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ABSTRACT

Obesity is a chronic, recurring and multifactorial disease characterized by systemic
inflammation, visceral adipose tissue dysfunction and gut microbiota dysbiosis.
While Omega-3 fatty acids have shown beneficial effects in this context, the
potential of other dietary modulators remains underexplored.

Our aim was to investigate the effects of dietary supplementation with choline and
betaine on weight gain, gut microbiota composition and visceral immunometabolic
profiles in a mouse model of diet-induced obesity.

Mice fed with choline and betaine supplemented diets, exhibited significantly
reduced weight gain compared to obesity fat diet, at weeks 4, 12 and 24 after
differential feeding was started. Beta-diversity analyses revealed sustained divergence
in microbial communities between diet groups. Fat diet supplemented with choline
and betaine feeding generated enrichment of SCFA-producing taxa such as
Parabacteroides, Oscillospira, Flavonifractor, Harryflintia and Christensenellaceae
R7 group while Fat diet feeding promoted the expansion of pro-inflammatory
genera such as Helicobacter and Negativibacillus. In parallel, in the choline and
betaine supplementation group immune data point toward an anti-inflammatory
visceral adipose tissue phenotype, with IL-10-skewed T regulatory cell signatures
producing high levels of IL-10.

Choline and betaine supplementation modulates the gut-adipose-immune axis
by reshaping gut microbial community and enhancing host immunometabolic
homeostasis. These findings support the potential of methyl-donor nutrients as
dietary strategy to mitigate obesity-related inflammation and metabolic dysfunction.

Multiblock analysis with DIABLO identified a coordinated microbial-immune—
metabolic signature that distinguished diet groups, linking Fat diet supplemented
with choline and betaine-enriched taxa with IL-10-producing Tregs and adiponectin
levels. These findings highlight the systemic impact of choline and betaine
supplementation.

Keywards: Obesity, choline, betaine, gut microbiota, visceral adipose tissue,
methyl donors, short-chain fatty acids, regulatory T cells, diet-induced obesity,
immunometabolism

© 2025 European Society of Medicine 1



Gut microbiota and immunometabolic response to Choline and Betaine

1. Introduction

Obesity is a chronic, recurring and multifactorial
disease associated with systemic low-grade
inflammation, metabolic dysfunction and an increased
risk of non-communicable diseases’. A growing
body of evidence implicates visceral adipose tissue
(VAT) dysfunction and gut microbiota (GM)
dysbiosis as critical contributors to obesity-related
complications?*3. VAT in obesity is marked by
adipocyte hypertrophy, increased infiltration of pro-
inflammatory immune cells such as M1 macrophages
and reduced numbers of regulatory T cells (Tregs),
resulting in a pro-inflammatory microenvironment
that exacerbates metabolic disturbance®?®.

Diet is a central modulator of both GM composition
and host immunometabolic responses® 2. In previous
studies, we demonstrated that a sustained dietary
supplementation with Omega-3 fatty acids modulates
GM composition, favors anti-inflammatory immune
profiles in VAT and improves metabolic markers in
mice fed a medium-fat-content diet in a dose
dependent manner!**, However, the search for
additional dietary components capable of exerting
beneficial metabolic and immunological effects
remains a priority in obesity research.

Choline and betaine are methyl-donor nutrients
involved in one-carbon metabolism, epigenetic
regulation and lipid homeostasis'®*’. Both compounds
have been shown to influence inflammation, lipid
metabolism and intestinal barrier function. Moreover,
their metabolism by the GM generates bioactive
compounds that may modulate host physiology and
immunity*®*°. Despite their recognized physiological
roles, the potential of choline and betaine as
modulators of the gut-VAT-immune axis in the
context of diet induced obesity (DIO) remains
underexplored.

In the present study, we used our established
medium-fat-content mouse model of obesity
maintaining a constant low dosage of Omega-3
content'®, to isolate the effects of choline and
betaine supplementation. We aimed to assess the

impact of these compounds on the GM composition
and their influence on VAT immune cell populations,
with a particular focus on Tregs. Additionally, we
evaluated changes in metabolic biomarkers to gain
insight on the potential systemic effects of these
dietary interventions.

By integrating microbiota profiling, immune
phenotyping in VAT and metabolic biomarkers,
this exploratory study seeks to elucidate the role of
choline and betaine in shaping immunometabolic
responses in obesity. Our findings may contribute
to the development of novel dietary strategies
aimed at restoring metabolic balance and preventing
adipose tissue inflammation in obesity.

2. Materials and Methods

2.1. ANIMALS AND EXPERIMENTAL DESIGN

Male C57BL/6J (B6) mice, 6 weeks old, were obtained
from the Facultad de Ciencias Veterinarias,
Universidad Nacional de La Plata (Buenos Aires,
Argentina). All animals were housed in isolation
rooms within the Animal Facilities of the Facultad de
Ciencias Quimicas, Universidad Catdlica de Cérdoba.

Mice were randomly assigned to two groups (n = 4
per group) and were allowed to acclimate to the
experimental conditions for two weeks. Following
this period, animals were fed for 24 weeks with one
of the following diets: Obesity-Inducing Diet (FD):
11% fat, 28% protein, 4.5% crude fiber and 7.5%
total minerals (TIT Can Gross) or Obesity-Inducing
Diet supplemented with choline and betaine (FDCB):
16% fat, 26% protein, 3% crude fiber and 7% total
minerals (Sieger Pet Foods).

All groups were maintained under standard housing
conditions, including a 12-hour light/dark cycle,
controlled temperature (21 + 2 °C) and ad libitum
access to food and water. Food was replaced every
two days to ensure freshness.

This study was approved by the Institutional
Committee for the Care and Use of Laboratory Animals
(CICUAL) of the Facultad de Ciencias Quimicas,
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Universidad Nacional de Cérdoba (Resolution No.
939, EXP-UNC: 0023836/2018). Environmental
conditions were maintained according to CICUAL
guidelines. All experimental procedures adhered to
the Directive 2010/63/EU of the European Parliament
on the protection of animals used for scientific
purposes.

2.2. EVALUATION OF OBESITY DEVELOPMENT
Body weight was measured at weeks 0, 4, 12 and 24
after the start of differential feeding. DIO was defined
as a body weight exceeding the mean at week 0
plus three standard deviations across all groups?.

2.3. GUT MICROBIOTA ANALYSIS

Fecal samples were collected individually in metabolic
cages at week 0, 4, 12 and 24, immediately frozen and
stored at —40 °C until analysis. DNA was extracted from
220 mg of feces under sterile conditions using the
QIlAamp DNA Stool Mini Kit (Qiagen, Germantown,
MD, USA), following the manufacturers protocol.
Extracted DNA was stored at —40 °C.

Microbial profiling was conducted using the lon
16S Metagenomics Kit and sequenced on the lon
Torrent PGM platform (Thermo Fisher Scientific). A
mock community composed of ATCC bacterial
strains was included as a sequencing control.

Data processing was carried out in R v4.1.2 using
DADA2 (v1.22.0)%, phyloseq (v1.38.0)2 and
microbiome (v1.16.0)® packages. Taxonomic
assignment was based on the SILVA database
v138.1%* (updated March 2021). Sequencing data
are available in the NCBI BioProject database
(accession number: PRINA1292224).

2.4. BLOOD METABOLIC PROFILE AND VAT
IMMUNE CELL EVALUATION

At week 24, mice were anesthetized with inhaled
isoflurane (FORANE). After 8 hours of fasting, blood
was collected via cardiac puncture into heparinized
tubes, centrifuged (3000 rpm, 5 min) and plasma
was stored at —20 °C. Plasma concentrations of
glucose, triglycerides, total cholesterol, AST, ALT,
total proteins and albumin were determined using

a COBAS 8000 autoanalyzer (Roche Diagnostics).
Adiponectin and leptin levels were measured using
ELISA kits (Abcam and Invitrogen, respectively),
following the manufacturers’ instructions.

Following blood collection, mice were euthanized
by cervical dislocation and visceral adipose tissue
(VAT) was collected for stromal vascular fraction
(SVF) analysis. Epididymal adipose tissue was
processed as described by Portela et al.,*. Surface
markers included: CD11b (PeCy5), F4/80 (PeCy7),
CD45 (APC) and CD4 (APC-Cy7). Intracellular markers
included FOXP3 (PerCp-Cy5.5) and IL-10 (PE),
following permeabilization with BD Cytofix/Cytoperm.
Samples were acquired on a FACS Canto Il cytometer
(BD Biosciences) and data were reported as
percentage of positive cells.

2.5. STATISTICAL ANALYSIS

All statistical analyses and visualizations were
conducted using R software v4.1.2%. Data normality
was assessed using the Shapiro-Wilk test. For
comparisons between two groups, Student’s #test
or Wilcoxon test was used depending on data
distribution. For analyses involving more than two
groups, ANOVA or Kruskal-Wallis tests were applied.
When significant differences were found, post hoc
pairwise comparisons were performed using the *
test (after ANOVA) or Wilcoxon signed-rank test
(after Kruskal-Wallis), with Bonferroni correction for
multiple testing. A p-value < 0.05 was considered
statistically significant.

Data visualization was carried out using the ggplot2
v3.4.0%¢ and ggpubr v0.5.0%" packages.

Alpha diversity metrics (Observed ASVs, Chaol,
Shannon, Simpson) and beta diversity (weighted
and unweighted UniFrac) were calculated using the
microbiome package v1.6.0%2. Differences in
microbiota composition between dietary groups
were evaluated with ANOSIM.

Differential abundance analysis was performed
using LEfSe via the microbiomeMarker package
v1.9.0%, considering features significant when LDA
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scores were =3 and p<0.05. Correlation analyses
were conducted using the corrplot package v0.92%.

A multiblock integrative analysis was conducted
using the DIABLO (Data Integration Analysis for
Biomarker discovery using Latent Components)
framework, implemented in the mixOmics package
v6.20.0%. This method enabled the identification of
correlated features across gut microbiota, immune,
and metabolic datasets, facilitating the discrimination
between dietary groups (FD vs. FDCB). Model
tuning was performed through cross-validation to
determine the optimal number of components and
selected variables per block. Circus plots and
relevance networks were used to visualize the key
multi-omic correlations driving group separation.

A

3. Results

3.1 EFFECT OF DIETS ON THE BODY WEIGHT OF
MICE

Body weight increased progressively in both groups
of mice over the 24-week period, but the increase
of weight in FD-fed mice was consistently higher
than in FDCB fed mice (Fig. 1A). At baseline (Week
0), there was no significant difference between the
two groups; however, after four weeks of differential
feeding, FD-fed mice exhibited significantly higher
weight than their FDCB-fed counterparts. This trend
persisted at both 12 and 24 weeks (Fig. 1B). Notably,
from Week 4 onward, 100% of FD-fed mice had
developed obesity, whereas this proportion was
only reached in the FDCB group after 24 weeks of
feeding (Figure 1A).
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Figure 1. Body weight progression in mice over time. (A) Individual spaghetti plots showing body weight trajectories
for each animal over 24 weeks. The mean body weight per group is overlaid as a bold line, with the shaded area

representing the standard error of the mean. (B) Boxplots representing body weight (in grams) at each time point

(Weeks 0, 4, 12 and 24) for mice fed different diets.
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3.2 GUT MICROBIOTA ANALYSIS

3.2.1 Alpha diversity

A comprehensive comparison of Alpha diversity
between FD and FDCB fed mice showed that, at
baseline (week 0), richness metrics did not differ
significantly (Observed ASVs and Chaol indexes),
while diversity indices were slightly higher in FD fed
group (Shannon and Simpson). By week 4, only the

Simpson index remained significantly elevated in
the FD group, whereas Observed ASVs, Chaol and
Shannon, showed no differences. At Week 12, FD fed
mice again displayed higher Shannon and Simpson
indices, but no differences in Observed ASVs or
Chaol. Finally, after 24 weeks of differential feeding,
none of the Alpha diversity measures differed
significantly between groups (Figure 2).

A -Week 0
o R e
p-value = 0.114 pvalue = 0. p-value = 0. 0.994 -vglue = 0.
E [ ]
2 8804 990 I 67
B ° T 0.992 4 )
= e
2 860 9601 f
@ ? % 5.6
[} +
S T 0.990-
o 8404 1 9304 3 T P
= L L3 |
Eﬂ T 5.5
| 1 . 0.988 1
8204 500 1 i
b FDCB FD FDCB FD FDCB FD FDCB
B - Week 4
p-vglue = 0,48 1100+ p-value = Q. p-value = 0. 0.993 o
@
% %F Eﬂ =
@ 900+ * J 564
b I 1000 0.991
= { ? ) ?
= . s
D 0.990-
2z 900 549
& oA :F 0.9894
] °
= ko 0.988 °
=
800 - 524
0.987 1
FD FDCB FD FDCB FD FDCB FD FDGB
C - Week 12
= p-value = l“!!g% p-value = IE“!!!
@
5 E 0.992 1 [E—
@ 7
DO
= 0.990 4
=2 e
@ [l 3
@
£ g 0.988 -
& 850 4 950+ I 544
@
B I 5.3 0.986 4
< 800 800+ I ’
L ]
. . . . . . 0.984 " ,
FD FDGCB FD FDCB FD FDCB FD FDGB
D - Week 24
p-value = 0.1143 p-value = 0. o p-value = 0.0o/]
58 ——
" 1000 11004 1 — 0.9925 -
2 ==
g 561 09900
-~ 9004 1000 4 I 1
® ! ¥ E ¢
g = 5.4+ . 09875
= L]
o 900 [ .
@ L]
J 0.9850 -
£ 80 e
< 1 T ']
2
800 b 0.9825 {
Fo FDCB O FDCB FD FOCB FD FDCB

Figure 2. Alpha diversity metrics analysis. ASVs Observed, Chaol, Shannon, and Simpson at four time points:

Week 0 (A), Week 4 (B), Week 12 (C) and Week 24 (D).
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3.2.2 Beta diversity

To evaluate the effects of dietary choline and betaine
on gut microbiota dynamics, we performed principal
coordinates analysis (PCoA) using unweighted and
weighted UniFrac distances at weeks 0, 4, 12 and
24. In the unweighted UniFrac PCoA (Figure 3 B,
D, F, H), samples were intermixed at week O but
formed two well-separated clusters at weeks 4, 12
and 24, indicating that presence-absence differences
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in low-abundance taxa underlie the diet effect.
Weighted UniFrac PCoA (Figure 3 A, C, E, G), which
accounts for relative abundance, also showed no
grouping at baseline and clear separation at Weeks
4 and 12; however, at week 24 the clusters overlapped
partially, suggesting that differences in dominant
taxa had narrowed even though rare taxa continued
to discriminate the diets. Supplementary Table S3
shows results of ANOSIM statistic values.
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Figure 3. Principal coordinates analysis (PCoA) of beta diversity using UniFrac distances (weighted and unweighted)
at weeks 0, 4, 12 and 24. Plots show the ordination of samples based on UniFrac weighted (A, C, E, G) and
unweighted (B, D, F, H) distance metrics. Statistical significance of group separation was evaluated using ANOSIM

(see Supplementary Table S3).
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3.3 DIFFERENTIAL ANALYSIS OF GUT
MICROBIOTA

Differential abundance analysis using LEfSe was
performed to identify microbial biomarkers associated
with diet and time. The first analysis compared the
FD and FDCB diet groups at different time points
(weeks 0, 4, 12 and 24). At each time point, distinct
microbial features were identified as differentially
abundant between the two groups. From week 4
onwards, the number and magnitude of these
differences increased, indicating a progressive

A -Week 0

divergence in microbial compaosition between diets
groups (Figure 4A-D).

The second analysis assessed longitudinal changes
within each diet group. In both FD and FDCB groups,
specific microbial profiles were observed at each
time point. In the FD group, the most pronounced
differences were detected at the later stages of the
experiment. In the FDCB group, significant temporal
shifts were observed, with several biomarkers unique
to each time point (Figure 5A-B).
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Figure 4. LEfSe (Linear Discriminant Analysis Effect Size) was used to identify bacterial genera that differed significantly
between diet groups (FD vs. FDCB) at weeks 0 (A), 4 (B), 12 (C) and (24). Only taxa with a linear discriminant analysis
(LDA) score >3 and p-value <0.05 are shown.
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Figure 5. LEfSe (Linear Discriminant Analysis Effect Size) was applied to identify bacterial genera significantly
enriched in each diet group (FD and FDCB) across all time points (Weeks 0, 4, 12 and 24). The bar plots show taxa
with an LDA score >3 and p-value <0.05. Panel A represents genera enriched in the FD group and Panel B in the

FDCB group.

3.4 METABOLIC STATUS AND IMMUNE CELL
POPULATIONS PROFILING IN VISCERAL ADIPOSE
TISSUE

Metabolic profiling at week 24 revealed that most
serum parameters did not differ significantly between
FD and FDCB fed mice (Figure 6). Glucose tended
to be lower in FDCB animals, but this drop did not
reach significance. Cholesterol was unchanged;

triglycerides showed a modest increase under FDCB,
total proteins and albumin were also comparable.
Liver enzymes AST and ALT showed no diet related
elevations. In contrast, the two adipokines measured
diverged markedly: Leptin was substantially lower in
FDCB fed mice and Adiponectin was significantly
higher in this group.

© 2025 European Society of Medicine 8



Gut microbiota and immunometabolic response to Choline and Betaine

Glucose Cholesterol
{mg/mL) {mg/mL)
140

Triglycerides
{mg/mL}

Total proteing Albumin
{g/L) (giL)

3.6

p=0.0814 p = 0.8845 p=0.0814 o p = 0.3094 p = 0.3035
3.349
5.5
3.04
200 199 1
[————| -
5.0 27
- 80 401 2.4 4
AST ALT Leptin Adiponectin Fb FDCB
(U IIL) (UL (pa’mL} (ng/mL)
160 4 p = 0.8857 p = 0.8824 p=0.0571 p = 0.0286
40000 -
140 404 -
30000 4 3000 4
120
el 204 20000 -
2000
80 10000 -
601 04
FD FDCB FD FDCB FD FDCB FD FDCB

Diet Group B Fo EE FDCB

Figure 6. Boxplots showing circulating levels of glucose, cholesterol, triglycerides, total proteins, albumin, AST,
ALT, leptin and adiponectin in mice fed FD (blue) or a FDCB (red) after 24 weeks of intervention.

Immune phenotyping of VAT at week 24
demonstrated diet-specific shifts in Tregs markers,
whereas the myeloid cell subsets remained largely
unaffected (Figure 7). The overall frequency of CD4*
T cells (% CD45" CD4*) was lower in FDCB-fed mice
compared with FD controls, but this did not reach
statistical significance. In contrast, the proportion of
FOXP3* Tregs (% CD45* CD4* FOXP3*) was markedly
reduced by FDCB feeding, while the fraction of IL-

10-producing Tregs (% CD45* CD4* FOXP3* IL-10%)
trended lower in FDCB mice, but this difference was
not significant. Strikingly, the per cell expression of
IL-10 (MFI) in the FOXP3* subset was substantially
higher under FDCB versus FD, indicating that although
lower in number, FDCB Tregs produce more IL-10
per cell. By contrast, markers of the myeloid lineage
and F4/80+ macrophages were unaffected.
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Figure 7. Boxplots representing proportions and Median fluorescence intensity (MFI) of specific immune cell
subsets in mice fed a high-fat diet (FD, blue) or a high-fat diet supplemented with choline and betaine (FDCB,
red) after 24 weeks. Evaluated markers include total CD4* T cells, Tregs (CD4* FOXP3*), IL-10* Tregs, myeloid and
macrophages cell populations (CD11b*, CD11b* F4/80*) and MFI of IL-10* Tregs.
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To further characterize the Tregs compartment, we elevated, reinforcing the notion that FDCB enhances
calculated multiple functional indices integrating Treg suppressive potential.

IL-10 expression, Treg frequency and CD4* T cell
context (Figure 8). Despite the overall reduction in
FOXP3* Treg frequency under FDCB feeding, the fed animals, but this difference was not statistically
proportion of IL-10* Tregs relative to total Tregs was significant. In contrast, the ratio of IL-10" Tregs to
markedly higher in this group. Similarly, the MFI (IL- total CD4" T cells showed a strong trend toward
10) normalized to IL-10* Tregs was significantly enrichment under FDCB.

Tregs IL-10* / Tregs MFI (Tregs IL-10+) / Tregs IL-10* Tregs / CD4* Tregs IL-10* / CD4*

P = 0.0286 p = 0.0286 b = 0.2000 p = 0.0571
201 81 204
15- 6- - 10-
101 41 104 |
5_
54 24 0.5+

FD FDCB FD FDCB FD FDCB FD FDCB

The overall Tregs/CD4* ratio was lower in FDCB-

1.54

Diet Group B8 FD EH FDCB

Figure 8. Boxplots represent the proportions and fluorescence based ratios of IL-10* Tregs in mice fed a FD
(blue) or a FDCB (red) at week 24. Shown are: the percentage of IL-10* Tregs among total Tregs, IL-10 median
fluorescence intensity (MFI) per IL-10* Treg, Treg/CD4" ratio and IL-10" Tregs per CD4* T cells.

3.5 CORRELATION BETWEEN GUT MICROBIOTA integrative multiblock analysis. The model robustly
COMPOSITION AND BODY WEIGHT discriminated mice according to diet (FD vs. FDCB),
The relationship between animal body weight and achieving clear group separation across all three
the relative abundance of bacterial genera is data blocks: microbiota, immunity and metabolism
presented in Figure 9. A subset of taxa showed (Supplementary Figure S1).

statistically significant associations (p < 0.05, green
dots), with notable positive correlations observed
for genera such as Ligilactobacillus, [Eubacterium]
nodatum group, Faecalibacterium, Roseburia, and

Variable loading plots revealed that the genera
Harryflintia, Lachnospiraceae UCG-009, Oscillibacter,
Oscillospira and Flavonifractor contributed most
strongly to the microbiota signature of FDCB fed
mice. In contrast, Helicobacter was uniquely
enriched in FD animals considering Component 1

[Ruminococcus] gnavus group, among others.
These microorganisms were associated with increased
body weight. Conversely, significant negative

correlations were observed for genera such as (Supplementary Figure S2 A-B). Immune variables

that drove separation included elevated IL-10
expression on Tregs (Tregs IL-10"/Tregs and MFI
(Tregs IL10%) in FDCB mice, whereas the overall
Tregs percentage was higher in the FD group

Alistipes, ASF356, Muribaculum, Butyricicoccus and
Anaeroplasma, whose lower abundance was related
to higher body weight.

3.5.1 Integrative immuno-metabolic and (Supplementary Figure S2 C-D). On the metabolic
microbiota analysis using DIABLO multiblock axis, FDCB mice were associated with higher
framework adiponectin and triglycerides, while FD mice showed
To explore coordinated responses across microbiota higher leptin, glucose and total protein levels
composition, immune profiles in VAT and systemic (Supplementary Figure S2 E-F).

metabolic parameters, we applied a DIABLO
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A circus plot summarizing cross-domain correlations
(cut-off [r] > 0.7) revealed that Flavonifractor,
Oscillibacter, Lachnospiraceae UCG-009 and
Harryflintia positively correlated with IL-10-producing
Tregs and adiponectin levels (Figure 10A). Notably,

response to Choline and Betaine

leptin levels inversely correlated with Treg IL-10
indices and beneficial taxa enriched under FDCB,
suggesting immuno-metabolic remodeling driven
by the diet.

P -
4 Alistipes ® Ligilactobacillus
e [Eubacterium] nodatum group
ASF356
Faecalibacterium
O
34 Farnily XIIl UCG-001
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Figure 9. Spearman correlation analysis between the relative abundance of bacterial genera and body weight
across all samples. Each point represents a genus, plotted according to its Spearman rho coefficient (x-axis) and
the statistical significance (-log,, p-value; y-axis). Genera with significant correlations (p < 0.05) are highlighted
in green, while non-significant correlations are shown in orange. Positive correlations are located on the right and

negative correlations on the left.
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Figure 10. Circus plots from the multiblock DIABLO analysis showing correlations (jr] > 0.7) among discriminant
variables from microbiota (green), metabolic (red) and immune (blue) blocks. (A) Component 1; (B) Component 2.
Red ribbons indicate positive correlations, while blue ribbons indicate negative correlations. Only variables with

high contributions to group separation are included.

Discussion

Our findings demonstrate  that
supplementation with choline and betaine exerts
beneficial, multi-layered effects in a mouse model
of DIO, including delayed weight gain, modulation
of gut microbiota composition, improved adipokine
profiles and the emergence of anti-inflammatory
immune signatures in VAT. This exploratory study
supports the growing notion that methyl-donor
nutrients can influence host immunometabolic
homeostasis by acting through the gut-VAT-immune

dietary

axis.

FDCB fed mice exhibited significantly reduced body
weight gain across the 24-week period, despite
similar caloric intake to FD fed controls, highlighting
a marked delay in obesity onset associated with
choline and betaine supplementation. This
observation aligns with previous reports suggesting
that choline and betaine modulate energy metabolism
through epigenetic regulation of genes involved in

lipid handling, insulin sensitivity and adipogenesis
such as PPARy and FASN®*-**, Beyond body weight,
FDCB fed mice showed lower serum leptin and
higher adiponectin levels, consistent with improved
adipocyte function and systemic metabolic tone®.

Another key anti-inflammatory mechanism induced
by choline/betaine is elevation of IL-10, an anti-
inflammatory cytokine closely tied to regulatory
immune responses in VAT. While IL-10 is not an
adipokine per se, its production by immune cells in
adipose tissue and gut is enhanced indirectly via
the microbiota and metabolite changes brought by
choline and betaine. In DIO mice, improved metabolic
status often correlates with higher production of IL-
10, reflecting a reduction in systemic inflammation
and suggesting remodeling of immune regulation
toward fewer but functionally enhanced Tregs. This
can be partly attributed to SCFAs produced by gut
microbes (see below); these metabolites stimulate
differentiation of Tregs which secrete IL-10, thereby
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buffering obesity-related inflammation®°. Butyrate,
for instance, has been shown to upregulate FOXP3 in
Tregs and drive IL-10 production, while concurrently
suppressing pro inflammatory Th17 cells®-8,

Therefore, by promoting a gut environment rich in
SCFAs (through microbiota changes), choline and
betaine supplementation can increase IL-10 and other
anti-inflammatory mediators. Indeed, experimental
evidence suggests that SCFAs and their downstream
signals (e.g. GPR41/43 receptors and HDAC inhibition)
induce Tregs and IL-10, contributing to reduced
adipose and systemic inflammation®°.

Microbiota analysis in samples taken 24 weeks post
diet revealed that FDCB feeding led to the
enrichment of genera with known SCFA producing
or immunomodulatory capacities, these includes
Parabacteroides,  Oscillospira,  Flavonifractor,
Harryflintia, and Christensenellaceae R7 group.
Besides, these taxa have been associated with
metabolic flexibility, mucosal integrity and lean
phenotypes in both preclinical and human studies
4043 Moreover, Parabacteroides and Alistjpesgenera
have consistently been associated with reduced
adiposity, lean phenotypes, anti-inflammatory
properties, increased mucin production and enhanced
intestinal barrier function supporting that the FDCB
diet fosters a gut microbial environment conducive to
metabolic resilience*#. Conversely, genera enriched
in the FD group (Helicobacter, Negativibacillus)
have been linked to pro-inflammatory phenotypes
and adverse metabolic profiles***’.

The systems level implications of these shifts were
captured using a multiblock integrative approach.
The DIABLO model robustly discriminated mice by
diet across gut microbiota, immune and metabolic
domains. Taxa enriched in FDCB fed group
(Flavonifractor, Lachnospiraceae UCG-009,
Oscillibacter, Oscillospira, Harryflintia) showed
strong positive correlations with IL-10 producing
Tregs and adiponectin levels, key hallmarks of anti-
inflammatory and metabolically protective states.

This integrative analysis underscores that choline
and betaine supplementation does not exert isolated

effects, but rather orchestrates a coordinated
remodeling of host-microbe interactions that spans
immune and metabolic compartments. The ability
of DIABLO to identify key cross-domain drivers
highlights the potential of using gut microbial features
as biomarkers of dietary response or targets for
precision nutrition strategies.

Importantly, while our findings support the therapeutic
potential of choline and betaine, caution is warranted
due to the possible production of trimethylamine
(TMA) and its pro-atherogenic
trimethylamine N-oxide (TMAQ). The production of
TMA from choline depends on microbiota composition
and is driven by specific taxa such as Clostridia,
Desulfovibrio and Enterobacteriaceac®™®. In contrast,
certain Bacteroidesspecies may limit TMA generation.
Thus, the cardiometabolic safety of choline/betaine
supplementation may require individual microbiota
profiling or co-interventions (e.g., TMA-lyase inhibitors
or SCFA-enhancing probiotics) to minimize TMAO
related risks*.

derivative,

Our findings are consistent with recent clinical
observations. A 2024 population-based study in
China reported that individuals in the highest quartile
of dietary betaine intake had significantly lower BMI,
reduced hip circumference and decreased obesity
prevalence® .

Furthermore, ongoing clinical trials (e.g., NCT067
58856) are exploring the impact of choline-betaine
supplementation on microbiota and metabolic
outcomes in overweight adults, underscoring the
translational relevance of our findings.

Beyond serving as a mediator of downstream
metabolic and immune effects, the gut microbiota
emerges in this study as a central hub through which
choline and betaine exert their systemic influence.
The distinct microbial signatures observed in FDCB
fed mice, particularly the enrichment of SCFA-
producing and immunoregulatory taxa, suggest
that modulation of microbial community structure
is not merely a consequence but a key mechanism
of dietary intervention. These microbial changes may
precede or even initiate host immunometabolic
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remodeling, positioning the microbiota as a
therapeutic target in itself. Future mechanistic
studies employing microbiota transfer or gnotobiotic
models will be essential to unravel causality and
identify specific microbial consortia or metabolites
responsible for the observed effects. Moreover, the
predictive value of microbial profiles uncovered
through DIABLO integration reinforces the relevance
of microbiota-based biomarkers for stratifying dietary
responders and guiding precision nutritional
interventions in obesity management.

While our results highlight biologically meaningful
shifts in gut microbial composition, driving immune
regulation in VAT and metabolic outcomes, it is
important to acknowledge that this is an exploratory
pilot study with a small sample size. Nevertheless,
the consistency of the trends observed across multiple
biological layers adds robustness to the integrative
model and supports the rationale for conducting
larger scale, longitudinal studies to validate and
expand upon these observations.

5. Conclusion

In conclusion, the FDCB diet promotes a favorable
shift in gut microbial ecology, enriches immune-
regulatory taxa and enhances systemic metabolic
parameters, notably through the expansion of SCFA
producers and IL-10 associated Tregs. The use of
DIABLO modeling reveals coherent microbiota-
immune-metabolism interactions that may underpin
these effects and supports the rationale for microbiota
informed dietary interventions. Given the exploratory
nature of this study and the limited number of animals
per group, these results should be considered
hypothesis generating. Larger, powered studies will
be essential to confirm these findings and determine
their translational relevance.

Supplementary Materials:

Supplementary Table S1A: Supplementary Table
S1A: Body weight analysis; Supplementary Table
S2: Alpha diversity analysis; S3: Beta diversity
analysis; Supplementary Table S4: Blood metabolic
parameters analysis; Supplementary Table S4:
Differential bacterial taxa identified by LEfSe analysis
across dietary groups at different time points.
Supplementary Table S5: Differential bacterial genera
identified by LEfSe analysis across time points in
response to dietary interventions. Supplementary
Table S6. Circulating metabolic parameters in mice
after 24 weeks of dietary intervention. Supplementary
Table S7. Immune cell populations in the stromal
vascular fraction of visceral adipose tissue after 24
weeks of dietary intervention. Supplementary Table
S8. Correlation between bacterial genera and body
weight. Supplementary Figure S1. Discrimination of
diet groups across data blocks in DIABLO analysis.
Supplementary Figure S2. Variable contributions
from each data block (microbiota, immunity, and
metabolism) to the DIABLO integrative model
components.
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Supplementary Table S1: Body weight analysis

Week FD (Median [IQR], g) FDCB (Median [IQR], g) p-value
Week 0 26.4 (24.5-28.5) 25.2 (24.9-26.0) 0.8860
Week 4 35.3 (33.8-37.0) 30.1 (29.0-31.0) 0.0294

Week 12 38.4 (36.4-40.3) 32.9 (31.5-34.0) 0.0286
Week 24 44.7 (44.2-45.5) 38.0 (36.8-39.2) 0.0294

Supplementary Table S1. Body weight analysis at weeks 0, 4, 12, and 24 in mice subjected to different dietary interventions
(FD vs. FDCB). Values are presented as median and interquartile range (IQR). Statistical comparisons between groups
were performed using the Wilcoxon rank-sum test. p-values in bold indicate statistically significant differences (p < 0.05).

Abbreviations: FD: high-fat diet; FDCB: high-fat diet supplemented with choline and betaine.

Supplementary Table S2: Alpha diversity analysis

Week Metric FD (median [IQR]) FDCB (median [IQR]) p-value
Week 0 Observed 865.5 (853.8-878.8) 832.5 (827.5-842.2) 0.1124
Week 0 Chaol 946.9 (927.9-970.1) 927.3 (917.2-939.5) 0.4705
Week 0 Shannon 5.7 (5.7-5.7) 5.5 (5.5-5.5) 0.0304
Week 0 Simpson 1.0 (1.0-1.0) 1.0 (1.0-1.0) 0.0304
Week 4 Observed 832.5 (768.8-902.5) 925.0 (885.0-946.2) 0.4705
Week 4 Chaol 922.8 (854.0-998.1) 1033.6 (994.7-1051.5) 0.4705
Week 4 Shannon 5.4 (5.3-5.5) 5.7 (5.6-5.7) 0.0606
Week 4 Simpson 1.0 (1.0-1.0) 1.0 (1.0-1.0) 0.0304

Week 12 Observed 863.5 (825.5-903.0) 952.5 (932.8-966.2) 0.1124
Week 12 Chaol 934.1 (906.4-986.1) 1039.1 (1027.1-1054.5) 0.1939
Week 12 Shannon 5.4 (5.4-5.5) 5.7 (5.7-5.7) 0.0304
Week 12 Simpson 1.0 (1.0-1.0) 1.0 (1.0-1.0) 0.0304
Week 24 Observed 841.5 (792.0-876.2) 987.5 (947.5-1000.8) 0.1124
Week 24 Chaol 938.6 (887.3-969.9) 1072.8 (1040.0-1088.2) 0.1124
Week 24 Shannon 5.3 (5.2-5.4) 5.8 (5.7-5.8) 0.0606
Week 24 Simpson 1.0 (1.0-1.0) 1.0 (1.0-1.0) 0.0606

Supplementary Table S2. Alpha diversity analysis at weeks 0, 4, 12, and 24 in mice subjected to different dietary interventions
(FD vs. FDCB). Values are presented as median and interquartile range (IQR). Alpha diversity was assessed using four metrics:
Observed species richness, Chaol estimator, Shannon index, and Simpson index. Statistical comparisons between groups
were performed using the Wilcoxon rank-sum test. p-values in bold indicate statistically significant differences (p < 0.05).

Supplementary Table S3: Beta diversity analysis

Week Method R p-value
Week 0 Unweighted UniFrac 0.8438 0.022
Week 0 Weighted UniFrac -0.0104 0.341
Week 4 Unweighted UniFrac 0.9583 0.036
Week 4 Weighted UniFrac -0.4896 1
Week 12 Unweighted UniFrac 0.4583 0.060
Week 12 Weighted UniFrac -0.0625 0.684
Week 24 Unweighted UniFrac 0.8958 0.031
Week 24 Weighted UniFrac 0.125 0.035

Supplementary Table S3. Analysis of group differences in beta diversity across time points (Weeks 0, 4, 12, and 24) using ANOSIM
(Analysis of Similarities) based on unweighted and weighted UniFrac distances.

The R statistic indicates the degree of separation between groups, where values closer to 1 reflect stronger dissimilarity. p-values
Indicate statistical significance; values in bold represent significant differences (p < 0.05).

Abbreviations: R: ANOSIM statistic; p. p-value from 999 permutations.
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Supplementary Table S4: Differential bacterial taxa identified by LEfSe analysis across dietary groups at
different time points.

Week Taxon Enriched Group LDA Score p-value
(logl0)

Week 0 Tuzzerella FD 3.68 0.0209
Week 0 [Eubacterium] xylanophilum group FD 3.27 0.0209
Week 0 Herbinix FD 3.11 0.0433
Week 0 Anaerostipes FD 3.02 0.0421
Week 0 Muribaculum FDCB 4.74 0.0209
Week 0 Intestinimonas FDCB 4.24 0.0209
Week 0 Parabacteroides FDCB 3.92 0.0433
Week 0 Prevotella_7 FDCB 3.47 0.0209
Week 0 UCG-009 FDCB 3.24 0.0433
Week 4 Helicobacter FD 4.74 0.0433
Week 4 Lachnoanaerobaculum FD 4.5 0.0209
Week 4 Lachnospiraceae UCG-001 FD 3.8 0.0433
Week 4 UCG-001 FD 3.71 0.0209
Week 4 Tuzzerella FD 3.51 0.0209
Week 4 [Eubacterium] xylanophilum group FD 3.44 0.0209
Week 4 Parabacteroides FDCB 4.47 0.0209
Week 4 ASF356 FDCB 3.64 0.018
Week 4 Stomatobaculum FDCB 3.22 0.0421
Week 4 Ruminococcus FDCB 3.17 0.0421
Week 4 Christensenellaceae R-7 group FDCB 3.17 0.0139
Week 4 Paludicola FDCB 3.06 0.0202
Week 12 Stomatobaculum FD 3.71 0.0209
Week 12 Negativibacillus FD 3.7 0.0209
Week 12 ASF356 FD 3.49 0.0433
Week 12 Anaerosporobacter FD 3.38 0.0209
Week 12 Anaerovorax FD 3.22 0.0209
Week 12 Harryflintia FD 3.2 0.0433
Week 24 Helicobacter FD 4.95 0.0209
Week 24 Lachnoanaerobaculum FD 4.53 0.0433
Week 24 Parasutterella FD 3.9 0.0209
Week 24 Anaerotruncus FD 3.76 0.0433
Week 24 Flavonifractor FDCB 4.1 0.0209
Week 24 Parabacteroides FDCB 4.09 0.0209
Week 24 Oscillospira FDCB 3.87 0.0209
Week 24 Oscillibacter FDCB 3.83 0.0209
Week 24 Harryflintia FDCB 3.39 0.0209
Week 24 Christensenellaceae R-7 group FDCB 3.28 0.0202

Supplementary Table S4. Significantly enriched bacterial genera identified by LEfSe analysis (LDA >3, p <0.05) in mice under different
dietary interventions (FD vs. FDCB) at weeks 0, 4, 12, and 24. The table shows the name of the taxon, the dliet group in which it was enriched,
the LDA effect size (log10 scale), and the p-value.

Abbreviations: FD: high-fat diet; FDCB. high-fat diet supplemented with choline and betaine.
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Supplementary Table S5: Differential bacterial genera identified by LEfSe analysis across time points in
response to dietary interventions.

Diet Feature Enriched Group LDA Score (log10) p-value
FD Lachnospiraceae NK4A136 group Week 0 492 0.0482
FD Alistipes Week 0 4.86 0.0198
FD Oscillospira Week 0 3.58 0.0361
FD Butyricicoccus Week 0 3.38 0.0305
FD ASF356 Week 0 3.24 0.0440
FD Muribaculum Week 4 4.00 0.0415
FD Parasutterella Week 4 3.80 0.0450
FD Prevotellaceae NK3B31 group Week 4 3.53 0.0275
FD Prevotellaceae UCG-001 Week 12 4.79 0.0330
FD Candidatus Saccharimonas Week 12 4.66 0.0115
FD [Eubacterium] siraeum group Week 12 3.78 0.0088
FD Incertae Sedis Week 12 3.69 0.0122
FD Prevotella_7 Week 12 3.30 0.0351
FD Helicobacter Week 24 4.72 0.0454
FD Anaerotruncus Week 24 3.74 0.0168
FD Negativibacillus Week 24 3.46 0.0165
FD UBA1819 Week 24 3.44 0.0287
FD Ligilactobacillus Week 24 3.42 0.0198
FD Angelakisella Week 24 3.15 0.0257
FD Ruminococcus Week 24 3.14 0.0085

FDCB Alistipes Week 0 4.79 0.0101
FDCB Lachnospiraceae NK4A136 group Week 0 4.75 0.0361
FDCB Muribaculum Week 0 4.54 0.0053
FDCB Anaeroplasma Week 0 4.03 0.0334
FDCB Intestinimonas Week 0 3.98 0.0252
FDCB Lachnoclostridium Week 0 3.30 0.0057
FDCB Bacteroides Week 4 4.79 0.0492
FDCB Parasutterella Week 4 3.91 0.0202
FDCB Candidatus Saccharimonas Week 12 4.55 0.0369
FDCB Stomatobaculum Week 12 3.54 0.0415
FDCB Incertae Sedis Week 12 3.37 0.0252
FDCB Anaerosporobacter Week 12 3.23 0.0110
FDCB UBA1819 Week 12 3.02 0.0048
FDCB Rikenellaceae RC9 gut group Week 24 4.35 0.0334
FDCB Colidextribacter Week 24 4.02 0.0305
FDCB [Eubacterium] siraeum group Week 24 3.97 0.0061
FDCB Negativibacillus Week 24 3.77 0.0101
FDCB Tuzzerella Week 24 3.59 0.0314
FDCB Oscillospira Week 24 3.53 0.0281
FDCB Oscillibacter Week 24 3.42 0.0459
FDCB Harryflintia Week 24 3.22 0.0217
FDCB Ruminococcus Week 24 3.12 0.0348
FDCB [Eubacterium] xylanophilum group Week 24 3.11 0.0202
FDCB [Eubacterium] nodatum group Week 24 3.11 0.0196

Supplementary Table S5. Significantly enriched bacterial genera identified by LEfSe analysis (LDA >3, p <0.05) across all time
points for each dietary group (FD vs. FDCB). The table presents the genus name, the specific time point at which it was enriched,
the LDA effect size (log10 scale), and the corresponding p-value. This integrative analysis highlights consistent microbial signatures
associated with each djetary intervention throughout the experimental period.

Abbreviations: FD. high-fat diet; FDCB. high-fat diet supplemented with choline and betaine.
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Supplementary Table S6. Circulating metabolic parameters in mice after 24 weeks of dietary intervention.

Metabolic Parameter FD (median [IQR]) FDCB (median [IQR]) p-value
Glucose (mg/dL) 201(181-254) 154.0 (133.5-174.5) 0.0814
Cholesterol (mg/dL) 108 (89-126) 96 (95-96) 0.8845
Triglycerides (mg/dL) 49.5 (46.5-52.2) 61 (58-63) 0.0814
Total proteins (g/L) 5.4 (5.1-5.6) 4.8 (4.8-4.9) 0.3094
Albumin (g/L) 3.3(3.1-3.3) 3.0(2.9-3.2) 0.3035
AST (UI/L) 109 (93-125) 88 (66-118) 0.6857

ALT (UI/L) 21 (18-29) 20.0 (18.8-21.5) 0.8824
Leptin (pg/mL) 35713 (29196-40434) 4942 (2213-11871) 0.0571
Adiponectin (ng/mL) 2058 (1635-2455) 3314 (3164-3447) 0.0286

Supplementary Table S6. Concentrations of metabolic markers in plasma from mice under FD or FDCB diets. The table includes
values for glucose, cholesterol, triglycerides, total proteins, albumin, AST, ALT, leptin, and adiponectin. Data are presented as
median and interquartile range (IQR). Statistical differences between groups were assessed using the Wilcoxon rank-sum test,
with associated p-values reported.

Abbreviations: FD. high-fat diet; FDCB. high-fat diet supplemented with choline and betaine.

Supplementary Table S7. Immune cell populations in the stromal vascular fraction of visceral adipose tissue
after 24 weeks of dietary intervention.

Cytometry Parameter in Visceral Adipose FD (median [IQR]) FDCB (median [IQR]) p-value
Tissue

% CD45* CD4* 13.1 (11.9-17.1) 9.0 (6.2-11.9) 0.2000

% CD45* CD4* FOXP3* (Tregs) 18.5 (18.1-19.9) 5.3 (4.9-5.8) 0.0286

% CD45* CD4* FOXP3* IL10* 55.6 (52.5-63.5) 82.2 (72.7-84.0) 0.3429

MFI (CD45* CD4* FOXP3* IL10%) 81.2 (78.2-92.9) 298.0 (199.8-453.8) 0.0286

% CD45*CD11b* 23.2 (20.7-26.6) 16.5 (13.0-18.7) 0.1143

% CD45*CD11b*F4/80* 24.5 (21.8-27.1) 26.8 (20.5-30.6) 0.8857

Ratio (Tregs IL10* / Tregs) 2.9 (2.7-3.4) 16.0 (13.4-17.5) 0.0286

Ratio (MFI(Tregs IL10%) / Tregs IL10%) 1.5(1.5-1.5) 5.3(2.3-8.1) 0.0286

Ratio (Tregs / CD4") 1.4 (1.1-1.7) 0.6 (0.4-1.0) 0.2000

Ratio (Tregs IL10* / CD4") 4.3 (3.2-5.5) 7.8 (7.1-9.5) 0.0571

Supplementary Table S7. Quantification of immune cell subsets isolated from the stromal vascular fraction of visceral adjpose tissue
in mice fed FD or FDCB diets. The table presents values for the percentage of CD45* CD4™ T cells, CD4* FOXP3” regulatory T cells,
and IL-10" subsets, as well as myeloid cells expressing CD11b and F4/80. Additionally, it includes the median fluorescence intensity
(MFI) of IL-10 in Tregs and several calculated ratios: IL-10* Tregs over total Tregs, MFI of IL-10" Tregs over IL-10" Tregs, total Tregs
over CD4* T cells, and IL-10* Tregs over CD4™* T cells. Data are expressed as medians with interquartile ranges (IQR). P-values were
obtained using Wilcoxon rank-sum tests.

Abbreviations: FD: high-fat diet; FDCB: high-fat diet supplemented with choline and betaine, MFI: median fluorescence intensity,
CD: cluster of differentiation.
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Supplementary Table S8. Correlation between bacterial genera and body weight.

Genus rho p-value
Alloprevotella 0.13 0.4696
Prevotellaceae UCG-001 0.51 0.0030
Lachnoanaerobaculum 0.31 0.0800
Helicobacter 0.45 0.0103
Rikenellaceae RC9 gut group 0.38 0.0324
Candidatus Saccharimonas 0.30 0.0989
Flavonifractor -0.19 0.3088
Colidextribacter 0.02 0.9347
Parasutterella -0.18 0.3337
Bacteroides 0.32 0.0745
Odoribacter -0.32 0.0776
Intestinimonas -0.15 0.4234
Oscillospira -0.35 0.0462
Muribaculum -0.49 0.0042
Herbinix 0.29 0.1138
Negativibacillus 0.42 0.0168
Parabacteroides -0.29 0.1088
Alistipes -0.76 <0.0001
[Ruminococcus] gnavus group 0.53 0.0016
Oscillibacter -0.18 0.3259
Ligilactobacillus 0.66 <0.0001
Lachnospiraceae NK4A136 group -0.53 0.0020
Anaerotruncus 0.04 0.8434
[Eubacterium] xylanophilum group 0.46 0.0081
Prevotella_7 -0.02 0.9071
Harryflintia 0.22 0.2236
Desulfovibrio 0.16 0.3824
Tuzzerella 0.17 0.3482
Anaeroplasma -0.48 0.0059
UCG-009 0.03 0.8789
Mucispirillum 0.12 0.5102
UCG-001 0.13 0.4931
Incertae Sedis 0.5 0.0033
Butyricicoccus -0.48 0.0053
Rikenella -0.08 0.6804
Stomatobaculum -0.06 0.7557
Prevotellaceae NK3B31 group 0.29 0.1118
Lactobacillus -0.28 0.1276
[Eubacterium] eligens group 0.32 0.0751
GCA-900066575 -0.23 0.2012
[Eubacterium] siraeum group 0.43 0.0149
Ruminococcus 0.43 0.0147
Acetatifactor -0.35 0.0488
HT002 -0.16 0.3805
Angelakisella 0.4 0.0238
Lachnospiraceae UCG-006 -0.02 0.9281
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ASF356 -0.6 0.0002
[Eubacterium] nodatum group 0.65 0.0001
UCG-003 -0.1 0.6023
Roseburia 0.41 0.0191
Erysipelatoclostridium 0.2 0.2800
Bilophila -0.08 0.6489
UBA1819 0.41 0.0193
Paludicola -0.01 0.9666
Anaerosporobacter -0.13 0.4640
Escherichia-Shigella 0.36 0.0403
UCG-002 -0.04 0.8234
Shuttleworthia 0.02 0.9068
V9D2013 group -0.04 0.8335
NK4A214 group 0.13 0.4910
Anaerovorax 0.05 0.7915
A2 0.37 0.0396
Lachnoclostridium -0.12 0.4991
Lachnospiraceae UCG-003 0.05 0.7865
Ureaplasma -0.39 0.0282
Christensenellaceae R-7 group -0.09 0.6198
Anaerostipes 0.3 0.0918
Peptococcus 0.31 0.0791
Mobilitalea 0.07 0.7165
Akkermansia -0.22 0.2288
[Eubacterium] fissicatena group 0.25 0.1765
Lachnospiraceae UCG-001 0.23 0.1968
Tyzzerella -0.02 0.9092
Dubosiella -0.23 0.2118
Lachnospiraceae UCG-009 -0.19 0.2919
Monoglobus 0.33 0.0677
Family Xl UCG-001 0.55 0.0012
Family Xl AD3011 group 0.21 0.2533
Marvinbryantia -0.32 0.0756
Salmonella 0.35 0.0472
Lactococcus 0.25 0.1763
Lachnospiraceae UCG-004 -0.22 0.2301
Merdibacter 0.17 0.3475
UC5-1-2E3 0.06 0.7437
Lachnospiraceae FCS020 group 0.14 0.4513
Olsenella 0.3 0.0940
Mycoplasma -0.26 0.1444
Lachnospiraceae AC2044 group -0.23 0.2063
Faecalibacterium 0.57 0.0006

Supplementary Table S8. The table presents the results of Spearman correlation analyses between the relative abundance
of bacterial genera and body weight in all experimental samples. For each genus, the table reports the correlation
coefficient (rho)and the associated p-value.

Abbreviations: rho: Spearman correlation coefficient,; p-value: statistical significance.
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Supplementary Figure S1. Discrimination of diet groups across data blocks in DIABLO analysis.

Block: Immunity Block: Metabolism

2 [ z H 2 3 z 3 legend

- - O FD
Block: Microbiota A FDCB
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Supplementary Figure S1. Figure X. Sample distribution by diet group across each data block from DIABLO analysis. Individual
mice are projected onto the first two components of the model for immunity (top left), metabolism (top right), and microbiota
(bottom left) datasets. Clear separation between FD (blue circles) and FDCB (orange triangles) groups was observed across all three
blocks, indicating coordinated and diet-dependent multivariate signatures. Elljpses represent 95% confidence intervals.
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Supplementary Figure S2A. Variable contributions from each data block (microbiota, immunity, and metabolism)
to the DIABLO integrative model components.
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Supplementary Figure S2C.
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Supplementary Figure S2. (A-B) Microbiota block: Barplots show the contribution of key microbial genera to Component 1 (A) and
Component 2 (B). Genera such as Harryflintia, Oscillibacter, and Flavonifractor contributed most to Component 1, which distinguished
the FDCB group, while Component 2 was driven by taxa enriched in FD. (C-D) Immunity block: Variables measured in visceral adipose
tissue (VAT) contributing to Component 1 (C) and Component 2 (D) include regulatory T cell (Treg) subsets and myeloid populations.
Component 1 highlighted Treg IL-10+ cells as major drivers in FDCB, while Component 2 captured shifts in CD11b+F4/80+ macrophages
and total CD4+ T cells in FD. (E-F) Metabolism block: Metabolic variables contributing to Component 1 (E) and Component 2 (F).
Component 1 is characterized by increased adjponectin and triglycerides in FDCB and elevated glucose, total proteins, and leptin
in FD. Component 2 highlights FD-driven associations with serum cholesterol, albumin, AST, and total proteins.
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