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Microbiota-host crosstalk: the role of
short-term dietary restriction in
neurological and metabolic dysregulation
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Yanhong Li"*, Jianning Chen?*, Xiaolan Qi', Yan He', Guoze Wang', Limin Wei*>< & Wei Hong'

Excessive dieting (ED), a common weight-control strategy, often causes neurological and emotional
disturbances, yet its gut-brain interaction mechanisms remain unclear. Employing a short-term dietary
(SDR) adult male rabbit model, we found that SDR can induced cerebral cortex up-regulation of the
immune-related genes (e.g., CTQC, SAA3) enriched in NF-kappa B signaling pathways, contrasted
with down-regulation of sex hormone-related genes (e.g., PRLR, SPA17) implicated in metabolic
homeostasis. Furthermore, dysregulated expression of metabolic genes (e.g., PPM1J, GALNT18) in
the cecum of the SDR group interacted to impair the immune protection pathways related to intestinal
mucosa. Then, SDR significantly increased the cecal Firmicutes/Bacteroidetes ratio (from 3.38 t0 5.57)
and reduced microbial diversity. Specifically, beneficial bacteria involved in tryptophan metabolism
and neurotransmitter synthesis (e.g., Bacteroidales_bacterium, Alistipes_indistinctus) decreased,
whereas bile acid-metabolizing bacteria (e.g., Clostridium_sp._CAG:710,
Ruminococcus_sp._Marseille-P6503) linked to increase energy metabolism. The top 20 genes from
the brain-gut axis analysis (e.g., [TPR1, CAMK4, CDK5R1) were enriched in critical neural pathways
like axon guidance, GABAergic synapse, and long-term potentiation. Notably, key
neurodevelopmental genes (e.g., GPR37, GPX3) correlated with these microbial shifts, implicating
oxidative stress, synaptic plasticity, and mitochondrial function in microbiota-host crosstalk. This
study highlights a “microbial-metabolism-neural” axis in SDR, providing novel targets for future
obesity intervention strategies.

Weight loss has always been a main topic of concern for middle-aged and
elderly obese people. It can not only reduce body fat but also effectively lower
the risk of obesity-related metabolic diseases, such as cardiovascular and
cerebrovascular diseases, type 2 diabetes (T2D), Alzheimer’s disease (AD),
hypertension and hyperlipidemia'. For obesity intervention methods,
compared with drug intervention, dietary intervention has become a non-
dependent way to lose weight. Studies have indicated that restrictive diets,
involving controlled nutrient intake, fasting, and intermittent eating, can
serve as a primary intervention strategy for obesity in its early stages’. These
measures mainly aim at controlling the intake of nutrients but are prone to
rebound and may involve multiple physiological metabolic mechanisms,

such as diet-induced immune cells in adipose tissue, mitochondrial meta-
bolic remodeling, calcium ion signal transformation and substrate circula-
tion, as well as increased activity of the sympathetic nervous system. In these
physiological processes, various dietary patterns impact gut flora and its
metabolites, which in turn stimulate the vagus nerve to regulate brain
metabolism directly or indirectly. This regulation influences internal energy
balance and central appetite reward signals in the metabolic processes of
obesity’. Prior research indicates that Leptin (LEP), ghrelin, and glucagon-
like peptide 1 (GLP-1) in the brain-gut axis directly control appetite,
affecting the metabolic interactions between the gut and the microbial
community, thereby influencing feeding behavior’. These effects may be
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linked to intestinal host genes and cerebral cortex metabolic patterns
influenced by intestinal microbial metabolism. Nevertheless, the precise
interactive mechanisms between host gene regulation in the brain-gut axis
and gut microbial population metabolism, which impact nutrient digestion
and absorption, remain incompletely understood.

Limiting nutrient intake is a relatively effective way to lose weight.
However, we need a high-quality weight loss that enhances metabolic
function and promotes physical health. Dietary restriction, involving fasting
or severe caloric reduction for 12-48 h alternated with regular food intake, is
recognized as an effective approach for weight loss and lifespan extension by
reducing nutrient intake’. In some diverse dietary pattern studies’, it has
been indicated that very low-carb ketogenic diets (VLCKD), high-fiber diets,
and intermittent fasting effectively alleviate obesity-related inflammation
and reduce body fat. Weight loss through high-protein calorie restriction
diets leads to distinct alterations in gut microbiome composition, including
increases in Akkermansia sp. and Bifidobacterium sp. and reductions in
Prevotella sp’. However, the precise connections between brain energy
homeostasis and gut microbiota under various dietary patterns, particularly
restricted diets, remain incompletely understood. Recent researches have
demonstrated that dietary obesity can induce dysregulation of neuron
transcription in the cerebral cortex of mice, involving excitatory neurons
and glial cells, particularly microglia®’. Conversely, studies have shown that
intermittent fasting can shift brain energy metabolism patterns, enhance
mitochondrial activity in hippocampal neurons, regulate intestinal micro-
bial circulation to generate beneficial metabolites such as 3-indolepropionic
acid, serotonin, short-chain fatty acids, or tauroursodeoxycholic acid,
thereby conferring resistance to metabolic diseases'""".

In randomized clinical trials'? on time-restricted eating, it was found
that early time-restricted eating (€TRE) every day for 14 weeks was more
effective in weight loss, improving diastolic blood pressure and mood than
eating over a 12-h period. On the other hand, dietary restriction can also
cause insufficient energy supply to the body, leading to irreversible emo-
tional and cognitive problems in the metabolism of the brain-gut axis, such
as depression, anxiety, and abnormal behaviors". Recent clinical statistical
analysis indicates a lack of research on the influence of intermittent fasting
(IF) on brain-derived neurotrophic factor (BDNF) in healthy, overweight/
obese individuals and patients with metabolic diseases, leaving uncertainty
about its impact on brain cognition. Therefore, the relationship between
dietary patterns and brain cognition remains unclear™. We hypothesize that
the limitation of nutritional levels in various diet patterns may alter brain
energy metabolism homeostasis and raise the risk of cognitive diseases.

The brain-gut axis plays a crucial role in regulating the body’s meta-
bolic balance'***. The gut microbiota has been found to influence immune
response, intestinal function, host feeding behavior, and central nervous
system (CNS) metabolism via the vagus nerve'”'’. Disruption of the gut
microbiota has been associated with various CNS diseases, including Par-
kinson’s disease (PD), Autism spectrum disorder (ASD), attention deficit
hyperactivity disorder (ADHD), and Rett syndrome (RTT)"*. Recent
studies have identified specific metabolites such as bile acid, butyric acid,
succinate, red acid, urinary asbestos A, and asparagine, derived from
changes in intestinal microorganism abundance like Bacteroides, Rumino-
coccus, and Clostridium butyricum (CCFM1299), that are involved in reg-
ulating lipid metabolism signaling pathways across different body tissues,
including PKA, PPARa, PGC-1a,and mTORCI signaling pathways™"*’. We
should pay attention to the mechanism of brain-gut interaction under dif-
ferent dietary conditions, especially nutrient limitation. However, the
underlying mechanisms by which gut microbiota may contribute to
alterations in brain-related metabolic patterns under restrictive diet con-
ditions are still not fully understood.

The study aims to explore transcriptional changes in lipid metabolism
in the cerebral cortex caused by dietary restrictions and their potential
influence on the body’s energy equilibrium. This will involve analyzing the
correlation between microorganisms and the cerebral cortex in rabbits to lay
the groundwork for future interventions and treatments of metabolic dis-
orders associated with weight loss and obesity in humans.

Results

Neuropathological and transcriptional programming of the cer-

ebral cortex in response to dietary restriction

Through the construction of a feed restriction model, we observed a sig-
nificant decrease in body weight and a remarkable reduction in perirenal fat
mass in the restricted group compared to the control group, as clearly
illustrated in Supplementary Fig. 1. However, pathological examination
with HE staining showed no obvious inflammatory response in the brain-
intestinal tissues among each group, as shown in Supplementary Fig. 2. To
better explain the interaction between restricted diet induced intestinal
microbiome in the cecum and the cerebral cortex, the transcriptional dif-
ferences between the two groups in the left cerebral cortex tissues of rabbits
were measured. The transcriptomic sequencing of the cerebral cortex tissue
samples between Co and Re showed that the clean bases data amount of
each sample was distributed in 13.13-14.92G, with a Q30 base and an
average GC content proportion of 93.45-94.97% and 51.60-53.04%,
respectively. Then, the number of coding genes in each sample was mapped,
analyzed and ranged from 17,139 to 17,240, as shown in Supplementary
Table 1. By comparing the expression levels of genes between the two
groups, a total of 370 significantly differentially expressed genes were
identified from 17,191 genes using the screening criteria of |[log.FC| > 1 and
p-value < 0.05, among which 275 were up-regulated and 95 were down-
regulated, such as RPS29, TMEM?256, C1QC, LGALS3, etc, as shown in Fig.
1A, B. Enrichment analysis showed the top 30 GO enrichment terms
(Fisher’s exact test, g <0.05) of these DEGs in the following: biological
processes, including immune response, regulation of immune response,
adaptive immune response, chemotaxis, and innate immune response, etc;
cellular component, including the external side of plasma membrane, cell
surface, plasma membrane, immunological synapse, integral component of
membrane, etc; molecular functions, including antigen binding, C-C che-
mokine receptor activity, folic acid binding, immunoglobulin receptor
binding, signaling receptor activity, etc, as shown in Fig. 1C. Moreover,
KEGG pathway enrichment analysis (Fig. 1D) showed that up-regulated
DEGs were mainly enriched in pathways (Fisher’s exact test, g < 0.05), such
as the Intestinal immune network for IgA production, Viral myocarditis,
Hematopoietic cell lineage, Primary immunodeficiency, Cell adhesion
molecules (CAMs), Epstein-Barr virus infection, Asthma, Allograft rejec-
tion, Cytokine-cytokine receptor interaction, and the NF-kappa B signaling
pathway. On the other hand, the downregulated DEGs were mainly enri-
ched in pathways (Fisher’s exact test, g <0.05), such as Malaria, Bile
secretion, Complement and coagulation cascades, ECM-receptor interac-
tion, Glycine, serine and threonine metabolism, and Staphylococcus aureus
infection. Furthermore, the expression levels and interaction relationships
of these inflammatory factors indicated that CD40, CD40LG, SYK,
TNFSF13B and TRAF4 played significant regulatory roles in the protein
interaction network from STRING database analysis, as shown in Fig. 1E, F,
and Supplementary Table 2, 3. Therefore, we speculated that the dietary
restriction could induced a deceleration in amino acid metabolism and an
elevation in the transcriptional levels of inflammatory factors in rabbit
cerebral cortex tissue.

Differential host gene analysis of the cecal tissues between

Co and Re

The transcriptomic sequencing of the cecal samples between Co and Re
showed that the clean bases data amount of each sample was distributed in
6.89-7.35 G, which contained the Q30 base (distributed in 93.99-94.32%)
and an average GC content of 53.13%. Each sample was aligned to the
reference genome (GCF_009806435.1). It was found that the number of
coding genes in each sample ranged from 15,377 to 15,953, as shown in
Supplementary Table 4. By comparing the expression levels of genes
between the two groups, 1603 significant DEGs (DEGs) (218 upregulated
and 1385 downregulated) were selected a total of from 15,777 DEGs under
the criteria of |log,FC| > 1 and p-value < 0.05, as shown in Fig. 2A. The top
20 genes were selected from the DEGs and a cluster heatmap was drawn for
subsequent analysis, such as PLA2G4C, CD79B, BAC2, APOE, etc, as shown
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in Fig. 2B. Enrichment analysis showed the top 10 GO enrichment terms of
these DEGs (Fisher’s exact test, g < 0.05) (Fig.2C) in the following: biological
processes, including B cell activation, positive regulation of T cell pro-
liferation, adaptive immune response, inflammatory response, and immune
response; cellular component, including integral component of lumenal side
of endoplasmic reticulum membrane, clathrin-coated endocytic vesicle
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membrane, MHC class II protein complex, integral component of plasma
membrane, and the plasma membrane; molecular functions, including
MHC class II protein complex binding, SH3/SH2 adapter activity, peptide
antigen binding, tumor necrosis factor receptor binding, and MHC class I
receptor activity. KEGG pathway enrichment analysis (Fig. 2D) showed that
the upregulated DEGs were mainly involved in pathways (Fisher’s exact test,
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Fig. 1 | The cerebral cortex transcriptional profile in response to dietary
restriction. A Volcano plot analysis of DEGs between the two groups. The gray color
represents the non-significant DEGs, and the red and blue colors represent the
significant DEGs. The horizontal axis shows the log2FC, and the vertical axis shows
the —log10 P-value. B Cluster heatmap analysis of significantly DEGs within dif-
ferent groups of samples. In the figure, each small square represents a gene, and the
color of each square indicates the expression level of the corresponding gene. Red
color represents highly expressed genes while blue color indicates lowly expressed
genes. The dendrogram on the left side of the figure shows the clustering analysis
results of different genes from various samples. C Enrichment plot of GO analysis for
DEGs. In the bar chart, filter out the GO entries corresponding to the three categories
whose number of differential genes is greater than or equal to 3. Sort the top 10
entries for each GO entry according to the —log10 p-value from small to large, and
display them in the bar chart. D Enrichment analysis of KEGG pathways involved by
the DEGs. The Y-axis in the graph corresponds to the names of pathways; The X-axis

represents the ratio of DEGs in a specific pathway to the total number of genes in that
pathway. A higher value indicates a greater proportion of DEGs in the pathway; The
bubbles on the plot represent the number of DEGs-the larger the bubble, the more
DEGs are present in that particular pathway. The significantly enriched GO terms
and KEGG pathways (Fisher’s exact test, g < 0.05) in (C) and (D) are shown in
“Result” section. E Line plot analysis of the differences in mRNA expression levels of
immune-related genes in the cerebral cortex between the two groups. The horizontal
axis represents the sample names, and the vertical axis represents log2 expression.
Different colors and shapes in the graph represent the differences in gene expression
levels. F Correlation network diagram of immune-related genes in the cerebral
cortex between the two groups. The size of the dots in the figure represents the
importance of the gene in the network. Red dots indicate that the gene is upregulated,
while green dots indicate that the gene is downregulated. The color of the lines
connecting the two points ranges from yellow to red, indicating an increasing
correlation.

q <0.05), such as Drug metabolism—other enzymes, Ascorbate and alda-
rate metabolism, Pentose and glucuronate interconversions, Ether lipid
metabolism, Porphyrin and chlorophyll metabolism, Legionellosis, Tight
junction, p53 signaling pathway, Drug metabolism-cytochrome P450, and
Steroid hormone biosynthesis. On the other hand, the downregulated DEGs
(Fisher’s exact test, g < 0.05) were mainly enriched in pathways, such as
Hematopoietic cell lineage, Asthma, Cell adhesion molecules (CAMs),
Allograft rejection, Intestinal immune network for IgA production, Rheu-
matoid arthritis, Autoimmune thyroid disease, Viral myocarditis, NF-kappa
B signaling pathway, and Cytokine-cytokine receptor interaction. There-
fore, it was speculated that the dietary restriction potentially enhanced
regulators of non-carbohydrate conversion while suppressing cecal immune
responses.

Cross-tissue gene co-expression network analysis between the
cecal and cerebral cortical transcriptomes

To better understand the degree of correlation in transcriptional differences
between the two organ tissues, Venn diagram analysis was performed on the
transcriptional differences in the cerebral cortex and cecum tissues between
the Re and Co, as shown in Fig. 3A. The results showed that 15,298 dif-
ferential genes (DEGs) were co-expressed in the two organs. Then, weighted
gene co-expression network analysis (WGCNA) results showed that these
DEGs were divided into 26 modules, as shown in Fig. 3B. The module
correlation coefficient analysis (Fig. 3C) showed that the module correlation
coefficient of MEpurple gene was positively correlated with the cerebral
cortex samples (R>0.5, p<0.05), but negatively correlated with cecal
samples (R < —0.59, p <0.05). Therefore, we selected the modular gene
cluster with the highest co-expression correlation. Then, enrichment ana-
lysis showed the top 30 GO enrichment terms (Fisher’s exact test, g < 0.05)
of these module gene clusters (6542 DEGs) as follows (Fig. 2D): biological
processes, including regulation of synaptic vesicle exocytosis, nervous sys-
tem development, chemical synaptic transmission, signal transduction,
homophilic cell adhesion via plasma membrane adhesion molecules, etc;
cellular component, including glutamatergic synapse, cell junction, neuro-
nal cell body, axon, dendrite, postsynaptic density, neuron projection, etc;
molecular functions, including ion channel binding, SNARE binding,
ubiquitin-protein transferase activity, syntaxin-1 binding, voltage-gated
potassium channel activity, etc. The top 20 KEGG pathways (Fisher’s exact
test, q<0.05) showed that Axon guidance, Synaptic vesicle cycle,
GABAergic synapse, Long-term potentiation and other pathways were the
main pathways, as shown in Fig. 3E. These pathways are related to neural
activity and were chosen for our research key pathways. We conducted co-
expression correlation analysis on the significantly DEGs (P < 0.05)
involved in these pathways between the two organ tissue samples. We
screened out the top 20 genes with strong differences in co-expression
coefficients as the key genes for our subsequent research, such as ITPRI,
CAMKH4, ATP6V1G2, PRKCB, CDK5R1, PLA2G4C, ATF2 and GPX3, as
shown in Fig. 3F and Table 1. Then, we hypothesized that the dietary
restriction induced remodeling of energy metabolism in the gut-brain axis,

particularly through co-expression of neuromodulatory factors that regulate
metabolic balance.

Linking dietary restriction-induced gut microbial shifts to host
transcriptional responses in the cecum

Based on the clean read data and genome assembly, ORF prediction
was performed between Co and Re, resulting in 20,685,283 ORF
numbers (>200 bp). The results are shown in Supplementary Table 5.
By comparing each sample’s clean reads with a set of non-redundant
genes, a total of 9,481,157 unigenes were predicted and found in the
intergroup samples. The number of genes in the Re samples was sig-
nificantly higher than that in the Co samples, as shown in Fig. 4A.
Similarly, anosim analysis was conducted based on the gene clusters in
the inter-group samples. The distribution of gene cluster abundance in
each sample between Re and Co was analyzed using the Anosim
method (Fig. 4B). The gene clusters in the Re group were significantly
lower than those in the Co group in this experiment (R=0.37,
P <0.01), confirming that the differences between the experimental
groups were significant and had biological significance. Moreover,
species annotation was obtained through analysis of the NR library,
and its abundance was calculated using the total gene abundance
corresponding to the species. The results of microbial composition
analysis showed that Firmicutes, Bacteroidetes, Proteobacteria, Ver-
rucomicrobia, Tenericutes, Candidatus_Melainabacteria, Actino-
bacteria, Spirochaetes, Euryarchaeota and Fusobacteria were the most
abundant bacterial phyla between the two groups, as shown in Fig.4C,
and found that the Firmicutes/Bacteroidetes
(F/B) ratio increased from 3.38 in the Co to 5.57 in the Re. At the genus
level, Clostridia, Clostridiales, Lachnospiraceae, Ruminococcaceae,
Bacilli, Bacteroidales, Firmicutes, Porphyromonadaceae, Akkermansia
glycaniphila, and Clostridiaceae were the most abundant bacterial
genera in the two groups, as shown in Fig. 4D. The microbial diversity
index analysis found that the Goods coverage index of the two groups
was higher than 98%, indicating a high microbial detection rate in all
samples. The Chaol and ACE indices in the Re were higher than those
in the Co, indicating that the abundance of microbial species in the Re
was higher than that in the Co. The Simpson index and Shannon index
showed no significant difference between groups, but two index value
of microflora in Re were lower than that in Co, suggesting that the
diversity of microbial species in the Re had slightly decreased, as shown
in Table 2. The results of species difference between the two groups
were analyzed using the Wilcoxon rank-sum method and showed that
the relative abundances of the top 10 microbes (P < 0.05) at the species
level had significant differences between the two groups, as shown in
Fig. 4E. The relative abundance of Bacteroidales_bacterium, Alistipe-
s_indistinctus, Duncaniella_freteri, Bacteroides_ovatus, and Flavo-
bacteriales_bacterium was reduced, while the relative abundance of
Clostridiaceae_bacterium, Clostridium_sp._CAG:710, Clos-
tridium_sp._CAG:452, Ruminococcaceae_bacterium_FB2012,
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Fig. 2 | Screening and functional enrichment analysis of differential genes
between the two groups. A Volcano plot analysis of DEGs between the two groups.
The gray color represents the non-significant DEGs, and the red and blue colors
represent the significant DEGs. The horizontal axis shows the log2FC (Fold change),
and the vertical axis shows the —log10 P-value. B Cluster heatmap analysis of
significantly DEGs within different groups of samples. In the figure, each small
square represents a gene, and the color of each square indicates the expression level
of the corresponding gene. Red color represents highly expressed genes, while blue
color indicates lowly expressed genes. The dendrogram on the left side of the figure
shows the clustering analysis results of different genes from various samples.
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of KEGG pathways involved by the DEGs. The Y-axis in the graph corresponds to
the names of pathways; The X-axis represents the ratio of DEGs in a specific pathway
to the total number of genes in that pathway. A higher value indicates a greater
proportion of DEGs in the pathway; The bubbles on the plot represent the number of
DEGs—the larger the bubble, the more DEGs are present in that particular pathway.
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q<0.05) in (C) and (D) are shown in “Result” section.

Ruminococcus_sp._Marseille—P6503) were increased. The above sig-
nificant differences information on the top 30 genus/species were
shown in Table 4. Furthermore, the LDA (Linear Discriminant Ana-
lysis) method was employed to analyze the main metabolic pathways of
the differential microorganisms in Fig. 4F. The results indicated that

the top 10 metabolic pathways (Fisher’s exact test, g < 0.05) were the
main pathways in the RE group, including Alanine aspartate and
glutamate  metabolism,  Peptidoglycan_biosynthesis, ~ Glycer-
olipid_metabolism, etc. In contrast, the top 10 metabolic pathways in
the Co group were the main pathways, including Thiamine
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metabolism, Vitamin B6 metabolism, and N-Glycan biosynthesis,
among others. Based on the weighted co-expression analysis of cerebral
cortex and cecum genes, we conducted co-expression heatmap analysis
of these 10 significant species and 38 key neurometabolic pathway
genes in the cecum, as shown in Fig. 4G. The results showed that 20 key
genes with high correlation were screened out to have a strong
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correlation with these 10 species (Pearson’s correlation coefficient
>0.8, p < 0.05). By constructing correlation networks, it was found that
28 genes (PRKCB, GRIN3A, RYRI, CPLX3, PSMA3, PPPIRIB,
PLA2G4C, etc.) were highly correlated with 10 microbial species in the
co-expression networks, as shown in Fig. 4H and Table 3. Therefore,
these correlation analysis results indicated that the dietary restriction
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Fig. 3 | Functional analysis of differential gene co-expression in tissues of cecum
and cerebral cortex. Note: A Analysis of cecal and cortical cross differential genes by
Venn diagram. The red circle represents the differential genes in cerebral cortex
tissue and the blue circle represents the differential genes in cecum tissue.

B Construct a hierarchical clustering tree based on correlation coefficients of DEGs.
Different branches of the clustering tree represent distinct gene modules, with each
color indicating a separate module. By utilizing weighted correlation coefficients of
genes, genes are classified according to their expression patterns, grouping those
with similar patterns into the same module. C Analysis of associations between
different modules and tissue samples. In the figure, different colors represent dif-
ferent gene modules. The small squares within each module correspond to the
module genes of the samples. The values in the upper part of the module represent
the correlation coefficients between the expression levels of the module genes and the
samples within the corresponding sample group squares. The P-value for the sig-
nificance test of differential expression of each gene among different sample groups
is calculated using the T-test (Pearson correlation coefficient). D Enrichment plot of
GO analysis for the module genes. In the bar chart, filter out the GO entries

corresponding to the three categories whose number of differential genes is greater
than or equal to 3. Sort the top 10 entries for each GO entry according to the -log10 p-
value from small to large, and display them in the bar chart. E Enrichment analysis of
KEGG pathways involved by the module genes. The y-axis in the graph corresponds
to the names of pathways; The X-axis represents the ratio of DEGs in a specific
pathway to the total number of genes in that pathway. A higher value indicates a
greater proportion of DEGs in the pathway; The bubbles on the plot represent the
number of DEGs-the larger the bubble, the more DEGs are present in that particular
pathway. The significantly enriched GO terms and KEGG pathways (Fisher’s exact
test, g < 0.05) in (D) and (E) are shown in “Results” section. F The figure displays a
co-expression correlation heatmap analysis of neuro-metabolic pathway genes
within modular gene clusters. Genes on the y-axis are derived from cecal tissue
samples, while those on the x-axis are from cerebral cortex tissue samples. The small
squares within the plot depict the correlation patterns of gene expression levels
between the tissue samples: red signifies a positive correlation, blue indicates a
negative correlation, and darker shades reflect stronger correlations. Statistically
significant Pearson correlations are denoted as follows: *p < 0.05; **p < 0.01.

augmented the functional capacity of cecal microbiota for amino acid
biosynthesis and non-glycosidic metabolite transformation, engaging
in cross-talk with host genetic regulators to preserve cecal metabolic
equilibrium.

Alterations in cecal neurometabolites of rabbits following dietary
restriction

To further clarify the metabolic relationship between the cecal micro-
biota and the corresponding host, we conducted a comprehensive ana-
lysis of the metabolites in the cecal contents. The PLS-DA method was
used to analyze the relationship model between metabolite expression
and samples between Co and Re. Its results showed that the evaluation
parameters in the model were all greater than 0.7 (R2 X=0.743, R2
Y=0.971 and Q2 =0.77), indicating that the samples conformed to the
model conditions, as shown in Fig. 5A. Based on the select parameter
values [log2 (FoldChange)| > 0, P-value < 0.05 and VIP > 1 of the meta-
bolites, the Pearson correlation analysis was conducted between 30 key
differentially expressed metabolites (DEMs) related to neuro-
metabolism and 30 different bacterial species in the cecum, as shown
in Fig. 5B and Tables 4-6. The results indicated that Prevotella_copri,
Bacteroidales_bacterium, Muribaculaceae_Flavobacteriales_bacterium,
Roseburia_inulinivorans, and Parasutterella_excrementihominis, etc.
have a strong positive correlation with the synthesis of tryptophan
metabolites and neurotransmitter-like metabolites, while they have a
negative correlation with bile acid metabolites and ion channel-related
excitatory metabolites. Conversely, the species of the Clostridium genus
(Clostridium_sp._CAG:452,  Clostridium_sp._CAG:417 and Clos-
tridium_sp._CAG:451, etc.), the  Firmicutes_bacterium_HGW-
Firmicutes-16, the Ruminococcus genus (Ruminococcus_sp._YE71,
Ruminococcus_sp._CAG:579 and Ruminococcus_sp._Marseille-P6503,
etc.) showed the opposite result. Functional enrichment analysis of all the
DEMs showed that they were mainly enriched in the pathways (Fisher’s
exact test, ¢ <0.05) of Arginine biosynthesis, Vitamin digestion and
absorption, Vitamin B6 metabolism, ABC transporters, FoxO signaling
pathway, and Huntington disease. (Fig. 5C). Furthermore, we screened
out 20 intestinal metabolites related to brain neural metabolism from the
metabolites and found that gamma-aminobutyric acid (GABA) and
L-tryptophan (P < 0.05) were down-regulated in the Re, while butyric
acid and bile acid were significantly upregulated (P < 0.05), as shown in
Fig. 5D and Table 7. Then, we drew the interaction diagram between the
microorganisms in the cecum and the metabolic activities of the cerebral
cortex, as shown in Fig. 5E. In the figure, we focused on predicting the
relationship between restricted feeding and the secretion of L-trypto-
phan, deoxycholic acid, GABA and other key neuro-metabolic deriva-
tives by the key bacterial communities in the cecum, and the functional
changes in the cerebral cortex. Consequently, we postulate that mod-
ifications in the secretion of crucial neuro-metabolites by cecal

microorganisms as a result of restricted feeding could enter or indirectly
influence the cerebral cortex tissue through the peripheral circulation.
This process is anticipated to govern its immune and metabolic func-
tions, subsequently influencing brain cognition, anxiety, and depression,
and resulting in suboptimal weight loss effects. Fig. 6.

Discussion

Diet-induced weight loss through dietary control has become a common
strategy in obesity intervention, and its safety is generally considered to be
superior to drug treatment. However, the potential impacts of such dietary
patterns on brain neuro-metabolism have not been fully explored. This
study aims to systematically elucidate the mechanism of its effects on the
neural network of the cerebral cortex, microbial metabolism, and related
host gene regulation in adult New Zealand rabbits through the establish-
ment of a short-term dietary (SDR) restriction model. The gut microbiota,
as a key regulator of food digestion and nutrient absorption, can cross the
blood-brain barrier by secreting various neuroactive compounds (such as
short-chain fatty acids, amino acid derivatives, and bile acid metabolites),
and affect the functional metabolism of the CNS through direct or indirect
pathways™. Previous study'’ has shown that short-term intermittent fasting
can improve the behavioral disorders of diabetic mice through the
microbial-metabolism-neurological axis, and increase the levels of microbial
metabolites related to cognitive function. Clinical evidence™ also indicates
that intermittent fasting (IF) can restore synaptic plasticity and integrity,
reduce protein toxicity, and restore the homeostasis of the glial and immune
systems in various neurodegenerative disease models (such as Alzheimer’s
disease, Parkinson’s disease, Huntington’s disease, and amyotrophic lateral
sclerosis). In this study, short-term high-intensity dietary restriction not
only led to a significant decrease in body weight of New Zealand rabbits but
also caused a series of neurobehavioral abnormalities, including drowsiness,
slow response, disordered fur, and polyuria. This result is consistent with
our previous report™, suggesting that such interventions may increase the
potential risks of depression, anxiety, or mental disorders. From a systems
physiology perspective, caloric restriction and intermittent fasting achieve
the weight-loss effect through multiple synergistic pathways: (1) activating
vagus nerve afferent signals; (2) regulating the systemic immune status; (3)
reshaping the composition and metabolic characteristics of intestinal
microbiota; and (4) regulating the central dopaminergic pathway. The
dynamic balance of the “gut-brain-metabolism” axis constitutes a basic
physiological adaptation mechanism for the body to energy restriction™. At
the metabolic level, the body breaks down liver glycogen, mobilizes muscle
protein, and utilizes adipose tissue to generate glucose and ketone bodies to
maintain the energy supply of brain”. Elevated ketone levels are believed to
optimize brain energy metabolism and may potentially become a key
mechanism for improving cognitive function in neurodegenerative dis-
orders (such as Parkinson’s and Alzheimer’s diseases)*. The acute, severe
dietary restriction adopted in this study shows a significant difference from
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Table 1 | Table of pearson coefficients associated with co-
expression of differential genes in the key modules of
transcribed genes in cerebral cortex and cecum tissues

Table 1 (continued) | Table of pearson coefficients associated
with co-expression of differential genes in the key modules of
transcribed genes in cerebral cortex and cecum tissues

Genes in cecal Genes in cerebral Pearson’s p-value  Significance Genes in cecal Genes in cerebral Pearson’s p-value  Significance
tissue samples cortex tissue correlation tissue samples cortex tissue correlation

samples coefficient samples coefficient
SDHC PPP3CA -0.9705 0.0013 R PSMD12 SHANK2 -0.8570 0.0292 h
SDHC SLC1A3 0.8258 0.0429 E PSMD12 CACNA1C -0.8383 0.0371 £
SDHC CPLX2 -0.8944 0.0161 k PSMD12 SLC6A13 -0.9388 0.0055 Ei
SDHC LOC100340645 0.9170 0.0101 ol GPX3 PRKCG —0.9033 0.0136 &3
SDHC APC -0.8967 0.0155 k GPX3 GABBR2 -0.9515 0.0035 2
SDHC GABBR2 -0.8471 0.0333 hl GPX3 ACTR1B -0.8185 0.0464 &
SDHC DLGAP1 -0.9321 0.0068 hokd GPX3 GRIK5 -0.8323 0.0398 &
SDHC GRIN2B -0.9018 0.0140 i GPX3 SHANK2 -0.8120 0.0497 &
SDHC PSMB4 0.8904 0.0174 & GPX3 KCNJ3 -0.8622 0.0272 &
SDHC NDUFA2 0.8235 0.0440 b GPX3 GRIN3A -0.8816 0.0202 &
SDHC PSMA5 0.9179 0.0098 L GPX3 CACNA1C -0.8857 0.0189 k3
SDHC PSMB3 0.8830 0.0197 & GPX3 GABRG3 -0.9304 0.0071 Eutd
SDHC ACTR1B -0.9124 0.0112 &3 GPX3 CASP7 0.8888 0.0179 ko
SDHC FZD3 -0.8230 0.0442 3 PLA2G4C CPLX2 0.8348 0.0387 ko
SDHC RELN -0.8788 0.0211 3 PLA2G4C LOC100340645 -0.8668 0.0254 ko
SDHC KCNJ6 -0.8978 0.0151 3 PLA2G4C ACTR1B 0.8521 0.0312 ko
SDHC GABRG3 -0.8645 0.0263 3 PLA2G4C GPR37 0.8744 0.0227 £
SDHC RAPGEF3 0.9413 0.0051 (G PLA2G4C CREB5 0.9675 0.0016 bt
SDHC CREB5 -0.8141 0.0486 ki GNAI1 SHANK1 -0.8755 0.0223 b
PSMB4 CPLX2 -0.8627 0.0270 & GNAI1 CHRNA7 -0.8375 0.0375 £
PSMB4 LOC100340645 0.8645 0.0263 hl GNAI1 KCNJ6 -0.8747 0.0226 3
PSMB4 ACTR1B -0.8884 0.0180 k GNAI1 DRD1 0.8251 0.0432 &
PSMB4 GPR37 -0.8621 0.0272 E GNAI1 SLC18A3 0.9319 0.0068 £
PSMB4 CACNA1C -0.8313 0.0403 b ATF2 PPP3CA 0.8139 0.0487 &
PSMB4 CREB5 -0.9019 0.0140 b ATF2 SHANK1 0.8913 0.0171 &
PSMB4 SLC6A13 -0.8377 0.0374 &3 ATF2 ACTR1B 0.8571 0.0292 k3
PSMA3 STX1A -0.8250 0.0433 b ATF2 SHANK2 0.8750 0.0225 kS
PSMA3 ACTR1B -0.9107 0.0116 &3 ATF2 CHRNA7 0.9326 0.0067 bt
PSMA3 GRIK5 -0.8957 0.0157 3 ATF2 KCNJ6 0.8514 0.0315 ki
PSMA3 SLC6A13 -0.8132 0.0491 3 PPP1R1B GABBR2 -0.8258 0.0429 kS
PSMB1 CREB5 -0.8564 0.0294 3 PPP1R1B SHANK1 -0.8388 0.0369 ko
PSMA6 STX1A -0.8169 0.0472 £ PPP1R1B GRIK5 -0.9477 0.0040 Ei
PSMA6 ACTR1B -0.8410 0.0359 3 PPP1R1B KCNJ3 -0.8401 0.0363 ko
PSMA6 GPR37 -0.8115 0.0499 k PPP1R1B GABRG3 -0.8204 0.0455 £
PSMA6 CREB5 -0.8374 0.0375 k3 ABAT SLC1A3 0.9802 0.0006 s
PSMA1 PPP3CA -0.8193 0.0460 ki ABAT PRKCG -0.8775 0.0216 3
PSMA1 LOC100340645 0.8459 0.0338 k ABAT GABBR2 -0.8929 0.0166 £
PSMA1 ACTR1B -0.9651 0.0018 get ABAT GRIN2B -0.9325 0.0067 ECE3
PSMA1 GRIK5 -0.8210 0.0452 b ABAT SHANK1 -0.9123 0.0112 &
PSMA1 GPR37 -0.8187 0.0463 i ABAT FzZD3 -0.9744 0.0010 B
PSMA1 SHANK2 -0.8173 0.0470 ko ABAT RELN -0.8297 0.0410 &
PSMA1 KCNJ6 -0.8220 0.0447 b ABAT KCNJ3 —0.9832 0.0004 G
PSMA1 GABRG3 -0.8335 0.0393 &3 ABAT KCNJ6 -0.9004 0.0144 (3
PSMA1 CREB5 —0.8501 0.0320 3 ABAT GRIN3A -0.9360 0.0060 Etd
LOC100345190 STX1A -0.9561 0.0028 D ABAT GABRG3 -0.9008 0.0143 ko
LOC100345190 ACTR1B -0.8474 0.0331 3 PRKCB SHANK1 0.8806 0.0205 ko
LOC100345190 GPR37 —0.9909 0.0001 B PRKCB CHRNA7 0.8241 0.0437 ko
LOC100345190 SHANK2 -0.8924 0.0167 3 PRKCB KCNJ3 0.8362 0.0381 ko
LOC100345190 SLC6A13 -0.8434 0.0349 3 ATPBV1G2 SLC1A3 -0.8119 0.0498 b
PSMD12 STX1A —-0.9009 0.0142 3 ATP6V1G2 SHANK1 0.8887 0.0179 h
PSMD12 ACTR1B -0.8733 0.0230 k ATPBV1G2 CHRNA7 0.8202 0.0456 £
PSMD12 GRIK5 -0.9069 0.0126 k ATP6V1G2 KCNJ3 0.8373 0.0375 £
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Table 1 (continued) | Table of pearson coefficients associated
with co-expression of differential genes in the key modules of
transcribed genes in cerebral cortex and cecum tissues

Genes in cecal Genes in cerebral Pearson’s p-value  Significance
tissue samples cortex tissue correlation

samples coefficient
ITPR1 SHANK1 0.8529 0.0309 *
ITPR1 SHANK2 0.8507 0.0318  *
ITPR1 CHRNA7 0.8891 0.0178  *
CAMK4 SHANK1 0.8216 0.0449 *
CAMK4 CHRNA7 0.8545 0.0302 *
CDK5R1 SHANK1 0.8775 0.0216  *
CDK5R1 CHRNA7 0.8306 0.0406  *
CDK5R1 KCNJ3 0.8259 0.0428  *
RELN GPR37 0.8976 0.0152  *
KCNQ5 SLC1A3 -0.8660 0.0257  *
KCNQ5 GABBR2 0.8170 0.0472  *
KCNQ5 SHANK1 0.9352 0.0062  **
KCNQ5 CHRNA7 0.8579 0.0288  *
KCNQ5 KCNJ3 0.8786 0.0212  *
KCNQ5 KCNJ6 0.8435 0.0348  *
LOC103347035 GPR37 0.9153 0.0105 *
PLCL1 STX1A 0.8693 0.0245  *
PLCL1 ACTR1B 0.8789 0.0211  *
PLCL1 GPR37 0.9685 0.0015  **
PLCL1 SHANK2 0.8497 0.0322 *
PLCL1 CREB5 0.8565 0.0294  *
GNAL SLC1A3 -0.8187 0.0463  *
GNAL SHANK1 0.9123 0.0112  *
GNAL CHRNA7 0.8823 0.0200 *
GNAL KCNJ3 0.8389 0.0368  *
CPLX3 SLC6A13 -0.8705 0.0241  *
CPLX3 CASP7 0.8431 0.0350 *
RYR1 SHANK1 0.8237 0.0439  *
RYR1 SHANK2 0.8255 0.0430 *
RYR1 CHRNA7 0.9217 0.0090  **
GRIN3A SHANK1 0.8649 0.0262  *
GRIN3A KCNJ3 0.8246 0.0434  *
DNAI1 SLC1A3 -0.8648 0.0262 *
DNAI1 SHANK1 0.8793 0.0210  *
DNAI1 GRIK5 0.8189 0.0462  *
DNAI1 FzD3 0.8369 0.0377 *
DNAI1 KCNJ3 0.8547 0.0302 *
DNAI1 KCNJ6 0.8235 0.0440 *
DNAI1 GRIN3A 0.8288 0.0414  *
DNAH6 GPR37 0.8374 0.0375 *
DNAH11 SHANK1 0.8765 0.0219 *
DNAH11 SHANK2 0.8912 0.0171  *
DNAH11 CHRNA7 0.9077 0.0124  *
GAD2 SLC1A3 -0.8313 0.0403  *
GAD2 SHANK1 0.9045 0.0132  *
GAD2 CHRNA7 0.8135 0.0490 *
GAD2 KCNJ3 0.8639 0.0265 *

Note: Inthe table, “co-rrelation” indicates the strength of co-rrelation, “p-value” shows the statistical
significance of the correlation, and “Significance” indicates the level of statistical significance,
where “*” denotes p < 0.05, “**” denotes p <0.01 and “***” denotes p < 0.001. All the data were
recorded with an accuracy of 0.0001.

the reported neuroprotective effects of mild or intermittent fasting in pre-
vious studies. We speculate that this difference mainly stems from the
intensity, duration, and adaptability of the fasting mode. Mild intermittent
fasting can induce beneficial adaptive responses, including enhancing
metabolic flexibility, activating cellular defense mechanisms, and optimiz-
ing communication between the gut and the brain. However, drastic and
severe dietary restriction may exceed the compensatory capacity of the body,
triggering energy supply crises, dysregulation of the stress system, intestinal
flora disorders, and neurochemical imbalances, ultimately leading to tem-
porary impairment of neurobehavioral functions. Therefore, we believe that
even short-term dieting, if carried out in a rather intense manner, may still
pose neurocognitive risks by causing metabolic reorganization in the brain.
This is particularly likely to affect synaptic plasticity, neurotransmitter
balance, and myelin maintenance functions. This potential risk should be
given due attention, and a comprehensive assessment should be conducted
in future studies.

In Alzheimer’s disease (AD) research, plasma exosome-derived com-
plement Clq subcomponent subunit C (C1QC) has been found to colla-
borate with metalloproteinase domain-containing protein 10 (ADAMI0),
immunoglobulin-like domain-containing protein (AOA0G2JRQ6), com-
plement component C9 (C9), platelet glycoprotein IbBchain (GP1BB), and
Ras suppressor protein 1 (RSU1) in disease pathogenesis™. Microglia, as the
resident immune cells of the brain, contribute to neurodegenerative pro-
cesses when abnormally activated and metabolically dysregulated™. Nota-
bly, the lipid metabolism-related factor SAA3 plays pivotal roles across
multiple pathological contexts: it not only participates in macrophage-
mediated proinflammatory responses (e.g., in acute kidney injury)’', but
also suppresses cholesterol metabolism through the TLR4/c-Jun/Cyp7al
pathway (e.g., in hypercholesterolemia)*”’, and synergizes with IL-1B to
promote cancer cell metastasis™. Furthermore, galectin-3 (Gal-3), encoded
by the LGALS3 gene, functions as an innate immune molecule that regulates
microglial inflammatory responses via the TLR4/MyD88/NF-kB pathway ™.
In tauopathy models, Gal-3-associated microglial activation exacerbates
neuroinflammation and degeneration®™. Our study reveals that SDR
restriction significantly upregulated the expression of genes (C1QC, SAA3,
and LGALS3) in cerebral cortex tissues, suggesting that these molecules may
modulate neurodegenerative processes by enhancing immune and
inflammatory responses in the cerebral cortex tissue of the rabbits. Previous
studies™ have found that intermittent fasting (IF) significantly reduces levels
of corticosterone, interleukin-6, and tumor necrosis factor-a in the plasma
of stressed mice, and improves cognitive function while protecting the brain
from stress-induced damage by modulating inflammatory response path-
ways. Clinical intervention study”” has shown that an alternate-day fasting
low-carbohydrate diet can modulate immune-related biomarkers in the
body, influencing the progression of diabetes, cancer, and autoimmune
diseases. Although IF can mitigate the progression of neurological and
metabolic disorders by reducing inflammatory responses in various meta-
bolic diseases, it remains unclear whether this dietary pattern poses potential
unknown risks to neural and metabolic remodeling in the human brain.
CDA40 is a critical immune co-stimulatory molecule and a member of the
tumor necrosis factor receptor superfamily (TNFRSF). Research on psy-
chiatric disorders™ has revealed that CD40/CD40L signaling regulates T
cell-B cell interactions, antibody production, and immune memory for-
mation in adaptive immunity. It can trigger TRAF-mediated NF-«kB and
MAPK signaling pathways, promoting neuroinflammation, and is asso-
ciated with brain inflammation in schizophrenia and depression. However,
in the current study, the upregulation of the NF-kB signaling pathway
involving CD40/TRAF in inflammatory factors in the cerebral cortex sug-
gests that SDR restriction may induce inflammatory activation in the cer-
ebral cortex. Unlike intermittent fasting, dietary restriction involves a
comprehensive reduction in energy and nutrient intake to maintain the
body’s basic needs. Therefore, it is speculated that long-term excessive
dietary restriction may adversely affect functional metabolism in the brain.
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Fig. 4 | Analysis of the interaction between cecal
microbes and neurometabolic pathway genes by
feed restriction. A The number of genes between
the two groups was analyzed by Venn diagram. The
blue circle represents Re group and the purple circle
represents Co group. B Anosim method analysis of
the gene clusters differences between the two groups.
Horizontal is the group information, vertical is the
distance information. “Between” refers to the dif-
ference between two groups, and the other refers to
the difference within each group. The R values
generally range from 0 to 1. The R value close to 1
indicates that the difference between groups is
greater than the difference within groups, and an R
value close to 0 indicates that there is no significant
difference between and within groups. The relia-
bility of statistical analysis is represented by p-value,
and P < 0.05 indicates statistical significance.

C, D Significant differences at the phylum and genus
levels, respectively. Columns represent samples, and
different colors represent different annotation
information. Branch points represent different
samples, different colors represent different groups,
and the closer the branches, the more similar the
samples. E Box plots showing the top 10 significantly
different species between Co and Re. The horizontal
axis is sample grouping. The relative abundance of
the corresponding species is shown longitudinally.
F The bar chart of LDA value distribution shows the
significantly enriched pathways of differential
microorganisms with LDA Score greater than the set
value (default set to 2). The length of the bar chart
represents the influence size of the differential
functional pathway (i.e., LDA Score), and the color
of the bar chart represents the respective groups.

G Analysis of co-expression of top 20 key genes of
neurometabolic pathways in the top 10 key micro-
bial species and cecum tissues. In the heatmap,
horizontal represents different genes, vertical
represents significantly different microorganisms,
and cluster analysis is performed on both horizontal
and vertical data. Moreover, the color transforma-
tion from red to blue in the heat map represents
different correlation coefficients, from positive cor-
relation to negative correlation. The significant dif-
ferences (“*”p < 0.05, “**” p <0.01 and “***”

P <0.001) are indicated. H Construction of co-
expression networks and analysis of interaction
between flora and genes. The line between the two in
the network diagram goes from red to gray, indi-
cating that the correlation goes from strong to weak.
The shape of each node from large to small repre-
sents the weight of the node in the correlation net-
work from large to small.
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The dietary restriction implemented for weight loss exert complex
regulatory effects on the brain’s metabolism, immunity and neurological
functions. Transthyretin (TTR) is a tetrameric protein mainly synthesized in
the liver, and its has various mutant forms are closely associated with her-
editary amyloidosis (hATTR)”. The misfolding of TTR can form ATTR
amyloid fibrils, which deposit in tissues and cause neuropathy and
cardiomyopathy”. Concurrently, caloric restriction downregulates the

expression of the ACVRLI gene, which is associated with congenital cerebral
arteriovenous malformations (VOGM)*, but elevated plasma levels of
ACVRLI1 may increase the risk of dementia®, suggesting that these two
genes could affect neurocognition through their functional expression to
influence the risk of cerebrovascular abnormalities and cognitive decline. In
this study, it was found that the mRNA expression of TTR and ACVRLI
genes in the cerebral cortex was highly downregulated after dietary

npj Biofilms and Microbiomes| (2025)11:226

10


www.nature.com/npjbiofilms

https://doi.org/10.1038/s41522-025-00857-w

Article

—
|53
o
=
LOQ
o
©o|lw|=
O | N | »
NS |2
o3|
S35
S|
H| H| ¢
olo| 8
nlal|s
3|82
=
3|32
el
2in|o|a
©o|[~N]| 8
ol2|%|¢
3
c
3
©
2
E
2
g
~l=1 8
ola| g
3|3
kel
182
ol
Q=18
H H |2
HE
ol E
oo g
oo
w s |5|e
O(R|3| &
<=5
el
0
S5
= ©
T ©O
.Eg
c
H
Q =
go.gg
e
SHERE
C
2253
ol|o ©
S| +#|+|&3
olo|lN|E s
Q| O |™M| g =
ElOLO_cE
=)D o
Wi o|lo| Q<
£z
.‘7;0
s 2
=
)
©
S E
=y
D
|8 &
Ile| &%
88|22
c|o|o|BE
S| H|H|le=
o [E|3[I|3T 8
Q |- |Q|% &
3 |£|=12 58
NIw|lw|ad g
9 [=ke]
(=] E_E’
o e20°
E &
3
2 o
] e 3
£ § ¢
= @©
[} & 2
g’ o o|lo|8T
Sl O|9|05 3
S |g/8[8|¢8¢
> g 2 =
£ olo|lo| oo
] Ol #| +| g &
NDlo|lo| o=
5 T2 g 3
S ol gL
€ 83|35 %
= .§§
2 5
— Q o
w o
4 o 8
) e
2 23
© 2o
—
o T
©
£ | |glg|sé
- 5|38|%°
° Q|| g @
NMEIRR:
L N‘—.§$
g H] #[8 S
= DO o 5
< la|s=
s RO |24
o |83|2|5¢5
g S|—|x|8<
- ®|® QO E
- O~ |~ |25
© 8 ©
o G O
1] 1]
g g 3
o
(&) 8 E
—_ 289
~ (8 s
[] Qo 2
v |5 3%
o | E o E
S |83|e|fs
[ £ 8

restriction. This indicated that the dietary restriction method may make the
potential cerebral vascular abnormalities and cognitive dysfunction through
the regulatory mechanisms of these two genes. Moreover, in the process of
regulating metabolism by sex hormones, the prolactin receptor (PRLR) is
distributed in the limbic system of the brain (such as the hippocampus), and
together with the pleiotropic neurohormone prolactin secreted by the
pituitary gland, participates in the regulation of emotional behavior"”. In a
chronic mild stress-induced depression model, silencing of the PRLR gene
inhibits apoptosis of hippocampal CA3 neurons by suppressing the JAK2-
STATS5 signaling pathway and increasing the expression of brain-derived
neurotrophic factor (BDNF), ultimately alleviating depression-like
behaviors*. In the present study, we observed significant downregulation
of genes associated with sex hormone genes regulation, including PRLR,
sperm protein antigen 17 (SPAI7), and DPY30 domain-containing 2
(DYDC2). Although SPA17 and DYDC2 have been primarily studied in the
context of spermatogenesis and oncogenesis***, these findings suggest that
the short-term dietary restriction may alleviate metabolic stress induced by
cerebral nutrient deficiency through sex hormone-related pathways. Fur-
therly, the recent study” has found that key inflammatory biomarkers:
C-reactive protein (CRP), interleukin-6 (IL-6), and tumor necrosis factor-
alpha (TNF-a) did not change or increase, but CRP levels frequently rise and
often significantly increase, especially among overweight or obese indivi-
duals during long fasting periods. In this study, the short-terms dietary
restriction activated inflammatory pathways in the cerebral cortex,
including gut IgA immune networks, viral myocarditis pathways, and
NF-«B signaling, potentially inducing low-grade inflammation. Simulta-
neously, it inhibits critical pathways such as complement coagulation cas-
cades and glycine metabolism, which may reduce cerebral protein synthesis
and remodel immune function. Therefore, while improving metabolism
and providing neuroprotection, the dietary restriction may adversely affect
immune homeostasis and cerebral anabolism. The overall effects require
further research to weigh the benefits against potential risks.

Fasting (or dietary restriction) can significantly influence the metabolic
gene regulation of the intestinal immune system, and its effects are often
bidirectional and highly dependent on the specific mode and duration of
fasting. The study* showed that long-term intermittent fasting can damage
the health of the intestinal barrier, increase pro-inflammatory factors, dis-
rupt the intestinal flora, increase pro-inflammatory metabolites, and
exacerbate intestinal inflammation. Focusing on the balance between
intestinal immunity and metabolism, the expression levels of metabolic
enzymes can directly affect the absorption and transformation functions in
the intestinal mucosa. The protein phosphatase Mg2 + /Mn2 + -dependent
1J (PPM1]) can influence muscle mass characteristics and glyceropho-
spholipid composition through protein phosphorylation modifications**™.
As a member of the uridine diphosphate glucuronosyltransferase (UGTs)
family, UGT2A1 is a key membrane-bound enzyme that catalyzes the
conjugation of various endogenous (e.g., bilirubin) and exogenous com-
pounds (e.g., drugs)’’. Similarly, GALNT18 encodes a mucin glycosylase
that promotes the formation of the intestinal mucosal barrier’. In this study,
the gene expressions of PPM1], UGT2A1, and GALNTI8 were found to be
significantly upregulated after dietary restriction, suggesting their potential
roles in the repair of the intestinal mucosal barrier and the enhancement of
epithelial cell metabolism. Meanwhile, phospholipase A2 group IVc
(PLA2G4C) plays a key role in both MAPK signaling and glyceropho-
spholipid metabolism. Studies’*** have shown that gene polymorphisms in
the PLA2G4 family are associated with the onset of psychiatric disorders,
and the involved PLA2G2A/CYP2J2/PLA2G4C signaling pathway can
regulate linoleic acid metabolism during placental ischemia. Asparaginase-
like protein 1 (ASRGLI) cleaves isoaspartate residues to alter protein folding
and proteolytic susceptibility. During the process of neural regulation, its
overexpression can promote neuronal recovery, while its silencing leads to
misfolded/phosphorylated proteins in the motor cortex of mice™. This study
also observed upregulation of PLA2G4C and downregulation of ASRGLI,
which are probably related to the metabolism of the intestinal nerve plexus.
Then, we speculated that dietary restriction enhances intestinal energy
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Table 3 | Pearson correlation analysis between key differential microorganisms and cecal genes

Microorganisms Genes Correlation p-value AdjPvalue Significance
Bacteroidales_bacterium PSMA3 -0.8163 0.0475 0.1365 &
Bacteroidales_bacterium PSMA1 -0.8507 0.0318 0.0748 &
Bacteroidales_bacterium GNAI1 -0.8413 0.0358 0.0894 3
Clostridiaceae_bacterium GNAI1 0.8907 0.0173 0.0576 e
Clostridiaceae_bacterium ATF2 -0.8794 0.0209 0.0581 3
Clostridiaceae_bacterium PRKCB -0.8859 0.0188 0.0923 *
Clostridiaceae_bacterium ATPBV1G2 -0.9025 0.0138 0.1092 *
Clostridiaceae_bacterium ITPR1 -0.8954 0.0158 0.0792 *
Clostridiaceae_bacterium CAMK4 -0.9094 0.0119 0.1194 *
Clostridiaceae_bacterium CDK5R1 -0.8909 0.0172 0.1037 *
Clostridiaceae_bacterium SLC1A3 0.8234 0.0440 0.0881 &
Clostridiaceae_bacterium PRKCG -0.8455 0.0340 0.1277 &
Clostridium_sp._CAG:710 SDHC 0.9055 0.0130 0.0649 &
Clostridium_sp._CAG:710 SLC1A3 0.8800 0.0207 0.0881 &
Clostridium_sp._CAG:452 SDHC 0.9581 0.0026 0.0259 i
Clostridium_sp._CAG:452 NDUFA2 0.8400 0.0363 0.2785 &
Ruminococcus_sp._Marseille-P6503 PSMB4 0.8774 0.0216 0.1081 3
Ruminococcus_sp._Marseille-P6503 PSMB1 0.9009 0.0142 0.1096 >
Ruminococcus_sp._Marseille-P6503 PSMA6 0.8419 0.0355 0.1184 *
Ruminococcus_sp._Marseille-P6503 PSMA1 0.8330 0.0395 0.0748 *
Ruminococcus_sp._Marseille-P6503 PLA2G4C -0.9114 0.0114 0.0571 *
Duncaniella_freteri PSMA1 -0.8217 0.0449 0.0748 *
Duncaniella_freteri PSMD12 -0.8327 0.0396 0.3048 *
Duncaniella_freteri GPX3 -0.9003 0.0144 0.1441 &
Duncaniella_freteri ATF2 0.8728 0.0232 0.0581 &
Duncaniella_freteri PPP1R1B -0.9270 0.0078 0.0780 ot
Duncaniella_freteri ABAT -0.8272 0.0422 0.2210 &
Duncaniella_freteri PRKCB 0.8608 0.0277 0.0923 e
Duncaniella_freteri ATP6V1G2 0.8403 0.0362 0.1207 &
Duncaniella_freteri ITPR1 0.8570 0.0292 0.0974 *
Duncaniella_freteri CDK5R1 0.8523 0.0311 0.1037 *
Duncaniella_freteri SLC1A3 -0.8281 0.0418 0.0881 *
Duncaniella_freteri PRKCG 0.8527 0.0309 0.1277 *
Alistipes_indistinctus PSMA1 -0.8589 0.0285 0.0748 *
Alistipes_indistinctus GNAI1 -0.9182 0.0098 0.0576 ol
Alistipes_indistinctus ATF2 0.9736 0.0010 0.0104 ot
Alistipes_indistinctus PRKCB 0.8754 0.0223 0.0923 &
Alistipes_indistinctus ATP6V1G2 0.8768 0.0218 0.1092 u
Alistipes_indistinctus ITPR1 0.9088 0.0121 0.0792 &
Alistipes_indistinctus CAMK4 0.8639 0.0265 0.1327 t
Alistipes_indistinctus CDK5R1 0.8762 0.0220 0.1037 *
Alistipes_indistinctus SLC1A3 -0.8811 0.0204 0.0881 *
Alistipes_indistinctus PRKCG 0.8356 0.0383 0.1277 e
Flavobacteriales_bacterium SDHC -0.8244 0.0435 0.0908 *
Flavobacteriales_bacterium PSMB4 -0.9877 0.0002 0.0023 otut
Flavobacteriales_bacterium PSMA3 -0.9109 0.0116 0.0676 &
Flavobacteriales_bacterium PSMB1 -0.8766 0.0219 0.1096 &
Flavobacteriales_bacterium PSMAG -0.9269 0.0078 0.0782 G
Flavobacteriales_bacterium PSMA1 -0.9429 0.0048 0.0240 R
Flavobacteriales_bacterium PSMA5 -0.8248 0.0434 0.3452 >
Flavobacteriales_bacterium LOC100345190 -0.8545 0.0302 0.3023 *
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Table 3 (continued) | Pearson correlation analysis between key differential microorganisms and cecal genes

Microorganisms Genes Correlation p-value AdjPvalue Significance
Flavobacteriales_bacterium PLA2G4C 0.9697 0.0014 0.0136 ok
Bacteroides_ovatus SDHC -0.8330 0.0395 0.0908 *
Bacteroides_ovatus PSMA3 -0.9035 0.0135 0.0676 *
Bacteroides_ovatus PSMA6 -0.8831 0.0197 0.0985 *
Bacteroides_ovatus PSMA1 -0.9602 0.0024 0.0235 ot
Bacteroides_ovatus PLA2G4C 0.8247 0.0434 0.1085 &
Bacteroides_ovatus GNAI1 -0.8907 0.0173 0.0576 &
Bacteroides_ovatus ATF2 0.8754 0.0223 0.0581 &
Bacteroides_ovatus SLC1A3 -0.8457 0.0339 0.0881 &
Ruminococcaceae_bacterium_FB2012 SDHC 0.8205 0.0454 0.0908 £
Ruminococcaceae_bacterium_FB2012 PSMB4 0.8202 0.0456 0.1457 3
Ruminococcaceae_bacterium_FB2012 PLA2G4C —-0.8620 0.0273 0.0908 &

“p-value” shows the statistical significance of the correlation, and “Significance” indicates the level of statistical significance, where “*” denotes p < 0.05, “**” denotes p < 0.01 and “***” denotes p < 0.001.

All the data were recorded with an accuracy of 0.0001.

conversion efficiency through the differential expression of metabolic genes
in the cecal nerve plexus, thereby maintaining the body’s energy balance.
Functional enrichment results further confirmed significant upregulation in
metabolism-related signaling pathways (such as ascorbate and aldarate
metabolism, pentose and glucuronate interconversions, and ether lipid
metabolism, etc), while inflammation-related pathways (including the
intestinal immune network for IgA production, rheumatoid arthritis,
autoimmune thyroid disease, and NF-«B signaling pathway, etc) were sig-
nificantly downregulated. Therefore, this interplay between metabolism and
immunity may induce adaptive metabolic reprogramming in cecal tissues to
compensate for intestinal metabolic deficiency caused by dietary restriction.

The brain-gut axis is a crucial regulatory circuit for substance meta-
bolism, with its core mechanism centering on the interaction between gut
microbiota changes and host genes affecting the body’s energy metabolism
balance. From the perspective of molecular interactions, this study inves-
tigated the potential effects of dietary restriction on rabbit neurocognition by
analyzing differential gene co-expression patterns between cecal and cere-
bral cortex tissues. The research® found that intermittent fasting can
increase the expression levels of intestinal Farnesoid X receptor (FXR),
glucagon-like peptide-1 (GLP-1), and melanocortin-4 receptor (MC4R),
while significantly reducing gastrointestinal peroxisome proliferator-
activated receptor-gamma (PPAR-y) expression, thereby alleviating high-
fat diet-induced intestinal oxidative stress responses. Glutathione perox-
idase 3 (GPX3) is an important endogenous antioxidant enzyme whose
expression level changes are significantly associated with known patholo-
gical processes of obesity and insulin resistance”. The study*® has found that
GPX3 knockout damages the mitochondrial inner membrane of adipocytes,
leading to mitochondrial dysfunction, and its interaction with UCP1 par-
ticipates in adipose browning, thereby increasing susceptibility to obesity.
The zinc finger transcription factor EGRI acts as a negative regulator of
brown fat programming, and the inhibition of its expression increases the
levels of thermogenic mitochondrial uncoupling protein 1 (UCP1), pro-
motes spontaneous browning of subcutaneous white adipose tissue, and
enhances fat burning and metabolic effects®. Meanwhile, research® has also
shown that GPR37, a G protein-coupled receptor, can activate the Hippo
pathway in colon cancer cells, upregulate the expression of lactate dehy-
drogenase A (LDHA), and promote glycolysis. Additionally, it functions by
modulating cell communication mechanisms that drive tissue damage and
repair after ischemic stroke”. Notably, our analysis revealed that dietary
restriction may induce distinct metabolic reprogramming phenomena in
the gut-brain axis: the GPR37 and GPX3 expression showed significant
upregulation in cecal tissue, the opposite trend was observed in the cerebral
cortex. It is speculated that dietary restriction may induce distinct metabolic
reprogramming phenomena along the gut-brain axis: while enhancing

colonic metabolic compensation to maintain systemic energy supply, this
adaptation may potentially lead to impaired mitochondrial energy meta-
bolism in the cerebral cortex, thereby triggering inflammatory responses in
the brain. Consequently, enhanced metabolic activity in cecal tissue likely
plays a crucial regulatory role in systemic energy metabolism under dietary
restriction conditions. Furthermore, the study” found that prolonged
fasting can trigger stress responses in the brain and exert relatively negative
effects on immune cells, which may impair the ability to combat infections
and increase the risk of heart disease. The cyclin-dependent kinase 5 reg-
ulatory subunit 1 (CDK5R1) promotes CNS development and neuronal
migration, facilitating nerve repair through the CDKS5/BDNF/TrkB
pathway”. Reduced expression of the mitochondrial complex I-related gene
(NDUFA2) is associated with a decreased risk of Alzheimer’s disease
(OR=0.96, P=1.06 x 10*)*. The calcium/calmodulin-dependent protein
kinase IV (CaMK4), a multifunctional serine/threonine kinase, regulates
both immune function and neural development, and its variants are asso-
ciated with autism spectrum disorder”. Notably, expression profiling of
neural function-related genes in this study revealed a more complex reg-
ulatory network: synchronous downregulation of CDK5RI in both the
cecum and cerebral cortex may affect neural repair processes; widespread
upregulation of NDUFA2 suggests mitochondrial functional remodeling;
and tissue-specific upregulation of CAMK4 in the cerebral cortex may be
closely linked to neurodevelopmental abnormalities. Function enrichment
analysis further confirmed that differentially expressed genes were sig-
nificantly enriched in key neural metabolic pathways (Synaptic vesicle cycle,
GABAergic synapse, long-term potentiation, glutamatergic synapse). These
results provide molecular-level evidence explaining the neurocognitive
changes induced by dietary restriction and, more importantly, highlight the
necessity of implementing protective measures for neurological function
during the process of humans dieting to lose weight.

Gut microbiota is closely associated with host metabolism, immune
function, and nervous system regulation. In disease associations,
metagenome-wide association studies have identified significant correla-
tions between specific microbial signatures and metabolic disorders. For
instance, the abnormal proliferation of Bacteroidia and Eubacterium is
strongly associated with an increased risk of type I diabetes (OR = 1.28).
Bacteroidales species harbor reversibly regulated antibiotic resistance genes
(ARGs), potentially prolonging ARG persistence in bacterial populations®.
In obesity-related metabolic syndrome, Desulfovibrio expansion and Clos-
tridia depletion are key features in aged metabolic syndrome models and
patients®. Alistipes indistinctus and Porphyromonas correlate with lipid
markers (total cholesterol, triglycerides, LDL-C) in acute myocardial
infarction (AMI) patients, while Mucispirillum, Bilophila, and Steno-
trophomonas associate with myocardial injury indicators (cTnl, CK, CK-
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MB, LDH, BNP)®. Moreover, in traditional Chinese medicine (e.g., Puren
Dan, PRD) for type 2 diabetes (T2DM), treatment modulates gut micro-
biota—increasing Prevotella sp. 10(H), Parabacteroides sp. SN4, Flavo-
bacteriales,  Bacteroides  massiliensis, ~ Alistipes  indistinctus, and
Ruminococcus flavefaciens, which improve intestinal metabolism. Antiviral
resistance studies have identified Oribacterium sp. GMB0313 and

Ruminococcus sp. GMB0270 in hamster gut microbiota as being linked to
viral resistance”’. Collectively, the above results indicate that these bacterial
strains are closely linked to intestinal lipid metabolism and immune
responses, which is consistent with our findings. In this study, dietary
restriction led to alterations in the relative abundance of the cecal micro-
biota. Among the top 10 bacterial species, the abundance of certain
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Fig. 5 | Exploring the role of cecal microbial metabolites in modulating brain
energy metabolism via the gut-brain axis during dietary restriction. A Partial
Least Squares—Discriminant Analysis (PLS-DA) analysis of the differences in cecal
metabolite samples between groups. The closer the interpretation rate R2Y (cum)
and the prediction rate Q2 (cum) are to 1, the better the PLS-DA model can explain
and predict the differences between the two groups of samples, representing a better
predictive ability of the model. B Cluster heatmap for Pearson correlation analysis of
the top 30 microbials and the top 30 metabolites profiles between two groups. In the
figure, each column represents a different species, and each row represents the
corresponding metabolite. Metabolites on the horizontal axis are color-coded
according to functional categories: those in green denote neurotransmitter-related
metabolites, red represents tryptophan derivatives, purple indicates neuropeptide
analogs, and black corresponds to neuroexcitatory substances. Orange-red indicates
a positive correlation, while blue indicates a negative correlation. The deeper the
color, the stronger the correlation, and colors closer to white represent correlations
closer to zero. The significance of the correlation (*p < 0.05, **p <0.01 and

*¥¥p < 0.001) is indicated. C Bubble plot displaying enriched metabolic pathways for
intergroup differential metabolites. The y-axis shows pathway names, and the x-axis
represents the enrichment factor (Rich factor-differential metabolites/total meta-
bolites in pathway), with higher values indicating greater enrichment. Point color
corresponds to the enrichment p-value (green: higher p-value; red: lower p-value),
and point size reflects the number of enriched metabolites. Pathway enrichment
significance in figure was determined by Fisher’s exact test with FDR correction
(Benjamini-Hochberg method, q < 0.05). D Differential analysis of neuroactive-
related metabolites secreted by the cecal microbiota between groups. The plot dis-
plays the top 20 differential metabolites, consisting of the 10 most significantly
upregulated (red) and the 10 most significantly downregulated (blue) metabolites
based on p-value. The x-axis represents log,(FoldChange), while the y-axis indicates
metabolite names. Statistical significance is denoted by asterisks (“*” represents

p <0.05and “**” represents p < 0.01). Dot size corresponds to VIP value. E Diagram
showing the analysis of the interaction between the rabbit’s cecum and cerebral
cortex under dietary restriction.

microbes, such as Bacteroides and Alistipes indistinctus, decreased, while
that of others, including Ruminococcus, Verrucomicrobia, and Clostridium,
increased. It slightly reduced the diversity of the microbiota and caused
disorder in the intestinal microbial community metabolism (with an
increase in the ratio of Firmicutes/Bacteroidetes). The functional prediction
of the microbial community also confirms that these bacterial species with
relatively higher abundance in the Re group were associated with the top 10
metabolic pathways (including Alanine aspartate and glutamate metabo-
lism, Peptidoglycan biosynthesis, Glycerolipid metabolism, etc). This fur-
ther indicated that the dietary restriction hasled to the compensatory energy
regulation between the microbiota and the intestinal tract. This might be one
of the reasons for the rebound after dieting and weight loss. Furtherly, it is
known that there are three types of metabolites that mediate the interaction
between the gut microbiota and the host: tryptophan and its metabolites,
short-chain fatty acids (SCFAs), and bile acids. Specific Bacteroides species
(B. fragilis, B. uniformis, B. caccae) modulate tryptophan pathway meta-
bolites and neurotransmitters, inducing anxiety, despair-like behaviors, and
impaired hippocampal neurogenesis’". The mechanism involves dysregu-
lation of the tryptophan-kynurenine metabolic pathway and activation of
neuroinflammation. Tryptophan, an essential amino acid, is mainly cata-
lyzed by the indoleamine 2, 3-dioxygenase (IDO) and tryptophan 2,
3-dioxygenase enzymes into the kynurenine pathway, generating kynurenic
acid with neuroprotective effects or quinolinic acid (QUIN) with neuro-
toxicity. During the normal dynamic balance metabolism of kynurenine
metabolism, it was found that tryptophan, kynurenine and
3-hydroxykynurenine (3-HK) can pass through the blood-brain barrier,
while kynurenic acid and QUIN cannot. A decrease in tryptophan levels can
reduce serotonin synthesis and exacerbate depressive symptoms; while an
increase in kynurenine is associated with immune activation and
inflammation’. In severe depression and schizophrenia, the imbalance in
tryptophan metabolism leads to excessive kynurenic acid, causing dys-
function of the endogenous N-methyl-D-aspartate receptor and a7 nico-
tinic acetylcholine receptor (a7 nAChR), and subsequently triggering
negative symptoms and cognitive deficits of schizophrenia™. Additionally,
the immune imbalance caused by proinflammatory mechanisms con-
tributes to the metabolic disorder of kynurenine metabolism in the patho-
genesis of schizophrenia. Increased levels of IL-1p, IL-6, TNF-a, and IFN-y
promote the kynurenine metabolic pathway to produce excessive kynurenic
acid, which leads to cognitive dysfunction and other symptoms’*. Mean-
while, long-term intermittent fasting can promote the uptake of tryptophan,
the precursor of serotonin, by muscles, reduce the levels of tryptophan in the
blood and brain, and thereby lower the level of serotonin”®. Our study found
that SDR restrictions led to a decrease in tryptophan and its derivatives in
the cecum, indicating that insufficient nutrition caused metabolic disorders
in the microbiota. At the same time, the brain tissue may preferentially
absorb tryptophan and enter the kynurenine metabolic pathway to maintain
immune and neural functions, even though there may be relatively low
levels of tryptophan and its metabolites in the peripheral blood. However,

this metabolic process leads to an increase in kynurenic acid accumulation,
disrupting the dynamic metabolic balance and promoting the occurrence of
potential neuroinflammation and cognitive impairment. The elevation of
Clostridium and Ruminococcus promotes an increase in SCFAs (such as
butyrate, acetic acid and propionic acid), which strengthened the intestinal
barrier, reduced inflammatory exudation, but reduces the synthesis of 5-
hydroxytryptamine, gamma-aminobutyric acid and indole-3-propionic
acid, suggesting a potential trend of neuroexcitability attenuation in the
body. Abnormalities in bile acid metabolism, such as changes in glyco-
deoxycholic acid and taurodeoxycholic acid levels, have also been associated
with depression”. In this study, cecal butyric acid and bile acid levels sig-
nificantly increased after restricted feeding, suggesting that it may alleviate
cognitive impairment caused by nutritional deficiency through a compen-
satory metabolic mechanism. These findings provide new insights into the
underlying molecular mechanisms of the “microbial-gut-brain axis” in
neurometabolic regulation under restricted diet-induced weight loss con-
ditions. In addition, this study has some limitations. In the initial phase of
this study, we considered that dietary restriction might affect overall brain
metabolism; therefore, we selected cortical tissue as the key subject for
transcriptomic sequencing analysis. However, given the hippocampus’s
close association with cognitive function, although we evaluated its patho-
logical changes, we did not perform transcriptomic analysis on hippo-
campal tissue. Future studies should involve more precise functional brain
region investigations. It is well-established that severe deficiencies in energy
and nutrient intake can lead to emotion-related disorders in humans, such
as anxiety and depression. However, there is currently a lack of widely
accepted standard paradigms for assessing depressive and anxiety-like
behaviors in rabbits. The phenotypic data obtained in this experiment were
based on behavioral observations of the rabbits. Future research should
explore and establish a standardized behavioral assessment system for
depression and anxiety in rabbits, similar to tail suspension and forced swim
tests used in mice. Furthermore, although this experiment identified key
bacterial species such as Bacteroides, Alistipes indistinctus, and Rumino-
coccus that were positively correlated with brain metabolic regulation, we
have not yet conducted in vitro culture or fecal microbiota transplantation
experiments to validate their functional roles in achieving a balance between
weight loss and physiological function. This study preliminary elucidates the
effects of dietary restriction on gene-gut microbiota interactions within the
gut-brain axis of New Zealand rabbits, with particular focus on the potential
regulatory mechanisms by which cecal gene expression and microbial
alterations influence cerebral cortical neurometabolism under restricted
feeding conditions. Together our data could provide new strategies for
human dietary weight management.

Methods

Construction of the restricted feeding model

A total of 24 male New Zealand rabbits aged 270 days were randomly
selected and divided into the control group (Co, n = 12) and the restricted
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Table 5 | Pearson correlation analysis between key differential microorganisms and metabolites

Metabolites Microorganisms Correlation p-value AdjPvalue Significance
L-Glutamic acid Ruminococcus_sp._Marseille-P6503 -0.7606 0.0041 0.0099 *oK
L-Glutamic acid Alistipes_indistinctus 0.7406 0.0059 0.0370 *K
L-Glutamic acid Ruminococcaceae_bacterium_FB2012 -0.7154 0.0089 0.0222 X
L-Glutamic acid Ruminococcus_sp._NK3A76 -0.7141 0.0091 0.0227 O
L-Glutamic acid Clostridium_sp._CAG:571 -0.5954 0.0411 0.0964 3
L-Glutamic acid Clostridium_sp._CAG:780 -0.6457 0.0233 0.1255 *
L-Glutamic acid Ruminococcus_sp._CAG:579 -0.7752 0.0031 0.0110 e
5-Methoxy-DL-tryptophan Ruminococcus_sp._Marseille-P6503 -0.6702 0.0171 0.0285 *
5-Methoxy-DL-tryptophan Flavobacteriales_bacterium 0.8681 0.0003 0.0032 Gt
5-Methoxy-DL-tryptophan Ruminococcaceae_bacterium_FB2012 -0.6112 0.0347 0.0480 *
5-Methoxy-DL-tryptophan Ruminococcus_sp._NK3A76 —-0.6590 0.0198 0.0359 e
5-Methoxy-DL-tryptophan Parasutterella_sp._NM82_D38 0.9421 0.0000 0.0001 Hokk
5-Methoxy-DL-tryptophan Firmicutes_bacterium_CAG:103 -0.5783 0.0489 0.1138 *
5-Methoxy-DL-tryptophan Parasutterella_excrementihominis 0.9388 0.0000 0.0001 Hork
5-Methoxy-DL-tryptophan Ruminococcus_sp._CAG:579 -0.6658 0.0181 0.0279 <
Indoleacrylic acid Ruminococcus_sp._Marseille-P6503 -0.8270 0.0009 0.0091 B
Indoleacrylic acid Flavobacteriales_bacterium 0.6284 0.0286 0.0337 3
Indoleacrylic acid Ruminococcaceae_bacterium_FB2012 -0.7633 0.0039 0.0222 S
Indoleacrylic acid Ruminococcus_sp._NK3A76 -0.7860 0.0024 0.0227 o
Indoleacrylic acid Parasutterella_sp._NM82_D38 0.8171 0.0012 0.0059 oK
Indoleacrylic acid Clostridium_sp._CAG:571 -0.6264 0.0293 0.0964 *
Indoleacrylic acid Parasutterella_excrementihominis 0.8064 0.0015 0.0077 ot
Indoleacrylic acid Roseburia_inulinivorans 0.7814 0.0027 0.0538 HoK
Indoleacrylic acid Ruminococcus_sp._CAG:579 -0.7112 0.0095 0.0160 HK
Cyclo(D-trp-D-asp-pro-D-val-leu) Bacteroidales_bacterium -0.5948 0.0414 0.1046 *
Cyclo(D-trp-D-asp-pro-D-val-leu) Clostridium_sp._CAG:710 0.6235 0.0303 0.1483 *
Cyclo(D-trp-D-asp-pro-D-val-leu) Ruminococcus_sp._Marseille-P6503 0.6043 0.0374 0.0448 *
Cyclo(D-trp-D-asp-pro-D-val-leu) Clostridium_sp._CAG:452 0.7587 0.0042 0.0845 Wt
Cyclo(D-trp-D-asp-pro-D-val-leu) Alistipes_indistinctus -0.6695 0.0173 0.0416 *
Cyclo(D-trp-D-asp-pro-D-val-leu) Duncaniella_freteri -0.7533 0.0047 0.0312 ot
Cyclo(D-trp-D-asp-pro-D-val-leu) Bacteroides_ovatus -0.6098 0.0353 0.1678 *
Cyclo(D-trp-D-asp-pro-D-val-leu) Flavobacteriales_bacterium -0.7696 0.0034 0.0076 ot
Cyclo(D-trp-D-asp-pro-D-val-leu) Ruminococcaceae_bacterium_FB2012 0.6195 0.0317 0.0480 kS
Cyclo(D-trp-D-asp-pro-D-val-leu) Ruminococcus_sp._NK3A76 0.6035 0.0377 0.0539 e
Cyclo(D-trp-D-asp-pro-D-val-leu) Parasutterella_sp._NM82_D38 -0.6633 0.0187 0.0340 &
Cyclo(D-trp-D-asp-pro-D-val-leu) Clostridium_sp._CAG:417 0.5789 0.0486 0.3062 *
Cyclo(D-trp-D-asp-pro-D-val-leu) Clostridium_sp._CAG:571 0.5797 0.0482 0.0964 *
Cyclo(D-trp-D-asp-pro-D-val-leu) Clostridium_sp._CAG:780 0.6258 0.0295 0.1255 *
Cyclo(D-trp-D-asp-pro-D-val-leu) Firmicutes_bacterium_CAG:103 0.6704 0.0171 0.1138 <
Cyclo(D-trp-D-asp-pro-D-val-leu) Parasutterella_excrementihominis -0.6579 0.0201 0.0365 *
Cyclo(D-trp-D-asp-pro-D-val-leu) Roseburia_inulinivorans -0.6295 0.0283 0.0826 ki
Cyclo(D-trp-D-asp-pro-D-val-leu) Prevotella_copri -0.6691 0.0173 0.0992 *
Cyclo(D-trp-D-asp-pro-D-val-leu) Ruminococcus_sp._CAG:579 0.7969 0.0019 0.0106 HoK
Chenodeoxycholic acid 3-glucuronide Ruminococcus_sp._Marseille-P6503 0.7380 0.0061 0.0123 HoK
Chenodeoxycholic acid 3-glucuronide Alistipes_indistinctus -0.6574 0.0202 0.0416 *
Chenodeoxycholic acid 3-glucuronide Duncaniella_freteri -0.6581 0.0200 0.0507 *
Chenodeoxycholic acid 3-glucuronide Flavobacteriales_bacterium -0.7863 0.0024 0.0069 *K
Chenodeoxycholic acid 3-glucuronide Ruminococcaceae_bacterium_FB2012 0.7214 0.0081 0.0222 X
Chenodeoxycholic acid 3-glucuronide Ruminococcus_sp._NK3A76 0.7051 0.0104 0.0232 *
Chenodeoxycholic acid 3-glucuronide Parasutterella_sp._NM82_D38 -0.6497 0.0222 0.0370 &
Chenodeoxycholic acid 3-glucuronide Clostridium_sp._CAG:571 0.5804 0.0479 0.0964 <
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Table 5 (continued) | Pearson correlation analysis between key differential microorganisms and metabolites

Metabolites Microorganisms Correlation p-value AdjPvalue Significance
Chenodeoxycholic acid 3-glucuronide Parasutterella_excrementihominis -0.6470 0.0230 0.0383 *
Chenodeoxycholic acid 3-glucuronide Roseburia_inulinivorans -0.5884 0.0441 0.0826 £
Chenodeoxycholic acid 3-glucuronide Ruminococcus_sp._CAG:579 0.7299 0.0070 0.0141 o3
Lithocholic acid glucuronide Clostridium_sp._CAG:710 0.6032 0.0379 0.1483 *
Lithocholic acid glucuronide Ruminococcus_sp._Marseille-P6503 0.6287 0.0285 0.0408 *
Lithocholic acid glucuronide Duncaniella_freteri -0.6468 0.0230 0.0511 *
Lithocholic acid glucuronide Flavobacteriales_bacterium -0.6928 0.0125 0.0179 &
Lithocholic acid glucuronide Ruminococcaceae_bacterium_FB2012 0.6733 0.0164 0.0293 *
Lithocholic acid glucuronide Ruminococcus_sp._NK3A76 0.6044 0.0374 0.0539 *
Lithocholic acid glucuronide Ruminococcus_sp._CAG:579 0.5892 0.0438 0.0584 3
D-Citrulline Ruminococcus_sp._Marseille-P6503 -0.6167 0.0327 0.0436 &3
D-Citrulline Alistipes_indistinctus 0.6546 0.0209 0.0416 £
D-Citrulline Ruminococcaceae_bacterium_FB2012 -0.5787 0.0487 0.0609 *
D-Citrulline Ruminococcus_sp._NK3A76 -0.5908 0.0431 0.0539 L
D-Citrulline Clostridium_sp._CAG:780 -0.5821 0.0471 0.1255 *
Picolinic acid Bacteroidales_bacterium 0.7829 0.0026 0.0277 ok
Picolinic acid Clostridiaceae_bacterium -0.6519 0.0216 0.1702 *
Picolinic acid Ruminococcus_sp._Marseille-P6503 -0.8936 0.0001 0.0018 EES
Picolinic acid Alistipes_indistinctus 0.7664 0.0036 0.0370 *K
Picolinic acid Duncaniella_freteri 0.7991 0.0018 0.0182 X
Picolinic acid Bacteroides_ovatus 0.7036 0.0107 0.1363 &3
Picolinic acid Flavobacteriales_bacterium 0.8613 0.0003 0.0032 EEES
Picolinic acid Ruminococcaceae_bacterium_FB2012 -0.8864 0.0001 0.0025 BEES
Picolinic acid Ruminococcus_sp._NK3A76 -0.8794 0.0002 0.0033 Hork
Picolinic acid Parasutterella_sp._NM82_D38 0.8442 0.0006 0.0037 il
Picolinic acid Firmicutes_bacterium_CAG:103 -0.6185 0.0320 0.1138 *
Picolinic acid Parasutterella_excrementihominis 0.8396 0.0006 0.0042 ok
Picolinic acid Roseburia_inulinivorans 0.7339 0.0066 0.0658 ok
Picolinic acid Prevotella_copri 0.7778 0.0029 0.0486 G
Picolinic acid Ruminococcus_sp._CAG:579 -0.8696 0.0002 0.0048 Hokk
Dihydroouabain Bacteroidales_bacterium -0.6242 0.0301 0.1046 &
Dihydroouabain Ruminococcus_sp._Marseille-P6503 0.7863 0.0024 0.0097 S
Dihydroouabain Clostridium_sp._CAG:452 0.6603 0.0194 0.1805 3
Dihydroouabain Alistipes_indistinctus -0.7230 0.0079 0.0370 o
Dihydroouabain Duncaniella_freteri -0.6100 0.0352 0.0640 *
Dihydroouabain Bacteroides_ovatus -0.6563 0.0204 0.1363 *
Dihydroouabain Flavobacteriales_bacterium -0.8445 0.0005 0.0037 Rk
Dihydroouabain Ruminococcaceae_bacterium_FB2012 0.7079 0.0100 0.0222 HoK
Dihydroouabain Ruminococcus_sp._NK3A76 0.7306 0.0070 0.0227 HoK
Dihydroouabain Parasutterella_sp._NM82_D38 -0.7710 0.0033 0.0121 *oK
Dihydroouabain Clostridium_sp._CAG:571 0.6962 0.0119 0.0964 &
Dihydroouabain Clostridium_sp._CAG:780 0.7303 0.0070 0.0699 3
Dihydroouabain Parasutterella_excrementihominis -0.7705 0.0034 0.0112 O
Dihydroouabain Roseburia_inulinivorans -0.5819 0.0471 0.0826 3
Dihydroouabain Prevotella_copri -0.6587 0.0198 0.0992 &
Dihydroouabain Ruminococcus_sp._CAG:579 0.8315 0.0008 0.0080 ok
Peruvoside Ruminococcus_sp._Marseille-P6503 0.7642 0.0038 0.0099 ot
Peruvoside Alistipes_indistinctus -0.7129 0.0093 0.0370 oEd
Peruvoside Duncaniella_freteri -0.6577 0.0201 0.0507 *
Peruvoside Flavobacteriales_bacterium -0.8090 0.0014 0.0058 ol
Peruvoside Ruminococcaceae_bacterium_FB2012 0.7343 0.0065 0.0222 ot
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Table 5 (continued) | Pearson correlation analysis between key differential microorganisms and metabolites

Metabolites Microorganisms Correlation p-value AdjPvalue Significance
Peruvoside Ruminococcus_sp._NK3A76 0.7207 0.0082 0.0227 A
Peruvoside Parasutterella_sp._NM82_D38 —-0.6940 0.0123 0.0308 £
Peruvoside Clostridium_sp._CAG:571 0.6319 0.0275 0.0964 k&
Peruvoside Clostridium_sp._CAG:780 0.5954 0.0411 0.1255 e
Peruvoside Parasutterella_excrementihominis -0.6933 0.0124 0.0310 X
Peruvoside Roseburia_inulinivorans -0.6040 0.0375 0.0826 X
Peruvoside Ruminococcus_sp._CAG:579 0.7716 0.0033 0.0110 X
Ursocholic acid Clostridium_sp._CAG:452 0.6183 0.0321 0.1805 *
Ursocholic acid Flavobacteriales_bacterium -0.6721 0.0167 0.0208 &
Ursocholic acid Firmicutes_bacterium_CAG:103 0.6006 0.0389 0.1138 &
PGE2-EA Clostridium_sp._CAG:710 0.6101 0.0351 0.1483 &
PGE2-EA Ruminococcus_sp._Marseille-P6503 0.8076 0.0015 0.0093 S
PGE2-EA Alistipes_indistinctus -0.6389 0.0253 0.0422 *
PGE2-EA Bacteroides_ovatus -0.5890 0.0439 0.1678 *
PGE2-EA Flavobacteriales_bacterium -0.7510 0.0049 0.0089 ok
PGE2-EA Ruminococcaceae_bacterium_FB2012 0.7250 0.0076 0.0222 ok
PGE2-EA Ruminococcus_sp._NK3A76 0.7299 0.0070 0.0227 E
PGE2-EA Parasutterella_sp._NM82_D38 -0.7665 0.0036 0.0121 ol
PGE2-EA Clostridium_sp._CAG:417 0.5918 0.0426 0.3062 X
PGE2-EA Clostridium_sp._CAG:571 0.7212 0.0081 0.0964 ot
PGE2-EA Clostridium_sp._CAG:780 0.7463 0.0053 0.0699 fuh
PGE2-EA Parasutterella_excrementihominis -0.7710 0.0033 0.0112 O
PGE2-EA Roseburia_inulinivorans -0.6759 0.0158 0.0826 3
PGE2-EA Prevotella_copri -0.6132 0.0340 0.1133 *
PGE2-EA Ruminococcus_sp._CAG:579 0.7924 0.0021 0.0106 i
Cyclo(Leu-Phe) Ruminococcus_sp._Marseille-P6503 0.7626 0.0039 0.0099 ot
Cyclo(Leu-Phe) Alistipes_indistinctus -0.6734 0.0164 0.0416 kS
Cyclo(Leu-Phe) Duncaniella_freteri -0.6569 0.0203 0.0507 )
Cyclo(Leu-Phe) Flavobacteriales_bacterium -0.7804 0.0027 0.0069 G
Cyclo(Leu-Phe) Ruminococcaceae_bacterium_FB2012 0.7426 0.0057 0.0222 *K
Cyclo(Leu-Phe) Ruminococcus_sp._NK3A76 0.7230 0.0079 0.0227 *K
Cyclo(Leu-Phe) Parasutterella_sp._NM82_D38 —0.6666 0.0179 0.0340 *
Cyclo(Leu-Phe) Clostridium_sp._CAG:571 0.6212 0.0311 0.0964 &
Cyclo(Leu-Phe) Parasutterella_excrementihominis -0.6648 0.0183 0.0365 *
Cyclo(Leu-Phe) Roseburia_inulinivorans -0.6317 0.0276 0.0826 L
Cyclo(Leu-Phe) Ruminococcus_sp._CAG:579 0.7494 0.0050 0.0134 ot
Pyridoxal Flavobacteriales_bacterium 0.7139 0.0091 0.0152 ot
Pyridoxal Firmicutes_bacterium_CAG:103 -0.6667 0.0179 0.1138 *
Sphingosine-1-phosphocholine Ruminococcus_sp._Marseille-P6503 0.7560 0.0044 0.0099 ES
Sphingosine-1-phosphocholine Alistipes_indistinctus -0.7200 0.0083 0.0370 *oK
Sphingosine-1-phosphocholine Duncaniella_freteri -0.6598 0.0196 0.0507 *
Sphingosine-1-phosphocholine Flavobacteriales_bacterium -0.7829 0.0026 0.0069 *K
Sphingosine-1-phosphocholine Ruminococcaceae_bacterium_FB2012 0.7383 0.0061 0.0222 *K
Sphingosine-1-phosphocholine Ruminococcus_sp._NK3A76 0.7283 0.0072 0.0227 *K
Sphingosine-1-phosphocholine Parasutterella_sp._NM82_D38 -0.6714 0.0168 0.0340 &
Sphingosine-1-phosphocholine Clostridium_sp._CAG:571 0.5805 0.0478 0.0964 *
Sphingosine-1-phosphocholine Parasutterella_excrementihominis -0.6713 0.0168 0.0365 *
Sphingosine-1-phosphocholine Roseburia_inulinivorans -0.5874 0.0446 0.0826 k&
Sphingosine-1-phosphocholine Ruminococcus_sp._CAG:579 0.7451 0.0054 0.0134 E
3a,6b,7b-Trihydroxy-5b-cholanoic acid Flavobacteriales_bacterium -0.6767 0.0157 0.0208 &
3a,6b,7b-Trihydroxy-5b-cholanoic acid Firmicutes_bacterium_CAG:103 0.6429 0.0241 0.1138 &3
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Table 5 (continued) | Pearson correlation analysis between key differential microorganisms and metabolites

Metabolites Microorganisms Correlation p-value AdjPvalue Significance
N-3-oxo-tetradec-7(2)-enoyl-L-Homoserine Bacteroidales_bacterium 0.7799 0.0028 0.0277 Lot
lactone

N-3-oxo-tetradec-7(Z)-enoyl-L-Homoserine Clostridiaceae_bacterium -0.7099 0.0097 0.1702 E
lactone

N-3-oxo-tetradec-7(Z)-enoyl-L-Homoserine Ruminococcus_sp._Marseille-P6503 -0.6027 0.0380 0.0448 *
lactone

N-3-oxo-tetradec-7(2)-enoyl-L-Homoserine Alistipes_indistinctus 0.6771 0.0156 0.0416 *
lactone

N-3-oxo-tetradec-7(Z)-enoyl-L-Homoserine Duncaniella_freteri 0.8123 0.0013 0.0182 G
lactone

N-3-oxo-tetradec-7(Z)-enoyl-L-Homoserine Bacteroides_ovatus 0.6761 0.0158 0.1363 *
lactone

N-3-oxo-tetradec-7(2)-enoyl-L-Homoserine Flavobacteriales_bacterium 0.7084 0.0099 0.0153 oEd
lactone

N-3-oxo-tetradec-7(Z)-enoyl-L-Homoserine Ruminococcaceae_bacterium_FB2012 -0.6079 0.0360 0.0480 *
lactone

N-3-oxo-tetradec-7(Z)-enoyl-L-Homoserine Firmicutes_bacterium_CAG:103 -0.5989 0.0396 0.1138 <
lactone

N-3-oxo-tetradec-7(Z)-enoyl-L-Homoserine Prevotella_copri 0.7512 0.0049 0.0486 ES
lactone

N-3-oxo-tetradec-7(Z)-enoyl-L-Homoserine Ruminococcus_sp._CAG:579 -0.7107 0.0096 0.0160 *K
lactone

Nicotinamide N-oxide Ruminococcus_sp._Marseille-P6503 -0.6484 0.0226 0.0347 *
Nicotinamide N-oxide Flavobacteriales_bacterium 0.5941 0.0417 0.0463 *
Nicotinamide N-oxide Ruminococcus_sp._NK3A76 -0.5951 0.0412 0.0539 £
Nicotinamide N-oxide Parasutterella_sp._NM82_D38 0.8534 0.0004 0.0037 EE3
Nicotinamide N-oxide Parasutterella_excrementihominis 0.8595 0.0003 0.0034 ok
Nicotinamide N-oxide Roseburia_inulinivorans 0.6701 0.0171 0.0826 X
Norhyocholic acid Bacteroidales_bacterium -0.6011 0.0387 0.1046 *
Norhyocholic acid Clostridium_sp._CAG:710 0.6505 0.0220 0.1483 &
Norhyocholic acid Ruminococcus_sp._Marseille-P6503 0.6945 0.0122 0.0222 3
Norhyocholic acid Duncaniella_freteri -0.6604 0.0194 0.0507 &3
Norhyocholic acid Flavobacteriales_bacterium -0.7585 0.0042 0.0085 B
Norhyocholic acid Ruminococcaceae_bacterium_FB2012 0.6681 0.0176 0.0293 &
Norhyocholic acid Ruminococcus_sp._NK3A76 0.6203 0.0314 0.0523 *
Norhyocholic acid Roseburia_inulinivorans -0.6044 0.0374 0.0826 *
Norhyocholic acid Prevotella_copri -0.5800 0.0481 0.1170 *
Norhyocholic acid Ruminococcus_sp._CAG:579 0.6564 0.0204 0.0292 *
Bufotalin Bacteroidales_bacterium -0.6240 0.0301 0.1046 X
Bufotalin Clostridium_sp._CAG:710 0.5808 0.0477 0.1483 &
Bufotalin Ruminococcus_sp._Marseille-P6503 0.7980 0.0019 0.0093 ot
Bufotalin Alistipes_indistinctus -0.6474 0.0229 0.0416 &3
Bufotalin Duncaniella_freteri -0.6345 0.0267 0.0533 £
Bufotalin Flavobacteriales_bacterium -0.8318 0.0008 0.0040 o
Bufotalin Ruminococcaceae_bacterium_FB2012 0.6990 0.0114 0.0229 *
Bufotalin Ruminococcus_sp._NK3A76 0.6831 0.0143 0.0287 k&
Bufotalin Parasutterella_sp._NM82_D38 -0.6937 0.0123 0.0308 k&
Bufotalin Clostridium_sp._CAG:571 0.6409 0.0247 0.0964 e
Bufotalin Clostridium_sp._CAG:780 0.6144 0.0335 0.1255 X
Bufotalin Parasutterella_excrementihominis -0.6954 0.0120 0.0310 X
Bufotalin Prevotella_copri -0.6212 0.0311 0.1133 3
Bufotalin Ruminococcus_sp._CAG:579 0.7392 0.0060 0.0134 £

In the table, “p-value” shows the statistical significance of the correlation.This adjusted P-value (AdjPvalue) controls the false discovery rate across a set of statistical comparisonsand. “Significance”
indicates the level of statistical significance, where “*” denotes p < 0.05, “**” denotes p <0.01 and “***” denotes p < 0.001. All the data were recorded with an accuracy of 0.0001.
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Table 6 | Statistical table of key differences in cecal neurometabolism-related derivatives information between groups

Categories Metabolites Average(Re) Average(Co) Foldchange Log2(Foldchange) P-value adj.P-value VIP
Neurotransmitter- L-Glutamic acid 592,124.5178 744,584.4097 0.7952 -0.3305 0.0126  0.1484 4.2438
related metabolites D-Citrulline 194,049.0773 3159950712 0.6141 -0.7035 00102  0.1315 3.7807
Pyridoxal 81,806.8734 120,844.1655 0.6770 -0.5629 0.0466  0.2755 1.8899
Pyridoxamine 28,623.1415  45,541.8274  0.6285 -0.6700 0.0007  0.0253 1.5356
3, 5-Dihydroxyphenylacetic acid 18,465.2936  35,120.8040 0.5258 -0.9275 0.0191 0.1813 1.3163
5-Hydroxy-6-methoxy-1h-indole-  20,104.9283  41,386.4300  0.4858 -1.0416 0.0294  0.2248 1.4337
2-carboxylic acid
Nicotinamide N-oxide 55,122.2350 106,087.7911 0.5196 —-0.9446 0.0287  0.2228 2.2362
Tryptophan derivatives 5-Methoxy-DL-tryptophan 316,384.3927 499,589.6032 0.6333 —-0.6591 0.0066 0.1031 4.5130
Indoleacrylic acid 313,677.5074 462,360.5753 0.6784 -0.5597 0.0490 0.2816 3.6590
Indoleacetyl glutamine 52,306.6235 25,805.6564  2.0269 1.0193 0.0013  0.0372 1.8353
Picolinic acid 175,684.7084 224,798.0721 0.7815 —0.3556 0.0004 0.0194 2.5896
Neuropeptide analogs Endomorphin-1 20,313.2719  5968.9568 3.4032 1.7669 0.0003 0.0151 1.4708
Tyr-pro-leu-gly-NH2 35,192.5038 19,596.1408 1.7959 0.8447 0.0397 0.2572 1.2308
Cyclo(D-trp-D-asp-pro-D-val-leu)  478,804.6769 195,589.3510 2.4480 1.2916 0.0000 0.0037 6.6054
Cyclo(Leu-Phe) 151,418.1324 62,390.0059  2.4270 1.2792 0.0000  0.0043 3.5482
N-3-oxo-tetradec-7(2)-enoyl-L- 62,422.5294 106,756.4995 0.5847 -0.7742 0.0006  0.0237 2.5598
Homoserine lactone
Sphingosine-1-phosphocholine 122,417.1002 65,479.1921 1.8696 0.9027 0.0001 0.0091 2.7899
Neuroexcitatory Thapsigargin 15,075.7965  56,238.1350  0.2681 -1.8993 0.0016  0.0433 2.2651
LIEEIEED Dihydroouabain 2214704129 97,375.9136  2.2744 1.1855 0.0000 0.0037 4.2606
Bufotalin 94,313.0835 31,919.8383  2.9547 1.5630 0.0000  0.0031 3.0191
Dehydrocyanaropicrin 54,670.3576  37,745.7258 1.4484 0.5344 0.0201 0.1862 1.3210
PERUVOSIDE 212,508.0040 105,271.9112 2.0187 1.0134 0.0000 0.0037 3.9070
PGE2-EA 144,981.2590 97,208.9845 1.4914 0.5767 0.0005  0.0207 2.5171
Tryptophan derivatives =~ Chenodeoxycholic acid 431,683.3303 222,984.6174 1.9359 0.9530 0.0001 0.0072 5.3747
3-glucuronide
Lithocholic acid glucuronide 358,036.3531 188,788.4732 1.8965 0.9233 0.0027  0.0596 4.5163
Ursocholic acid 188,137.7902 113,042.0327 1.6643 0.7349 0.0074  0.1095 2.9387
Norhyocholic acid 101,741.7865 40,401.2508 2.5183 1.3324 0.0001 0.0074 2.9330
3a,6b,7b-Trihydroxy-5b- 117,265.7656 56,759.4679  2.0660 1.0468 0.0169  0.1712 2.5258
cholanoic acid
3a,7b,21-Trihydroxy-5b- 48,897.7757  20,552.6179  2.3792 1.2504 0.0000  0.0020 2.0967
cholanoic acid
gamma-Glutamyl-5- 22,992.1420 13,798.0260 1.6663 0.7367 0.0019  0.0485 1.0618

hydroxytryptophan

“p-value” shows the statistical significance of the correlation. This adjusted P-value (AdjPvalue) controls the false discovery rate across a set of statistical comparisons and. “Significance” indicates the level
of statistical significance, where “*” denotes p < 0.05, “**” denotes p < 0.01 and “***” denotes p < 0.001. All the data were recorded with an accuracy of 0.0001. The VIP score measures the importance of
each variable (e.g., a specific m/z) in distinguishing between sample groups within a statistical model, with the score >1.0 typically serving as the common threshold for identifying significant variables that

are crucial for group separation.

diet group (Re, n = 12). All rabbits in this study were housed and fed at the
Animal Experiment Center of Guizhou Medical University under stan-
dardized breeding conditions. Throughout the study, the rabbits received
regular vaccinations and consistent care. The experimental protocol con-
sisted of two phases: a 14-day pre-feeding period followed by a 28-day
experimental period. The rabbits were individually housed in single cages
and provided with 200 g of feed per rabbit twice daily. During the 14-day
pre-feeding period, all rabbits received a standard commercial diet (200 g
twice daily; detailed composition in Supplementary Table 6). In the sub-
sequent 28-day experimental period, the feeding regimen for Re group
rabbits was adjusted: they were fed 100 g twice daily for the first 20 days,
followed by 80 g twice daily for the remaining 8 days. In contrast, Co group
rabbits maintained the original feeding protocol (200 g twice daily). The
design of this experiment was shown in Fig. 6. The commercial diets for the
adult rabbits used during the trial were produced in the same lot and stored
under the same conditions. The nutritional composition of the commercial

feed was consistent with that reported in our previous study”’. At the end of
the experiment, the rabbits were euthanized using the air embolism method.
The specific procedure was to rapidly inject 15 mL of air into the rabbit’s ear
vein to cause its death, and the death was confirmed by observing the
cessation of heart and breathing, as well as the dilation of the pupils.

HE staining

The samples of hippocampal tissue and middle segment of the cecum tissue
samples fixed with 4% formaldehyde were rinsed under running water and
trimmed, then placed in plastic embedding cassettes for dehydration (75%
ethanol for 6 h, 85% ethanol for 10 h, 95% ethanol for 4 h, absolute ethanol I
for 2 h, absolute ethanol II for 2 h), clearing (xylene I for 20 min, xylene II for
15 min), and wax immersion for 3 h, followed by embedding the tissue
blocks in paraffin. Subsequently, the Leica RM2235 microtome was used to
cut the tissues into 5 pm-thick sections, which were flattened in warm water
and mounted onto glass slides. The sections were then baked at 60 °C for at
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Table 7 | Information on differences in key neurometabolic derivatives between groups

Metabolites Average(Re) Average(Co) FoldChange Log2FoldChange P-value VIP Regulation
Butyric acid 4948.3659 4025.5790 1.2292 0.2978 0.0086 0.3227 up
L-Tryptophan 3003.3519 5086.9273 0.5904 -0.7602 0.0445 0.4373 down
Bile acid 366,032.2851 222,916.6722 1.6420 0.7155 0.0496 3.5967 up
gamma-Aminobutyric acid 117.4208 536.0864 0.2190 -2.1908 0.0591 0.1927 down
Histamine 2572.0624 4365.5847 0.5892 -0.7632 0.0802 0.3782 down
N-Acetylhistamine 1242.2382 977.3765 1.2710 0.3460 0.1229 0.1429 up
Beta- 1318.9872 1118.7736 1.1790 0.2375 0.1347 0.1271 up
Guanidinopropionic acid

Cholic acid 331,803.3227 214,511.1029 1.5468 0.6293 0.2286 2.8819 up
Serotonin 2197.6635 2755.3360 0.7976 -0.3263 0.2403 0.2085 down
Tryptophan 2-C-mannoside  15,291.5796 13,512.4910 1.1317 0.1784 0.2505 0.3649 up
(R)-beta- 17,040.3108 20,512.2270 0.8307 -0.2675 0.2670 0.4651 down
Aminoisobutyric acid

Indole-3-propionic acid 2298.9838 2629.3514 0.8744 -0.1937 0.4912 0.1293 down
Indoleacetic acid 32,356.2228 28,548.5658 1.1334 0.1806 0.5484 0.6086 up
Imidazolepropionic acid 28,2891.3795 266,661.3395 1.0609 0.0852 0.5708 0.9459 up
p-Cresol 1271.6380 1103.7117 1.1521 0.2043 0.6610 0.0813 up
Deoxycholic acid 25,837,121.4906 32,491,054.1573 0.7952 -0.3306 0.6654 20.6807 down
2-Ethyl-2- 1885.5665 1962.2831 0.9609 -0.0575 0.7201 0.0635 down
Hydroxybutyric acid

Threoninyl-Tryptophan 5749.0017 5446.5090 1.0555 0.0780 0.7297 0.1661 up
N-Carboxyethyl-g- 230,047.3550 214,235.7740 1.0738 0.1027 0.7548 1.6704 up
aminobutyric acid

5-Methoxytryptophan 7821.1850 7683.0170 1.0180 0.0257 0.9494 0.0468 up
Hydroxyprolyl-Tryptophan 8295.8514 8220.8166 1.0091 0.0131 0.9671 0.1401 up

“p-value” shows the statistical significance of the correlation. All the data were recorded with an accuracy of 0.0001. The VIP score measures the importance of each variable (e.g., a specific m/z) in
distinguishing between sample groups within a statistical model, with the score >1.0 typically serving as the common threshold for identifying significant variables that are crucial for group separation.

Co n=12
42 days Association analysis
200 g twice daily ] of brain-gut axis
Cerebral cortex
) D tissue samples
Re n=12 > ( )
Cecal tissues and
Pre-feeding period Stage 1 Stage 2 contents samples
T il I
14 days 20 days 8 days
200 g twice daily 100 g twice daily 80 g twice daily e
2 p

Fig. 6 | Design of the experimental protocol of restricted feeding diet in New Zealand rabbits.

least 2 h. Next, the sections were dewaxed in xylene, rinsed under running
water for 20 min, stained with hematoxylin for 30 min, washed again under
running water for 20 min, differentiated with hydrochloric acid alcohol, and
stained with eosin for 5 min. Finally, the sections were dehydrated through a
graded alcohol series, cleared in xylene, and sealed with resinous mounting
medium. Therefore, the pathological changes in the cerebral cortex and
cecal samples within the group were observed and photographed under a
microscopy imaging system.

Total RNA extraction and RNA-sequencing
Total RNA was isolated from six cecal samples and six right cerebral
cortex tissues from the Co and Re groups using TRIzol reagent

(Invitrogen, CA, USA) according to the manufacturer’s protocol. RNA
concentration and purity were determined using a NanoDrop 2000
spectrophotometer (Thermo Scientific, USA). Sequencing libraries were
prepared with the VAHTS Universal V6 RNA-seq Library Prep Kit,
following the manufacturer’s instructions. Paired-end sequencing
(150 bp) was performed on an Illumina NovaSeq 6000 platform by OE
Biotech Co., Ltd. (Shanghai, China). Raw sequencing reads (FastQ for-
mat) were quality-filtered using fastp to obtain clean reads for each
sample. Clean reads were then aligned to the reference genome (Oryc-
tolagus cuniculus UM_NZW_1.0) using HISAT2. Gene expression
levels were quantified as FPKM, and read counts per gene were generated
using HTSeq-count.
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DNA extraction and metagenomic sequencing

Total DNA was extracted from 12 cecal content samples (six each from Co
and Re) using the QIAamp® Fast DNA Stool Mini Kit (Qiagen), with quality
verified by NanoDrop2000 spectrophotometry and 1% agarose gel elec-
trophoresis. Qualified DNA samples were fragmented to ~350 bp using a
Covaris S220 ultrasonicator, size-selected with AMPure XP beads, and
processed into sequencing libraries using the TruSeq Nano DNA LT Kit
(Mumina). After Qubit quantification, libraries were subjected to 150 bp
paired-end sequencing on an Illumina NovaSeq 6000 platform (OE Biotech
Co., Ltd.), generating metagenomic data for downstream analysis.

RNA-Seq Data Analysis

Differentially expressed genes (DEGs) were identified using NOISeq and
DESeq2 with stringent thresholds (|log;Foldchange (FC)|>1 and
P-value < 0.05), followed by functional enrichment analysis through
DAVID for Gene Ontology annotation and the KEGG database for pathway
mapping, with all statistical analyses and visualizations performed using R
software (v4.2.2) with ggplot2 and clusterProfiler packages. The statistical
significance of the enrichment of gene sets in GO terms and KEGG path-
ways was analyzed using Fisher’s exact test. P-values were adjusted for
multiple testing using the Benjamini-Hochberg false discovery rate (FDR)
method. Terms with a g-value <0.05 (Benjamini-Hochberg FDR) were
considered significantly enriched.

Metagenomic data processing and analysis

Raw sequencing reads were quality-trimmed using Trimmomatic (v0.36)"",
and the resulting paired-end clean reads were aligned to the Oryctolagus
cuniculus UM_NZW_1.0 reference genome with HoCoRT: for host DNA
removal”. De novo assembly was performed using MEGAHIT (v1.1.2)*,
retaining scaftigs >500 bp for downstream analysis. Gene prediction was
conducted via Prodigal (v2.6.3)", followed by non-redundant gene catalog
construction using CD-HIT (v4.5.7). Taxonomic profiling was achieved by
aligning predicted genes against the NR database, with abundance calcu-
lations at multiple taxonomic levels (phylum to species). Statistical analyses
included: (1) principal component analysis (PCA) of taxonomic/functional
profiles using R (v3.2.0), (2) inter-group significance testing via ANOVA in
SPSS 22.0, and (3) biomarker identification through LEfSe analysis of dif-
ferentially abundant features.

Analysis of microbial metabolites

We utilized a standardized metabolomic preparation protocol: 60 mg of
sample was homogenized with pre-chilled steel beads in 600 uL of methanol
—water (4:1, v/v, containing 4 ug/mL L-2-chlorophenylalanine) using a
grinder and ultrasonication. After incubation at —40°C for 30 min and
centrifugation (12,000 rpm, 4 °C, 10 min), 200 pL of supernatant was dried
under nitrogen. The residue was reconstituted in 300 pL. methanol-water
(1:4, v/v), vortex-mixed, sonicated, incubated at—40 °C for 2 h, then recen-
trifuged. A 150 pL aliquot was filtered (0.22 um) and stored at —80 °C until
analysis. QC samples were prepared by mixing equal volumes of all extracts.
LC—MS analysis was conducted on an ACQUITY UPLC I-Class Plus/QE
Plus system. Separation used an ACQUITY UPLC HSS T3 column
(100 x 2.1 mm, 1.8um) at 45 °C, with mobile phase A (0.1% formic acid in
water) and B (acetonitrile) at 0.35 mL/min. The gradient was: 5% B
(0-2 min), 5-30% B (2-4 min), 30-50% B (4-8 min), 50-80% B (8-10 min),
80-100% B (10-14 min), hold 100% B (14-15 min), return to 5% B in 0.1 min
and re-equilibrate for 1 min (total 16 min). Injection volume was 5 pL. MS
data were acquired in both ESI4+ and ESI—modes with spray voltages of
3800 V and—3000 V, respectively. Capillary and heater temperatures were
320 °C and 350 °C; sheath and auxiliary gas flows were 35 and 8 Arb. S-lens
RF was 50. Full MS and MS/MS scans (m/z 100-1200) were performed at
resolutions of 70,000 and 17,500, respectively, using stepped NCE (10, 20, 40).

Metabolomics data analysis
The raw metabolomics data were preprocessed using Progenesis QI
v3.0 software. Metabolic features with over 50% within-group missing

values (zero values) were removed, and remaining missing values were
replaced with half of the corresponding minimum value. Compounds were
filtered based on qualitative identification scores (Score); those scoring
below 36 (out of 80) were deemed unreliable and excluded. Data from
positive and negative ion modes were merged into a unified matrix for
subsequent analysis. During statistical analysis, unsupervised PCA and
supervised PLS-DA were employed to assess overall metabolic profile dif-
ferences between groups. Differential metabolites were identified based on
the criteria: VIP > 1, |[Log,FoldChange | >1, and p-value < 0.05. Enrichment
analysis of metabolic pathways was then conducted using the KEGG
database.

Protein—protein interaction network analysis

The protein-protein interaction network was constructed using STRING
database and visualized in Cytoscape, with key hub genes identified through
CytoHubba’s 12 topological algorithms including connectivity-based
(Degree), clique-based (Maximum Clique Centrality), neighborhood-
based (Maximum Neighborhood Component, Density of MNC, Edge
Percolated Component), and shortest-path-based centralities (Bottleneck,
Betweenness, Stress, Closeness, Radiality, Eccentricity), ensuring robust
multi-algorithm identification of functionally significant network
components.
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