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Abstract
Background Intermittent fasting (IF) has shown benefits in various pathological conditions. Although its anti-
inflammatory potential has been recognized, its effects on the mechanism underlying rheumatoid arthritis (RA) 
remain insufficiently characterized. This study aimed to investigate the effects of IF in a murine model of RA.

Methods Collagen-induced arthritis (CIA) was developed in sixteen male DBA/1 mice, randomly assigned to two 
groups, with one undergoing IF every other day for four weeks. The effects of IF on joint inflammation and remodeling 
were evaluated clinically, histologically, and through tomography. Transcriptomic changes were characterized using 
expression microarrays, validated by RT-qPCR, and confirmed by immunohistochemistry. Additionally, modifications in 
gut microbiota were assessed through 16 S sequencing.

Results Mice subjected to IF significantly reduced the incidence and severity of clinical arthritis. Histological and 
radiographic assessments confirmed a decrease in inflammation and joint damage. Transcriptomic analysis revealed 
that IF led to the upregulation of 364 genes and the downregulation of 543 genes, with notable reductions in 
inflammatory signaling pathways associated with RA-related genes, including Cd72, Cd79a, Ifna, Il33, and Bglap 2. 
Notably, IL33 emerged as a pivotal mediator in the inflammatory processes mitigated by fasting. Key regulators 
associated with IF effects, such as CEBPA, FOXO1, HIF1A, PPARG, and PPARA, were identified, indicating a complex 
interplay between metabolic and inflammatory pathways. Furthermore, differential expression of microRNAs 
and lncRNAs, including miR-15b, miR-103-2, miR-302a, miR-6985, and miR- 5624, was observed. Metagenomic 
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Background
Rheumatoid arthritis (RA) is an inflammatory autoim-
mune disease characterized by persistent and destructive 
synovitis and systemic extraarticular manifestations. This 
condition imposes a considerable burden on patients, 
impacting their well-being and functionality while 
increasing their vulnerability to severe comorbidities that 
can significantly shorten their life expectancy [1]. Cur-
rent RA treatments involve pharmacological targeting of 
known mediators of the inflammatory process. However, 
despite significant advances, these treatments are only 
transiently effective for some patients, and treatment 
refractoriness rates remain substantial [2].

Patients’ lifestyles play a significant role in the progres-
sion of RA progression and their response to treatment 
[3]. Dietary modifications, including fasting, have been 
widely reported to benefit metabolism and extend life 
expectancy [4]. Intermittent fasting (IF) is a dietary pat-
tern defined by alternating periods of voluntary food and 
drink abstinence with intervals of regular food intake. 
Among the most popular and well-studied IF approaches 
are alternate day fasting (ADF) and the 5:2 method, 
which involves two days of fasting or severe restriction 
(75–90% of energy needs) followed by five consecutive 
days ad libitum eating each week [5, 6].

The primary objective of IF is to induce metabolic 
changes that enhance health outcomes, including 
improved metabolic flexibility, better weight manage-
ment, and insulin sensitivity [7, 8]. The IF triggers a range 
of adaptive responses, including reductions in basal met-
abolic rates, lipolysis and ketogenesis stimulation, hor-
mone levels modulation, and decreases in oxidative stress 
and inflammation [9]. The therapeutic benefits of fasting 
therapy are closely linked to the duration and structure of 
the fasting periods. While IF can be effective in shorter 
cycles, longer fasting periods under medical supervision 
may yield more pronounced health benefits, particularly 
in metabolic and oncological contexts [10, 11].

The mechanisms by which IF exerts its effects include 
triggering adaptive autophagy and modifying the intesti-
nal microbiota [12, 13]. Autophagy is regulated by nutri-
ent-sensing signaling pathways, mainly the mammalian 
target of rapamycin (mTOR) and AMP-activated protein 
kinase (AMPK) pathways. Fasting activates AMPK and 

inhibits mTOR, leading to increased mTORC1 activity, 
which is responsible for insulin and insulin-like growth 
factor signaling and can suppress autophagy through var-
ious mechanisms [14].

On the other hand, numerous studies have shown that 
IF can modulate the gut microbiome, which influences 
host physiology, particularly concerning immunity and 
metabolism [15]. Fasting can rapidly alter the composi-
tion and function of the gut microbiome by modulating 
the abundance of specific microbial species and their 
individual or collective functions. These IF-induced 
changes have been shown to increase nutrient and energy 
utilization, increase the production of short-chain fatty 
acids (SCFAs), and consequently enhance gut mucosal 
immune and anti-inflammatory responses [6].

The anti-inflammatory properties of IF have been 
explored in patients with RA, suggesting its potential as 
a promising non-pharmacological approach to support 
disease management [16, 17]. IF significantly reduces 
RA symptoms and improves disease activity [4, 18, 19]. 
It has also been suggested that IF may attenuate the 
inflammatory state by suppressing the expression of pro-
inflammatory cytokines, reducing circulating levels of 
leukocytes [20], and possibly through the production of 
β-hydroxybutyrate [21]. Nevertheless, the precise mecha-
nisms by which IF exerts this anti-inflammatory effect in 
RA, including those involved in autophagy pathways and 
microbiota modulation, are still unknown.

While IF shows therapeutic potential, it also presents 
documented adverse effects, though studies on long-
term impacts remain limited. Commonly reported side 
effects include dizziness, weakness, and cardiovascular 
complications associated with hypoglycemia, especially 
in diabetic individuals [22, 23]. Research on fasting dur-
ing Ramadan indicates that IF may induce severe hypo-
glycemic episodes in diabetic patients, particularly those 
on antidiabetic medication [24–26]. Furthermore, inad-
equate protein intake during IF can result in muscle atro-
phy, and some evidence suggests that IF may disrupt the 
reproductive hormone balance in women [27]. These 
findings highlight the necessity of careful nutritional 
planning, warranting an adequate supply of nutrients, to 
mitigate the associated risks.

analysis indicated that IF enhanced the abundance and diversity of the gut microbiome, explicitly promoting anti-
inflammatory bacterial populations, notably within the genus Ruminococcaceae.

Conclusion Our findings suggest that IF exerts significant anti-inflammatory and immunoregulatory effects in the 
context of CIA. Given its non-risky nature, further investigation into the potential benefits of IF in patients with RA is 
warranted.

Clinical trial number Not applicable.

Keywords Arthritis, Collagen-induced arthritis, Fasting, Interleukin-33, Microarray, Pdk4
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Animal research provides valuable insights in describ-
ing the molecular aspects of IF under physiological and 
pathological conditions, including RA. Despite the dif-
ferences in physiology, feeding behavior, and environ-
mental factors that may influence results, there is a solid 
basis for comparing IF strategies in mice with those in 
humans. Animal models of IF have demonstrated sig-
nificant therapeutic effects on metabolic health, cogni-
tive function, inflammation, and gut microbiota. As in 
humans, in murine models, IF can be achieved with the 
most commonly used ADF strategy, with 4 to 16 weeks 
of intervention periods. This strategy has been shown to 
prevent weight gain, improve lipid profiles [28], enhance 
glycemic control [29], and promote an anti-inflammatory 
response [30, 31]. Concerning the use of RA animal mod-
els, the collagen-induced arthritis (CIA) model in DBA/1 
mice mimics several features of human disease, including 
inflammation and joint destruction, and is widely used to 
study pathogenesis and develop new therapeutic targets 
[32].

The present study aimed to describe the molecular 
mechanisms by which ADF exerts its anti-inflammatory 
effects in a murine model of RA by exploring the joint 
histopathological and transcriptomic changes and the 
modulation of the intestinal microbiome.

Methods
Animals and intermittent fasting intervention
A total of sixteen male DBA/1 mice, aged eight weeks 
(17–20 g), obtained from the animal facility at the Faculty 
of Medicine and Biomedical Sciences of the University 
Autonomous of Chihuahua, were included in the experi-
ments. CIA was induced as described below, and before 
starting the IF intervention, all animals were fed a stan-
dard chow diet and water provided ad libitum until day 
21, when the second collagen injection was administered. 
At that point, mice were randomly divided into two 
groups of eight; one group underwent every-other-day 
IF for four weeks (experimental group), while the other 
group did not (control group) (Fig. 1).

The sample size was calculated using the formula for 
comparing two groups based on quantitative data, with 
a type I error of 5%, statistic power of 80%, and standard 
deviation (SD) and effect size derived from previous 
research on the effect of IF in rodent models of inflam-
mation [33], with histological inflammation as the pri-
mary outcome.

Mice from both groups were housed in the same build-
ing under the same controlled light (12 h light/12 h dark) 
and temperature conditions (23 ± 2 °C). All mice received 
water ad libitum, while only the control group had food 
ad libitum. Researchers and a veterinarian monitored 
the mice throughout the experiment. We predetermined 
that the experiment would be halted if mice exhibited 

unexpected adverse effects or behavioral changes. No 
mice were removed from the study; all analyses included 
eight mice per group. Mice from both groups were euth-
anized by isoflurane overdose four weeks after the IF 
intervention in the experimental group, and their hind 
paws were adequately preserved for transcriptomic and 
histological analysis.

Collagen-induced arthritis in DBA/1 mice
CIA was induced, as described by Brand et al. [34]. 
Briefly, under isoflurane anesthesia (Sofloran®, Laborato-
rios Pisa, Mex), mice were intradermally injected at the 
base of the tail with a suspension containing 0.1  mg of 
type II bovine collagen (Sigma Chemicals, St. Louis, MO, 
USA) emulsified with complete Freund’s adjuvant (Sigma 
Chemicals, St. Louis, MO, USA). A second booster injec-
tion was administered on day 21 using Freund’s incom-
plete adjuvant (Sigma Chemicals, St. Louis, MO, USA) 
with the same amount of collagen (Fig. 1A).

Clinical evaluation of arthritis
The incidence and severity of arthritis were evaluated 
using a semiquantitative scale: no erythema or swell-
ing (score 0); erythema and mild swelling confined to 
the tarsals or ankle joint (score 1); erythema and mild 
swelling extending from the ankle to the tarsals (score 
2); erythema and moderate swelling extending from the 
ankle to metatarsal joints (score 3); and erythema with 
severe swelling encompassing the ankle, foot, and digits 
(score 4) [34]. The total score per mouse was calculated 
by summing the scores for all four limbs. The evaluations 
were conducted every other day for four weeks following 
the second collagen injection. Mice were also weighed 
weekly.

Histological evaluation
After four weeks of IF intervention, the mice were euth-
anized, and the fore and hind paws of each mouse were 
dissected (n = 8). One fore and one hind paw of each 
mouse were used for histological analysis. After remov-
ing the skin and hair, the paws were preserved in 10% 
formalin phosphate buffer for 48  h and decalcified with 
5% nitric acid for 24 h. The tissues were then dehydrated 
in graded ethanol, embedded in paraffin, sectioned, and 
stained with hematoxylin-eosin (H&E Merck, Darm-
stadt, Germany). The histological parameters, including 
inflammatory infiltrate, synovial hyperplasia, chondral 
erosion, bone destruction, enthesitis, and cartilage prolif-
eration, were evaluated semi-quantitatively on a scale of 
0 (absent) to 3 (severe) for each animal. The mean score 
for each group was then calculated. Three experienced, 
blinded operators performed the histological evaluations, 
which served as the primary outcome measures.
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Bone density analysis by computational tomography 
imaging
The formalin-fixed hind paws from the CIA-IF and the 
CIA-control groups were scanned using a computed 
tomography (CT) imaging system (Nikon XT H225, 
Tokyo, Japan) at 100 kV and 98 µA. Each scan consisted 
of 4,096 projections and 32 frames per projection. The 
images were processed with VSD Studio Max 3.4 soft-
ware, and porosity volume was quantified using the Easy-
Pore module.

Microarrays hybridization and analysis
Gene expression microarrays were used to compare the 
IF group (experimental group) with the control group to 
evaluate the effects of IF on the transcriptome. One hind 
paw from each mouse was used for this analysis (n = 8). 
After dissection, the skin, hair, nails, and muscle were 

removed from the paw, and the remaining joint struc-
tures (bones, joints, and tarsal ligaments) were imme-
diately frozen in liquid nitrogen and pulverized. Total 
RNA was extracted using the RNeasy® Tissue Mini Kit 
(QIAGEN, Germantown, MD, USA) according to the 
manufacturer´s instructions. RNA quality and integrity 
were assessed using a Qubit 4 fluorometer (Thermo-
Fisher Scientific, Waltham, MS, USA).

Transcript expression analysis of both groups was con-
ducted using Mouse Clariom D® microarrays (GeneChip, 
Affymetrix, USA). Whole-genome transcriptome hybrid-
ization was carried out following the manufacturer’s 
instructions. Briefly, complementary DNA (cDNA) was 
synthesized and biotin-labeled using the Affymetrix 
GeneChip WT Pico Kit. After purification, the arrays 
were processed using the Affymetrix GeneChip™ Hybrid-
ization, Wash, and Stain Kit. The arrays were incubated 

Fig. 1 Clinical and histological anti-inflammatory effects of intermittent fasting in the collagen-induced arthritis model. (A) Experimental design for the 
evaluation of anti-inflammatory effects of IF and the CIA. (B) Graph showing the monitoring of the incidence of clinical arthritis throughout the experi-
ment (n = 8 mice per group). (C) Graph showing the evaluation of the effect of IF on arthritis severity throughout the experiment (n = 8 mice per group). 
(D) Graph showing the monitoring of mouse weight throughout the experiment (n = 8 mice per group). (E) Representative images of clinical severity of 
CIA mice with and without IF. (F) Representative images of the effect of IF on arthritis structural damage through microtomography. (G) Representative 
images and evaluation of the influence of IF on arthritis histological outcomes using H&E staining (n = 8 mice per group). The arrows indicate the histo-
logical area of   the finding evaluated in each image. The student t-test was used to determine differences between groups *: p ≤ 0.05; **: p ≤ 0.01; ***: p 
≤ 0.001. CIA: Collagen-induced arthritis
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for 16 h at 45 °C with 60 rpm rotation in a GeneChip 645 
hybridization oven. Fluorescence was amplified by add-
ing biotinylated anti-streptavidin and streptavidin-phy-
coerythrin stain. The fluorescence signal was captured 
using an Affymetrix GeneChip Scanner 3000 7G plus at 
a resolution of 3 μm.

Subsequent analysis was conducted with Partek ® 
Genomic Suite (GS) ® v7.20.0831 software. Samples 
were normalized using the Robust Multiarray Average 
(RMA) method, which includes background correction, 
normalization, and expression value calculation. Dif-
ferential expression analysis was performed using one-
way ANOVA. Differentially expressed genes (DEGs) 
were selected based on an absolute log2 fold change 
(log2FC) > 1.5 or < -1.5. The Benjamini-Hochberg false 
discovery rate [35] was applied to adjust for multiple 
testing, and genes with an adjusted p-value < 0.05 were 
deemed significant. DEGs were visualized in the volcano 
plots and heat maps using the Transcriptome Analysis 
Console (TAC) Software (Thermo Scientific).

QIAGEN Ingenuity Pathway Analysis (IPA) was 
employed to assess the biological relevance of DEGs. IPA 
identified protein-protein interactions and their down-
stream regulatory effects, selecting the interactions with 
a minimum confidence score of > 0.5) and determining 
pathway activation or inhibition based on the z-score of 
each molecule.

The microarray datasets have been registered in the 
Gene Expression Omnibus (GEO) of the National Center 
for Biotechnology Information (NCBI) under accession 
number GSE242986.

Microarray validation by RT-qPCR
RNA quantification was performed using RT-qPCR to 
validate the following DEGs: Bone gamma-carboxyglu-
tamate protein (Bglap)2, interleukin (Il)1 receptor (r)2, 
Il33, the cluster of differentiation (Cd)36, and epiregu-
lin (Ereg). Primer sets are listed in Supplementary Table 
1 (T4 Oligo, Irapuato, GTO, MEX). The reference gene 
was the ribosomal protein L (Rpl)13 [36]. Total RNA 
(1  µg) was reverse transcribed into cDNA using the 
SensiFastTM cDNA Synthesis Kit (Meridian Bioscience, 
Cincinnati, OH, USA). qPCR was performed in dupli-
cates using the Maxima SYBR Green/ROX (Thermo-
Fisher Scientific, Waltham, MS, USA), with the primer 
concentrations and aliening temperatures listed in Sup-
plementary Table 1. The specificity of the primers was 
confirmed via melting curve analysis, and relative quan-
tification (RQ) was determined using the ΔΔCt method 
(RQ = 2−ΔΔCt).

Immunohistochemistry
Immunohistochemistry (IHC) was performed using 
specific antibodies against IL-33 (bs-2208R) (Bioss 

Antibodies MA, USA), osteocalcin (BGLAP) (sc-30045), 
hypoxia-inducible factor (HIF)-1α (sc-13515), and per-
oxisome proliferator-activated receptor (PPAR)-γ (sc-
7273) (Santa Cruz Biotechnology, CA, USA). Tissue 
sections were deparaffinized, antigen retrieval was per-
formed with trypsin (T1426-250  mg, SIGMA Life Sci-
ence, St. Louis, MO, USA), and then tissues were treated 
with Triton-X100 (Bio-Rad, Hercules, CA, USA). After 
blocking, the tissues were treated with hydrogen peroxide 
and incubated overnight with the primary antibody. The 
corresponding isotype’s biotin-streptavidin-conjugated 
secondary antibodies (Jackson ImmunoResearch Labora-
tories, Inc, PA, USA) and Pierce® streptavidin horserad-
ish peroxidase-conjugated (Jackson ImmunoResearch 
Laboratories, Inc, PA, USA) were used for detection, 
and Diaminobenzidine (DAB) served as the chromogen. 
Negative controls were established by replacing the pri-
mary antibody with PBS. Images were captured using a 
digital camera (AmScope MU1803, Irvine, CA, USA) and 
an optical microscope (AxioStar Plus, Carl Zeiss, Berlin, 
Germany), with at least 20 microscopic fields taken from 
each slide. The expression of IL-33, BGLAP, HIF-1α, and 
PPAR-γ was quantified with the ImageJ software and its 
IHC toolbox. The DAB stain was extracted from each 
image, and the maximum and mean gray values were 
obtained. Each image’s optical density (OD) was calcu-
lated using the formula log10(maximum gray value/mean 
gray value). The mean OD and SD were then calculated 
and plotted for each study group.

Metagenomic analysis of feces
Before euthanasia, fecal samples from both groups were 
collected in sterile microtubes using RNAlater™ (Qiagen, 
Hilden, Germany) as a preservative. Sample preparation 
and DNA sequencing were performed at the Microbial 
Genomics Laboratory (CIAD, Mexico) following stan-
dard Illumina amplicon protocols. The V3 region of the 
16  S rRNA gene was amplified using universal primers 
338 F and 533R. Sequencing was conducted on the Illu-
mina Miniseq platform under standard conditions (300 
cycles, 2 × 150 paired-end reads). Adapters sequences 
and low-quality bases were removed, and data were pro-
cessed with Quantitative Insights Into Microbial Ecology 
(QIIME2) software using the Microbiome Helper [37] 
and following the Divisive Amplicon Denoising Algo-
rithm (DADA2) pipeline. Sequences were clustered into 
operational taxonomic units (OTUs) with a 97% identity 
threshold. OTUs with low confidence (less than 0.1%) 
were excluded. Diversity indices were calculated using 
MicrobiomeAnalyst software [38], and data were filtered 
(IQR = 10%) and normalized using the Cumulative Sum 
Scale (CSS) [38].

Taxonomic abundances were represented at the genus 
level using bar plots to illustrate community composition 
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and structure. Differences between the control and IF-
treated groups were assessed by comparing Bray-Curtis 
distance dissimilarity distances and visualized through 
non-metric multidimensional scaling (NMDS). Signifi-
cant differences in beta diversity were determined via 
permutational multivariate analysis of variance (PER-
MANOVA) and analysis of similarities (ANOSIM), with 
significance set at P ≤ 0.05. Furthermore, T-test/Anova, 
zero-inflated Gaussian models, and EdgeR analyses were 
performed on the MicrobiomeAnalyst platform to iden-
tify taxa with differential abundance between the control 
and IF-treated groups, with a false discovery rate (FDR) 
in P ≤ 0.05 applied.

Statistical analysis
The statistical analysis was performed using SPSS statics 
v29 software (Science Inc., Chicago, IL, USA). Measures 
of central tendency and dispersion were calculated for 
each variable. The Kolmogorov-Smirnov test was used to 
assess data normality, and t-tests were employed to com-
pare the effect of IF on clinical, histological, and RNA 
quantitation data. Differences were considered statisti-
cally significant when P ≤ 0.05.

For bioinformatics analysis, Partek® GS ® 7.20.0831 soft-
ware was used, applying the Robust Multiarray Averaging 
(RMA) method for background correction and summa-
rization. This software uses a median polish algorithm, 
based on log2 transformation, to normalize data for 
intergroup comparison. Corrected data were analyzed 
through one-way ANOVA for genes that met the defined 
fold-change and P-value thresholds. The IPA platform 
was used to compute the z-score of each gene’s P- value 
and log2FC, and its correlation with specific pathways 
was determined.

Results
Intermittent fasting decreases the incidence and severity 
of collagen-induced arthritis
The IF effect was clinically and histologically evaluated in 
DBA/1 mice with CIA. After the second collagen injec-
tion on day 21, the mice were randomly divided into two 
groups; one received IF treatment for four weeks. The 
incidence of arthritis was monitored over the four-week 
fasting period (Fig.  1C). Starting on day four after the 
second collagen injection, 37.5% of mice in the CIA-con-
trol group developed arthritis, whereas none of the mice 
in the IF did. The incidence of arthritis remained lower 
in the CIA-IF group throughout the experiment until 
day 28, when all mice in the IF group developed clinical 
arthritis.

In contrast, the group without IF reached 100% inci-
dence by day 15 of the intervention (Fig. 1C). The CIA-
IF group showed lower arthritis severity scores from 
day four after the second collagen injection (Fig. 1C and 

E) and a lesser incidence of arthritis. The weight of the 
mice was monitored throughout the fasting intervention 
(Fig. 1D). Starting on day 22, the mice subjected to fast-
ing exhibited significant weight loss.

After four weeks of IF, the mice were euthanized, and 
their fore and hind paws were histologically evaluated 
through H&E staining. Mice subjected to IF showed sig-
nificantly reduced scores for inflammatory infiltrates, 
synovial hyperplasia, and enthesitis. Additionally, tissue 
remodeling parameters, such as cartilage erosion and 
bone destruction, were also diminished in the IF group 
(Fig. 1G). Bone density analysis Through CT imaging fur-
ther confirmed a decrease in porosity in the hind paws of 
IF-treated mice (Fig. 1F).

Intermittent fasting down-regulates the inflammatory 
transcriptomic profile in CIA-mice’s joints
The gene expression profiles of both groups were ana-
lyzed to understand the biological functions affected by 
IF. The microarray analysis identified 364 upregulated 
and 543 downregulated genes (log2FC > 1.5 or <–1.5, 
adjusted p < 0.05) (Fig. 2A), which were validated by RT-
qPCR using five DEGs (Fig.  2C). Among the most sig-
nificantly upregulated genes were Ereg (log2FC: 5.57) and 
pyruvate dehydrogenase kinase (Pdk)4 (log2FC: 4.87), 
while non-coding RNA (log2FC: -5.16 to -4.16) and nine 
genes of Major Urinary Proteins (MUP) family (log2FC: 
-4.08 to -3.68) were highly downregulated. Figure  2B 
presents a heat map displaying the 50 most significant 
DEGs based on the p-value.

The IPA regulator effects algorithm identified the key 
upstream regulators associated with de DEGs (Fig.  2D), 
including CCAAT enhancer binding protein beta 
(Cebpb), forkhead box protein (Foxo)1, Hif1a, Pparg, and 
Ppara. IPA also facilitated functional annotation cluster-
ing, classifying DEGs according to their molecular and 
cellular functions, as detailed in Table  1. Pathways with 
positive z-scores included Retinol biosynthesis, Macro-
phage alternative activation, and Nicotine degradation II. 
Conversely, pathways associated with the inflammatory 
processes, such as Systemic Lupus Erythematous (SLE) in 
the B cell and the Osteoarthritis (OA) pathway, displayed 
negative z-scores, indicating potential inhibition (Fig. 3). 
Notably, 17 downregulated genes were linked to the 
Altered T cell and B cell signaling in RA, encompassing 
IL33, BGLAP (osteocalcin), CD79a, multiple immuno-
globulin chains, and T cell receptors.

The predicted consequences of IF on the OA, RA, and 
SLE pathways are detailed in Supplementary 2. In the 
OA pathway (Supplementary 2  A), IF inhibited signal 
molecules, receptors, and transcription factors linked to 
inflammation and cartilage degradation. In altered T and 
B cell signaling in RA (Supplementary 2B), IF reduced the 
expression of BCR, TCR, and IL1, suggesting inhibition of 
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Table 1 Effect of intermittent fasting on transcriptome dysregulation in the collagen-induced arthritis model
Effect Pathway Genes (Log2FC)
Positive 
z-score

Retinol Biosynthesis Ces4a (1.850), Lpl (1.520), Pnpla2 (1.900), Rdh11 (1.550)
Macrophage Alternative Acti-
vation Signaling Pathway

Cd36 (1.530), Il33 (-1.620), Il1r2 (2.070), Irs2 (1.690), Lpl (1.520), Retnla (-1.920), Tsc22d3 (2.230)

Nicotine Degradation II Adh7 (2.110), Cyp2b10 (1.830), Fmo2 (2.920) Inmt (1.790)
Negative 
z-score

Systemic Lupus Erythema-
tosus In B Cell Signaling 
Pathway

Cd72 (-1.510), Cd79a (-1.840), Ifna13 (-1.550), Ighv5-4 (-2.100), Ighv5-6 (-1.760), Ighv5-15 (-2.100), Ighv8-9 
(-1.970), Ighv8-13 (-1.840), Igkv12-89 (-1.900), Igkv13-84 (-1.770), Igkv6-23 (-1.590), Igkv7-33 (-1.840), 
Igkv8-16 (-1.500), Igkv9-123 (-1.620), Il33 (-1.620), Rasd1 (1.510)

Osteoarthritis Pathway Bglap2 (-1.850), Casq1 (-1.710), Ddit4 (3.150), Il1r2 (2.070), Itgb6 (-1.700), Sdc4 (1.720)
No activity 
available 
pattern

Altered T Cell and B Cell 
Signaling in Rheumatoid 
Arthritis

Cd79a (-1.840), Ighv5-4 (-2.100), Ighv5-6 (-1.760), Ighv5-15 (-2.100), Ighv8-9 (-1.970), Ighv8-13 (-1.840), 
Igkv12-89 (-1.900), Igkv13-84 (-17-127 (-1.770), Igkv6-23 (-1.590), Igkv7-33 (-1.840), Igkv8-16 (-1.500), 
Igkv9-123 (-1.620), IL33 (-1.620), Traj29 (-1.600), Trav11d (-1.500), Trav7d-2 (-1.500)

Phospholipase C Signaling Cd79a (-1.840), Ighv5-4 (-2.100), Ighv5-15 (-2.100), Ighv8-9 (-1.970), Ighv8-13 (-1.840), Igkv12-89 (-1.900), 
Igkv13-84 (-17-127 (-1.770), Igkv6-23 (-1.590), Igkv7-33 (-1.840), Igkv8-16 (-1.500), Igkv9-123 (-1.620), Itgb6 
(-1.700), Plcd4 (-1.580), Rasd1 (1.510), Rhou (1.750), Traj29 (-1.600), Trav11d (-1.500), Trav7d-2 (-1.500)

Fig. 2 Dysregulation of transcriptome by intermittent fasting in the collagen-induced arthritis model. (A) Volcano plot showing the down- and upregu-
lated gene; the blue zone encloses the genes included in the further analysis (p ≤ 0.01 and log2FC <-1.5 or > 1.5). (B) Heat map displaying the 50 most 
significant DEGs based on the p-value. (C) Validation of DNA microarray by relative quantification by RT-qPCR with the ΔΔCT method (n = 8 mice per 
group); the student t-test was used to determine differences between groups *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001. (D) Differentially expressed genes were 
analyzed using the QIAGEN Ingenuity Pathway Analysis (IPA) to assess their biological significance. The analysis and integration of direct protein-protein 
interactions centered on the functional association and its downstream regulation were obtained, selecting the interactions with minimal confidence 
(interaction score > 0.5) and considering the pathway’s activation or inhibition by the z-score of each molecule. CIA: Collagen-induced arthritis; Bglap2: 
Bone gamma-carboxyglutamate protein 2; CD36: cluster of differentiation 36; Ereg: Epiregulin; Il1r2: Interleukin 1 receptor 2; Il33: Interleukin 33
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osteoclast activation and apoptosis. In the SLE pathway 
(Supplementary 2  C), predictions indicated that signal-
ing in plasmacytoid dendritic cells and B cells decreased 
the expression of CCND1, CCND2, CCND3, MYC, BCL2, 
MCL, and ISG, leading to reduced germinal center for-
mation, B cell proliferation, and severe SLE.

DEGs were also associated with cellular functions and 
diseases, represented in heat maps (Supplementary 3). 
Molecular transport, small molecule biochemistry, lipid 
metabolism, carbohydrate metabolism, and cell develop-
ment were enhanced by IF (orange boxes). Conversely, 
cell signaling, protein synthesis, inflammatory response, 
and various metabolic and endocrine disorders were 

reduced (pink box) (Supplementary 3 A). Further explo-
ration of the inflammatory response (Supplementary 3B) 
revealed that IF decreased inflammation and immune 
response, predicting a suppression of the experimentally 
induced arthritis (pink box in Supplementary 3B).

Intermittent fasting also modified the expression of 
66 genes classified as miRNA precursors or non-coding 
RNAs, including miRNAs (5 upregulated, 8 downregu-
lated) and lncRNAs (4 upregulated, 5 downregulated) 
(Table  2). Some miRNAs, such as miR-15b, miR-103-2, 
miR-302a, miR-6985, and miR-5624, have been previ-
ously linked to joint inflammation [39–44].

Table 2 Epigenetic effect of intermittent fasting in the collagen-induced arthritis model
Non-coding RNA Gene symbol (Log2FC)
MicroRNA Mir15b (2.01), Mir103-2 (1.65), Mir1938 (1.61), Mir7093 (1.55), Mir8106 (1.51), Mir669a-2 (-1.51), Mir883a (-1.55), Mir6336 

(-1.59), Mir302a (-1.59), Mir7226 (-1.59), Mir367 (-1.60), Mir1198 (-1.60), Mir6985 (-1.62), Mir759 (-1.74), Mir3963 (-1.78), 
Mir5624 (-1.84), Mir7055 (-1.87), Mir3964 (-1.96)

lncRNA 2310081O03Rik; RP23-301G2.2 (3.72), Gm19610 (2.05), E230001N04Rik (1.99), Gm17024; RP23-111F7.2 (1.90), Gm16556; 
RP24-483K3.7 (1.81), LOC100861882 (1.75), LOC100861999 (1.75), LOC100861833 (1.73), Chd3os (1.70), Gm5429 (1.69), 
LOC100861902 (1.67), 5031426D15Rik (1.66), Gm27177; RP23-103I12.3 (1.58), Gm13748; RP23-45M23.1 (1.58), Gm20022 
(1.54), Gm9919 (1.53), Gm26583 (1.52), LOC100862160 (-1.51), 2810471M01Rik (-1.51), 4930588J15Rik (-1.52), Gm13659; 
RP23-180A8.1 (-1.52), Gm19583 (-1.52), Gm12082; RP23-298H6.1 (-1.55), Gm12478; RP23-390I8.1 (-1.55), Gm26527 
(-1.56), Gm27042 (-1.57), LOC100862216 (-1.57), Gm10846 (-1.58), 4930430J02Rik (-1.58), LOC100862098 (-1.60), 
Gm20456; RP23-242C19.6 (-1.62), Gm19763 (-1.62), Gm15809; RP23-127A20.4 (-1.64), Gm17056; RP24-234D9.2 (-1.65), 
LOC100862393 (-1.68), Gm26573 (-1.71), Gm26735 (-1.71), Rgs21 (-1.22), 9430019J16Rik (-1.77), LOC100862387 (-2.36)

Fig. 3 Diseases and bio-functions related to DEGs by intermittent fasting in the collagen-induced arthritis model. DEGs were classified according to 
their molecular and cellular function. Genes that met the p-values < 0.01 threshold were associated with biological functions or diseases in the Ingenuity 
Pathway knowledge. Fischer’s exact test was used to calculate the p-value to determine the probability that each biological function/disease assigned to 
the data set is not due to chance alone
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Finally, IHC confirmed significantly lower IL-33 
expression in IF-treated mice than those fed ad libitum 
(Fig.  4A), with IL-33 predominantly found in synovial 
membrane structures and expressed in the nucleus and 
cytosol. In contrast, BGLAP (Fig.  4B) showed a reduc-
tion in microarray and RT-qPCR analyses, but IHC did 
not reveal significant differences, suggesting post-tran-
scriptional regulation. The predicted central mediators of 
IF’s anti-inflammatory effects in CIA, HIF-1α (Fig.  4C), 
decreased in IF-treated mice, while PPAR-γ (Fig. 4D) was 

upregulated. HIF-1α was mainly expressed in synovial 
membranes and chondrocytes, whereas PPAR showed 
cytoplasmic expression in the synovial membrane and 
bone marrow, where adipose tissue is most abundant.

Modulation of the gut microbiome by intermittent fasting 
as a possible anti-inflammatory mechanism
Intermittent fasting altered the gut microbiota in mice, as 
depicted in Fig. 5, which shows the bioinformatic analysis 
of metagenomic sequencing data. The gut microbiome of 

Fig. 4 Effect of Intermittent Fasting on the expression of IL-33, BGLAP, HIF-1α, and PPAR-γ in the hind paws’ joints of collagen-induces arthritis mice. Rep-
resentative images of the expression of IL-33 (A), BGLAP (B), HIF-1α (C), and PPAR-γ (D) in tarsal joints of DBA/1 mice non-treated (left) and treated with IF 
(right). The images were acquired with 10X and 40X amplification. Optical Density (OD) mean and standard error (SE) are shown in graphics (A’, B,’ C,’ and 
D’). The student’s t-test was used to determine statistically significant differences. *: p≤0.05, ** p≤0.01. n = 8 mice per group
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IF-treated mice was more abundant and diverse than the 
control group (Fig. 5A). The Chao1 index revealed signif-
icantly higher alpha diversity in the IF group (p = 0.008) 
(Fig.  5B), while Fig.  5C illustrates the difference in beta 
diversity between the study groups.

The heat map (Fig. 5D) highlights the differential abun-
dance of various bacterial species between the groups. 
Univariate analysis indicated that the orders Oscillospi-
rales (p = 0.0004, FDR = 0.003), Peptococcales (p = 0.0006, 
FDR = 0.003), Lachnospirales (p = 0.0044, FDR = 0.013), 
Deferribacterales (p = 0.0055, FDR = 0.013), Bacteroida-
les (p = 0.0065, FDR = 0.013), and Peptostreptococcales 
Tissierallales (p = 0.0066, FDR = 0.013) were significantly 
more abundant in IF-treated mice. At the genus level, 
L5f Ruminococcaceae was more prevalent in the IF group 
(Fig. 5E).

Discussion
IF has demonstrated beneficial effects in reducing RA 
symptoms [20, 21]; however, the cellular mechanisms 
underlying this clinical improvement remain unclear. 
This study reveals the anti-inflammatory effects of IF in 

a murine model of RA at the transcriptomic, histological, 
clinical, and tomographic levels through the deregula-
tion of coding and non-coding genes. This deregulation 
results in reduced inflammation and greater preservation 
of joint structure. Additionally, metagenomic sequenc-
ing suggests that IF alters the abundance and diversity 
of gut microbiota, increasing bacteria associated with 
anti-inflammatory effects, which may be linked to the 
observed joint-level outcomes.

The molecular mechanisms underlying the anti-inflam-
matory effects of IF have been previously demonstrated 
in animal models of non-articular inflammation [45, 46]; 
however, to our knowledge, this is the first study to show 
the transcriptomic and metagenomic anti-inflammatory 
effects of IF in an RA model. Our results indicate that the 
integration of DEGs within the OA, SLE, and RA path-
ways predicts a reduction in the inflammatory process 
and joint damage, as confirmed by our clinical, histologi-
cal, and radiographic analyses. OA and RA share com-
mon osteochondral destruction driven by inflammation, 
where close interaction exists between osseous tissues 
and immune cells through inflammatory cytokines [47]. 

Fig. 5 Modification of the gut microbiome induced by intermittent fasting in the collagen-induced arthritis model. (A) Composition and structure of the 
microbial community of feces from control and IF mice. (B) Alpha diversity index (Chao-1); (C) Beta diversity at the OTU level is spatially represented by 
a non-multidimensional scaling analysis (NMDS) using Bray Curtis dissimilarity distances. (D) Heat map of the abundance of bacterial species in the two 
study groups. (E) Graphs from the univariate analysis of those classes, orders, and genera different in the group treated with IF (p < 0.01 and FDR < 0.05)
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In our study, genes involved in the OA signaling pathway, 
which overlap with the pathogenesis of CIA and RA, were 
modulated by IF, including Bglap [48] and Syndecan-4 
(Sdc4) [49]. Additionally, RA and SLE share intercon-
nected etiologies and pathogenesis, with gene signatures 
involved in innate and adaptive immune responses, bone 
development, and growth [50].

Our bioinformatic analysis predicted that genes such 
as CEBPA, FOXO1, HIF1A, PPARG, and PPARA are key 
regulators in the effects of IF on CIA. Moreover, our IHC 
analysis confirmed the downregulation of HIF-1α and the 
upregulation of PPAR-γ proteins in the tarsal joints of 
IF-treated mice. Current evidence links these regulators 
to RA pathogenesis, and numerous experimental treat-
ments exert anti-inflammatory effects through them [51–
54], suggesting that the molecular mechanisms triggered 
by IF may overlap with those of current targets.

The genes most strongly deregulated by IF included 
Ereg (log2FC: 5.57), Pdk4 (log2FC: 4.87), and MUPs 
(log2FC: -4.08 to -3.68). Ereg has been associated with 
inflammation and fibrosis and is upregulated in inflam-
matory diseases such as RA, where fibroblast-like synovi-
ocytes produce it. Although it may seem paradoxical that 
IF, which exerts anti-inflammatory effects, upregulated 
this proinflammatory mediator, it is known that IF stimu-
lates glucagon secretion. While the fasting-glucagon-epi-
regulin relationship has not been thoroughly described, 
glucagon-like peptide-2 upregulates Ereg [55, 56], leading 
us to hypothesize that the induction of Ereg by IF remains 
within physiological margins.

The upregulated gene PDK4 encodes an enzyme critical 
for inhibiting the pyruvate dehydrogenase (PDH) com-
plex. This inhibition halts the conversion of pyruvate into 
acetyl-CoA, reducing glycolytic flux and promoting fatty 
acid oxidation over glucose oxidation. Fasting conditions 
have been shown to upregulate PDK4 [57, 58], a shift 
supported by our bioinformatics analysis, which suggests 
a metabolic transition from glycogenolysis to lipolysis 
and gluconeogenesis. PDK4 is potentially influenced by 
PPARγ and circulating free fatty acids [59] and may also 
enhance PPARγ expression [60], though its primary func-
tion is to downregulate the PDH complex. This meta-
bolic shift is particularly evident in the synovial tissue 
of RA patients and corresponding animal models, where 
anaerobic glycolysis becomes more dominant [61, 62]. 
Inhibiting this pathway via 3-bromopyruvate has reduced 
inflammation in arthritis models [63, 64]. The relation-
ship between PDK4 expression and RA disease activity 
also depends on the metabolic environment, showing 
either a positive [65] or negative [66] correlation. In our 
study, the observed upregulation of Pdk4 in response to 
IF suggests a normal physiological adaptation to optimize 
energy use in conditions of limited nutrients.

The most downregulated genes in our study included 
MUPs, lipocalins involved in pheromonal communica-
tion, whose production represents a significant metabolic 
investment for Mus musculus. In addition to their role 
in chemical communication, MUPs appear to perform 
metabolic functions, increasing energy expenditure, core 
body temperature, glucose tolerance, and insulin sensi-
tivity in mice [67]. It has been demonstrated that dietary 
intake can influence MUP expression and modulate their 
secretion [68], which aligns with our findings.

Il33, Bglap, Cd79, and over ten genes from various 
immunoglobulin chains stand out among the downreg-
ulated genes involved in inflammatory pathways. IHC 
confirmed the reduction of IL-33 in the hind paw joints 
of IF-treated mice. Notably, IL-33, a novel member of 
the IL-1 family, plays a critical role in RA by regulating 
signaling in macrophages, mast cells, granulocytes, and 
other immune cells. This marker correlates with rheu-
matoid factor, anti-cyclic citrullinated peptide antibod-
ies, anti-mutant citrullinated vimentin, and IL-18 and has 
been proposed as a potential therapeutic target for RA 
[69]. Furthermore, IL-33 is influenced by IF in the context 
of diabetes and obesity [70]. These findings suggest that 
IF may exert its anti-inflammatory effect in our model 
by downregulating IL-33, although further research is 
required to confirm this hypothesis.

The heat maps of diseases and biofunctions showed the 
anti-inflammatory effect of IF in CIA, where increased 
expression of genes related to lipid and carbohydrate 
metabolism, molecular transport, and small molecule 
biochemistry was observed. Consistent with this, the 
heat map also showed a reduction in metabolic diseases, 
cancer, and dysfunctions in endocrine, gastrointestinal, 
and reproductive systems due to IF. These results align 
with recent evidence suggesting that IF is a promising 
dietary intervention for autoimmune [17], chronic [71], 
gastrointestinal [72], and cardiovascular diseases [73], as 
well as for type 1 and type 2 diabetes [74], aging [75], and 
cancer [76].

Our transcriptome analysis revealed that non-coding 
RNAs were among the most differentially expressed, indi-
cating a significant influence of transcriptional regulators 
in mediating the anti-inflammatory effect of IF. Sev-
eral miRNAs altered by IF have previously been shown 
to regulate inflammatory processes and joint metabo-
lism, particularly in the pathogenesis of OA, including 
miR-15b [39, 40], mirR-103 [41, 42], miR-302a [43], and 
miR5624 [44]. In addition to miRNAs, our study identi-
fied the deregulation of other non-coding RNAs, such as 
lncRNAs, implicated in genetic modulation due to IF.

One mechanism by which IF exerts its effects is modi-
fying the gut microbiome [13, 15, 77]. In RA, dysbiosis 
of the gut microbiota and its metabolites is closely linked 
to disease progression via the inflammatory gut-joint axis 
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[78]. While the exact mechanisms are not fully under-
stood, it is known that immunomodulatory cells in the 
proximal intestine act as intermediaries, allowing the 
microbiota to influence the onset and progression of 
RA. The gut microbiota composition differs significantly 
from healthy controls in early disease stages. The micro-
biota produces several compounds, such as enzymes, 
SCFAs, and metabolites, that maintain gut homeostasis; 
an imbalance in their production leads to inflammation. 
Proinflammatory compounds produced by bacteria in 
dysbiosis can leak into the bloodstream through a com-
promised intestinal barrier, contributing to systemic 
inflammation that eventually affects the joints [79, 80]. 
Restoring a healthy microbiome is currently considered a 
potential therapeutic strategy for RA [81, 82].

Given the strong connection between gut microbiome 
dysbiosis and RA and the role of IF in correcting this dysbio-
sis, our metagenomic sequencing allowed us to investigate 
how microbiome modification contributes to the observed 
anti-inflammatory effects in joints. Our results indicate 
that IF increases bacteria abundance and diversity, which 
becomes relevant considering that gut microbiota abun-
dance and diversity decrease in RA, contributing to the dis-
ease’s inflammatory processes [83]. Furthermore, in DBA/1 
mice with CIA, bacterial abundance and diversity are signif-
icantly reduced, with a notable decrease in the prevalence of 
Bacteroides compared to naïve DBA/1 mice [84]. Our find-
ings indicate that IF enhances the abundance of the order 
Bacteroidales, recognized for their ability to ferment dietary 
fiber, produce SCFA, especially acetate and propionate [85], 
and exert an anti-inflammatory effect.

Similarly, our results indicate a significant increase in the 
abundance of the Clostridia class, specifically within the 
Oscillospirales order and Ruminococcaceae family. These 
groups are well-known for their capacity to produce butyr-
ate, an SCFA crucial in reducing inflammation and modu-
lating immune responses [86]. Restoring gut microbiota 
through enhancing Ruminococcaceae has been proposed 
as a therapeutic strategy for inflammatory diseases, as it can 
increase SCFA production and mitigate systemic inflamma-
tion [87]. Our findings are further consistent with previous 
studies demonstrating the ability of intermittent fasting to 
increase SCFA-producing bacteria, including Bacteroidales 
and Ruminococcaceae [88, 89]. Taking our results together, 
we can suggest that microbiome modulation is one of the 
mechanisms by which IF exerted its anti-inflammatory 
effect in our arthritis model.

The overall findings from our analyses suggest that 
IF has anti-inflammatory potential and could serve as a 
strategy to enhance therapeutic responses in patients 
with RA. However, we acknowledge some limitations of 
our study. As a preclinical investigation, this research is 
the first to detail several molecular mechanisms modi-
fied by IF in arthritis; nonetheless, these findings require 

confirmation in patients with the disease. Additionally, 
the transcriptomic profile does not encompass all cel-
lular events. While the reduction in inflammation was 
clinically and histologically validated, significant molec-
ular aspects, including epigenetic regulatory processes, 
were not addressed. Thus, further evaluations through 
epigenomics, proteomics, and functional assays are still 
necessary.

Conclusions
Since IF does not significantly influence the effects of phar-
macological interventions, it could be considered an adjunc-
tive alternative to improve response to current treatment. IF 
positively impacts various inflammatory conditions and is 
safe for most patients. Our study indicates a potential ben-
efit attributed to the intervention of IF on key pathogenic 
processes in CIA, warranting further exploration in human 
patients with RA.
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