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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 supplemented 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.
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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.



A hypercaloric diet is characterized by its high content of saturated fats and refined sugars, an example 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 hypercaloric diets, specifically in the offspring, are effects on fetal adiposity, inflammatory state, insulin resistance, and disruption 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 microbiota, 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 addition to the impact at the microbiota level, the effects may extend even to behavior, as high-fat diets have been associated with social behavior disorders and anxiety-related disturbances (6). As possible modulators of developmental 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 metabolism 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 parameters in male offspring, while methyl donor supplementation 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 exposure, 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-induced 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 established maternal programming model reported by our research group (9), in which behavioral alterations induced by maternal cafeteria diet and methyl donor supplementation were originally characterized in male offspring. In the current study, the same experimental cohort was further 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 following dietary treatments: (1) standard chow diet (CTL), containing 3.35 kcal/g (Rodent Lab Chow diet 5001; LabDiet, St. Louis, MO, USA); (2) cafeteria diet (CAF), containing 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).




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.





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 supplemented 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 confirmed by the presence of a vaginal plug. After weaning at postnatal day 21, male offspring were maintained under standard chow conditions until 8 weeks of age (Fig. 1).

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-pregnancy, pregnancy, and lactation. Male offspring were subsequently evaluated under a control diet. CTL: control diet; CAF: cafeteria diet; SUP: supplemented.
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Behavioral phenotyping was previously performed in male offspring using the three-chamber test (3CT) and open-field test (OF), as reported in the original experimental 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 locomotion, exploratory activity, and anxiety-like behavior were assessed using the OF (17). Behavioral parameters analyzed in the present study included sociability-related 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 spectrophotometer (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’TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 3’. Reverse:5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC 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 parametric 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 microbiota and behavioral parameters: The Kruskal–Wallis test with Bonferroni as post hoc was used for nonparametric 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 regression 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).

Fig. 2.Alpha diversity is represented by the Shannon index. Results are expressed as mean ± standard deviation. Statistical analysis was performed using a nonparametric Kruskal–Wallis test followed by Dunn’s post hoc test. *P < 0.01. Control groups (CTL; n = 5 offspring/group), cafeteria (CAF; n = 5 offspring/group), supplemented control (CTL SUP; n = 5 offspring/group), and supplemented cafeteria (CAF SUP; n = 5 offspring/group). CTL: control diet; CAF: cafeteria diet.
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At the taxonomic level of phylum, a significant difference was found in bacteria such as Actinobacteria and Deferribacteres, with higher relative abundance levels in the cafeteria groups compared to the control 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.

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, supplemented control, and supplemented cafeteria groups.
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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 cafeteria diets supplemented with methyl donors presented elevated levels of Paraprevotella and Ruminococcus_1 (P < 0.05, P < 0.001, respectively), compared to the non-supplemented cafeteria diets.

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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Bacteria such as Prevotella and Mucispirillum also predominated 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 supplemented cafeteria diet compared to a supplemented control 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 abundance 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 compared to the cafeteria group and the supplemented control group; however, it did not reach statistical significance (P > 0.054). A higher abundance was observed in the supplemented control groups relative to the control groups for bacteria such as Parabacteroides distasonis and Butyricicoccus pullicaecorum (P < 0.02 and P < 0.04, respectively). Similarly, for P. distasonis, it indicated 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 associated with selective microbial modulation under standard dietary conditions, although these effects appeared less pronounced than those observed under cafeteria dietary exposure.

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 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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Offspring gut microbiota and its relationship with behavior

Previous work by our research group has demonstrated that maternal cafeteria-type diets and methyl donor supplementation 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 maternal diet and methyl donor supplementation. Therefore, subsequent analyses focused on OF behavioral parameters associated with anxiety-like behavior. Likewise, no significant associations were detected between Butyricicoccus pullicaecorum abundance and sociability-related variables, including attraction to a novel object and sniffing behavior.

Within OF behavioral parameters, adjusted linear regression analyses identified significant associations 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 significant after adjustment for maternal diet and methyl donor supplementation. At the species level, Mucispirillum schaedleri showed a similar tendency.

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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In contrast, Paraprevotella abundance showed a positive association with wall-leaning behavior (Std. β = 0.454, P = 0.031) (Fig. 6e). Additional non-significant associations were observed for other OF behavioral parameters 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 parameters after controlling for maternal diet and methyl donor supplementation. In particular, Butyricicoccus and Paraprevotella remained significantly associated with anxiety-related behavioral measures, whereas associations observed for Mucispirillum and Deferribacteres were attenuated after adjustment. These findings support a potential association between specific gut microbial 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 cafeteria diet supplemented with methyl donors group compared 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 bacteria or from secondary changes in the intestinal environment 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 microbiota composition. At the phylum level, Deferribacteres and Actinobacteria showed higher relative abundance in 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 inflammation, insulin resistance, and elevated BMI (23–25). Similarly, higher levels of Mucispirillum schaedleri have been reported under high-fat dietary conditions and proposed 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 supplementation, 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 supplementation (28). Han et al. reported a significant association between R. gnavus and elevated folate levels in humans (29). Likewise, experimental studies in mice have proposed that R. gnavus may metabolize choline into trimethylamine (TMA), a precursor of pro-inflammatory metabolites (30, 31) which could partially explain the increased abundance of these taxa in supplemented cafeteria groups. Collectively, these findings suggest that metabolites derived from folate and choline may contribute 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 morphology, 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 cafeteria dietary conditions, suggesting a possible microbial response to adverse metabolic environments. Prevotella also appeared to respond positively to methyl donor supplementation, 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. reuteri 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 previously 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 abundance 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 metabolic functions, including succinate and butyrate production, 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 analysis, Butyricicoccus abundance remained associated with OF variables related to anxiety-like behavior after adjustment for maternal diet and methyl donor supplementation. Previous work from our research group demonstrated increased anxiety-like behavior in offspring from cafeteria-fed dams (9). Although Butyricicoccus has been associated with butyrate production and favorable metabolic functions, its role in behavioral regulation remains uncertain. Short-chain fatty acids such as butyrate have been implicated in intestinal signaling, neurotransmitter modulation, 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 supplementation reduced the relative abundance of these taxa under cafeteria dietary conditions. However, the associations initially observed between these bacteria and wall-leaning behavior were attenuated after adjustment for maternal diet and supplementation status, suggesting that maternal dietary environment may act as an important confounding factor underlying these behavioral associations.

Previous work from our research group demonstrated that methyl donor supplementation modulated anxiety-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-related 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 behavior after adjustment for maternal diet and supplementation status, suggesting that some bacterial taxa may retain independent associations with anxiety-related behavioral parameters despite maternal dietary interventions. Choline metabolism has previously been associated with microbial TMA production and subsequent trimethylamine-N-oxide (TMAO) formation (53), whereas microbiota-derived metabolites have been linked to neurobehavioral responses, including anxiety-related parameters (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 experimental model. Adjusted regression analyses identified specific bacterial taxa, particularly Butyricicoccus and Paraprevotella, that remained associated with OF behavioral parameters after controlling for maternal diet and methyl donor supplementation. These findings support a potential relationship between maternal dietary environment, 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 previously 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 modification 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 metabolic profiles, such as Ruminococcus gnavus, exhibited increased abundance despite methyl donor supplementation under cafeteria dietary conditions. Furthermore, this study suggests that the presence of a single bacterium alone is not a decisive factor for generating adverse metabolic or neuronal effects. Rather, the negative effects could be a combination of factors, including microbial imbalance, translating into an altered metabolic 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 conditions, including Anaeroplasma, may influence the relative 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 anxiety-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 several 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 specific 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.

Acknowledgements

Special acknowledgements to student’s and PhD’s that created the animal experiment.

Author disclosure statement

No competing financial interests exist.

Conflicts of interest

The authors declare no conflict of interest. The funder had no role in the writing of the manuscript.

Authors’ contributions

X. R. G, H. C, and A. C. M conceived and designed the study. X. R. G analyzed the data and wrote the manuscript. All authors read and improved the manuscript.

Funding statement

The funder had no role in the writing of the manuscript. The preliminary study (animal experiment) was funded by Consejo Nacional de Ciencia y Tecnología ‘CONACyT’, Mexico (No. SA777-19).

References


	1.	Harmancıoğlu B, Kabaran S. Maternal high fat diets: impacts on offspring obesity and epigenetic hypothalamic programming. Front Genet 2023; 14: 1158089. doi: 10.3389/fgene.2023.1158089

	2.	Gawlińska K, Gawliński D, Filip M, Przegaliński E. Relationship of maternal high-fat diet during pregnancy and lactation to offspring health. Nutr Rev 2021; 79(6): 709–25. doi: 10.1093/nutrit/nuaa020

	3.	Mihailovich M, Tolinački M, Soković Bajić S, Lestarevic S, Pejovic-Milovancevic M, Golić N. The microbiome-genetics axis in autism spectrum disorders: a probiotic perspective. Int J Mol Sci 2024; 25(22): 12407. doi: 10.3390/ijms252212407

	4.	Noble EE, Hsu TM, Jones RB, Fodor AA, Goran MI, Kanoski SE. Early-life sugar consumption affects the rat microbiome independently of obesity. J Nutr 2017; 147(1): 20–8. doi: 10.3945/jn.116.238816

	5.	Lecomte V, Kaakoush NO, Maloney CA, Raipuria M, Huinao KD, Mitchell HM, et al. Changes in gut microbiota in rats fed a high fat diet correlate with obesity-associated metabolic parameters. PLoS One 2015; 10(5): e0126931. doi: 10.1371/journal.pone.0126931

	6.	Doroszkiewicz J, Groblewska M, Mroczko B. The role of gut Microbiota and gut-brain interplay in selected diseases of the central nervous system. Int J Mol Sci 2021; 22(18): 10028. doi: 10.3390/ijms221810028

	7.	Bekdash RA. Methyl donors, epigenetic alterations, and brain health: understanding the connection. Int J Mol Sci 2023; 24(3): 2346. doi: 10.3390/ijms24032346

	8.	Chen Q, Fan R, Song L, Wang S, You M, Cai M, et al. Association of methyl donor nutrients’ dietary intake and cognitive impairment in the elderly based on the intestinal microbiome. Nutrients 2024; 16(13): 2061. doi: 10.3390/nu16132061

	9.	Herrera K, Maldonado-Ruiz R, Camacho-Morales A, de la Garza AL, Castro H. Maternal methyl donor supplementation regulates the effects of cafeteria diet on behavioral changes and nutritional status in male offspring. Food Nutr Res 2023; 67: 9828. doi: 10.29219/fnr.v67.9828

	10.	Valera-Gran D, García de la Hera M, Navarrete-Muñoz EM, Fernandez-Somoano A, Tardón A, Julvez J, et al. Folic acid supplements during pregnancy and child psychomotor development after the first year of life. JAMA Pediatrics 2014; 168(11): e142611. doi: 10.1001/jamapediatrics.2014.2611

	11.	Arias N, Arboleya S, Allison J, Kaliszewska A, Higarza SG, Gueimonde M, et al. The relationship between choline bioavailability from diet, intestinal microbiota composition, and its modulation of human diseases. Nutrients 2020; 12(8): 2340. doi: 10.3390/nu12082340

	12.	Sampey BP, Vanhoose AM, Winfield HM, Freemerman AJ, Muehlbauer MJ, Fueger PT, et al. Cafeteria diet is a robust model of human metabolic syndrome with liver and adipose inflammation: comparison to high-fat diet. Obesity (Silver Spring) 2011; 19(6): 1109–17. doi: 10.1038/oby.2011.18

	13.	Cordero P, Milagro FI, Campion J, Martinez JA. Maternal methyl donors supplementation during lactation prevents the hyperhomocysteinemia induced by a high-fat-sucrose intake by dams. Int J Mol Sci 2013; 14(12): 24422–37. doi: 10.3390/ijms141224422

	14.	Waterland RA, Travisano M, Tahiliani KG, Rached MT, Mirza S. Methyl donor supplementation prevents transgenerational amplification of obesity. Int J Obes (Lond) 2008; 32(9): 1373–9. doi: 10.1038/ijo.2008.100

	15.	Wolff GL, Kodell RL, Moore SR, Cooney CA. Maternal epigenetics and methyl supplements affect agouti gene expression in Avy/a mice. FASEB J 1998; 12(11): 949–57. doi: 10.1096/fasebj.12.11.949

	16.	Kaidanovich-Beilin O, Lipina T, Vukobradovic I, Roder J, Woodgett JR. Assessment of social interaction behaviors. J Vis Exp 2011; 6(48): 2473. doi: 10.3791/2473

	17.	Seibenhener ML, Wooten MC. Use of the open field maze to measure locomotor and anxiety-like behavior in mice. J Vis Exp 2015; 10(96): e52434. doi: 10.3791/52434

	18.	Kleber Silveira A, Moresco KS, Mautone Gomes H, da Silva Morrone M, Kich Grun L, Pens Gelain D, et al. Guarana (Paullinia cupana Mart.) alters gut microbiota and modulates redox status, partially via caffeine in Wistar rats: GUARANA ALTERS GUT MICROBIOTA AND MODULATES REDOX STATUS. Phytother Res 2018; 32(12): 2466–74. doi: 10.1002/ptr.6185

	19.	Valdes AM, Walter J, Segal E, Spector TD. Role of the gut microbiota in nutrition and health. BMJ 2018; 361: k2179. doi: 10.1136/bmj.k2179

	20.	Zhang K, Zhang Q, Qiu H, Ma Y, Hou N, Zhang J, et al. The complex link between the gut microbiome and obesity-associated metabolic disorders: mechanisms and therapeutic opportunities. Heliyon 2024; 10(17): e37609. doi: 10.1016/j.heliyon.2024.e37609

	21.	Alves da Silva AV, de Castro Oliveira SB, Di Rienzi SC, Brown-Steinke K, Dehan LM, Rood JK, et al. Murine methyl donor deficiency impairs early growth in association with dysmorphic small intestinal crypts and reduced gut microbial community diversity. Curr Dev Nutr 2019; 3(1): nzy070. doi: 10.1093/cdn/nzy070

	22.	Bruce-Keller AJ, Salbaum JM, Luo M, Blanchard E, Taylor CM, Welsh DA, et al. Obese-type gut microbiota induce neurobehavioral changes in the absence of obesity. Biol Psychiatry 2015; 77(7): 607–15. doi: 10.1016/j.biopsych.2014.07.012

	23.	León IC, Quesada-Vázquez S, Sáinz N, Guruceaga E, Escoté X, Moreno-Aliaga MJ. Effects of Maresin 1 (MaR1) on colonic inflammation and gut dysbiosis in diet-induced obese mice. Microorganisms 2020; 8(8): 1156. doi: 10.3390/microorganisms8081156

	24.	Herp S, Durai Raj AC, Salvado Silva M, Woelfel S, Stecher B. The human symbiont Mucispirillum schaedleri: causality in health and disease. Med Microbiol Immunol 2021; 210(4): 173–9. doi: 10.1007/s00430-021-00702-9

	25.	Livantsova EN, Leonov GE, Starodubova AV, Varaeva YR, Vatlin AA, Koshechkin SI, et al. Diet and the gut microbiome as determinants modulating metabolic outcomes in young obese adults. Biomedicines 2024; 12(7): 1601. doi: 10.3390/biomedicines12071601

	26.	Lutsiv T, Weir TL, McGinley JN, Neil ES, Wei Y, Thompson HJ. Compositional changes of the high-fat diet-induced gut microbiota upon consumption of common pulses. Nutrients 2021; 13(11): 3992. doi: 10.3390/nu13113992

	27.	Zeng L, Yu B, Zeng P, Duoji Z, Zuo H, Lian J, et al. Mediation effect and metabolic pathways of gut microbiota in the associations between lifestyles and dyslipidemia. NPJ Biofilms Microbiomes 2025; 11(1): 90. doi: 10.1038/s41522-025-00721-x

	28.	Pung H-C, Lin W-S, Lo Y-C, Hsu C-C, Ho C-T, Pan M-H. Ulva prolifera polysaccharide exerts anti-obesity effects via upregulation of adiponectin expression and gut microbiota modulation in high-fat diet-fed C57BL/6 mice. J Food Drug Anal 2022; 30(1): 46–61. doi: 10.38212/2224-6614.3395

	29.	Han Y, Quan X, Chuang Y, Liang Q, Li Y, Yuan Z, et al. A multi-omics analysis for the prediction of neurocognitive disorders risk among the elderly in Macao. Clin Transl Med 2022; 12(6): e909. doi: 10.1002/ctm2.909

	30.	Huo L, Li H, Zhu M, Liu Y, Ren L, Hu J, et al. Enhanced trimethylamine metabolism and gut dysbiosis in type 2 diabetes mellitus with microalbumin. Front Endocrinol (Lausanne) 2023; 14: 1257457. doi: 10.3389/fendo.2023.1257457

	31.	Coletto E, Latousakis D, Pontifex MG, Crost EH, Vaux L, Perez Santamarina E, et al. The role of the mucin-glycan foraging Ruminococcus gnavus in the communication between the gut and the brain. Gut Microbes 2022; 14(1): 2073784. doi: 10.1080/19490976.2022.2073784

	32.	Zeng H, Ishaq SL, Liu Z, Bukowski MR. Colonic aberrant crypt formation accompanies an increase of opportunistic pathogenic bacteria in C57BL/6 mice fed a high-fat diet. J Nutr Biochem 2018; 54: 18–27. doi: 10.1016/j.jnutbio.2017.11.001

	33.	Samulėnaitė S, García-Blanco A, Mayneris-Perxachs J, Domingo-Rodríguez L, Cabana-Domínguez J, Fernàndez-Castillo N, et al. Gut microbiota signatures of vulnerability to food addiction in mice and humans. Gut 2024; 73(11): 1799–815. doi: 10.1136/gutjnl-2023-331445

	34.	Hsu Y-H, Chen S-Y, Chen J-D, Yen G-C. Phyllanthus emblica L. polysaccharides mitigate obesity via modulation of lipid metabolism and gut microbiota in high-fat diet-fed mice. Food Funct 2025; 16(12): 5008–28. doi: 10.1039/d5fo01499a

	35.	Kendig MD, Leigh S-J, Hasebe K, Kaakoush NO, Westbrook RF, Morris MJ. Obesogenic diet cycling produces graded effects on cognition and microbiota composition in rats. Mol Nutr Food Res 2023; 67(12): e2200809. doi: 10.1002/mnfr.202200809

	36.	Ijaz MU, Ahmed MI, Zou X, Hussain M, Zhang M, Zhao F, et al. Beef, casein, and soy proteins differentially affect lipid metabolism, triglycerides accumulation and gut microbiota of high-fat diet-fed C57BL/6J mice. Front Microbiol 2018; 9: 2200. doi: 10.3389/fmicb.2018.02200

	37.	Tenorio-Jiménez C, Martínez-Ramírez MJ, Del Castillo-Codes I, Arraiza-Irigoyen C, Tercero-Lozano M, Camacho J, et al. Lactobacillus reuteri V3401 reduces inflammatory biomarkers and modifies the gastrointestinal microbiome in adults with metabolic syndrome: the PROSIR study. Nutrients 2019; 11(8): 1761. doi: 10.3390/nu11081761

	38.	Hsieh MC, Tsai WH, Jheng YP, Su SL, Wang SY, Lin CC, et al. The beneficial effects of Lactobacillus reuteri ADR-1 or ADR-3 consumption on type 2 diabetes mellitus: a randomized, double-blinded, placebo-controlled Trial. Sci Rep 2018; 8(1): 16791. doi: 10.1038/s41598-018-35014-1

	39.	Di Gesù CM, Matz LM, Bolding IJ, Fultz R, Hoffman KL, Gammazza AM, et al. Maternal gut microbiota mediate intergenerational effects of high-fat diet on descendant social behavior. Cell Rep 2022; 41(2): 111461. doi: 10.1016/j.celrep.2022.111461

	40.	Gallè F, Valeriani F, Cattaruzza MS, Gianfranceschi G, Liguori R, Antinozzi M, et al. Mediterranean diet, physical activity and gut microbiome composition: a cross-sectional study among healthy young Italian adults. Nutrients 2020; 12(7): 2164. doi: 10.3390/nu12072164

	41.	Xu D, Feng M, Chu Y, Wang S, Shete V, Tuohy KM, et al. The prebiotic effects of oats on blood lipids, gut microbiota, and short-chain fatty acids in mildly hypercholesterolemic subjects compared with rice: a randomized, controlled trial. Front Immunol 2021; 12: 787797. doi: 10.3389/fimmu.2021.787797

	42.	Ruebel ML, Gilley SP, Sims CR, Zhong Y, Turner D, Chintapalli SV, et al. Associations between maternal diet, body composition and gut microbial ecology in pregnancy. Nutrients 2021; 13(9): 3295. doi: 10.3390/nu13093295

	43.	Konstanti P, Gómez-Martínez C, Muralidharan J, Vioque J, Corella D, Fitó M, et al. Faecal microbiota composition and impulsivity in a cohort of older adults with metabolic syndrome. Sci Rep 2024; 14(1): 28075. doi: 10.1038/s41598-024-78527-8

	44.	Wang K, Liao M, Zhou N, Bao L, Ma K, Zheng Z, et al. Parabacteroides distasonis alleviates obesity and metabolic dysfunctions via production of succinate and secondary bile acids. Cell Rep 2019; 26(1): 222–35.e5. doi: 10.1016/j.celrep.2018.12.028

	45.	Depommier C, Everard A, Druart C, Plovier H, Van Hul M, Vieira-Silva S, et al. Supplementation with Akkermansia muciniphila in overweight and obese human volunteers: a proof-of-concept exploratory study. Nat Med 2019; 25(7): 1096–103. doi: 10.1038/s41591-019-0495-2

	46.	Johnson KV-A. Gut microbiome composition and diversity are related to human personality traits. Hum Microbiome J 2020; 15: 100069. doi: 10.1016/j.humic.2019.100069

	47.	Cryan JF, O’Riordan KJ, Cowan CSM, Sandhu KV, Bastiaanssen TFS, Boehme M, et al. The microbiota-gut-brain axis. Physiol Rev 2019; 99(4): 1877–2013. doi: 10.1152/physrev.00018.2018

	48.	Zandani G, Anavi-Cohen S, Tsybina-Shimshilashvili N, Sela N, Nyska A, Madar Z. Broccoli florets supplementation improves insulin sensitivity and alters gut microbiome population – a steatosis mice model induced by high-fat diet. Front Nutr 2021; 8: 680241. doi: 10.3389/fnut.2021.680241

	49.	Wright T, Langley-Evans SC, Voigt JP. The impact of maternal cafeteria diet on anxiety-related behaviour and exploration in the offspring. Physiol Behav 2011; 103(2): 164–72. doi: 10.1016/j.physbeh.2011.01.008

	50.	Cruz-Carrillo G, Trujillo-Villarreal LA, Ángeles-Valdez D, Concha L, Garza-Villarreal EA, Camacho-Morales A. Prenatal cafeteria diet primes anxiety-like behavior associated to defects in volume and diffusion in the fimbria-fornix of mice offspring. Neuroscience 2023; 511: 70–85. doi: 10.1016/j.neuroscience.2022.12.021

	51.	Holmes A, Picciotto M. Galanin: a novel therapeutic target for depression, anxiety disorders and drug addiction? CNS Neurol Disord Drug Targets 2006; 5(2): 225–32. doi: 10.2174/187152706776359600

	52.	Sciolino NR, Smith JM, Stranahan AM, Freeman KG, Edwards GL, Weinshenker D, et al. Galanin mediates features of neural and behavioral stress resilience afforded by exercise. Neuropharmacology 2015; 89: 255–64. doi: 10.1016/j.neuropharm.2014.09.029

	53.	Romano KA, Vivas EI, Amador-Noguez D, Rey FE. Intestinal microbiota composition modulates choline bioavailability from diet and accumulation of the proatherogenic metabolite trimethylamine-N-oxide. MBio 2015; 6(2): e02481. doi: 10.1128/mBio.02481-14

	54.	Le J, Peng R, Li Y. Trimethylamine-N-oxide and precursors as novel potential biomarkers for anxiety disorder. Lab Med 2022; 53(2): 177–82. doi: 10.1093/labmed/lmab063

	55.	Bidulescu A, Chambless LE, Siega-Riz AM, Zeisel SH, Heiss G. Usual choline and betaine dietary intake and incident coronary heart disease: the Atherosclerosis Risk in Communities (ARIC) study. BMC Cardiovasc Disord 2007; 7(1): 20. doi: 10.1186/1471-2261-7-20



*Heriberto Castro García, PhD
Dr. Eduardo Aguirre Pequeño 905
Mitras Centro, 64460
Monterrey, Nuevo León, México.
Email: heriberto.castrogr@uanl.edu.mx

OPS/FNR-70-14244-F1.jpg
“CTL=3n— —— CTLSUP =5n

Control Supplemented control
CAF=5n__ —
Cafeteria L Yo CAF SUP =3n
Supplemented cafeteria
male C57BL/6
b) Dams

Diet: control, cafeteria, control supplemented and cafeteria

supplemenied

Pre-pregnancy Pregnancy Lactation Offspring ("

“ e e -

(N Y I I Y B | ,\5
0 Wi W2 WS Wa W5 We W ws wo Control diet -
« S
Weeks S E— —| L | -
0w we w wi ws we w w W wo wn

Groups

CTL (n=5): CAF (n-

): CTL SUP (n=5): CAF SUP (n=5)





OPS/FNR-70-14244-F2.jpg
=CTL SUP
= CAF SUP

=CTL
= CAF

N © 1B ¥ ® N+ O
xapul A}ISI9AIp uouueys





OPS/FNR-70-14244-F3.jpg
b)

Phylum

a)

Rolative abundance (%)

0025

o015

o
s

Actinobacteria

—

wotL
“caF

ncTLSUP
#CAF SUP.

o

Relative abundance (%)

o8 - B w R e

wet
R

wCTLSUP
#CAF SUP.





OPS/FNR-70-14244-F4.jpg
Mucispirillum
—
L
Butyricicoccus

Paraprevotella

Rolative abundance (%)

Relative abundance (%)
A e s e

Anaeroplasma

2

Relative abundance (%)

we
car

cTLSUP
CAF SUP.

set
“CAF

acTLSUP
CAF SUP

=eTL
“cAF

=CTLSUP
=CAF SUP

weTL
“CAF

=CTLSUP.
=CAF SUP

abundanco (%

Rolative abundance (%)

009

00

007

005
008
003

£ om
€ oot

15

35

25

15

os

Adlercreutzia

Ruminococcus_1

ot
“car

scTLsUP
=CAF SUP

wet
car

acTLSUP
=CAF SUP

set
“CAF

=CTLSUP
= CAF SUP





OPS/FNR-70-14244-F5.jpg
B conor
B Catr
Rk boms
o conut
[ — I superee
Lo I — I supemerse. caera
Specie | Lacomen o

a)

Relative abundance (%)

b)

Relative abundance (%)

@

g
H
3
H
&

283

30
20
10

Mucispirillum schaedleri

=emL
wcar

=CTLSUP
=CAF SUP

Akkermansia muciniphila

wem
car

=cTLsUP
=caF suP

Butyricicoccus pullicaecorum

=cTL
“car

=cTLSUP
=CAF SUP

Lactobacillus reuteri
. : .
£s
£ oar
| =CTLSUP
2?2 =CAF SUP
5
a®o

o

Parabacteroides distasonis

g
e
i -
2 oar
Y wcTLSUP
§ =CAF SUP.
g

o

Ruminococcus gnavus

a0 -
sem
wcar
=cTLsUP
caF sUP






OPS/FNR-70-14244-F6.jpg
Al v leming behavc






OPS/CoverDesign.jpg
1SSN 16546628

food & nutrition

research

Maternal cafeteria diet and methyl donor supplementation modulate
gut microbiota and anxiety-like behavior in male offspring
Ximena Rodiiguez Gémez, Heriberto Castro and Alberto Camacho-Morales





