 Hypomethylated in HFD 0.0058
cg41573042_BC11 Alpl 0.09 Hypermethylated in HFD 0.0263
cg42155381_BC21 — —-0.09 Hypomethylated in HFD 0.0450
€g42984005_TC21 Rbakdn -0.13 Hypomethylated in HFD 0.0200
cg43264573_TC21 Mest 0.09 Hypermethylated in HFD 0.0080
cg43652664_BC21 A430078102Rik 0.10 Hypermethylated in HFD 0.0385
cg43967350_BC21 Lpar5 -0.10 Hypomethylated in HFD 0.0302
€g44903935_BC21 — 0.10 Hypermethylated in HFD 0.0490
cg47578653_TC21 Gria3 —-0.09 Hypomethylated in HFD 0.0460
cg48221478_TCl1 Gm3376 -0.09 Hypomethylated in HFD 0.0216

Note: A represents the difference in methylation levels between groups (HFD — SD). Positive values indicate higher methylation levels in HFD, whereas negative

values indicate lower methylation levels in HFD.

nutritional interventions exert beneficial effects on DNA methy-
lation, both at global and gene-specific levels, particularly in
metabolic pathways [42]. Dietary nutrients and bioactive com-
pounds may modulate DNA methylation patterns by affecting
the activity of enzymes involved in methylation reactions or by
altering the availability of methyl donors, thereby influencing
metabolic regulation [42]. In this context, a recent systematic
review and meta-analysis showed that folic acid supplementa-
tion can modify global DNA methylation levels, with higher
doses producing effects distinct from those observed with lower
doses [43].

Together, these findings suggest that diet-induced epigenetic
modifications may contribute to metabolic adaptations and
potentially to clinical heterogeneity in complex diseases such as
SLE. However, despite consistent evidence in metabolic models,
important gaps remain regarding the impact of these nutritional
and epigenetic interactions in autoimmune disease models.

When comparing the CpGs altered by HFD with those affected by
the diet x supplementation interaction, only one CpG site over-
lapped between the two analyses. This CpG (cg42984005_TC21)
was annotated to the Rbakdn gene and located in the gene
body region near the transcription start site in an OpenSea CpG
context. The minimal overlap between these datasets suggests
that diet-induced methylation changes and supplementation-
responsive CpGs largely occur at distinct genomic loci. This
observation indicates that micronutrient supplementation may
reshape epigenetic patterns through mechanisms that are distinct
from, rather than simply reversing, diet-induced methylation
changes.

Although SLE is primarily an immune-mediated disease, our epi-
genetic analyses were restricted to subcutaneous adipose tissue.

Adipose tissue is increasingly recognized as an immunometabolic
organ capable of modulating systemic inflammation through
adipokine secretion and immune cell infiltration. Moreover,
adipose tissue represents a heterogeneous compartment com-
posed of adipocytes, stromal cells, and infiltrating immune cells,
which may influence the observed methylation profiles. However,
methylation patterns identified in adipose tissue may not fully
reflect epigenetic alterations occurring in classical immune cell
subsets such as T and B lymphocytes, which are central to
SLE pathogenesis. Future studies integrating cell-specific epi-
genetic analyses into immune compartments will be necessary
to clarify the systemic relevance of the observed methylation
changes.

This study has several limitations. First, the sample size was
relatively modest (n = 7-8 per group), which may limit statistical
power in genome-wide methylation analyses and increase the
possibility of type II error, particularly when evaluating diet
X supplementation interaction effects. Differentially methylated
CpGs were identified using nominal p-value thresholds, and most
loci did not remain significant after multiple testing correction.
Therefore, the methylation findings should be interpreted as
exploratory and hypothesis-generating rather than definitive.
Second, our analyses were restricted to DNA methylation and did
not include parallel transcriptomic or proteomic profiling, lim-
iting direct inference regarding functional consequences at the
gene expression or protein level. Third, although the NZBWF1/J
strain is a well-characterized spontaneous lupus model and
clinical manifestations such as malar rash were observed in
all animals, circulating markers of disease activity (e.g., anti-
dsDNA antibodies or renal histopathology) were not quantified.
Consequently, we cannot directly associate methylation patterns
with quantitative measures of lupus severity. Additionally, food
intake was measured at the cage level rather than individually,
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FIGURE 3 | Diet x supplementation interaction effects on genome-

wide DNA methylation. Volcano plot illustrates CpG sites exhibiting
significant diet X supplementation interaction effects on DNA methyla-
tion. The x-axis represents the log2 fold change, and the y-axis shows
—logl0(p-value). CpGs classified as hypermethylated are shown in red and
hypomethylated CpGs in blue, while grey dots represent CpGs that were
not statistically significant. Dashed vertical and horizontal lines indicate
the thresholds used to identify differentially methylated CpGs (p < 0.01
and [log2FC| > 1). Sample sizes: SD (n = 7), HFD (n = 7), SDS (n =
8), and HFDS (n = 8). All samples correspond to independent biological
replicates.

TABLE 2 |

supplementation interaction effects.

Top 15 CpG sites showing nominally significant diet x

CpG ID Gene AB p-value
€g30058259_BC11 Cd300lg 0.05 0.0051
¢g33469136_BCl11 Pegl3 / Trappc9 -0.11 0.0079
€g33694350_TC21 Slc2al3 —0.04 0.0056
€g35550539_TCI11 — 0.05 0.0085
¢g37506265_BC21 Gm4793 / Navl -0.09 0.0082
cg38781187_BCl1 Mpped2 —0.07 0.0084
¢g40211529_BC11 — —0.05 0.0098
¢g40922250_BC21 Ctnnall —0.08  0.0059
cg41121889_BCl1 Gm12610 0.04 0.0097
€g42984005_TC21 Rbakdn —0.03 0.0038
€g43999659_TC21 Tspan9 0.07 0.0083
cg45816167_BCl11 Gm3336 / Gm34255 0.06 0.0064
cg38781187_BCl11 Mpped2 -0.07 0.0084
¢g40211529_BC11 — —0.05 0.0098
¢g40922250_BC21 Ctnnall —0.08 0.0059

Note: A represents the difference in methylation levels between groups (HFD
— SD). Positive values indicate higher methylation levels in HFD, whereas
negative values indicate lower methylation levels in HFD.

HFS x SD Diet x Supplementation

FIGURE 4 | Overlap of differentially methylated CpGs between
dietary and interaction effects. Venn diagram showing the overlap
between CpG sites differentially methylated in response to high-fat diet
(HFD vs. SD) and those associated with the diet X supplementation
interaction effect. A total of 89 CpGs were unique to the HFD comparison,
30 CpGs were specific to the interaction effect, and 1 CpG was shared
between both conditions. Sample sizes: SD (n = 7), HFD (n = 7), SDS
(n = 8), and HFDS (n = 8). Differentially methylated CpGs were defined
according to the statistical criteria described in the Methods section.

precluding precise assessment of individual caloric consumption.
Despite these limitations, a major strength of the study lies
in the genome-wide methylation approach, which provides a
comprehensive framework for hypothesis generation. These find-
ings support the design of future integrative studies combining
epigenomic, transcriptomic, and immunophenotypic analyses to
better understand diet- and supplementation-induced epigenetic
modulation in autoimmune disease contexts [35, 44].

5 | Conclusion

A high-fat diet induces widespread DNA methylation changes
across the adipose tissue epigenome, whereas folic acid and
vitamin B12 supplementation modulates these effects in a diet-
dependent manner. This pattern demonstrates that nutritional
interventions can act as adaptive modulators of the epigenome,
even without affecting macroscopically observable phenotypes,
such as body weight. Supplementation influenced CpGs asso-
ciated with inflammatory signaling pathways, including IL-17
signaling, suggesting that methyl-donor availability may shape
epigenetic regulation of immune pathways under obesogenic con-
ditions. These findings underscore the potential of personalized
nutritional strategies to restore metabolic and immune home-
ostasis and provide a foundation for future integrative studies
linking the methylome, transcriptome, and immune phenotypes
in models of autoimmune disease.
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