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Abstract

Background/Objectives: To analyze possible epigenetic changes (miRNA) in systemic
lupus erythematosus (SLE) patients on a Mediterranean diet (MD) supplemented with
extra virgin olive oil (EVOO). Methods: Fifteen SLE patients with medium/high MD
adherence were randomized into an intervention group (IG) (daily supplementation
of 40 mL of EVOO for 24 weeks) or to a control group (CG). miRNA profiles from
blood peripheral cells were analyzed pre-/post-intervention using next-generation se-
quencing. Differential expression analysis was performed by DESeq2 in R to determine
changes in the log2FC. Functional enrichment analysis was performed using GeneCodis 4.
Results: EVOO supplementation resulted in changes in the expression of 16 miRNAs in
the IG. Compared to the CG, two miRNAs showed upregulation (miR-451a, miR-1307-5p)
while five showed downregulation (miR-193b-50, miR-134-5p, miR1287-5p, miR-124-3p,
miR-654-3p). miR-124-3p, which has been proposed to be an SLE biomarker, showed
the lowest relative expression after EVOO supplementation (L2FC —3.36; py.4j = 0.025),
whereas miR-1307-5p (L2FC 1.115 p,;44; = 0.02) and miR-451a (L2FC 0.77 py04 = 0.036)
showed the highest relative abundance. The functional enrichment analysis showed that

Rhechckforupdates Th1 and Th2 cell differentiation and the complement/coagulation cascades were among
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1. Introduction

The Mediterranean diet (MD) is one of the best-known and studied dietary patterns
worldwide. It is a plant-based dietary pattern characterized by predominant use of Extra
Virgin Olive Oil (EVOO), high intake of whole plant foods, moderate consumption of dairy
products and wine, and low meat intake that has been directly linked to a decrease in the
risk of the onset of chronic conditions, decreased mortality and healthy aging promotion.
The mechanisms underlying these beneficial effects include [1,2] a reduction in blood
lipids; modulation of inflammatory, immune, and oxidative stress markers; improvement
in insulin sensitivity; enhancement of endothelial and antithrombotic function; prevention
of platelet aggregation; modulation of intestinal microbiome and epigenetic processes;
influence on hormonal and growth factor activity relevant to cancer development; interfer-
ence with nutrient-sensing mechanisms; and support of metabolic health. Previous studies
have suggested that these beneficial effects could be mainly attributed to extra virgin
olive oil (EVOO) as its main component. EVOO is a natural rich source of polyphenols,
monounsaturated fatty acids (MUFAs) and other bioactive compounds [3] with confirmed
anti-inflammatory, antimicrobial and antioxidant properties [4].

Given its anti-inflammatory and immunomodulatory potential, EVOO has also been
studied in the context of autoimmune diseases, including systemic lupus erythematosus
(SLE), although evidence is still scarce. Recent research suggests that components of the
MD [5] and especially EVOO [6,7], contribute to modulating the immune activity and
inflammatory pathways involved in SLE, potentially influencing disease progression and
symptom severity. In murine models of pristane-induced SLE, EVOO-enriched diets atten-
uated kidney health and reduced inflammatory activity by activating antioxidant pathways
and suppressing key pro-inflammatory signalling routes [8]. Similarly, supplementation
with oleocanthal, a phenolic compound found in EVOO, helped preserve kidney function
and vascular health [9]. In agreement with these findings, an in vitro study demonstrated
that the phenolic fraction of EVOO reduced T-cell activation and inflammatory cytokine
production in patients with SLE [10]. While these findings are promising, the specific
molecular mechanisms through which EVOO exerts its effects in the context of SLE remain
largely unknown. Among other mechanisms, there is a strong line of evidence that suggests
that EVOO induces epigenetic changes in the human genome, including DNA methylation,
histone modifications, and modulation of microRNA expression [11].

MicroRNAs (also known as miRNAs) are evolutionarily conserved small non-coding
RNAs regulating gene expression at the post-transcriptional level and exerting a mod-
ulatory effect on cellular processes such as proliferation, metabolism, cellular growth,
differentiation or apoptosis. They have been confirmed to be important regulators of
homeostasis [12] and alteration of their expression is associated with the pathological
mechanisms underlying diseases, including metabolic diseases, cancer or autoimmune
conditions. Indeed, it has been demonstrated that there is an altered pattern of miRNA
expression in many autoimmune diseases [13].

Interestingly, epigenetic changes, including changes at the miRNA level, have also
been associated with SLE susceptibility and/or clinical course [14]. SLE patients exhibit
decreased expression of miR-145, miR-142, and miR-125a in T cells, thus contributing to
immune hyperactivation. Additionally, increased expression of miR-524-5p promotes the
production of IFN-y in activated T cells, thereby intensifying the inflammatory state [15].
Similarly, elevated miR-7, miR-21, miR-22 and miR-30a levels, which leads to an inappro-
priate activation and increased autoantibody production, have been observed in B cells
from lupus patients [15]. In addition, reduced miR-361-5p, miR-128-3p, and miR-181-2-3p
levels have been detected in plasmacytoid dendritic cells (pDCs) and are associated with
increased production of type 1 interferon, a key factor in the pathogenesis of SLE [16].
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Notably, miR-21 and miR-155 are overexpressed in peripheral blood mononuclear cells
(PBMCs) in patients with SLE, especially those with lupus nephritis [17]. Furthermore,
miRNAs such as miR-146a or miR-361-5p have been correlated with clinical course, with
miR-146a appearing to play a crucial role in immune alterations and organ damage in
SLE, thereby modulating both inflammation and disease-related complications. miR-146a
expression is significantly elevated in SLE patients with high disease activity, and a positive
correlation has been observed between the levels of miR-146a and IL-6, a proinflammatory
cytokine [18]. Similarly, the level of miR-361-5p in cells has been related to disease activity
(SLEDAI > 4) [19].

Among the various environmental factors known to modulate epigenetic responses,
nutrition has emerged as a particularly compelling area of interest. Specifically, evidence
for the epigenetic effects of EVOO consumption and its potential positive impact in human
health has been found in inflammatory conditions such as cancer, cardiovascular diseases
or diabetes, as well as for some autoimmune conditions, mainly rheumatoid arthritis (RA),
inflammatory bowel disease, or psoriasis [20]. However, most studies have been carried out
in vitro or in animal models and have provided different results due to the use of different
cellular systems, EVOO compounds and selection of candidate miRNAs. Thus, it has been
difficult to establish a causal relationship and the exact physiological consequences of the
epigenetic modification induced by EVOO consumption and its phenolic compounds [11].
Additionally, the specific role of EVOO as a potential modulator of the miRNA profile
in SLE, and thus its impact at the epigenetic level in this condition, has not yet been
investigated. In light of the above, the present pilot study aims to investigate the effect of
dietary EVOO supplementation on the expression profile of miRNAs in a SLE cohort.

2. Materials and Methods
2.1. Design

A two-arm, prospective, randomized controlled interventional pilot study over
a 24-week period was conducted in the context of the clinical trial “EFINUTRILES”
NCT05261529 (ClinicalTrials.gov).

2.2. Study Population

A total of 23 women diagnosed with SLE from the Systemic Autoimmune Diseases
Unit at the Hospital Universitario Clinico San Cecilio and Hospital Universitario Virgen de
las Nieves (Granada, Spain) were included in the study. Diagnosis of SLE was established
following the revised American College of Rheumatology (ACR), SLICC or ACR/EULAR
criteria of 2019. Inclusion criteria were (1) SLE diagnosis at least one year ago, (2) stable
SLEDAI-2K, with no treatment modifications, in the previous 3 months, and (3) medium
(8-11 points) to high (12-14 points) adherence to an MD as measured by the 14-point
MD adherence scale from the PREDIMED study [21]. The following exclusion criteria
were established: (1) terminal stages of SLE, (2) serum creatinine levels > 1.5 mg/dL,
(3) type 1 diabetes mellitus, (4) infection, trauma or surgery in the six months prior to
the intervention, (5) SLICC > 5, (6) pregnancy or breastfeeding, (7) diagnosis of other
autoimmune/inflammatory diseases, (8) psychiatric or cognitive disorders hindering the
ability to understand the research team’s indications.

2.3. Intervention

To reinforce MD adherence, and as part of baseline assessment and prior allocation,
participants were reminded of the basic principles of MD by a nutritionist through a
one-hour face-to-face session to ensure adequate levels of adherence to MD throughout
the intervention. Subsequently, randomization and allocation were performed using the
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Oxford Minimization and Randomization computer-supported centralized OxMar sys-
tem (Oxford Minimization and Randomization®, O’Callaghan CA, Oxford, UK), as it
ensures allocation concealment and minimizes selection bias through a minimization algo-
rithm, thereby complying with the Consolidated Standards of Reporting Trials (CONSORT)
recommendations. A 1:1 distribution to intervention group (IG) or control group (CG)
was applied.

Patients assigned to the IG added a daily supplementation of 40 mL of EVOO in a
single dose, preferably at breakfast, for 24 weeks, whereas participants in the CG main-
tained their habitual dietary habits. Specific drinking cups were provided to ensure the
correct dosage. EVOO was provided by the DCOOP (S.Coop.And) agri-food corpora-
tion. Laboratory tests were performed to ensure the stability of the EVOO composition
during the intervention. Participants were given specific instructions not to process or
cook the specific EVOO supplementation. No side effects related to the intervention were
reported by participants in the intervention group (IG). Only one patient experienced mild
heartburn when taking the supplement on an empty stomach; she was advised to take
it with breakfast, and the side effect resolved. Patients were reminded weekly to take
their supplementation, and any doubts or questions were resolved using group broadcast
messages via instant messaging applications.

Blinding was applied at the investigator level. The researcher conducting the assess-
ments was unaware of the participant’s allocation, and participants were instructed not to
disclose their group during follow-up visits. However, full blinding was not feasible be-
cause the nature of the intervention (EVOO consumption or non-intervention) was evident
to participants.

2.4. miRNA Sequencing

Blood samples were obtained from study participants pre- and post-intervention and
collected in Tempus® tubes (Applied Biosystems TM, Foster City, CA, USA). RNA was
extracted using the MagMax for Stabilized Blood Tubes RNA Isolation Kit (ThermoFisher,
Waltham, MA, USA) and a DynaMag-2 stand (Life Technologies, Carlsbad, CA, USA) at the
Andalusian Public Health System Biobank (Granada, Spain). miRNA expression profile
quantification was performed by creating a small RNA library using the QlAseq miRNA
Library kit (QIAGEN, Hilden, Germany). Using Next-Generation Sequencing (NGS) tech-
nology, mass sequencing of miRNAs was performed on the NextSeq 500 (Illumina, San
Diego, CA, USA) with a 72 base pairs (pb) single-read sequencing that yielded 4-8 million
reads per sample.

Briefly, raw sequencing data obtained in the data binary base call (BCL) sequence
file were demultiplexed using bcl2fastq conversion software (Illumina, v2.20.0.422, Illu-
mina Inc., San Diego, CA, USA) to obtain Fastq files. Quality control (QC) checks on raw
sequence data analysis were performed with FastQC software (v.0.12.1, Babraham Bioin-
formatics, Cambridge, UK) and reports were visualized together using Multiqc (v1.25.2,
Seqgera Labs, Barcelona, Spain). For unique molecular identifiers (UMIs) and adapter trim-
ming, a custom tool written in Python (v1.0.2, GENYO, Granada, Spain) was employed.
Quality trimming of reads was performed using Cutadapt (v4.4 Marcel Martin, TU Dort-
munt University, Dortmund, Germany) with a phred threshold of 10. Reads shorter than
10 bp or longer than 40 bp were discarded. Next, reads were aligned against the GRCh38
human reference genome and the count matrix for human miRNAs was obtained using a
mix of feature counts and a custom tool developed in Python using the miRbase database
as reference. Differential expression analysis (DEA) was performed using DESeq2 in R
(v 4.4.1, R Foundation for Statistical Computing, Vienna, Austria) and a series of R tools,
such as ggplot2 (v3.5.1, Posit PBC, Boston, MA, USA) and pheatmap (v1.0.12, Raivo Kolde,

https://doi.org/10.3390/jcm15052077


https://doi.org/10.3390/jcm15052077

J. Clin. Med. 2026, 15, 2077

50f 16

Univerdity of Tartu, Estonia), were employed for the plotting. Significant differential
expression of miRNAs was considered as 11og2FC| > 0.6. For these differences, unad-
justed (pyuq4j) and adjusted p values (p,4j) were calculated for multiple testing using the
Benjamini-Hochberg correction.

Functional enrichment analysis was performed using the bioinformatic tool GeneCodis
4 (https://genecodis.genyo.es, accessed on 3 July 2024) to investigate the molecu-
lar mechanisms and biological processes associated with the potential differentially
expressed miRNAs.

2.5. miRNA Differential Expression and Pathway Analysis

miRNA expression analyses were performed at the “Centro Pfizer—Universidad
de Granada—Junta de Andalucia de Gendémica e Investigacién Oncolégica” (GENYO)
Bioinformatics unit. The entire pipeline is publicly available under a GNU GPL 3.0 License
at https://github.com/bioinfo-genyo/miRNA_pipe, accessed on 15 April 2024.

2.5.1. Preprocessing and Quantification of miRNA-Seq Data

Sequencing data in BCL format were demultiplexed using Illumina’s bcl2fastq soft-
ware (Illumina, v2.20.0.422) with no index mismatches to generate FASTQ files. Initial
quality control of raw FASTQ files was performed using FastQC and summarized with
MultiQC to assess read quality and guide trimming parameters. Deduplication and adapter
trimming were then carried out using a Python-based strategy customized for the Qiagen
QIAseq miRNA Library Kit. Quality trimming with parameters appropriate for small-RNA
sequencing (10 bp minimum read length, 40 bp maximum read length and a minimum
quality [PHRED] score of 10) was applied using cutadapt.

Robust and computationally efficient quantification of miRNA abundance was
achieved implementing a two-step quantification strategy integrating direct sequence
assignment (“precounting”) and feature-based counting using the featureCounts tool. In
the initial quantification step, the custom Python method was used to directly assign se-
quencing reads to mature miRNA sequences from the mature miRBase database (release
22.1, filtered for the species and biotype of interest). Reads with exact sequence matches
were assigned to their corresponding miRNAs and counted, while unmatched reads were
separated into a different FASTQ file for further analysis. As a second step, reads not
assigned through direct matching were aligned to the GRCh38 reference genome using
Bowtie with parameters optimized for small-RNA reads, and converted into sorted, in-
dexed BAM files. These files were then processed with featureCounts to quantify reads
mapping to RNAcentral (release 24) miRNA genomic features (GRCh38), using strand
specificity and allowing overlaps.

To generate the final quantification matrix, miRNA counts from direct sequence
assignment and feature-based counting were merged for each sample to yield the total
abundance for each miRNA.

2.5.2. Differential Expression Analysis

A quantification matrix was used for downstream expression analyses. First, quality
control was included to remove miRNAs with variance below the first percentile across
all samples to reduce noise. Count matrix and sample annotation were combined using
DESeqDataSetFromMatrix. A differential expression analysis was then conducted using the
DESeq2 package in R. Default parameters were used in DESeq2 for normalization, employ-
ing median-of-ratios size-factor estimation and negative binomial dispersion modeling.

Significant differential expression of miRNAs was considered as |log2FC| > 0.6.
For these differences, unadjusted (p,uq47) and adjusted p values (pu4;) were calculated
for multiple testing using the Benjamini—-Hochberg correction. Differentially expressed
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miRNAs were classified as “UP” or “TDOWN"-regulated based on fold-change direction
and significance threshold. Volcano plots were constructed with ggplot2 v3.5.1 and ggrepel
v0.9.5 for dynamic labeling.

2.5.3. Pathway Analysis

Functional enrichment analysis to investigate the molecular mechanisms and bio-
logical processes associated with the potential differentially expressed miRNAs was per-
formed using the bioinformatic tool Gene-Codis 4 (https://genecodis.genyo.es, accessed
on 3 July 2024). The differentially expressed miRNAs were introduced as input in the
Gene-Codis web tool and the KEEG Pathways selected as annotation database. Default
Gene-Codis 4 parameters were used to obtain a network of enrichment pathways for the
miRNAs analysed.

2.6. Ethics

The study protocol was approved by the Biomedical Research Ethics Committee of
Granada, Spain (2099-N-21) according to the Helsinki Declaration for biomedical research.
Informed consent was obtained from all patients prior to participation. The study received
prior approval from the regional ethics committee before any patient contact. The recruit-
ment period extended from November 2021 to May 2022. One potential participant was
approached on 3 November 2021, before trial registration on ClinicalTrials.gov (8 Febru-
ary 2022), but withdrew prior to formal enrollment and was excluded from all analyses.
All participants included in the final dataset were recruited after trial registration, in full
compliance with ICMJE requirements.

3. Results

Of the 23 eligible women enrolled after registration, 12 (52.17%) were randomly
assigned to the intervention group (extra virgin olive oil supplementation), and 11 (47.83%)
to the control group. From this initial sample, six participants (50%) in the intervention
group discontinued (three due to work reasons, two for personal issues, and one for family
caregiving), and two participants (18.18%) in the control group withdrew (one due to an
SLE flare and another due to a non-SLE health issue). These details are summarized in the
CONSORT flow diagram (Figure 1).

G* Power software (1996 version, GPOWER, Bonn, Germany) was used to perform
a post hoc power analysis in the context of a two-group comparison using a two-sided
independent samples f-test. Considering that six and nine participants completed the
intervention for each group (IG and CG, respectively), and assuming a significance level
of 0.05 and an effect size based on conventional benchmarks (Cohen’s d = 0.8) [22], the
statistical power achieved for this interventional pilot study was estimated to be 0.29.

The average age for the total sample was 49.80 £ 9.59 years, with an MD adherence
level corresponding to medium adherence (9.13 & 1.12 points) according to the 14-point
DM adherence scale. No significant differences were observed between groups in terms of
sociodemographic variables, in any of the SLE-related clinical severity or damage indexes,
or in the prescribed pharmacological treatments (p > 0.05 in all cases) (Table 1). Mean
SLEDAI-2K and SLICC values were 3.80 &+ 3.60 and 0.60 £ 0.82, respectively, which
remained stable throughout the entire study period (SLDAI-2K and SLICC post intervention
values were 3.92 £ 3.98 and 0.42 + 0.64, respectively, p > 0.05 in both cases).

A total of 1560 miRNAs were identified in the analyzed samples. In the intervention
group (IG), 34 miRNAs showed differential expression after daily EVOO supplementation.
Of these, 16 exhibited statistically significant differential expression based on unadjusted
p-values (1logoFC| > 0.6), with two upregulated (miR-1307-5p and miR-451a) and fourteen
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downregulated (Figure 2). Unfortunately, none of these miRNAs remained significant
after multiple-testing correction due to the limited statistical power of this exploratory
study (Table 2). No statistically significant changes in these miRNAs—either unadjusted or
adjusted—were observed in the control group (Table 2).

== CONSORT

L7 I TRANSPARENT REPORTING of TRIALS

Enrollment
(Nov 2021-May 2022)

Assessed for eligibility (n=25)

Clinical Trial Registration (Feb 2022)
Excluded (n=2):
Not meeting inclusion criteria (n=0)
Declined to participate:

o n=1(January 2022)

o n=1(March 2022)

Randomized (n=23) *

!

!

f Allocation |

J

Allocated to intervention: EVOO

supplementation (n=12)

+ Received allocated intervention (n=12)

+ Did not receive allocated intervention (give
reasons) (n=0)

Allocated to intervention: Control (n=11)

+ Received allocated intervention (n=11)

+ Did not receive allocated intervention (give
reasons) (n=0)

I Follow-Up L

Lost to follow-up (n=6): Work issues

Discontinued intervention (give reasons) (n=0)

l Analysis | 1

Analysed (n=6)
+ Excluded from analysis (give reasons) (n=0)

Lost to follow-up (n=2): SLE flare

Discontinued intervention (give reasons) (n=0)

Analysed (n=9)
+ Excluded from analysis (give reasons) (n=0)

Figure 1. Study flow diagram according to CONSORT guidelines.

Table 1. Baseline characteristics.

Total

IG

CG
Outcome (n = 15) (n=6) (n=9) p Value ¢
Sociodemographic characteristics
 Age(years)A 4980 +£959 50.16 +5.74 4055+11.84 0909
No (n) B 5(33.3) 2 (33.3) 3(33.3)

Menopause Yes (n) B 10 (66.7) 4 (66.7) 6 (66.7) 1.000

SBP (mmHg) 4  118.86 + 10.74 117.33 + 13.27 119.88 + 9.42 0.668

Hemodynamic status ~ DBP (mmHg) 4 7226 + 6.16 70.66 + 8.59 73.33 + 5.22 0.465

HR (bpm) 65.66 + 10.58 64.00 + 9.77 66.77 + 11.53 0.636

BMI (kg/m?) 4 23.97 4 5.32 26.21 4 6.85 2247 +3.73 0.192

MD adherence (points) 4 912+ 1.12 933 +£1.21 9.00 = 1.11 0.593
””””””””””” Clinical Severity and Damage Measures
) Years since SLE diagnosis *# 19934891 18.66 £758 2077 +£10.05 0670

SLEDAI2-K (points) 4 3.80 + 3.60 5.00 4 3.57 3.00 + 3.60 0.310

SLICC/ACR (points) 4 0.60 4 0.82 0.66 + 1.03 0.55 4+ 0.72 0.810
”””””””””””””” Pharmacological treatment
S Corticoids® 7467 2(333) 5(55.6) 0435

Azathioprine B 1(6.7) 1(16.7) 0 (0) 0.363
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Table 1. Cont.
Total IG CG
Outcome (n = 15) (n=6) (n=9) p Value ©
Mycophenolate mofetil B 0 (0) 0 (0) 0(0) -
Methotrexate 3(20.0) 1(16.7) 2 (22.2) 0.810
Other immunosuppressants 1(6.7) 0(0) 1(11.1) 0.435
Statins 2 (13.3) 2 (33.3) 0 (0) 0.175
NSAIDs 5(33.3) 2 (33.3) 3(33.3) 1.000
Antihypertensive drugs 5(33.3) 1(16.7) 4 (44.4) 0.297
Rituximab 0(0) 0(0) 0(0) -
Belimumab 0(0) 0(0) 0(0) -
Antimalarials 12 (80.0) 6 (100) 6 (66.7) 0.081
Antiplatelet agents 3(20.0) 0 (0) 3(33.3) 0.081
Vitamin D supplements 12 (80.0) 5(83.3) 7 (77.8) 0.810
Calcium supplements 3(20.0) 1(16.7) 2(22.2) 0.810
Bisphosphonates 2(13.3) 0 (0) 2(22.2) 0.169

Data are expressed as * median and standard deviation (m + SD) for continuous data or  number and frequency
(n, %) for qualitative variables. C Student’s t/ Mann-Whitney U (continuous), chi-squared/Fischer’s exact
(categorical), based on distribution. Two-sided p-values were used for baseline comparisons, as no directional
hypothesis was assumed. - indicates test not applicable due to zero variance. Abbreviations: BMI: body mass
index; CG: control group; DBP: diastolic blood pressure; HR: heart rate; IG: intervention group; m: mean value;
MD: Mediterranean diet; NSAIDs: non-steroidal anti-inflammatory drugs; SBP: systolic blood pressure; SD:
standard deviation; SLEDAI2-K: Systemic Lupus Erythematosus Disease Activity Index 2000; SLICC/ACR:
Systemic Lupus International Collaborating Clinics/American College of Rheumatology Damage Index for

Systemic Lupus Erythematosus.
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1.54 miR—124-3p miR—378—c
L] miR—4753—3p miR—451a
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Figure 2. Vulcan plot of the miRNAs differentially expressed post-intervention in the IG. Statistical

significance in this volcano plot is defined using unadjusted p-values (as depicted by the horizontal

reference line), and the interpretation of differentially expressed miRNAs should be made accordingly.
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Table 2. miRNAs showing statistically significant differential expression after EVOO supplementation.

Intervention Group (n = 6)

miRNA L2FC median value Punadj Padj ™ Expression change
miR-1287-5p —-0.971 0.006 1 down
miR-1307-5p 1.100 0.007 1 up
miR-6882-5p —0.931 0.011 1 down
miR-5695 —1.627 0.014 1 down
miR-641 —0.704 0.016 1 down
miR-134-5p —1057 0.016 1 down
miR-409-3p —0.790 0.018 1 down
miR-335-5p —0.599 0.019 1 down
miR-378¢ —0.727 0.021 1 down
miR-451a 0.634 0.026 1 up
miR-193b-5p —2.142 0.026 1 down
miR-31-5p —0.852 0.027 1 down
miR-4753-3p —2.238 0.035 1 down
miR-124-3p —3.046 0.036 1 down
miR-143-3p —0.685 0.041 1 down
miR-654-3p —1334 0.042 1 down
Control Group (n =9)

o miRNA_ ] L2FC median value Punadi ____ _ _ ___ ] Podi* ______ Expression change
miR-1287-5p 0.066 0.824 0.901 no
miR-1307-5p 0.054 0.896 0.939 no
miR-6882-5p —0.639 0.039 0.176 no

miR-5695 —0.759 0.118 1 no
miR-641 —0.728 0.004 0.065 no
miR-134-5p 0.360 0.262 0.490 no
miR-409-3p —0.140 0.623 0.795 no
miR-335-5p —0.431 0.050 0.203 no
miR-378¢ —0.571 0.036 0.164 no
miR-451a —0.028 0.905 0.943 no
miR-193b-5p 0.970 0.087 1 no
miR-31-5p —0.340 0.304 0.531 no
miR-4753-3p —1.853 0.038 1 no
miR-124-3p 0.347 0.747 1 no
miR-143-3p —0.131 0.648 0.799 no
miR-654-3p 0.216 0.642 0.799 no

* Adjusted p value: non-significant in all cases. Abbreviations: miRNA: microRNA; L2FC: log2 Fold Change.
Expression change: up (upregulation), down (downregulation), no (no change in expression).

The miRNA with the highest relative abundance was miR-1307-5p (L2FC 1.10, p;;q4j = 0.007,
Padj nOn-significant; ns), whereas the miRNA that showed the lowest relative expression after
EVOO supplementation was miR-124-3p (L2FC —3.046, ps4; = 0.036, p,g; 1) (Table 2).

Table 3 shows a comparison of the 16 miRNAs differentially expressed between the IG
and CG after EVOO supplementation. As can be seen, the differential expression for the two
upregulated miRNAs was statistically significant when comparing IG with CG although
the significance disappears when correcting for multiple testing (miR-1307-5p L2FC 1.115
Punadj = 0.02 and miR-451a L2FC 0.77 py047 = 0.036, pygj 1s). For the 14 downregulated
miRNAs, the comparison between IG and CG revealed that the differential expression
was statistically significant without adjustment for multiple testing only for miR-193b-5p,
miR-134-5p, miR-1287-5p, miR-124-3p and miR-654-3p. Again, the miRNA that showed
the lowest relative abundance was miR-124-3p (L2FC —3.36; pya4j = 0.025, p,4j ns) followed
by miR-193b-5p (L2FC —3.05; pynadj 0.00, pagj 1s).
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Table 3. Comparison of the miRNAs differentially expressed between intervention and control

groups.
miRNA L2FC Median Value Punadj Padj * Expression Change
miR-1287-5p —0.926 0.016 0.090 down
miR-1307-5p 1.115 0.020 0.090 up
miR-6882-5p —0.187 0.630 0.727 no
miR-5695 —0.796 0.281 0.401 no
miR-641 0.103 0.720 0.772 no
miR-134-5p —1.354 0.004 0.061 down
miR-409-3p —0.579 0.098 0.196 no
miR-335-5p —0.085 0.701 0.772 no
miR-378¢ —0.162 0.620 0.727 no
miR-451a 0.773 0.035 0.107 up
miR-193b-5p —3.050 0.002 0.061 down
miR-31-5p —0.430 0.329 0.449 no
miR-4753-3p —0.320 0.799 0.827 no
miR-124-3p —3.357 0.025 0.092 down
miR-143-3p —0.521 0.180 0.281 no
miR-654-3p —1.461 0.040 0.110 down

* Adjusted p value: non-significant in all cases. Abbreviations: miRNA: microRNA; L2FC: Log Fold Change.
Expression change: up (upregulation), down (downregulation), no (no change in expression).

We used the KEGG tool in GeneCodis 4 to analyze, in a descriptive exploratory context,
the pathway enrichment of the differentially expressed miRNAs after EVOO supplementa-
tion. This showed several networks with significant enrichment (Supplementary Material
Document S1), with Th1 and Th2 cell differentiation and the complement and coagulation
cascades, which are involved in the pathogenesis of SLE, being among the top ten most
significantly enriched (Figure 3).

miR-409-3p

miR-143-3p

miR-134-5p

miR-335-5p
miR<451a ‘

miR-124-3p
~h
1
MiR-31-5p miR-654-3p
6

Figure 3. Top ten networks of differentially expressed miRNAs. Numbers represent networks with
significant enrichment (p < 0.01): 1. Neuroactive ligand-receptor interaction; 2. Leishmaniasis; 3. Thl
and Th2 cell differentiation; 4. ErbB signalling pathway; 5. Platelet activation; 6. Non-homologous
end-joining; 7. Progesterone-mediated oocyte maturation; 8. GnRH secretion; 9. Complement and
coagulation cascades; 10. Aldosterone-regulated sodium reabsorption. The blue intensity goes in
concordance with the number of genes found. Nodes that share genes are close together.
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4. Discussion

In the present interventional pilot study, we have investigated the effect of a nutritional
intervention based on supplementation of the MD with 40 mL EVOO daily for 24 weeks in
SLE patients on the epigenetic changes at the miRNA expression levels for the first time. We
observed differences in the abundance of 16 miRNAs post-intervention, with two miRNAs
upregulated and 14 downregulated. These preliminary findings should be considered with
caution, and require confirmation in future, adequately powered studies.

miR-1307-5p showed the highest abundance post-intervention. While this miRNA has
been linked to several positive [23] and negative [24] cancer-related outcomes, to date it
has not been associated with any of the mechanisms involved in the pathological process
of SLE or any other autoimmune condition. Likewise, although to a lesser extent, we
found increases in miR-451a expression post-intervention. In animal models, an increase
in miRNA-451a expression has been observed in immune organs, while downregulation
of this miRNA leads to a reduction in autoreactive T lymphocytes and proinflammatory
cytokine levels. These studies have shown that miRNA-451a targets the INF regulatory
factor (IRF8) gene, amongst others [25,26]. Conversely, a study in patients revealed that
reduced levels of miRNA-451a in serum exosomes correlate with disease activity and
renal damage [27]. Thus, further studies are required to fully dilucidated the exact role of
miR-451a in SLE.

Focusing on the 14 miRNAs whose expression levels decreased following the interven-
tion, we observed that only miR-124-3p, miR-1287-5p, miR-134-5p, miR-5695, miR-335-5p,
and miR-31-5p have been associated with specific biological functions related to SLE or
other autoimmune conditions.

First miR-124-3p, which presents the lowest relative expression in IG compared to CG.
Interestingly, miR-124-3p has already been proposed to be an SLE biomarker as its levels
have been found to be significantly upregulated and independently associated with SLE
remission rate. Blood plasma levels of this miRNA have been found to be positively and
statistically significantly correlated with levels of erythrocyte sedimentation rate, C3 and
C4 complements, and anti-C1q antibodies [28].

We also observed a decreased expression of miR-1287-5p, miR-134-5p and miR-
5695 after EVOO supplementation. These miRNAs have been linked to inflammatory
and/or autoimmune processes. Thus, increased miR-1287-5p levels are associated with
pro-inflammatory effects [29]. Notably, recent evidence in traumatic spinal cord injury
reports that miR-1287-5p downregulation associates with clinical severity metrics and
that experimental overexpression dampens inflammatory cytokines via direct targeting
of MAP3K9, suggesting a potential anti-inflammatory role for lower miR-1287-5p in that
context; taken together, these observations may indicate context-dependent effects of miR-
1287-5p on inflammatory signalling [30]. Similarly, miR-134-5p and miR-5695 have been
found in the miRNA panel characteristic of RA patients [31,32].

Continuing with the exploratory description of the intervention’s effects, we observed
reductions in the expression of miR-335-5p and miR-31-5p. miR-335-5P has been associated
with osteoarthritis, where its abnormal overexpression promotes chondrocyte apoptosis
and contributes to cartilage degradation via HMG-box transcription factor 1 (HBP1) [33],
whereas an in vitro study demonstrated that miR-31-5p interacts with solute carrier fam-
ily 15 member 4 (SLC15A4), enhancing its expression and activating the TLR7 signaling
pathway in pDCs of patients with lupus [34,35]. Because TLR7 signalling and dysregulated
plasmacytoid dendritic cell responses are central to SLE pathogenesis, changes in these
miRNAs could be of potential relevance for disease-related inflammatory pathways. How-
ever, in the context of this pilot study, these findings should be regarded as preliminary

https://doi.org/10.3390/jcm15052077


https://doi.org/10.3390/jcm15052077

J. Clin. Med. 2026, 15, 2077

12 of 16

signals. They may nonetheless help outline candidate pathways and generate hypotheses
to be examined in future, adequately powered studies.

With regard to the pathway enrichment of differentially expressed miRNAs post-
intervention provided by KEGG, we should highlight Th1l and Th2 cell differentiation,
platelet activation and the complement and coagulation cascades, since all of them are
pathways involved in SLE pathogenesis implicated in immune response dysregulation,
release of inflammatory mediators [36], complement activation, inflammation, or tissue
damage associated with this disease [37]. Overall, the KEGG output aligns with pathways
central to SLE course, suggesting a plausible biological context for the observed profiles;
nonetheless, with few miRNAs and no multiplicity adjustment obtained, these should be
read strictly as descriptive hypotheses.

This interventional pilot study has limitations that should be considered when inter-
preting the results. The limited sample size and low statistical power represent a major
constraint beyond the pilot nature of the study, substantially limiting the ability to detect
clinically meaningful differences and increasing the risk of Type II error. This limitation is
partly explained by the complexity of the intervention design, which involved a six-month
intervention period that could interfere with participants’ usual routines, particularly in
situations such as travel or eating outside the home, where adherence to the protocol (e.g.,
carrying and using the assigned oil) may be challenging. Although only three study visits
were required, participants belonged to a population frequently approached for multiple
research protocols, leading to a phenomenon that can be defined as “research fatigue.
Recruiting individuals with chronic conditions, such as autoimmune diseases, poses addi-
tional challenges as their willingness to participate is often shaped by prior experiences
with intensive research demands and a perception that investigator priorities may not fully
align with their own expectations or daily realities. These considerations differ markedly
from those of healthy volunteers, whose motivations and perceived burdens are typically
less complex [38]. Furthermore, the high dropout rate—particularly within the intervention
group—introduces a potential source of selection bias. Participants who remained in the
study may differ systematically from those who withdrew (e.g., in motivation, adherence
capacity, symptom stability, or perceived burden of the protocol), potentially influencing
the characteristics of the final cohort and the resulting estimates of intervention effects.
These differential attrition patterns further restrict the generalizability of the findings, as the
results may largely reflect a subset of individuals able or willing to maintain adherence to a
six-month dietary intervention rather than the broader population living with autoimmune
conditions. Additionally, the inclusion of advanced molecular analyses, such as miRNA
profiling, required high-cost procedures and substantial funding, which further restricted
the feasibility of expanding the sample size. These factors posed significant challenges for
recruitment and retention, ultimately limiting the generalizability of the findings.

Therefore, given the exploratory nature of this study, the findings should be regarded
as hypothesis-generating rather than confirmatory, particularly in the context of adjusted
p-values. Future studies should consider strategies to reduce participant burden and
secure adequate resources to support larger, long-term intervention trials with larger and
consistent results. However, the results appear to indicate a tentative trend aligned with the
proposed hypothesis, although the limited sample size and unadjusted p-values warrant
cautious interpretation of the observed effect sizes. Thus, validation in a larger study cohort,
including experimental mechanistic validation, is warranted to confirm the relevance of
these preliminary findings. In this same context, and given the pilot nature of the study,
we intentionally required moderate-high baseline adherence to the Mediterranean diet
to isolate the incremental effect of EVOO; however, future larger studies should evaluate
whether different baseline adherence levels differentially influence intervention outcomes.
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In addition, the possibility that uncontrolled lifestyle factors during the intervention period
(i.e., changes in rest, physical activity patterns) could have exerted an influence at the
epigenetic level should be considered. However, this possibility seems remote as one
of the strengths of this study lies in the inclusion of stable and well-balanced patient
groups. There were no significant changes in the levels of adherence to the MD, medical
treatment or clinical parameters among participants, which are the factors that could have
most significantly influenced the expression levels of miRNAs. Furthermore, there were
no changes in menopausal status or BMI, both of which are known to influence miRNA
expression. This contextual consideration supports the robustness and interpretability of
these exploratory findings.

5. Conclusions

In conclusion, these preliminary results provide novel scientific evidence for how
a change in the usual diet (EVOO supplementation) could influence SLE patients at the
epigenetic level by modulating the expression of different miRNAs. Together with previous
studies on miRNA function, it seems that the up-regulated and down-regulated miRNAs
could result in beneficial effects at the level of different regulatory mechanisms altered in
the pathogenesis of SLE.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcm15052077 /s1, Document S1: Analysis of biological pathways
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Author Contributions: Conceptualization, R.G.-G., N.N.-N. and . M.-M.; methodology, M.].M.-].,
FJ.d1H.-F. and M.C.-R; validation, LM.-M., B.R.-M. and M.].M.-].; formal analysis, I.M.-M. and
N.N.-N,; investigation, R.G.-G.; data curation, R.G.-G. and M.C.-R.; writing—original draft prepara-
tion, R.G.-G. and M.].M.-].; writing—review and editing, A.M.C.-M., F].d.1.H.-F. and B.R.-M.; supervi-
sion, AM.C.-M., E].d.1.H.-F. and B.R.-M. All authors have read and agreed to the published version of
the manuscript.

Funding: The following funding sources must be highlighted: (1) Consejeria de Economia, Innovacién
y Ciencia (Proyectos de I + D + I en el marco operativo FEDER Andalucia 2014-2020; B-CTS-100-
UGR-20): BRM. (2) University of Granada (Proyectos de investigacién precompetitivos para jévenes
investigadores del Plan Propio de Investigacion de la Universidad de Granada: Modalidad A-
Jévenes doctores, PPJIA2021-03): MCR. (3) Spanish Ministry of Education and Vocational Training
(FPU20/05674): RGG.

Institutional Review Board Statement: The study cohort was selected in the context of the clinical
trial NCT05261529 (ClinicalTrials.gov) and the study protocol approved by the Biomedical Research
Ethics Committee of Granada, Spain (2099-N-21), the 2 December 2021.

Informed Consent Statement: All participants provided informed consent prior to participation.

Data Availability Statement: Data supporting the findings obtained are available on appropriate
request from the corresponding author and are not available publicly for ethical reasons.

Acknowledgments: The authors gratefully acknowledge the staff of the Systemic Autoimmune
Diseases Unit at Hospital Universitario Clinico San Cecilio and Hospital Virgen de las Nieves in
Granada, Spain, for their referral work and support; DCOOP (S. Coop. And.) agri-food corporation
for offering the EVOO required for the intervention; and the participants for their involvement.

Conflicts of Interest: None declared. This work is part of R. Gil-Gutiérrez’s doctoral work at the
Clinical Medicine and Public Health doctoral studies programme at the University of Granada,
Granada, Spain.

https://doi.org/10.3390/jcm15052077


https://www.mdpi.com/article/10.3390/jcm15052077/s1
https://www.mdpi.com/article/10.3390/jcm15052077/s1
https://doi.org/10.3390/jcm15052077

J. Clin. Med. 2026, 15, 2077

14 of 16

Abbreviations

The following abbreviations are used in this manuscript:

ACR
BCL
BMI

CG
CD8+ T cells
DBP
DEA
DNA
EULAR
EVOO
GNU GPL
HDAC
HR
IFN-y
IRF8

1G

kg
LDL-c
log2FC
m

MD
miRNA
microRNA
MUFAs
NGS
NF-kB
NSAIDs
ns
PBMCs
Padj
pDCs
Punadj

QC

RA

RNA
SBP
SLC15A4
SLE
SLEDAI
SLEDAI-2K
SLICC
TLR7
UMIs

References

1.

American College of Rheumatology
Binary Base Call

Body Mass Index

Control Group

Cytotoxic T lymphocytes

Diastolic Blood Pressure

Differential Expression Analysis
Deoxyribonucleic acid

European Alliance of Associations for Rheumatology
Extra Virgin Olive Oil

General Public License

Histone deacetylases

Heart Rate

Interferon Gamma

Interferon regulatory factor 8
Intervention Group

Kilograms

Low-Density Lipoprotein Cholesterol
Log Fold Change

meters

Mediterranean Diet

Micro ribonucleic acid

Micro ribonucleic acid
Monounsaturated Fatty Acids
Next-Generation Sequencing

Nuclear factor kappa B
Non-steroidal anti-inflammatory drugs
Non-significant

Peripheral Blood Mononuclear Cells
Adjusted p-value

Plasmacytoid Dendritic Cells
Non-adjusted p-value

Quality Control

Rheumatoid Arthritis

Ribonucleic Acid

Systolic Blood Pressure

Solute carrier family 15 member 4 human gene
Systemic Lupus Erythematosus

Systemic Lupus Erythematosus Disease Activity Index
Systemic Lupus Erythematosus Disease Activity Index 2000

Systemic Lupus International Collaborating Clinics
Toll-like receptor 7
Unique Molecular Identifiers

Schwingshackl, L.; Morze, J.; Hoffmann, G. Mediterranean diet and health status: Active ingredients and pharmacological
mechanisms. Br. |. Pharmacol. 2020, 177, 1241-1257. [CrossRef]
Tosti, V.; Bertozzi, B.; Fontana, L. Health Benefits of the Mediterranean Diet: Metabolic and Molecular Mechanisms. J. Gerontol. A
Biol. Sci. Med. Sci. 2018, 73, 318-326. [CrossRef]

https://doi.org/10.3390/jcm15052077


https://doi.org/10.1111/bph.14778
https://doi.org/10.1093/gerona/glx227
https://doi.org/10.3390/jcm15052077

J. Clin. Med. 2026, 15, 2077 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Jiménez-Sanchez, A.; Martinez-Ortega, A.].; Remén-Ruiz, PJ.; Pifiar-Gutiérrez, A.; Pereira-Cunill, ].L.; Garcia-Luna, P.P. Therapeu-
tic Properties and Use of Extra Virgin Olive Oil in Clinical Nutrition: A Narrative Review and Literature Update. Nutrients 2022,
14, 1440. [CrossRef]

Xia, M.; Zhong, Y.; Peng, Y.; Qian, C. Olive oil consumption and risk of cardiovascular disease and all-cause mortality: A
me-ta-analysis of prospective cohort studies. Front. Nutr. 2022, 9, 1041203. [CrossRef]

Pocovi-Gerardino, G.; Correa-Rodriguez, M.; Callejas-Rubio, J.-L.; Rios-Fernandez, R.; Martin-Amada, M.; Cruz-Caparros, M.-G.;
Rueda-Medina, B.; Ortego-Centeno, N. Beneficial effect of Mediterranean diet on disease activity and cardiovascular risk in
systemic lupus erythematosus patients: A cross-sectional study. Rheumatology 2021, 60, 160-169. [CrossRef]

Gil-Gutiérrez, R.; Medina-Martinez, I.; Ballesteros-Rubio, C.; De La Hera-Ferndndez, F; Rios-Ferndndez, R.; Callejas-Rubio, J.;
Zamora-Pasadas, M.; Cantarero-Villanueva, I.; Correa-Rodriguez, M.; Ortego-Centeno, N; et al. Effects of an intervention with
EVOO and physical exercise in systemic lupus erythematosus patients: Efinutriles trial protocol. Contemp. Clin. Trials 2025, 148,
107747. [CrossRef]

Gil-Gutiérrez, R.; Medina-Martinez, I.; Quesada-Caballero, M.; de la Hera-Ferndndez, E]J.; Zamora-Pasadas, M.; Cantarero-
Villanueva, I.; Albendin-Garcia, L.; Parola, V.; Rueda-Medina, B.; Correa-Rodriguez, M. EFINUTRILES Study: Integrative Extra
Virgin Olive Oil and Multimodal Lifestyle Interventions for Cardiovascular Health and SLE Management. Nutrients 2025, 17,
1076. [CrossRef]

Aparicio-Soto, M.; Sanchez-Hidalgo, M.; Cardeno, A.; Rosillo, M.A; Sanchez-Fidalgo, S.; Utrilla, J.; Martin-Lacave, I.; Alarcén-De-
La-Lastra, C. Dietary extra virgin olive oil attenuates kidney injury in pristane-induced SLE model via activation of HO-1/Nrf-2
antioxidant pathway and suppression of JAK/STAT, NF-«kB and MAPK activation. J. Nutr. Biochem. 2016, 27, 278-288. [CrossRef]
Montoya, T.; Sdnchez-Hidalgo, M.; Castejon, M.L.; Vazquéz-Romén, M.V.; de Sotomayor, M.A.; Ortega-Vidal, ].; Gonzalez, M.L,;
Alarcén-De-La-Lastra, C. Oleocanthal supplemented diet improves renal damage and endothelial dysfunction in pristane-induced
systemic lupus erythematosus in mice. Food Res. Int. 2023, 163, 112140. [CrossRef]

Aparicio-Soto, M.; Sanchéz-Hidalgo, M.; Cardeno, A.; Lucena, ].M.; Gonzaléz-Escribano, F.; Castillo, M.].; Alarcén-De-La-Lastra,
C. The phenolic fraction of extra virgin olive oil modulates the activation and the inflammatory response of T cells from patients
with systemic lupus erythematosus and healthy donors. Mol. Nutr. Food Res. 2017, 61. [CrossRef] [PubMed]

Fabiani, R.; Vella, N.; Rosignoli, P. Epigenetic Modifications Induced by Olive Oil and Its Phenolic Compounds: A Systematic
Review. Molecules 2021, 26, 273. [CrossRef]

Marsetti, P.S.; Milagro, F.I; Zulet, M.A.; Martinez, J.A.; Lorente-Cebrién, S. Changes in miRNA expression with two weight-loss
dietary strategies in a population with metabolic syndrome. Nutrition 2021, 83, 111085. [CrossRef]

Wang, S.; Ren, J. Role of autophagy and regulatory mechanisms in alcoholic cardiomyopathy. Biochim. Biophys. Acta Mol. Basis
Dis. 2018, 1864, 2003-2009. [CrossRef]

Farivar, S.; Aghamaleki, ES. Effects of Major Epigenetic Factors on Systemic Lupus Erythematosus. Iran. Biomed. ]. 2018, 22,
294-302. [CrossRef]

Wu, X.-N.; Ye, Y.-X,; Niu, J.-W.; Li, Y.; Li, X;; You, X,; Chen, H.; Zhao, L.-D.; Zeng, X.-F.; Zhang, F.-C.; et al. Defective PTEN
regulation contributes to B cell hyperresponsiveness in systemic lupus erythematosus. Sci. Transl. Med. 2014, 6, 246ra99.
[CrossRef]

van den Hoogen, L.L.; Rossato, M.; Lopes, A.P.; Pandit, A.; Bekker, C.PJ.; Fritsch-Stork, R.D.E.; Roon, J.A.G.V.; Radstake,
T.R.D.J. microRNA downregulation in plasmacytoid dendritic cells in interferon-positive systemic lupus erythematosus and
antiphospholipid syndrome. Rheumatology 2018, 57, 1669-1674. [CrossRef]

Khoshmirsafa, M.; Kianmehr, N.; Falak, R.; Mowla, S.J.; Seif, F.; Mirzaei, B.; Valizadeh, M.; Shekarabi, M. Elevated expression of
miR-21 and miR-155 in peripheral blood mononuclear cells as potential biomarkers for lupus nephritis. Int. |. Rheum. Dis. 2019,
22,458-467. [CrossRef]

A El-Akhras, B.; Talaat, RM.; A El-Masry, S.; Bassyouni, L.H.; El-Sayed, I.H.; Ali, Y.B. Crosstalk between miR-146a and
pro-inflammatory cytokines in patients with systemic lupus erythematosus. Int. ]. Immunopathol. Pharmacol. 2023, 37,
03946320231154998. [CrossRef] [PubMed]

Choi, D.; Kim, J.; Yang, ] W.; Kim, J.H.; Park, S.; Shin, J.I. Dysregulated MicroRNAs in the Pathogenesis of Systemic Lupus
Erythematosus: A Comprehensive Review. Int. J. Biol. Sci. 2023, 19, 2495-2514. [CrossRef] [PubMed]

Shaikh, ES.; Siegel, R.].; Srivastava, A.; Fox, D.A.; Ahmed, S. Challenges and promise of targeting miRNA in rheumatic diseases:
A computational approach to identify miRNA association with cell types, cytokines, and disease mechanisms. Front. Immunol.
2024, 14, 1322806. [CrossRef]

A Martinez-Gonzélez, M.; Fernandez-Jarne, E.; Serrano-Martinez, M.; Wright, M.; Gomez-Gracia, E. Development of a short
dietary intake questionnaire for the quantitative estimation of adherence to a cardioprotective Mediterranean diet. Eur. J. Clin.
Nutr. 2004, 58, 1550-1552. [CrossRef] [PubMed]

Lakens, D. Calculating and reporting effect sizes to facilitate cumulative science: A practical primer for t-tests and ANOVAs.
Front. Psychol. 2013, 4, 863. [CrossRef] [PubMed]

https://doi.org/10.3390/jcm15052077


https://doi.org/10.3390/nu14071440
https://doi.org/10.3389/fnut.2022.1041203
https://doi.org/10.1093/rheumatology/keaa210
https://doi.org/10.1016/j.cct.2024.107747
https://doi.org/10.3390/nu17061076
https://doi.org/10.1016/j.jnutbio.2015.09.017
https://doi.org/10.1016/j.foodres.2022.112140
https://doi.org/10.1002/mnfr.201601080
https://www.ncbi.nlm.nih.gov/pubmed/28198144
https://doi.org/10.3390/molecules26020273
https://doi.org/10.1016/j.nut.2020.111085
https://doi.org/10.1016/j.bbadis.2018.03.016
https://doi.org/10.29252/ibj.22.5.294
https://doi.org/10.1126/scitranslmed.3009131
https://doi.org/10.1093/rheumatology/key159
https://doi.org/10.1111/1756-185X.13410
https://doi.org/10.1177/03946320231154998
https://www.ncbi.nlm.nih.gov/pubmed/36740569
https://doi.org/10.7150/ijbs.74315
https://www.ncbi.nlm.nih.gov/pubmed/37215992
https://doi.org/10.3389/fimmu.2023.1322806
https://doi.org/10.1038/sj.ejcn.1602004
https://www.ncbi.nlm.nih.gov/pubmed/15162136
https://doi.org/10.3389/fpsyg.2013.00863
https://www.ncbi.nlm.nih.gov/pubmed/24324449
https://doi.org/10.3390/jcm15052077

J. Clin. Med. 2026, 15, 2077 16 of 16

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Huang, W.; Zhang, C.; Xiong, S.; Zhou, X.; Wang, G.; Guo, J. miR-1307-5p suppresses proliferation and tumorigenesis of bladder
cancer via targeting MDM4 and the Hippo signaling pathway. Discov. Oncol. 2022, 13, 57. [CrossRef]

Du, X.; Wang, S.; Liu, X.; He, T.; Lin, X.; Wu, S.; Wang, D.; Li, J.; Huang, W.; Yang, H. MiR-1307-5p targeting TRAF3 upregulates
the MAPK/NEF-«B pathway and promotes lung adenocarcinoma proliferation. Cancer Cell Int. 2020, 20, 502. [CrossRef]

Cheng, J.; Wu, R.; Long, L.; Su, J.; Liu, J.; Wu, X.-D.; Zhu, ]J.; Zhou, B. miRNA-451a Targets IFN Regulatory Factor 8 for the
Progression of Systemic Lupus Erythematosus. Inflammation 2017, 40, 676-687. [CrossRef]

Shi, G.; Li, D.; Zhang, D.; Xu, Y,; Pan, Y; Lu, L.; Li, J.; Xia, X; Dou, H.; Hou, Y. IRF-8/miR-451a regulates M-MDSC differentiation
via the AMPK/mTOR signal pathway during lupus development. Cell Death Discov. 2021, 7, 179. [CrossRef]

Tan, L.; Zhao, M.; Wu, H.; Zhang, Y.; Tong, X.; Gao, L.; Zhou, L.; Lu, Q.; Zeng, ]J. Downregulated Serum Exosomal miR-451a
Expression Correlates With Renal Damage and Its Intercellular Communication Role in Systemic Lupus Erythematosus. Front.
Immunol. 2021, 12, 630112. [CrossRef]

Yan, L.; Jiang, L.; Wang, B.; Hu, Q.; Deng, S.; Huang, J.; Sun, X.; Zhang, Y.; Feng, L.; Chen, W. Novel microRNA biomarkers of
systemic lupus erythematosus in plasma: miR-124-3p and miR-377-3p. Clin. Biochem. 2022, 107, 55-61. [CrossRef]

Zhu, Y,; Liu, L,; Chu, L.; Lan, J.; Wei, J.; Li, W.; Xue, C. Microscopic polyangiitis plasma-derived exosomal miR-1287-5p induces
en-dothelial inflammatory injury and neutrophil adhesion by targeting CBL. Peer] 2023, 11, e14579. [CrossRef]

Du, R; Li, Y.; Wang, G.-G.; Lin, W. The clinical application potential of miR-1287-5p in spinal cord injury resulting from spinal
trauma and its involvement in modulating the inflammatory response. J. Orthop. Surg. Res. 2025, 20, 852. [CrossRef]

Ormseth, M.].; Solus, ].E,; Sheng, Q.; Ye, F.; Wu, Q.; Guo, Y.; Oeser, A.M.; Allen, R M.; Vickers, K.C.; Stein, C.M. Development and
Validation of a MicroRNA Panel to Differentiate Between Patients with Rheumatoid Arthritis or Systemic Lupus Erythematosus
and Controls. J. Rheumatol. 2020, 47, 188-196. [CrossRef]

Guo, S,; Jin, Y,; Zhou, J.; Zhu, Q.; Jiang, T.; Bian, Y.; Zhang, R.; Chang, C.; Xu, L.; Shen, J.; et al. MicroRNA Variants and
HLA-miRNA Interactions are Novel Rheumatoid Arthritis Susceptibility Factors. Front. Genet. 2021, 12, 747274. [CrossRef]

Lu, X.; Li, Y.; Chen, H,; Pan, Y.; Lin, R.; Chen, S. miR-335-5P contributes to human osteoarthritis by targeting HBP1. Exp. Ther.
Med. 2021, 21, 109. [CrossRef]

Okune, M.; Okiyama, N.; Fukuzono, M.; Sasaki, K.; Nomura, T. Development of systemic lupus erythematosus after dupilumab
treatment in a case of atopic dermatitis. J. Dermatol. 2022, 49, 556-559. [CrossRef]

Quiroz, E.N.; Quiroz, R.N.; Lugo, L.P.; Martinez, G.A.; Escorcia, L.G.; Torres, H.G.; Bonfanti, A.C.; Marmolejo, M.d.C.; Sanchez, E.;
Camacho, J.L.V,; et al. Integrated analysis of microRNA regulation and its interaction with mechanisms of epigenetic regulation
in the etiology of systemic lupus erythematosus. PLoS ONE 2019, 14, e0218116. [CrossRef]

Vils, S.R.; Troldborg, A.; Hvas, A.-M.; Thiel, S. Platelets and the Lectin Pathway of Complement Activation in Patients with
Systemic Lupus Erythematosus or Antiphospholipid Syndrome. TH Open 2023, 7, e155-e167. [CrossRef]

Liang, Y.; Xie, S.-B.; Wu, C.-H.; Hu, Y;; Zhang, Q.; Li, S.; Fan, Y.-G.; Leng, R.-X,; Pan, H.-F; Xiong, H.-B.; et al. Coagulation cascade
and complement system in systemic lupus erythe-matosus. Oncotarget 2017, 9, 14862-14881. [CrossRef]

Rodriguez-Torres, E.; Gonzélez-Pérez, M.M.; Diaz-Pérez, C. Barriers and facilitators to the participation of subjects in clinical
trials: An overview of reviews. Contemp. Clin. Trials Commun. 2021, 23, 100829. [CrossRef]

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.

https://doi.org/10.3390/jcm15052077


https://doi.org/10.1007/s12672-022-00512-2
https://doi.org/10.1186/s12935-020-01595-z
https://doi.org/10.1007/s10753-017-0514-8
https://doi.org/10.1038/s41420-021-00568-z
https://doi.org/10.3389/fimmu.2021.630112
https://doi.org/10.1016/j.clinbiochem.2022.05.004
https://doi.org/10.7717/peerj.14579
https://doi.org/10.1186/s13018-025-06240-x
https://doi.org/10.3899/jrheum.181029
https://doi.org/10.3389/fgene.2021.747274
https://doi.org/10.3892/etm.2020.9541
https://doi.org/10.1111/1346-8138.16322
https://doi.org/10.1371/journal.pone.0218116
https://doi.org/10.1055/a-2087-0314
https://doi.org/10.18632/oncotarget.23206
https://doi.org/10.1016/j.conctc.2021.100829
https://doi.org/10.3390/jcm15052077

	Introduction 
	Materials and Methods 
	Design 
	Study Population 
	Intervention 
	miRNA Sequencing 
	miRNA Differential Expression and Pathway Analysis 
	Preprocessing and Quantification of miRNA-Seq Data 
	Differential Expression Analysis 
	Pathway Analysis 

	Ethics 

	Results 
	Discussion 
	Conclusions 
	References

