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Abstract

Maternal cafeteria diet and methyl donor supplementation modulate gut microbiota and behavioral outcomes 
in male offspring.
Background: Maternal hypercaloric diets rich in saturated fats and refined sugars are associated with 
metabolic alterations, gut microbiota dysbiosis, and behavioral disturbances in offspring. Methyl donor 
supplementation has been proposed as a potential strategy to modulate these effects.
Objective: To evaluate the effect of  maternal cafeteria diet consumption and methyl donor  
supplementation on gut microbiota composition and behavioral outcomes in male offspring in a murine 
model.
Design: Female C57BL/6 mice were assigned to four dietary groups: control, cafeteria diet, control supple-
mented with methyl donors, and cafeteria diet supplemented with methyl donors. Diet exposure occurred 
during pre-gestation, gestation, and lactation. Male offspring were evaluated at 8 weeks of age using behavioral 
tests and gut microbiota analysis based on 16S rRNA gene sequencing. Associations between gut microbiota 
and behavioral parameters were evaluated using adjusted linear regression models controlling for maternal 
diet and methyl donor supplementation.
Results: Offspring from cafeteria-fed dams supplemented with methyl donors showed higher microbial 
diversity compared to the non-supplemented cafeteria group. Cafeteria diet increased the abundance 
of  Deferribacteres, Mucispirillum, Adlercreutzia, Butyricicoccus, and Prevotella, whereas methyl donor  
supplementation reduced Deferribacteres and modified the abundance of  Paraprevotella and Ruminococcus_1. 
At the species level, Mucispirillum schaedleri and Lactobacillus reuteri were increased under cafeteria 
dietary conditions. No significant effects were observed in sociability-related variables after adjustment.  
However, Butyricicoccus remained associated with central and peripheral zone behavior, whereas 
Paraprevotella remained positively associated with wall-leaning behavior after adjustment for maternal diet 
and supplementation status.
Discussion: Maternal cafeteria diet modulated offspring gut microbiota composition and was associated with 
anxiety-related behavioral parameters. Methyl donor supplementation showed differential effects depending 
on maternal dietary context, reducing specific bacterial taxa associated with inflammatory and metabolic 
alterations.
Conclusions: Maternal methyl donor supplementation attenuated specific microbiota alterations induced by 
cafeteria diets and was associated with microbiota–behavior relationships related to anxiety-like responses in 
offspring.

Popular scientific summary
•	� Earlier studies indicate that maternal diet influences offspring behavior, including sociability and 

anxiety.
•	� No changes were observed in sociability, but specific microbiota were associated with anxiety-like 

behavior.
•	� Methyl donor supplementation altered gut microbial composition associated with behavioral changes.
•	 Maternal diet influenced offspring outcomes differently depending on dietary conditions.

http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.29219/fnr.v70.14244


Citation: Food & Nutrition Research 2026, 70: 14244 - http://dx.doi.org/10.29219/fnr.v70.142442
(page number not for citation purpose)

Ximena Elvira Rodríguez Gómez et al.

A hypercaloric diet is characterized by its high con-
tent of saturated fats and refined sugars, an exam-
ple of these being Western or cafeteria-type diets 

(1). The components of these diets adversely impact both 
maternal health and the offspring through a phenomenon 
known as maternal programming. Among the adverse 
metabolic alterations resulting from exposure to hyperca-
loric diets, specifically in the offspring, are effects on fetal 
adiposity, inflammatory state, insulin resistance, and dis-
ruption of energy homeostasis, among others (2). On the 
other hand, there is a close link between the quality of the 
maternal diet and the modulation of the fetal gut micro-
biota, so hypercaloric diets contribute to establishing gut 
dysbiosis that may be harmful not only for intrauterine 
development, but also in postnatal stages (3). Studies 
reveal that the increase in Firmicutes promotes weight 
gain by altering energy absorption mechanisms (4). At the 
same time, the decrease in the population of Lactobacillus 
spp. causes greater permeability of the intestinal barrier, 
which leads to a systemic inflammatory state (5); both 
effects are induced by diets high in saturated fats. In addi-
tion to the impact at the microbiota level, the effects may 
extend even to behavior, as high-fat diets have been asso-
ciated with social behavior disorders and anxiety-related 
disturbances (6). As possible modulators of developmen-
tal programming, methyl donor-supplemented diets have 
been proposed. There is evidence indicating that early 
intake of methyl donors is associated with alterations in 
cognition and behavior, and that these effects may involve 
gut microbiota-related pathways and one-carbon metabo-
lism processes previously associated with gene expression 
and neurodevelopment (7, 8). Previous work from our 
group, using the same maternal dietary model, showed 
that cafeteria diet exposure modified behavioral param-
eters in male offspring, while methyl donor supplemen-
tation partially modulated these responses. However, the 
microbial mechanisms potentially underlying these results 
remain unclear, and the biological effects of methyl donor 
supplementation may depend on the dose, timing of expo-
sure, and maternal metabolic context, as both deficiency 
and excessive intake have been associated with adverse 
outcomes (9–11). Therefore, the aim of the present study 
is to evaluate the effect of maternal consumption of a 
cafeteria diet and supplementation with methyl donors 
on offspring gut microbiota and behavioral outcomes in 
a murine model. We hypothesized that maternal methyl 

donor supplementation would attenuate cafeteria diet-in-
duced alterations in gut microbiota composition and 
modulate microbiota–behavior associations in offspring.

Materials and methods

Experimental model and diets
The present study was derived from a previously estab-
lished maternal programming model reported by our 
research group (9), in which behavioral alterations induced 
by maternal cafeteria diet and methyl donor supplemen-
tation were originally characterized in male offspring. In 
the current study, the same experimental cohort was fur-
ther analyzed to evaluate gut microbiota composition and 
microbiota–behavior associations.

Table 1 shows the experimental diets used during the 
maternal intervention. Dams received one of the follow-
ing dietary treatments: (1) standard chow diet (CTL), con-
taining 3.35 kcal/g (Rodent Lab Chow diet 5001; LabDiet, 
St. Louis, MO, USA); (2) cafeteria diet (CAF), contain-
ing 3.72 kcal/g and composed of liquid chocolate, fried 
potatoes, bacon, biscuits, standard chow diet, and pork 
paté in a 1:1:1:1:1:2 ratio, respectively; (3) standard chow 
diet supplemented with methyl donors (CTL + SUP); and 
(4) cafeteria diet supplemented with methyl donors (CAF 
+ SUP). Supplemented diets contained betaine (5 g/kg 
diet), choline (5.37 g/kg diet), folic acid (5.5 mg/kg diet), 
and vitamin B12 (0.5 mg/kg diet) (12–15).

Animals and experimental design
Virgin female C57BL/6 mice (11 weeks old) (Scientific, 
Technological, and Commercial Services S.A. de C.V., 
Monterrey, Mexico) were housed in polypropylene cages 
under controlled environmental conditions (21–22°C; 
12-h light/dark cycle) with ad libitum access to food and 
water. Following a 1-week acclimatization period, females 
were randomly assigned to four maternal dietary groups: 
control diet (CTL, n = 3 dams), cafeteria diet (CAF, n = 5 
dams), control diet supplemented with methyl donors 
(CTL + SUP, n = 5 dams), and cafeteria diet supple-
mented with methyl donors (CAF + SUP, n = 3 dams).

Maternal dietary interventions were maintained for 9 
weeks, including pre-gestation, gestation, and lactation 
periods. Females were mated with age- and strain-matched 
males using one male per female. Pregnancy was con-
firmed by the presence of a vaginal plug. After weaning at 
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postnatal day 21, male offspring were maintained under 
standard chow conditions until 8 weeks of age (Fig. 1).

Behavioral phenotyping was previously performed in 
male offspring using the three-chamber test (3CT) and 
open-field test (OF), as reported in the original experi-
mental study (9). For the current analyses, gut microbiota 
sequencing was performed using a subset of male offspring 
(n = 5/group) from the previously characterized cohort, 
and previously generated behavioral data were used for 
microbiota–behavior association analyses. Only animals 
with both behavioral and microbiota data available were 
included in these analyses.

Behavioral phenotyping was previously performed 
in male offspring using the 3CT and OF, as reported in 
the original experimental study (9), and these previously 

generated behavioral data were used for microbiota–
behavior association analyses in the present study. In the 
present work, gut microbiota sequencing analyses were 
performed using a subset of male offspring (n = 5/group) 
from the previously characterized cohort. Only animals 
with both behavioral and microbiota data available were 
included in microbiota-behavior association analyses.

Behavioral phenotyping
Behavioral procedures were conducted as previously 
described by Herrera et al. (8). Briefly, social interaction 
behavior was evaluated using the 3CT (16), whereas loco-
motion, exploratory activity, and anxiety-like behavior 
were assessed using the OF (17). Behavioral parameters 
analyzed in the present study included sociability-related 

Table 1.  Composition of the experimental diets and methyl donor supplementation

Component CTL diet (kcal/kg diet) CAF diet (kcal/kg diet) Methyl donor supplementation(per kg diet)

Total energy 3,350 3,720 -

Carbohydrates 1,909 1,450 -

Protein 1,005 446.6 -

Lipids 435.5 1,822 -

Choline - - 5.37 g

Betaine - - 5 g

Vitamin B9 (Folic acid) - - 5.5 mg

Vitamin B12 - - 0.5 mg

Values for carbohydrates, protein, and lipids correspond to the caloric contribution (kcal/kg diet) of each macronutrient. CTL: control diet; 
CAF: cafeteria diet.

b)

a)

Fig. 1.  Experimental design and 
dietary intervention. Female 
C57BL/6 mice were assigned to 
four maternal dietary groups: CTL 
(n = 3 dams), CAF (n = 5 dams), 
CTL SUP (n = 5 dams), and CAF 
SUP (n = 3 dams), during pre-preg-
nancy, pregnancy, and lactation. 
Male offspring were subsequently 
evaluated under a control diet. 
CTL: control diet; CAF: cafeteria 
diet; SUP: supplemented.
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variables, time spent in central and peripheral zones, and 
wall-leaning behavior.

Microbiota analyses
Fecal collection
After sacrifice at week 11, feces were collected from each 
group (Control, Cafeteria, Supplemented Control, and 
Supplemented Cafeteria, n = 5/group). The samples were 
placed in sterile 15-mL Falcon tubes and kept frozen at 
-80°C until further analysis (18).

Deoxyribonucleic Acid (DNA) extraction and quantification
For the bacterial DNA extraction, the QIAamp Fast DNA 
Stool Mini Kit (Qiagen, Germany) was used according to 
the manufacturer’s instructions. Subsequently, the samples 
were stored at -20°C. A NanoDrop8000 spectrophotome-
ter (Thermo Scientific) was used to determine the quality 
of the bacterial DNA.

Amplification of the 16S Ribosomal RNA (rRNA) gene
The first step consisted of the amplification of the V3 and 
V4 regions of the 16S rRNA gene using the Polymerase 
Chain Reaction (PCR) with specific primers for these 
regions, which also contain an adapter sequence for the 
Illumina Nextera XT indices. Thus, the complete primer 
sequences used were:

Forward: 5’TCGTCGGCAGCGTCAGATGTGTATA​
AGAGACAGCCTACGGGNGGCWGCAG 3’. Reverse:5’ 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC​
AGGACTACHVGGGTATCTAATCC 3’

Statistical analysis
Evaluation of the diversity and composition of the gut 
microbiota of offspring:

The Kruskal–Wallis test with Bonferroni as post 
hoc was used for nonparametric data, or its paramet-
ric equivalent, one-way Analysis of variance (ANOVA) 
with Tukey’s test as post hoc. The data were analyzed 
using Statistical Package for the Social Sciences (SPSS) 
statistical software version 25.0, considering P < 0.05 as 
significant. In addition, the identification and graphical 
representation of the set of bacterial phyla, genera, and 
species was performed using the Interactive Tree of Life 
(iTOL, https://itol.embl.de/) platform.

Analysis of associations between offspring gut micro-
biota and behavioral parameters: The Kruskal–Wallis test 
with Bonferroni as post hoc was used for nonparamet-
ric data, or its parametric equivalent, one-way ANOVA 
with Tukey’s test as post hoc. Associations between gut 
microbiota abundance and behavioral parameters were 
subsequently evaluated using adjusted linear regression 
models that included maternal diet and methyl donor 
supplementation as covariates. Standardized regres-
sion coefficients (Std. β) and P values were calculated 

using SPSS statistical software version 25.0, considering 
P < 0.05 as statistically significant.

Results

Impact of maternal diet on offspring intestinal bacterial 
composition
The Shannon index revealed differences in bacterial 
diversity among maternal dietary groups. Offspring 
from the cafeteria diet supplemented with methyl donors 
group showed higher diversity values compared to the 
non-supplemented cafeteria group (P < 0.002) (Fig. 2).

At the taxonomic level of  phylum, a significant dif-
ference was found in bacteria such as Actinobacteria 
and Deferribacteres, with higher relative abundance 
levels in the cafeteria groups compared to the con-
trol groups (P < 0.040 and P < 0.001, respectively) 
(Fig. 3). Furthermore, a reduction in Deferribacteres was 
observed in the offspring of  cafeteria dams supplemented 
with methyl donors compared to the non-supplemented 
cafeteria group.

Regarding the taxonomic classification at the 
genus level, the offspring of  dams fed a cafeteria diet 
showed an increase in bacteria such as Mucispirillum 
(P < 0.001), Adlercreutzia (P < 0.04), Butyricicoccus 
(P < 0.01), and Prevotella (P < 0.04) compared to the 
control group. Furthermore, an opposite effect was 
observed in Anaeroplasma, with a higher presence in 
the offspring of  dams fed the control diet than in those 
fed the cafeteria diet (P < 0.02) (Fig. 4). Moreover, 
Mucispirillum differed not only from the control diet, 
but also from the supplemented cafeteria diet (P < 0.01). 
Additionally, offspring whose dams consumed cafete-
ria diets supplemented with methyl donors presented 

Fig. 2.  Alpha diversity is represented by the Shannon 
index. Results are expressed as mean ± standard deviation. 
Statistical analysis was performed using a nonparamet-
ric Kruskal–Wallis test followed by Dunn’s post hoc test. 
*P < 0.01. Control groups (CTL; n = 5 offspring/group), caf-
eteria (CAF; n = 5 offspring/group), supplemented control 
(CTL SUP; n = 5 offspring/group), and supplemented cafe-
teria (CAF SUP; n = 5 offspring/group). CTL: control diet; 
CAF: cafeteria diet.
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elevated levels of  Paraprevotella and Ruminococcus_1 
(P < 0.05, P < 0.001, respectively), compared to the 
non-supplemented cafeteria diets.

Bacteria such as Prevotella and Mucispirillum also pre-
dominated in high-fat diets, such as the cafeteria diet, 
compared to the cafeteria diet supplemented with methyl 
donors (P < 0.01 and P < 0.02, respectively). In contrast, 
Ruminococcus_1 showed higher levels under a supple-
mented cafeteria diet compared to a supplemented con-
trol diet (P < 0.001).

At the species level (Fig. 5), offspring from dams 
in the cafeteria group showed a higher abundance of 
Mucispirillum schaedleri compared to the supplemented 
cafeteria group (P < 0.01) and the control group (P < 0.001). 
For its part, Lactobacillus reuteri showed a higher abun-
dance under a cafeteria-type diet compared to a control 
diet and a supplemented cafeteria diet (P < 0.006 and  
P < 0.007). Conversely, Akkermansia muciniphila showed 
a trend of higher abundance in the control group com-
pared to the cafeteria group and the supplemented 
control group; however, it did not reach statistical sig-
nificance (P > 0.054). A higher abundance was observed 
in the supplemented control groups relative to the  
control groups for bacteria such as Parabacteroides dis-
tasonis and Butyricicoccus pullicaecorum (P < 0.02 and  
P < 0.04, respectively). Similarly, for P. distasonis, it indi-
cated a greater presence under a supplemented control 
diet compared to a supplemented cafeteria diet (P < 0.02). 
Furthermore, the abundance of Ruminococcus gnavus 
increased in the supplemented cafeteria group compared 
to the supplemented control group (P < 0.008) and the 

cafeteria group (P < 0.03). These findings indicate that 
maternal methyl donor supplementation was also associ-
ated with selective microbial modulation under standard 
dietary conditions, although these effects appeared less 
pronounced than those observed under cafeteria dietary 
exposure.

Offspring gut microbiota and its relationship with behavior
Previous work by our research group has demonstrated 
that maternal cafeteria-type diets and methyl donor sup-
plementation modulate social interaction and anxiety-like 
behavior in male offspring using behavioral paradigms 
such as three-chamber and OF tests. Building on these 
previously identified behavioral alterations, the present 
study aimed to evaluate potential associations between 
the offspring gut microbiota and selected behavioral 
parameters. To reduce potential confounding effects from 
maternal dietary interventions, adjusted linear regression 
models were performed that included maternal diet and 
methyl donor supplementation as covariates.

No significant associations were observed for variables 
related to sociability behavior after adjustment for mater-
nal diet and methyl donor supplementation. Therefore, 
subsequent analyses focused on OF behavioral parameters 
associated with anxiety-like behavior. Likewise, no signif-
icant associations were detected between Butyricicoccus 
pullicaecorum abundance and sociability-related vari-
ables, including attraction to a novel object and sniffing 
behavior.

Within OF behavioral parameters, adjusted linear 
regression analyses identified significant associations 

Fig. 3.  Relative bacterial abundance (%) of the intestinal microbiota at the phylum level in male C57BL/6 mice. (a) Identified 
phyla set, (b) Actinobacteria, and (c) Deferribacteres. Only phyla showing statistically significant differences between maternal 
dietary groups are displayed individually in panels b and c due to their potential biological relevance. Results are expressed 
as mean ± standard deviation (n = 5 offspring/group). Statistical analysis was performed according to data distribution: the 
Kruskal–Wallis test followed by Dunn’s post hoc test was used for nonparametric data, and a one-way ANOVA with Tukey’s 
Honestly Significant Difference (HSD) test was used for parametric data. *P < 0.05, **P < 0.01. Control, cafeteria, supple-
mented control, and supplemented cafeteria groups.
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Fig. 4.  Relative bacterial abundance (%) of the intestinal microbiota at the genus level in male C57BL/6 mice. (a) Identified 
genera set, (b) Mucispirillum, (c) Adlercreutzia, (d) Butyricicoccus, (e) Prevotella, (f) Paraprevotella, (g) Ruminococcus_1, 
and (h) Anaeroplasma. Results are expressed as mean ± standard deviation (n = 5 offspring/group). Statistical analysis was 
performed according to data distribution: the Kruskal–Wallis test followed by Dunn’s post hoc test was used for nonparametric 
data, and a one-way ANOVA with Tukey’s HSD test was used for parametric data. *P < 0.05, **P < 0.01. Control, cafeteria, 
supplemented control, and supplemented cafeteria groups.
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Fig. 5.  Relative bacterial abundance (%) of the intestinal microbiota at the species level in male C57BL/6 mice. (a) Identified 
species set, (b), (c), (d), (e), (f), (g). Results are expressed as mean ± standard deviation (n = 5 offspring/group). Statistical anal-
ysis was performed according to data distribution: the Kruskal–Wallis test followed by Dunn’s post hoc test was used for non-
parametric data, and a one-way ANOVA with Tukey’s HSD test was used for parametric data. *P < 0.05, **P < 0.01. Control, 
cafeteria, supplemented control, and supplemented cafeteria groups.
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for Butyricicoccus abundance. Specifically, a negative  
association was observed with time spent in the central 
zone (Std. β = −0.592, P = 0.015) (Fig. 6b), whereas 
a positive association was detected with time spent 
in the peripheral zone (Std. β = 0.592, P = 0.015) 
(Fig. 6c). Furthermore, negative associations were 
observed between wall-leaning behavior and the genera 
Deferribacteres (Std. β = −0.346, P = 0.158) (Fig. 6d) 
and Mucispirillum (Std. β = −0.243, P = 0.310) (Fig. 6a); 
however, these associations were not statistically signifi-
cant after adjustment for maternal diet and methyl donor 
supplementation. At the species level, Mucispirillum 
schaedleri showed a similar tendency.

In contrast, Paraprevotella abundance showed a posi-
tive association with wall-leaning behavior (Std. β = 0.454, 
P = 0.031) (Fig. 6e). Additional non-significant asso-
ciations were observed for other OF behavioral param-
eters under different maternal dietary conditions (see 
Supplementary Table S1). Adjusted linear regression 
models evaluating microbiota).

The adjusted regression models identified specific 
bacterial taxa associated with OF behavioral param-
eters after controlling for maternal diet and methyl 
donor supplementation. In particular, Butyricicoccus 
and Paraprevotella remained significantly associated 
with anxiety-related behavioral measures, whereas asso-
ciations observed for Mucispirillum and Deferribacteres 
were attenuated after adjustment. These findings sup-
port a potential association between specific gut micro-
bial taxa and behavioral alterations in offspring under 
different maternal dietary conditions, including methyl 
donor supplementation.

Discussion
Diet is a factor that can directly influence gut bacterial 
diversity, as measured by the Shannon index. We found a 
higher Shannon diversity index in offspring from the caf-
eteria diet supplemented with methyl donors group com-
pared to the non-supplemented cafeteria group. In this 
context, greater diversity has been positively associated 
with improvements in metabolic health (19), potentially 
through mechanisms involving short-chain fatty acid 
production, intestinal homeostasis, and inflammatory 
regulation (20). Based on our results, supplementation 
with methyl donors appears to have a positive effect in 
the presence of  a hypercaloric diet, such as the cafeteria 
diet, but not under standard dietary conditions. A 2018 
study in mice reported that deficiencies in folate and 
choline negatively impact offspring health by altering 
intestinal development and reducing bacterial diversity 
(21). However, it remains unclear whether these effects 
result from a direct action of  methyl donors on bacte-
ria or from secondary changes in the intestinal envi-
ronment that favor microbial diversity. Under standard 
dietary conditions, offspring may present a relatively 
stable microbial environment, potentially limiting the 
modulatory effects of  methyl donor supplementation. 
Therefore, the effects of  supplementation may become 
more evident under metabolically adverse conditions 
characterized by microbial dysbiosis and inflammatory 
alterations (22).

The obesogenic diet produces gradual effects on the 
microbial environment and consequently on gut micro-
biota composition. At the phylum level, Deferribacteres 
and Actinobacteria showed higher relative abundance in 

Fig. 6.  Partial regression plots of gut microbiota taxa associated with behavioral outcomes in male offspring after adjustment for 
maternal diet and methyl donor supplementation. (a) Mucispirillum vs. wall-leaning behavior; (b) Butyricicoccus vs. time spent 
in the central zone; (c) Butyricicoccus vs. time spent in the peripheral zone; (d) Deferribacteres vs. wall-leaning behavior; and (e) 
Paraprevotella vs. wall-leaning behavior. Solid lines indicate adjusted linear regression models. Standardized β coefficients and  
P values are shown in each panel (n = 5 offspring per maternal dietary group; total n = 20).
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the cafeteria group than in the control group, whereas 
Adlercreutzia and Mucispirillum were increased at the genus 
level. Previous studies have associated Deferribacteres 
with obesity induced by high-fat diets, intestinal inflam-
mation, insulin resistance, and elevated BMI (23–25). 
Similarly, higher levels of Mucispirillum schaedleri have 
been reported under high-fat dietary conditions and pro-
posed as a marker of intestinal inflammation (24, 26). 
Together, these findings support the association between 
hypercaloric diets and microbial taxa previously linked to 
inflammatory and metabolic alterations.

Furthermore, both Deferribacteres and Mucispirillum 
showed reduced relative abundance following methyl 
donor supplementation, suggesting that supplementation 
may attenuate microbial taxa previously associated with 
hypercaloric diet-induced inflammatory and metabolic 
alterations (21).

In contrast, Ruminococcus and Ruminococcus gnavus 
showed increased relative abundance under maternal 
hypercaloric dietary conditions despite methyl donor sup-
plementation, particularly in the cafeteria supplemented 
group. R. gnavus has previously been associated with 
dysbiosis, inflammatory conditions, and dyslipidemias  
(26, 27). These findings suggest that some bacterial taxa 
associated with adverse metabolic profiles may persist 
under obesogenic dietary conditions despite supplemen-
tation (28). Han et al. reported a significant association 
between R. gnavus and elevated folate levels in humans 
(29). Likewise, experimental studies in mice have pro-
posed that R. gnavus may metabolize choline into trime-
thylamine (TMA), a precursor of pro-inflammatory 
metabolites (30, 31) which could partially explain the 
increased abundance of these taxa in supplemented caf-
eteria groups. Collectively, these findings suggest that 
metabolites derived from folate and choline may contrib-
ute to microbial conditions favoring the persistence of 
these bacteria under hypercaloric dietary exposure.

Anaeroplasma showed higher abundance in the control 
group. Although research on this genus remains limited, 
it has been associated with alterations in intestinal mor-
phology, high-fat diet intake, obesity, and inflammation 
(32–34). In contrast, Prevotella and Butyricicoccus, which 
have been associated with standard or reduced-fat dietary 
patterns (35, 36), showed greater abundance under cafe-
teria dietary conditions, suggesting a possible microbial 
response to adverse metabolic environments. Prevotella 
also appeared to respond positively to methyl donor sup-
plementation, supporting a potential modulatory effect of 
these compounds on gut microbiota composition under 
hypercaloric conditions.

Lactobacillus reuteri exhibited a distinct abundance 
pattern, with higher levels observed in the cafeteria group 
and lower levels following methyl donor supplementation. 
Previous studies have associated L. reuteri with favorable 

metabolic outcomes in obesity and diabetes mellitus (37, 
38). Therefore, the increased abundance observed under 
cafeteria dietary conditions may reflect a compensatory 
microbial response to inflammatory alterations induced 
by high-fat, high-sugar diets. Similar increases in L. reu-
teri under metabolically adverse conditions have been 
previously reported, whereas its abundance tends to 
remain more stable under standard dietary conditions 
(39). Collectively, these findings support the influence of 
maternal dietary environment on microbial taxa previ-
ously associated with favorable metabolic functions.

Previous studies have reported that Paraprevotella 
decreases under hypercaloric dietary conditions and 
may be restored by Mediterranean diets or prebiotic 
compounds (40, 41). In the present study, Paraprevotella 
abundance increased in offspring from cafeteria-fed dams 
supplemented with methyl donors, whereas lower abun-
dance was observed in the non-supplemented cafeteria 
group, consistent with previous associations between 
reduced Paraprevotella levels and high-fat intake (42). 
Likewise, Parabacteroides distasonis and Butyricicoccus 
pullicaecorum have been associated with beneficial meta-
bolic functions, including succinate and butyrate produc-
tion, which may contribute to intestinal and metabolic 
homeostasis (43, 44).

Previous studies have associated Akkermansia muciniphila 
with favorable metabolic profiles and reduced obesity risk 
(45). However, no significant differences in A. muciniphila 
abundance were observed among groups in the present 
study.

Gut microbiota composition has been associated with 
anxiety-related behavioral responses through gut-brain 
axis signaling pathways (46). In the present adjusted anal-
ysis, Butyricicoccus abundance remained associated with 
OF variables related to anxiety-like behavior after adjust-
ment for maternal diet and methyl donor supplementation. 
Previous work from our research group demonstrated 
increased anxiety-like behavior in offspring from cafete-
ria-fed dams (9). Although Butyricicoccus has been asso-
ciated with butyrate production and favorable metabolic 
functions, its role in behavioral regulation remains uncer-
tain. Short-chain fatty acids such as butyrate have been 
implicated in intestinal signaling, neurotransmitter mod-
ulation, and serotonergic pathways (43, 47) suggesting a 
potential relationship between Butyricicoccus abundance 
and anxiety-related behavioral alterations.

Deferribacteres and Mucispirillum have previously been 
associated with inflammatory and metabolic alterations 
(48). In the present study, maternal methyl donor supple-
mentation reduced the relative abundance of these taxa 
under cafeteria dietary conditions. However, the asso-
ciations initially observed between these bacteria and 
wall-leaning behavior were attenuated after adjustment 
for maternal diet and supplementation status, suggesting 
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that maternal dietary environment may act as an import-
ant confounding factor underlying these behavioral 
associations.

Previous work from our research group demonstrated 
that methyl donor supplementation modulated anxi-
ety-like behavioral parameters in offspring, including OF 
exploratory behavior such as wall leaning (9). Maternal 
cafeteria diets have also been associated with anxiety-
related and neurodevelopmental alterations in offspring 
(49, 50), whereas previous work derived from the same 
experimental model identified alterations in circulating 
galanin levels, a neuropeptide associated with anxiety-re-
lated and neuropsychiatric responses (51, 52). Although 
epigenetic and serotonergic pathways have been proposed 
in maternal nutritional programming models (43, 44), the 
present study did not directly evaluate these mechanisms.

In contrast, Paraprevotella abundance increased 
under methyl donor-supplemented cafeteria diets and 
remained positively associated with wall-leaning behav-
ior after adjustment for maternal diet and supplemen-
tation status, suggesting that some bacterial taxa may 
retain independent associations with anxiety-related 
behavioral parameters despite maternal dietary inter-
ventions. Choline metabolism has previously been asso-
ciated with microbial TMA production and subsequent 
trimethylamine-N-oxide (TMAO) formation (53), whereas 
microbiota-derived metabolites have been linked to neu-
robehavioral responses, including anxiety-related param-
eters (54). In addition, Paraprevotella has been associated 
with folate metabolism and microbial pathways involved 
in host physiological regulation (55).

Based on the present findings, maternal cafeteria-type 
diets induced alterations in offspring gut microbiota 
composition and were associated with anxiety-related 
behavioral alterations previously identified in this exper-
imental model. Adjusted regression analyses identified 
specific bacterial taxa, particularly Butyricicoccus and 
Paraprevotella, that remained associated with OF behav-
ioral parameters after controlling for maternal diet and 
methyl donor supplementation. These findings support a 
potential relationship between maternal dietary environ-
ment, gut microbiota composition, and anxiety-related 
behavioral responses in offspring.

One limitation of this study is that only male offspring 
were evaluated to reduce variability associated with 
sex-dependent behavioral and hormonal differences previ-
ously reported in maternal programming and microbiota–
behavior interaction studies. Therefore, female offspring 
may exhibit distinct microbial and behavioral responses 
to maternal diet and methyl donor supplementation. In 
addition, offspring from maternal dietary groups were 
analyzed as biological replicates, which may not fully 
account for potential litter-specific effects.

Conclusions
Supplementation with methyl donors is presented as 
a potential strategy to mitigate the adverse effects of 
maternal hypercaloric diets. Our results highlight the 
possible beneficial effects of  this supplementation in 
an adverse environment, such as hypercaloric diets, 
including attenuation of  microbial dysbiosis and modi-
fication of  metabolic-related indicators in the offspring. 
However, it would be important to determine whether 
methyl donors act directly on the bacteria or whether 
their effects are mediated indirectly, creating a more 
favorable intestinal environment. Nevertheless, certain 
bacterial taxa previously associated with adverse met-
abolic profiles, such as Ruminococcus gnavus, exhibited 
increased abundance despite methyl donor supplemen-
tation under cafeteria dietary conditions. Furthermore, 
this study suggests that the presence of  a single bac-
terium alone is not a decisive factor for generating 
adverse metabolic or neuronal effects. Rather, the nega-
tive effects could be a combination of  factors, including 
microbial imbalance, translating into an altered met-
abolic status . On the other hand, these findings may 
reflect maternal diet-related programming effects on 
offspring gut microbiota composition. Alterations in 
microbial taxa associated with maternal dietary condi-
tions, including Anaeroplasma, may influence the rela-
tive abundance of  other taxa previously associated with 
favorable metabolic functions, such as Lactobacillus 
reuteri and Prevotella. Therefore, Anaeroplasma may 
represent a microbial taxon of  interest associated with 
maternal high-fat and high-sugar dietary conditions. 
Additionally, maternal methyl donor supplementation 
was associated with behavioral responses related to anx-
iety-like traits in offspring, while associations observed 
for taxa such as Deferribacteres and Mucispirillum 
were attenuated after adjustment for maternal diet 
and supplementation status. Finally, although sev-
eral bacterial taxa identified in the present study have 
previously been associated with favorable metabolic 
functions, alterations in their relative abundance may 
also be associated with behavioral changes under spe-
cific maternal dietary conditions. Metabolites derived 
from gut microbiota, including short-chain fatty acids 
and folate-related compounds, have been proposed as 
potential modulators of  gut-brain communication; 
however, the mechanisms underlying these associations 
were not directly evaluated in the present study.
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