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Introduction

Painful diabetic peripheral neuropathy (PDPN) is closely linked to cognitive dysfunction. The gut microbiota plays a pivotal role in the pathophysiology of diabetic neuropathy, but its contribution, along with related metabolites, to PDPN complicated by cognitive impairment remains poorly understood. This study aimed to explore the characteristics of gut microbiota and metabolites in db/db mice with PDPN and concomitant cognitive impairment, and to investigate the underlying mechanisms.





Methods

Male homozygous db/db mice and their littermate db/m mice used as the research subjects. Thermal hyperalgesia and mechanical allodynia tests were applied to assess pain phenotypes, while the Morris water maze test was used to evaluate cognitive function. Immunohistochemistry was employed to measure intraepidermal nerve fiber density and nerve fiber markers, and Western blot analysis was used to detect pro-inflammatory cytokine levels. 16S rRNA gene sequencing of the V3-V4 regions was applied to analyze the gut microbiota structure, and LC-MS was used to analyze fecal metabolites.





Results

At 12 weeks of age, db/db mice exhibited PDPN and cognitive deficits. The gut microbiota composition differed between the two groups, with LEfSe analysis identifying 38 key amplicon sequence variants (ASVs) enriched in db/db mice and 39 ASVs more abundant in db/m mice. Meanwhile, 398 metabolites that were significantly different between the two groups. Bidirectional mediation models indicated that Dl-lactate positively mediated the relationship between specific microbiota (Muribaculaceae (ASV243) and Ruminococcus (ASV149)) and thermal latency. In contrast, polygalic acid negatively mediated the relationship between Muribaculaceae and escape latency, as well as between Ruminococcus and thermal latency. These microbiota and metabolite changes were associated with elevated proinflammatory cytokine levels in the dorsal root ganglion (DRG) and hippocampus, respectively.





Discussion

This study highlights the intricate relationship between gut microbiota, metabolites, and both PDPN and cognitive dysfunction in db/db mice. It also provides insights into potential mechanisms underlying the pathophysiology of these comorbidities, suggesting that modulation of the gut microbiota and its metabolites may offer new therapeutic strategies.
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Introduction

Diabetic neuropathy affects both the peripheral and central nervous systems. Diabetic symmetric polyneuropathy (DSPN) typically begins distally and progressively spreads proximally in a glove-and-stocking pattern (Yang et al., 2025). Around 30% of individuals with DSPN experience neuropathic pain, commonly referred to as painful diabetic peripheral neuropathy (PDPN) (Gylfadottir et al., 2020). PDPN significantly impacts patients’ daily activities, mood, and overall health-related quality of life. Cognitive dysfunction is increasingly recognized as a key comorbidity of diabetes mellitus, affecting various cognitive domains, including processing speed, executive function, and memory (Biessels and Despa, 2018). Numerous studies have shown that pain is closely linked to the cognitive system, with cognitive dysfunction also considered a comorbidity of chronic pain (Sloan et al., 2021). Pain perception involves a widely distributed network of brain regions and subcortical structures, collectively known as the “pain matrix”, and it can impair cognitive functions such as attention, memory, and learning (Todd et al., 2022).

Our previous study demonstrated that gut microbiota plays a causative role in PDPN, with gut barrier dysfunction, increased antigen load, and more severe systemic inflammation potentially contributing to the underlying mechanisms (Yang J. et al., 2023). Recent studies have emphasized the importance of microbiota homeostasis for maintaining gut health and modulating cognitive functions by regulating blood-brain barrier permeability, brain energy homeostasis, and synaptic transmission (Liu J. et al., 2020; Liu Z. et al., 2020). The mechanisms involved include metabolomic changes, such as the production of short-chain fatty acids and bile acids by the gut microbiota, which affect hippocampal mitochondrial biogenesis, energy metabolism, synaptic ultrastructure, and microglial inflammation (Liu J. et al., 2020). However, it remains unclear whether distinct gut microbiota and their associated metabolite profiles exist when PDPN and cognitive dysfunction co-occur, as well as how these factors influence pain, learning, and memory.

In this study, we investigate the characteristics of the gut microbiota and metabolomics in db/db mice with PDPN complicated by cognitive dysfunction. In addition, we use a bi-directional mediation analysis to explore the correlation network between key gut microbiota genera, metabolite levels, and clinical phenotypes, and discuss the underlying mechanisms.





Materials and methods




Reagents and chemicals

Eosin (Eosin Y solution HT110316) used by IENFD staining was purchased from Sigma-Aldrich (Darmstadt, Germany).The following antibodies were used in this study: The PGP9.5 antibody (ab109261) used in immunohistochemistry was purchased from Abcam (Cambridge, UK).The primary antibodies of MBP (Ab218011) and BDNF (Ab108319) used in immunohistochemistry were purchased from Abcam (Cambridge, UK).The primary antibodies of NF 200(18934 - 1-AP) was provided by Proteintech (Wuhan, China).The primary antibodies of NLRP3 (#15101), IL - 1β (#12426), caspase-1 (#24232), GAPDH (#97166) and tubulin (#2148) used in western blot were provided by Cell Signaling Technology(MA, USA).The secondary horseradish peroxidase-conjugated anti-rabbit/mouse antibodies(SAP - 9100) was purchased by Beijing Zhongshan Gold Bridge Biotechnology Co.(Beijing, China).





Animals

All animal experimental procedures were approved by the Animal Experimental Center Committee of Zhengzhou University (Approval No. ZZU-LAC20220909) and were conducted in accordance with the committee’s guidelines. To avoid the influence of gender on the cognitive function, as well as the sex hormone status of female mice can cause fluctuations in metabolic and inflammatory levels, male db/db mice were used in this study (Cross et al., 2024; Wei et al., 2025). Male homozygous db/db mice (BKS.Cg-Dock7m+/+ Leprdb/J) and db/m (Dock7m+/+ Leprdb) heterozygotes, both from the same colony and aged seven weeks, were purchased from Gempharmatech (Certificate No. SCXK (Su) 2018 - 0008). The db/db mice and db/m mice were breed separately in a standard SPF (Specific Pathogen-Free) environment, under a 12-hour light/dark cycle, at a controlled temperature, with free access to food and water. After one week of acclimatization, the mice underwent assessments of blood glucose, body weight, and behavioral characteristics, which were monitored until they reached twelve weeks of age.





Blood glucose and body weight

Blood glucose levels were measured weekly at the same time each afternoon between 8 and 12 weeks of age. A blood sample was drawn from the tail vein of each mouse and blood glucose was determined using a Yuwell glucometer (720, Jiangsu, China). Body weight was recorded every 7 days, at the same time of day, until the mice reached 12 weeks of age.





Neurological function testing

The neurological pain function of mice was assessed by testing their thermal and mechanical sensitivity. The MWM test is an effective method for assessing spatial cognitive function. In this study, the Morris water maze was employed to evaluate spatial learning, spatial reference memory, and athletic ability in mice, thereby providing a comprehensive assessment of overall cognitive performance (Vorhees and Williams, 2006; Murayama et al., 2021).





Thermal sensitivity

Thermal sensitivity was assessed following established methods using a thermal stimulation meter (YLS - 6B, Jinan, China) (Hargreaves et al., 1988). Prior to the procedure, adjust the hot plate temperature to approximately 55°C until it stabilizes. When a mouse is placed on a hot plate that is completely enclosed by transparent panels, the timer is activated. The timer is immediately halted once the mice exhibit behaviors such as rapid licking, hind paw retraction, or jumping. In order to avoid the feet of the rats being burned, if there was no response within 20 s, the latency was recorded as 20 s. Three measurements were taken for each animal at 15-minute intervals, and the average value for each mouse was calculated (Dixon, 1980; Jin et al., 2022).





Mechanical sensitivity

Mechanical sensitivity was assessed using calibrated Von Frey filaments (Stoelting, Wood Dale, USA). The mice to be measured were placed in a box with a metal mesh and left for 15 – 30 min until the rats were acclimated to the unfamiliar environment. A series of von Frey filaments were selected (0.4, 0.6, 1.4, 2.0, 4.0, 6.0, 8.0, 15.0g, in total eight of filaments). Von Frey filaments were applied to the hairless part of the left palmoplanta of rats with a duration of action of 6 – 8 s. Lifting or licking of the foot on the stimulated side by the rats was considered positive. Each rat was tested three times, and the average was the final result. The 50% paw withdrawal threshold approach was adopted (Dixon, 1980).





Morris water maze tests

Animals were tested in a circular tank with a diameter of 1.2 meters, located in a room equipped with extramaze cues (BW-MWM101, Shanghai, China). A platform, 10 cm in diameter, was submerged 0.5 cm beneath the water’s surface, with the water temperature maintained at an optimal level throughout the testing period. The experimenter divided the tank into four quadrants, labeled I, II, III, and IV, with the platform positioned in quadrant II. When water was added to the maze, its surface rose to a level approximately 0.5 – 1 cm above the platform. The environment remained quiet during the experiment to minimize external disturbances. The experiment lasted for five days, with the learning phase consisting of four trials per animal each day for a total of four days. Prior to the experiment, the mice were allowed to acclimate to the laboratory setting, and both the equipment and computer systems were calibrated to ensure the camera and tracking system were functioning optimally (Gu et al., 2024).





Place navigation

Observe and record the routes taken by mice to locate and climb onto the platform, as well as the time required for this process, which is defined as the latency period. This method is employed to assess the acquisition of learning and memory abilities in mice through water maze performance.





Spatial probe test

After the Place navigation experiment concluded, the platform was withdrawn and subsequently redeployed from the same entry point to record the number of times it traversed the original platform. It is used to assess the retention capacity of the spatial memory for the platform’s location in mice after they have learned to locate the platform.





Immunohistochemistry analysis




Intraepidermal nerve fiber density measurement

A 2mm diameter skin biopsy instrument was used to horizontally drill the plantar skin of the mice. The sample that included both the epidermis and dermis was excised with ophthalmic scissors and was immediately fixed in 4% paraformaldehyde for the subsequent immunohistochemical analysis. The intraepidermal nerve fiber density (IENFD) was quantified by staining with PGP9.5 antibody. Eosin was used to counterstain the sections so as to make the fiber crossings at the dermoepidermal junction more prominent. The IENFD was calculated as the number of fibers per millimeter. This was done by counting the number of complete baseline nerve fiber crossings at the dermoepidermal junction (Chandrasekaran et al., 2019).





Dorsal root ganglion and sciatic nerve

The paraffin-embedded sections of the dorsal root ganglion underwent the process of deparaffinization with xylene and were dehydrated by being passed through a series of alcohol solutions with different concentrations. For antigen retrieval, either citrate buffer or EDTA buffer was employed. In order to inhibit the activity of endogenous peroxidase, the sections were treated with 3% H2O2 for a duration of 15 minutes. After that, they were incubated with diluted goat serum for 30 minutes so as to decrease nonspecific staining. Subsequently, the sections were incubated at 4°C overnight with the following primary antibodies: anti-NF 200 at a dilution of 1:300, anti-MBP at a dilution of 1:1000, and anti-BDNF at a dilution of 1:500.





Western blot

Firstly, 30 µg of protein from each sample in total was separated by utilizing SDS-PAGE (with a concentration range of 10 - 15%). Subsequently, the separated proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane (0.22 µm pore size; Millipore, Billerica, MA, USA). The membranes were blocked for a period of 2 hours at room temperature in a solution of 5% non-fat milk in TBS-T. After being incubated overnight at 4 °C with primary antibodies, they were washed thoroughly with TBS-T. Next, they were incubated for 2 hours at room temperature with secondary horseradish peroxidase-conjugated anti-rabbit/mouse antibodies. Following another round of washing with TBS-T, the protein bands were visualized using enhanced chemiluminescence reagents (Millipore, Merck KGaA, Germany).





Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.0. Data are presented as the mean ± standard error. The Shapiro-Wilk test was employed to assess the normality of the distributions. Differences across five time points were analyzed using a Two-Way Repeated Measures ANOVA. For comparisons between two groups, an unpaired Student’s t-test was applied when the data were normally distributed, and the nonparametric Mann-Whitney test was used when the data deviated from normality. Statistical significance was defined as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.





Gut microbiome analysis

Genomic DNA was isolated from mouse fecal samples through the utilization of the QIAamp PowerFecal Pro DNA Kit (QIAGEN, USA, 51804). Polymerase Chain Reaction (PCR) amplification targeting the V3-V4 region of the 16S rRNA gene was performed using the forward primer [5’-CCTACGGGNGGCWGCAG -3’] and the reverse primer [5’-GACTACHVGGGTATCTAATCC -3’] (Fang et al., 2021). The resulting amplicons were sequenced on the MiSeq platform, generating paired-end reads of 300 bp (Illumina, CA, USA).

The obtained reads were subjected to processing and analysis with QIIME2 version 2019.7, as detailed in reference (Xue et al., 2022). The “cutadapt” plugin integrated within QIIME2 was utilized to eliminate sequence adapters. To acquire the abundance and representative sequences of amplicon sequence variants (ASVs), the DADA2 algorithm was applied, as described in reference (Callahan et al., 2016). With the core - metrics - phylogenetic pipeline in QIIME2, a phylogenetic tree was built for the representative ASV sequences. Taxonomy assignment was carried out using the Silva database (release 132), as referenced in (Deng et al., 2022). All samples were randomly subsampled to an equal depth of 23,154 reads prior to further analysis.

The diversity plugins in QIIME2 were utilized to carry out α - diversity analysis and principal coordinate analysis (PCoA). For the permutational multivariate analysis of variance (PERMANOVA), with 999 tests being conducted, the R package vegan was employed. To identify the key ASVs that showed differences between the two groups, the Linear Discriminant Analysis Effect Size (LEfSe) method was used. Finally, the R package pheatmap was used to generate and visualize a heatmap representing the key ASVs.





Untargeted metabolomics analysis

The ultra-high performance liquid chromatography (UHPLC) system (1290 Infinity LC, Agilent Technologies) was coupled with a Quadrupole Time-of-Flight (QTOF) mass spectrometer (AB Sciex TripleTOF 6600) for the analyses. For hydrophilic interaction chromatography (HILIC) separation, samples were analyzed on a 2.1 mm × 100 mm ACQUITY UPLC BEH 1.7 μm column (Waters, Ireland). The mobile phase was composed of two solvents: A) 25 mM ammonium acetate and 25 mM ammonium hydroxide in water, and B) acetonitrile. The analyses were performed in both positive and negative ion modes using electrospray ionization (ESI).

For automatic tandem mass spectrometry (MS/MS) acquisition, the instrument was set to a mass-to-charge ratio (m/z) range of 25 – 1000 Da, with a cumulative scan time of 0.05 seconds per spectrum. Information-dependent acquisition (IDA) was employed for product ion scanning, and high-sensitivity mode was selected. The collision energy was fixed at 35 V ± 15 eV, with the deconvolution voltage set to ± 60 V.

Raw MS data (in. wiff scan files) were converted to MzXML format using ProteoWizard MSConvert, and feature detection, retention time correction, and alignment were performed using XCMS. Mass accuracy (< 25 ppm) and MS/MS data were employed for metabolite identification. The metabolites were annotated based on references from the KEGG database (https://www.kegg.jp/), BRITE, and the HMDB database (https://hmdb.ca/).





Bi-directional mediation analysis

To investigate the microbial features associated with both metabolites and neuropathy parameters, we first examined the relationship between neuropathic parameters and metabolites using Spearman correlation (FDR < 0.1). Next, we conducted a bi-directional mediation analysis, considering interactions (y = x + m + x × m, where y is the outcome, x is the variable, and m represents the mediator). This analysis, performed using the mediation function from the mediation package (version 4.5.0), aimed to infer the mediation effects of metabolites and the microbiome on phenotype parameters. The false discovery rate (FDR) was calculated using the Benjamini-Hochberg procedure.







Results




The phenotype of PDPN and cognitive dysfunction in db/db mice

Although fasting glucose levels and body weight were significantly higher in the 10-week-old db/db mice compared to the db/m mice (Figure 1A), the phenotypic manifestation of PDPN did not appear until the mice reached 12 weeks of age. This was evident from a marked increase in the 50% threshold and thermal latency levels (Figure 1B), indicating that db/db mice exhibited significantly reduced mechanical and thermal sensitivity compared to the db/m group. Moreover, immunohistochemistry analysis revealed a significant reduction in intraepidermal nerve fiber density (IENFD) in the posterior plantar skin of db/db mice compared to db/m mice (Figure 1C), which is used to evaluate small fiber neuropathy and is associated with pain (Bonomo et al., 2020). Additionally, we observed significant decreases in the levels of NF200, MBP, and BDNF in the dorsal root ganglia (DRG) of the db/db mice compared to the db/m group (Figure 1D).

[image: Graphs and images analyzing differences between db/db and db/m mice. Panel A shows line graphs of glucose levels and weight over weeks, with increased levels in db/db mice. Panel B displays bar graphs for paw withdrawal threshold and thermal latency, both elevated in db/db mice. Panel C includes images of skin sections and a bar graph showing lower intraepidermal nerve fiber density in db/db mice. Panel D has histological images and bar graphs of BDNF, MBP, and NF200 levels, with db/m mice showing higher levels for each protein. Statistical significance is indicated.]
Figure 1 | db/db mice exhibit higher levels of glycemia, weight and more severe peripheral neuropathy than db/m mice. (A) blood glucose levels and body weight from 8 weeks to 12 weeks. Two-way repeated-measures ANOVA followed by Tukey’s post was used for intra- and inter- group comparisons. (B) Mechanical sensitivity and thermal sensitivity. Immunohistochemical staining and integrated optical density (IOD) analysis of two groups mice for (C) intraepidermal nerve fiber density (IENFD, marked by PGP9.5) of the posterior plantar skin. Immunohistochemical staining of (D) dorsal root ganglion and IOD analysis for Brain derived neurotrophic factor (BDNF), myelin basic protein (MBP) and Neurofilament 200 (NF200). Date differences between two groups were compared with unpaired two-tailed Student t test (B–D). *P < 0.05, **P < 0.01 and ***P < 0.001. For (A, B), db/db group, n =10; db/m group, n = 11; For (C, D) n =5 per group. For (C, D) scale bars indicate 50 µm.

The Morris water maze (MWM) test was used to evaluate the spatial learning and memory abilities of mice. During the five-day training phase, db/db mice exhibited significantly longer escape latencies compared to the control group, particularly on days 4 and 5 (Figure 2A). The time for the mice to find the platform could reflect the learning and memory function of mice. A shorter time for the mice to find the platform means better learning and memory ability in mice. Swim velocity was evaluated in a MWM test to eliminate all bias due to visual and motor deficits. Throughout the MWM test, we did not observe any differences in movement speed between the two groups of mice (Figure 2B). In the subsequent spatial probe test, db/db mice demonstrated poorer cognitive performance than the controls, as evidenced by a lower number of target crossings (Figure 2C). However, no significant difference was observed in the total distance traveled between the two groups (Figure 2C). The corresponding swimming path maps are shown in Figure 2D. These findings indicate that db/db mice at 12 weeks of age display severe phenotypes of both PDPN and cognitive deficits.

[image: Four-panel data visualization showing mouse behavior comparisons between db/m and db/db groups. Panel A: Line graph of latency to target over five days, with db/m group showing decreased latency compared to db/db. Panel B: Line graph of swimming speed over five days, with similar speeds between groups. Panel C: Bar graphs depicting total distance and target crossings, with db/m group covering more distance and crossing targets more often. Panel D: Trajectory plots in circular pools for both groups, with db/m showing more direct routes.]
Figure 2 | db/db mice displayed more severe deficits in spatial learning and memory in the Morris water maze (MWM). (A–D) Spatial learning and memory was assessed using the Morris Water Maze (MWM). (A) Five days learning trials assessed spatial learning via time to reach the target platform (shorter time = better performance). Two-way repeated-measures ANOVA followed by Tukey’s post was used for intra- and inter- group comparisons, ##P < 0.01. One-Way RM ANOVA test was used to analyze differences between the five time point, *P < 0.05 and ***P < 0.001. (B)The average swimming speed of the two groups of mice in five days. Date differences between two groups were compared with unpaired two-tailed Student t test. (C) The total distance and the target crossings of two groups of mice in the last of days. Date differences between two groups were compared with unpaired two-tailed Student t test. *P < 0.05. (D) Spatial exploration experimental trajectory diagram of two groups mice. For (A–C), n=5 per group.





The characteristics of gut microbiota in db/db mice with PDPN and cognitive dysfunction

We collected fecal samples from 12-week-old db/db mice and compared their gut microbiota with that of db/m mice, which maintain normal glucose levels. Analysis of the sequencing data from the V3-V4 regions of 16S rRNA genes revealed that the observed ASVs in the gut microbiota of db/db mice were significantly more abundant than those in the db/m group (Figure 3A). Principal Coordinate Analysis (PCoA) based on Jaccard distance showed a distinct difference in the overall gut microbiota structure between the db/db and db/m groups (Figure 3B). At the genus level, the gut microbiota abundance differed between the db/db and db/m groups (Figure 3C), and Linear Discriminant Analysis Effect Size (LEfSe) identified 78 key ASVs that exhibited significant differences between the two groups (Figure 3D). Notably, 40 ASVs were significantly more abundant in the db/m group compared to the db/db group. Among these, several ASVs, including three from Lachnospiraceae (ASV 1611, ASV 871, ASV 24), as well as one each from Akkermansia muciniphila (ASV 321) and Alistipes (ASV 886), are likely beneficial bacteria, as these ASVs in general are known to produce short-chain fatty acids (SCFAs). In contrast, 38 ASVs were more abundant in the db/db group, suggesting that these bacteria may be potentially harmful and pathogenic in conditions such as PDPN and CDI. Among these, 18 ASVs from Muribaculaceae (ASVs 1446, 1281, 1114, 1214, 1111, 1303, 643, 192, 120, 853, 1528, 466, 843, 833, 1407, 458, 102, 1016), and one each from Ruminococcus (ASV 1288) and Desulfovibrio (ASV 1349) were identified.

[image: Four charts analyzing microbiota differences between db/db and db/m mice. Chart A: Bar graphs show Pielou index (p=0.345), Observed ASVs (p=0.007**), and Shannon index (p=0.142). Chart B: Scatter plot of principal coordinate analysis (PCoA) with 17.56% and 14.63% variance explained along axes, distinguishing db/db and db/m mice. Chart C: Stacked bar chart of relative abundance percentages for various bacteria, with specific genera color-coded. Chart D: LDA score bar chart for taxonomic differences; blue (db/db), red (db/m).]
Figure 3 | Identification of key gut microbiota in the context of PDPN with cognitive dysfunction in db/db mice. (A) The pielou index, observed ASVs and diversity (Shannon index) of the gut microbiota. (B) Principal coordinate analysis (PCoA) on the first two principal coordinates was performed based on the Jaccard distance. (C)The relative abundance of gut microbiota. (D) Identification of major amplicon sequence variants (ASVs) contributing to the differences in the gut microbiota using Linear discriminant analysis Effect Size (LEfSe). The comparison between db/db group and db/m group was tested with unpaired two-tailed Student t test. **P < 0.01. db/db group, n=8; db/m group, n=6.





The characteristics of metabolites and KEGG pathways in db/db mice with PDPN and cognitive dysfunction

We then analyzed the fecal metabolites between the two groups and observed significant differences in the metabolite profiles of the mice with PDPN and cognitive dysfunction compared to those in the control group (Figure 4A). Using orthogonal partial least squares discriminant analysis (PLS-DA), we identified 398 metabolites that were significantly different between the two groups, with the top 50 metabolites shown in Figure 4B. Specifically, metabolites such as trimethylamine N-oxide, D-lactate, ganoderic acid A, beta-hydroxybutyrate, 3-dehydrocarnitine, acetophenazine, D-erythrose 4-phosphate, D-ribulose 5-phosphate, and 3,4-dihydroxyhydrocinnamic acid were significantly elevated in the db/db group compared to the db/m group. In contrast, metabolites such as (25S)-7-dafachronic acid, 20-hydroxyleukotriene B4, 6a,12a-didehydroamorphigenin, polygalic acid, and Gly-Pro-Arg-Pro-amide were found to be decreased. Additionally, we predicted the metabolic functions and presented the top 25 metabolic pathways showing expression differences between the two groups in Figure 4C. These pathways include those related to amino sugar and nucleotide sugar metabolism, starch and sucrose metabolism, galactose metabolism, the pentose phosphate pathway, and other metabolic processes.

[image: Panel A shows an OPLS-DA score plot comparing two groups, db_db and db_m, with blue and gray ellipses respectively. Panel B contains a heatmap depicting the abundance of metabolites, with a color scale from black to red indicating Z-score values. Panel C is a bubble chart displaying the top twenty-five enriched metabolite sets. The x-axis is -log10(p-value) and the bubble size corresponds to the enrichment ratio, with colors representing p-value significance.]
Figure 4 | Identification of major fecal metabolites in the context of PDPN with cognitive dysfunction in db/db mice. (A) The OPLS-DA of fecal metabolites based on the Jaccard distance. (B) The heatmap of top 50 different fecal metabolites. (C) The KEGG pathway enrichment bubble of top 25 different fecal metabolites. db/db group, n=8; db/m group, n=6.





Correlation network between key genera in the gut, the levels of metabolites, and neuropathic phenotypes

To further investigate the role of fecal metabolites in the interaction between gut microbiota and host phenotypes, we constructed bidirectional mediation models (Figure 5). A total of 38 microbial features were found to be associated with neuropathic phenotypes, and 39 microbial features with metabolites (Figure 5A). To assess whether metabolites mediate the microbial impact on host phenotypes, we applied bidirectional mediation analysis, which revealed 51 significant mediation linkages (FDR < 0.05, and inverse mediation p-value > 0.05; Figure 5B; Supplementary Table S1). Most of these microbiota-mediator-phenotype linkages involved Ruminococcus and Muribaculaceae. Notably, the key metabolites of D-lactate and polygalic acid showed opposite correlations with thermal latency and escape latency on day 4. D-lactate, a product of glycolysis, was positively correlated with thermal latency, while polygalic acid was negatively correlated with escape latency. D-lactate overproduction has been linked to increased expression of pain-related ion channels, activation of satellite glia in dorsal root ganglion neurons, and an aggravated inflammatory response in a mouse model of STZ-induced diabetes (Rahman et al., 2016; Aghanoori et al., 2021). Polygalic acid, a major active constituent of Polygala tenuifolia, is believed to exert neuroprotective effects on cognitive impairment, partly by modulating cholinergic activity and reducing neuroinflammation (Zamudio-Cuevas et al., 2021). Our mediation analysis further suggested that Muribaculaceae (ASV243) may contribute to increased escape latency on day 4 and thermal latency by decreasing polygalic acid levels (44.1%, P_mediation = 0.032) and increasing D-lactate levels (18.2%, P_mediation = 0.042; Figures 5C, D). Additionally, we identified Ruminococcus (ASV149) as another harmful bacterium that may increase thermal latency by lowering polygalic acid levels (74.5%, P_mediation = 0.004) and elevating D-lactate levels (57.3%, P_mediation = 0.028; Figures 5E, F).

[image: Diagram illustrating associations between species, metabolites, and phenotypes. Panel A shows a Venn diagram: 38 associate with phenotypes and 39 with metabolites, overlapping between 38 and 39. Panel B depicts species linked to metabolites and phenotypes using a flow chart. Panels C to F illustrate triangular diagrams showing relationships between specific species, e.g., Muribaculaceae and Ruminococcus, with metabolites like polygalic acid and DI-lactate, along with phenotypic measures like escape latency and thermal latency, with correlation values indicated.]
Figure 5 | Mediation linkages among the gut microbiota, metabolites and phenotypes. (A) Venn plot of the number of microbial features that were associated with mice phenotypes and fecal metabolites, respectively. (B) Parallel coordinates chart showing the 51 significant mediation effects of fecal metabolites, the left panel shows the microbial factors, the middle panel shows the fecal metabolites, and the right panel shows phenotypes. The curved lines across panels indicate the mediation effects, while the red color represents positive correlation, blue color represents negative correlation. (C) Muribaculaceae (ASV243) causally contributed to the escape latency on the 4th day though Polygalic acid (Pmediatio=0.032, 44.1%). (D) Muribaculaceae (ASV243) causally contributed to thermal latency through Dl-lactate (Pmediatio=0.042, 18.2%). (E) Ruminococcus (ASV149) causally contributed to thermal latency through Polygalic acid (Pmediatio=0.004, 74.5%). (F) Ruminococcus (ASV149) causally contributed to thermal latency through Dl-lactate (Pmediatio=0.028, 57.3%). Inverse mediation was performed to check whether mice phenotypes can influence the microbiome through metabolites. The black lines indicate the Spearman correlations, with corresponding rho values and p values. The red arrowed lines indicate the microbial effects on phenotypes mediated by metabolites, with the corresponding mediation proportions and p values. The blue arrowed lines indicate reverse effects, with the corresponding inverse mediation p values.





The activity of NLRP3 inflammasomes in DRG neuro and hippocampus

To further investigate the underlying mechanism linking gut microbiota and metabolites with both PDPN and cognitive dysfunction, we assessed the expression levels of NLRP3, caspase-1, and IL - 1β in the dorsal root ganglion (DRG) and hippocampus of mice using western blot analysis. The DRG serves as the convergence point for primary sensory neurons in the peripheral nervous system, while the hippocampus is a critical brain region involved in cognitive, emotional, and behavioral functions (Ma et al., 2022; Serger et al., 2022). At the protein level, we observed that IL - 1β and caspase-1 were significantly upregulated in the DRG of db/db mice compared to db/m controls. However, no significant differences in NLRP3 expression were found between the two groups in the DRG (Figure 6A). We then measured the levels of NLRP3, caspase-1, and IL - 1β in the hippocampus and found that NLRP3 and caspase-1 levels were significantly elevated in db/db mice relative to controls, while IL - 1β levels did not differ significantly between the two groups (Figure 6B).

[image: Western blot analysis and bar graphs showing protein levels. Panel A depicts NLRP3, Caspase-1, IL-1b, and Tubulin in db/db versus db/m samples of DRG with corresponding bar graphs for NLRP3, Caspase-1, and IL-1b relative levels. Panel B displays similar analysis for NLRP3, Caspase-1, IL-1b, and GAPDH, with bar graphs comparing relative levels between db/db and db/m samples of hippocampus.]
Figure 6 | Protein levels of NLRP3, caspase-1, IL - 1β in DRG and hippocampus. (A) Protein levels of NLRP3, caspase-1, IL - 1β and Tubulin in DRG. (B) Protein levels of NLRP3, caspase-1, IL - 1β and GAPDH in hippocampus. Data are presented as mean ± SEM. n=3 per group. The comparison between the two groups was tested by Student’s t-test (two-tailed), **P < 0.01 and ***P < 0.001.






Discussion

Our research findings demonstrate that the gut microbiota and metabolites of db/db mice with PDPN combined with cognitive dysfunction were significantly changed, among which the Dl-lactate and Polygalic acid play a significant mediating role between the key microbiota Muribaculaceae (ASV243) and Ruminococcus (ASV149) with the phenotype of neuropathy. These microbial and metabolic changes were accompanied by elevated levels of proinflammatory cytokines in both the dorsal root ganglia (DRG) and hippocampus.

Previous studies conducted by our research group found that the prevalence of PDPN among hospitalized diabetic patients was as high as 51%, with more than one-third of these individuals experiencing moderate to severe pain (Yang et al., 2021). Furthermore, research has demonstrated that PDPN is closely associated with cognitive decline, including symptoms of anxiety and depression, as well as impaired sleep quality (Todd et al., 2022). Diabetes-related cognitive dysfunction carries a 50 - 100% increased risk of dementia. When these conditions co-occur, patients’ quality of life is significantly diminished (Shi et al., 2022). In this study, 12-week-old mice exhibited pain phenotypes manifested as elevated thresholds for mechanical allodynia and thermal hyperalgesia, reduced plantar nerve fiber density, and downregulated expression of neuronal markers NF200, MBP and BDNF in the DRG. Concomitantly, the mice showed compromised spatial learning and reference memory functions, as evidenced by prolonged escape latency and reduced target platform crossings in the MWM test. However, the underlying relationship between PDPN, cognitive decline, and the mechanisms involved remains unclear.

As the “second genome”, gut microbiota is closely associated with health status and disease progression throughout the human lifespan (Crost et al., 2023). It influences conditions such as diabetic cognitive dysfunction, inflammatory pain, neuropathic pain, and other pain-related diseases through the “gut-brain axis” and the “neuroimmuno-endocrine regulatory network”, with microbial metabolites like short-chain fatty acids (SCFAs) and cholic acid playing a key role (Zhao et al., 2018; Ma et al., 2022; Serger et al., 2022). In our previous study, gut microbiota from patients with diabetic sensorimotor polyneuropathy (DSPN) was transplanted into genetically diabetic mice, which had received antibiotic cocktail treatment in advance, exacerbating peripheral neuropathy. Moreover, our randomized controlled trial (RCT) involving fecal microbiota transplantation (FMT) demonstrated that transplanting gut microbiota from healthy donors was the sole trigger for improving nerve function and alleviating neuropathic symptoms in DSPN patients (Yang J. et al., 2023). Regarding cognitive function, intermittent fasting (IF) can enhance mitochondrial generation and energy metabolism gene expression in the hippocampus of the brain by altering the composition of gut microbiota, and then by altering the expression of metabolites such as SCFA and cholic acid, thereby exerting neuroprotective effects on db/db mice and improving behavioral disorders (Liu Z. et al., 2020).

In this study, we identified 18 ASVs of Muribaculaceae that were increased in db/db mice at 12 weeks of age. Muribaculaceae are highly abundant in the mouse intestinal tract, comprising 54.99 – 83.44% of the total Bacteroides content (Lagkouvardos et al., 2019). Our previous study found that the Muribaculaceae family in the gut and their translocation to the pancreas contributed to low-dose dextran sulfate sodium-induced diabetes (Yang X. et al., 2023). In this study, the analysis of bidirectional mediation models revealed that four ASVs of Muribaculaceae (ASV200, ASV243, ASV47, ASV985) were positively correlated with escape latency on the 4th day or thermal latency. Meanwhile, Muribaculaceae (ASV243) was associated with both, suggesting that Muribaculaceae may be a key bacterium involved in pain and cognitive decline in db/db mice. Meanwhile, we also found that Ruminococcus (ASV149) was significantly positively correlated with PDPN. Ruminococcus is a genus of bacteria in the class Clostridia, and some species of Ruminococcus are linked to Crohn’s disease and inflammatory bowel disease (Hall et al., 2017). Studies have shown that the abundance of Ruminococcus gnavus is closely associated with T2DM, and it is significantly positively correlated with insulin resistance, triglyceride, and cholesterol levels in T2DM patients. Furthermore, Ruminococcus gnavus is significantly increased in neuropsychiatric conditions such as cognitive dysfunction in the elderly, epilepsy, anxiety, and depression (Crost et al., 2023). Our study provides evidence that these two key bacteria may be detrimental and associated with PDPN accompanied by cognitive dysfunction in db/db mice.

Furthermore, our study also identified key metabolites mediating the effect of the microbiota and elucidated the underlying mechanism. In db/db mice with PDPN and cognitive dysfunction, the elevated metabolites are primarily involved in glucose metabolism pathways, such as Dl-lactate, D-erythrose 4-phosphate, and D-ribulose 5-phosphate. Growing evidence has revealed a novel mechanism of glucose metabolic reprogramming, including glycolysis and the pentose phosphate pathway, which plays a crucial role in diabetes and its chronic complications (Foltynie, 2019). In the STZ-induced diabetic mouse model, lactic acid is overproduced in dorsal root ganglia (DRG), leading to the activation of satellite glial cells and increased inflammation (Aghanoori et al., 2021). Our study demonstrated that Dl-lactate, an intermediate metabolite of glycolysis, mediates the relationship between two key bacteria, Muribaculaceae (ASV243) and Ruminococcus (ASV149), and thermal latency in db/db mice. However, it has certain limitations that exploring the causal relationships between microbiota/metabolites and neuropathic phenotypes solely through statistical analyses and support from previous literature. In future studies, we will conduct direct research on individual bacteria or metabolites to identify the specific microbiota-metabolite-neuropathy causal chain.

Numerous studies indicate that the gut microbiota and its metabolites participate in cognitive dysfunction and pian through the activation of the inflammasome (Zhao et al., 2023; Tang et al., 2025). In this study, we found the levels of NLRP3 and casepase-1 were significantly higher in the hippocampus, and the levels of IL - 1β and caspase-1 were significantly upregulated in the DRG of the db/db group compared to the db/m group in our study. Despite the absence of consistent changes in NLRP3, IL - 1β and caspase-1, likely due to factors such as the time points of detection, upstream/downstream regulatory mechanisms of the factors, and cell specificity, these findings nevertheless suggest that the inflammasome is activated in both DRG and hippocampal tissues (Wang et al., 2023). One study identified gut microbiota as a driver of chronic sleep deprivation and highlighted the NLRP3 inflammasome as a key regulator within the microbiota-gut-brain axis (Zhao et al., 2023). Besides that, bacterial metabolites such as bile acids can activate both signal 1 and 2 of the NLRP3 inflammasome in inflammatory macrophages (Hao et al., 2017). Study reveals that elevated lactate levels can mediate a pro-inflammatory response by activating the NLRP3 inflammasome (Fang et al., 2024). This finding underscores the role of gut microbiota in mediating cognitive dysfunction and pain via the Dl-lactate, and suggests its association with the activation of inflammatory responses in the hippocampus and DRG.

Moreover, we observed that several beneficial metabolites were significantly decreased in the db/db group. Notably, Polygalic acid, previously thought to have a protective effect on the nervous system, was found to be negatively correlated with cognitive function and pain in this study. While the current study focused exclusively on fecal metabolomic profiles, future research will integrate blood metabolomics with other omics approaches to enable a more systematic and comprehensive exploration of gut-neural axis interactions.





Conclusion

In summary, this study demonstrates that PDPN co-occurring with cognitive dysfunction in db/db mice is associated with significant alterations in the gut microbiota and metabolites. We identified Muribaculaceae (ASV243) and Ruminococcus (ASV149) as key detrimental bacteria linked to neuropathic pain and cognitive decline. Crucially, Dl-lactate (an intermediate of glycolytic reprogramming) and Polygalic acid (a neuroprotective metabolite) were found to mediate the relationship between these microbiota and the neuropathic phenotype. These microbial-metabolic disturbances coincided with inflammasome activation in both DRG and hippocampal tissues.

This integrated gut-microbiota-metabolite-inflammasome axis, particularly involving Dl-lactate, underlies the comorbid pathogenesis of PDPN and cognitive dysfunction. Future research should focus on establishing direct causal chains and integrating multi-omics approaches for a deeper understanding of gut-neural interactions in diabetic complications.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Ethics statement

The animal study was approved by Animal Experimental Center Committee of Zhengzhou University. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

JY: Visualization, Investigation, Supervision, Writing – original draft, Methodology. XL: Writing – original draft. YX: Formal Analysis, Data curation, Investigation, Writing – review & editing, Methodology. FH: Methodology, Formal Analysis, Data curation, Writing – review & editing, Investigation. XY: Formal Analysis, Data curation, Writing – review & editing, Methodology, Investigation, Conceptualization. XS: Data curation, Writing – review & editing, Formal Analysis. LZ: Writing – review & editing, Formal Analysis. CL: Validation, Writing – review & editing. DW: Methodology, Writing – review & editing. YF: Formal Analysis, Methodology, Writing – review & editing. ST: Writing – review & editing, Project administration. YL: Writing – review & editing. LW: Validation, Project administration, Writing – review & editing. XD: Supervision, Writing – review & editing, Methodology. XW: Writing – review & editing, Methodology, Supervision. HY: Writing – original draft, Visualization, Supervision.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. This work was supported by the following funding supports: National Natural Science Foundation of China (82270865, 82400958), Natural Science Foundation of Henan Province (242300420406), Key Research and Development Projects in Henan Province (231111313200), Henan Provincial Medical Science and Technology Research Program-the Provincial and Ministerial Major Projects (SBGJ202301002), Henan Provincial Science and Technology Research Project (252102311136).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2025.1599954/full#supplementary-material





References

	 Aghanoori M. R., Margulets V., Smith D. R., Kirshenbaum L. A., Gitler D., Fernyhough P. (2021). Sensory neurons derived from diabetic rats exhibit deficits in functional glycolysis and ATP that are ameliorated by IGF - 1. Mol. Metab. 49, 101191. doi: 10.1016/j.molmet.2021.101191, PMID: 33592336


	 Biessels G. J., Despa F. (2018). Cognitive decline and dementia in diabetes mellitus: mechanisms and clinical implications. Nat. Rev. Endocrinol. 14, 591–604. doi: 10.1038/s41574-018-0048-7, PMID: 30022099


	 Bonomo R. R., Cook T. M., Gavini C. K., White C. R., Jones J. R., Bovo E., et al. (2020). Fecal transplantation and butyrate improve neuropathic pain, modify immune cell profile, and gene expression in the PNS of obese mice. Proc. Natl. Acad. Sci. U.S.A. 117, 26482–26493. doi: 10.1073/pnas.2006065117, PMID: 33020290


	 Callahan B. J., McMurdie P. J., Rosen M. J., Han A. W., Johnson A. J., Holmes S. P. (2016). DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869, PMID: 27214047


	 Chandrasekaran K., Salimian M., Konduru S. R., Choi J., Kumar P., Long A., et al. (2019). Overexpression of Sirtuin 1 protein in neurons prevents and reverses experimental diabetic neuropathy. Brain 142, 3737–3752. doi: 10.1093/brain/awz324, PMID: 31754701


	 Cross T. L., Simpson A. M. R., Lin C. Y., Hottmann N. M., Bhatt A. P., Pellock S. J., et al. (2024). Gut microbiome responds to alteration in female sex hormone status and exacerbates metabolic dysfunction. Gut Microbes 16, 2295429. doi: 10.1080/19490976.2023.2295429, PMID: 38153260


	 Crost E. H., Coletto E., Bell A., Juge N. (2023). Ruminococcus gnavus: friend or foe for human health. FEMS Microbiol. Rev. 47 (2), fuad014. doi: 10.1093/femsre/fuad014, PMID: 37015876


	 Deng X., Zhang C., Wang P., Wei W., Shi X., Wang P., et al. (2022). Cardiovascular benefits of empagliflozin are associated with gut microbiota and plasma metabolites in type 2 diabetes. J. Clin. Endocrinol. Metab. 107, 1888–1896. doi: 10.1210/clinem/dgac210, PMID: 35397165


	 Dixon W. J. (1980). Efficient analysis of experimental observations. Annu. Rev. Pharmacol. Toxicol. 20, 441–462. doi: 10.1146/annurev.pa.20.040180.002301, PMID: 7387124


	 Fang Y., Li Z., Yang L., Li W., Wang Y., Kong Z., et al. (2024). Emerging roles of lactate in acute and chronic inflammation. Cell Commun. Signal 22, 276. doi: 10.1186/s12964-024-01624-8, PMID: 38755659


	 Fang Y., Zhang C., Shi H., Wei W., Shang J., Zheng R., et al. (2021). Characteristics of the gut microbiota and metabolism in patients with latent autoimmune diabetes in adults: A case-control study. Diabetes Care 44, 2738–2746. doi: 10.2337/dc20-2975, PMID: 34620611


	 Foltynie T. (2019). Glycolysis as a therapeutic target for Parkinson’s disease. Lancet Neurol. 18, 1072–1074. doi: 10.1016/S1474-4422(19)30404-1, PMID: 31628009


	 Gu N., Yan J., Tang W., Zhang Z., Wang L., Li Z., et al. (2024). Prevotella copri transplantation promotes neurorehabilitation in a mouse model of traumatic brain injury. J. Neuroinflamm. 21, 147. doi: 10.1186/s12974-024-03116-5, PMID: 38835057


	 Gylfadottir S. S., Christensen D. H., Nicolaisen S. K., Andersen H., Callaghan B. C., Itani M., et al. (2020). Diabetic polyneuropathy and pain, prevalence, and patient characteristics: a cross-sectional questionnaire study of 5,514 patients with recently diagnosed type 2 diabetes. Pain 161, 574–583. doi: 10.1097/j.pain.0000000000001744, PMID: 31693539


	 Hall A. B., Yassour M., Sauk J., Garner A., Jiang X., Arthur T., et al. (2017). A novel Ruminococcus gnavus clade enriched in inflammatory bowel disease patients. Genome Med. 9, 103. doi: 10.1186/s13073-017-0490-5, PMID: 29183332


	 Hao H., Cao L., Jiang C., Che Y., Zhang S., Takahashi S., et al. (2017). Farnesoid X receptor regulation of the NLRP3 inflammasome underlies cholestasis-associated sepsis. Cell Metab. 25, 856–867.e855. doi: 10.1016/j.cmet.2017.03.007, PMID: 28380377


	 Hargreaves K., Dubner R., Brown F., Flores C., Joris J. (1988). A new and sensitive method for measuring thermal nociception in cutaneous hyperalgesia. Pain 32, 77–88. doi: 10.1016/0304-3959(88)90026-7, PMID: 3340425


	 Jin H., Yang C., Jiang C., Li L., Pan M., Li D., et al. (2022). Evaluation of neurotoxicity in BALB/c mice following chronic exposure to polystyrene microplastics. Environ. Health Perspect. 130, 107002. doi: 10.1289/EHP10255, PMID: 36251724


	 Lagkouvardos I., Lesker T. R., Hitch T. C. A., Gálvez E. J. C., Smit N., Neuhaus K., et al. (2019). Sequence and cultivation study of Muribaculaceae reveals novel species, host preference, and functional potential of this yet undescribed family. Microbiome 7, 28. doi: 10.1186/s40168-019-0637-2, PMID: 30782206


	 Liu Z., Dai X., Zhang H., Shi R., Hui Y., Jin X., et al. (2020). Gut microbiota mediates intermittent-fasting alleviation of diabetes-induced cognitive impairment. Nat. Commun. 11, 855. doi: 10.1038/s41467-020-14676-4, PMID: 32071312


	 Liu J., Li H., Gong T., Chen W., Mao S., Kong Y., et al. (2020). Anti-neuroinflammatory Effect of Short-Chain Fatty Acid Acetate against Alzheimer’s Disease via Upregulating GPR41 and Inhibiting ERK/JNK/NF-κB. J. Agric. Food Chem. 68, 7152–7161. doi: 10.1021/acs.jafc.0c02807, PMID: 32583667


	 Ma P., Mo R., Liao H., Qiu C., Wu G., Yang C., et al. (2022). Gut microbiota depletion by antibiotics ameliorates somatic neuropathic pain induced by nerve injury, chemotherapy, and diabetes in mice. J. Neuroinflamm. 19, 169. doi: 10.1186/s12974-022-02523-w, PMID: 35764988


	 Murayama M. A., Arimitsu N., Shimizu J., Fujiwara N., Takai K., Ikeda Y., et al. (2021). Female dominance of both spatial cognitive dysfunction and neuropsychiatric symptoms in a mouse model of Alzheimer’s disease. Exp. Anim. 70, 398–405. doi: 10.1538/expanim.21-0009, PMID: 33840703


	 Rahman M. H., Jha M. K., Kim J. H., Nam Y., Lee M. G., Go Y., et al. (2016). Pyruvate dehydrogenase kinase-mediated glycolytic metabolic shift in the dorsal root ganglion drives painful diabetic neuropathy. J. Biol. Chem. 291, 6011–6025. doi: 10.1074/jbc.M115.699215, PMID: 26769971


	 Serger E., Luengo-Gutierrez L., Chadwick J. S., Kong G., Zhou L., Crawford G., et al. (2022). The gut metabolite indole-3 propionate promotes nerve regeneration and repair. Nature 607, 585–592. doi: 10.1038/s41586-022-04884-x, PMID: 35732737


	 Shi N., Lin Y., Yan B., Jiao X., Ding X., Wu Y., et al. (2022). Hippocampal SIRT1 improves cognitive impairment by deacetylating tau protein in diabetic models. Eur. J. Pharmacol. 914, 174666. doi: 10.1016/j.ejphar.2021.174666, PMID: 34861210


	 Sloan G., Selvarajah D., Tesfaye S. (2021). Pathogenesis, diagnosis and clinical management of diabetic sensorimotor peripheral neuropathy. Nat. Rev. Endocrinol. 17, 400–420. doi: 10.1038/s41574-021-00496-z, PMID: 34050323


	 Tang X., Huang L., Ma W., Huang M., Zeng Z., Yu Y., et al. (2025). Intestinal 8 gingerol attenuates TBI-induced neuroinflammation by inhibiting microglia NLRP3 inflammasome activation in a PINK1/Parkin-dependent manner. Phytomedicine 140, 156580. doi: 10.1016/j.phymed.2025.156580, PMID: 40058316


	 Todd J., Rudaizky D., Clarke P., Sharpe L. (2022). Cognitive biases in type 2 diabetes and chronic pain. J. Pain 23, 112–122. doi: 10.1016/j.jpain.2021.06.016, PMID: 34280571


	 Vorhees C. V., Williams M. T. (2006). Morris water maze: procedures for assessing spatial and related forms of learning and memory. Nat. Protoc. 1, 848–858. doi: 10.1038/nprot.2006.116, PMID: 17406317


	 Wang Y., Wang J., Zheng W., Zhang J., Wang J., Jin T., et al. (2023). Identification of an IL - 1 receptor mutation driving autoinflammation directs IL - 1-targeted drug design. Immunity 56, 1485–1501.e1487. doi: 10.1016/j.immuni.2023.05.014, PMID: 37315560


	 Wei A., Zhao A., Zheng C., Dong N., Cheng X., Duan X., et al. (2025). Qin Y et al: Sexually dimorphic dopaminergic circuits determine sex preference. Science 387, eadq7001. doi: 10.1126/science.adq7001, PMID: 39787240


	 Xue C., Xie Q., Zhang C., Hu Y., Song X., Jia Y., et al. (2022). Vertical transmission of the gut microbiota influences glucose metabolism in offspring of mice with hyperglycaemia in pregnancy. Microbiome 10, 122. doi: 10.1186/s40168-022-01318-8, PMID: 35941695


	 Yang X., Wang Z., Niu J., Zhai R., Xue X., Wu G., et al. (2023). Pathobionts from chemically disrupted gut microbiota induce insulin-dependent diabetes in mice. Microbiome 11, 62. doi: 10.1186/s40168-023-01507-z, PMID: 36978130


	 Yang J., Yang X., Wu G., Huang F., Shi X., Wei W., et al. (2023). Yu L et al: Gut microbiota modulate distal symmetric polyneuropathy in patients with diabetes. Cell Metab. 35, 1548–1562.e1547. doi: 10.1016/j.cmet.2023.06.010, PMID: 37451270


	 Yang J., Yang X., Zhao D., Wang X., Wei W., Yuan H. (2021). Association of time in range, as assessed by continuous glucose monitoring, with painful diabetic polyneuropathy. J. Diabetes Investig. 12, 828–836. doi: 10.1111/jdi.13394, PMID: 32885597


	 Yang Y., Zhao B., Wang Y., Lan H., Liu X., Hu Y., et al. (2025). Diabetic neuropathy: cutting-edge research and future directions. Signal Transduct Target Ther. 10, 132. doi: 10.1038/s41392-025-02175-1, PMID: 40274830


	 Zamudio-Cuevas Y., Andonegui-Elguera M. A., Aparicio-Juárez A., Aguillón-Solís E., Martínez-Flores K., Ruvalcaba-Paredes E., et al. (2021). The enzymatic poly(gallic acid) reduces pro-inflammatory cytokines in vitro, a potential application in inflammatory diseases. Inflammation 44, 174–185. doi: 10.1007/s10753-020-01319-5, PMID: 32803665


	 Zhao N., Chen Q. G., Chen X., Liu X. T., Geng F., Zhu M. M., et al. (2023). Intestinal dysbiosis mediates cognitive impairment via the intestine and brain NLRP3 inflammasome activation in chronic sleep deprivation. Brain Behav. Immun. 108, 98–117. doi: 10.1016/j.bbi.2022.11.013, PMID: 36427810


	 Zhao L., Zhang F., Ding X., Wu G., Lam Y. Y., Wang X., et al. (2018). Gut bacteria selectively promoted by dietary fibers alleviate type 2 diabetes. Science 359, 1151–1156. doi: 10.1126/science.aao5774, PMID: 29590046







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Yang, Lv, Xu, Huang, Yang, Shi, Zhao, Liang, Wang, Fang, Tang, Liu, Wang, Deng, Wang and Yuan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-15-1599954-g002.jpg
<L

-o- db/m

adb/m

ab/db

250

S
S
= Q
X S
Re) AN
© S
‘
S
°©
O
S
>
o o o o o o
o o o o o
o o o o o
o o0 O < AN
(s)ebie| o) Aouaje (w)souessiq [e10]





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-15-1599954-g005.jpg
38

= Associate with Metabolites
Associate with Phenotypes

ASV243_
Muribaculaceae ‘

ASV149_
Ruminococcus ‘

39

ASV1281_Murlbaculacoae

ASV243_Muribaculaceae

(25s)-7-dafachronic acid

ASV47_Murlbaculaceae

ASV985_Muribaculaceae

ASV200_Muribaculaceae

‘ (4as,6as,6br,8r,9r,10r,11r,12ar,14bs)—8,10,11-trihydroxy-9—
(hydroxymethyl)-2,2,8a,6b,9,12a~hexamethyl-1,3,4,5,8,6a,7,8,8a,
10,11,12,13,14b-tetradecahydroplcene—4a-carboxylic acid

ASV1214_Muribaculaceae

2-cls—4~trans-absclsic acld

ASV466_Murlbaculaceae

ASV458_Muribaculaceae

ASVE43_Murlbaculaceae

3.alpha.,7.alpha.—dlhydroxy—12-oxocholanolc acid

ASV853_Murlbaculaceae

ASV1611_Lachnospiraceae

6,7-dihydroxy-2-(4-hydroxy-3-methoxyphenyl)—3-
[3,4,5-trihydroxy—6—[[(2r,3r.4r,5r,68)-3,4,5-trihydroxy —6—
methyloxan—-2-ylJoxymethyl]Joxan—-2-ylJoxychromen-4-one

ASV149_Ruminococcus

ASV1288_Ruminococcus

Cinobufagin

Di-lactate

Ganoderic acid a

Polygalic acid

Polygalic acid

Pinv.med'l =0.443

44 1%
Pmedi=0.032

R=0.803;P=0.049

Polygalic acid

R=0.713;P=0.045

Species

The escape latency
‘ on the 4th day

. thermal latency

Ursocholic acid

ASV243_

ASV149_

Ruminococcus ‘

Metabolites

Muribaculaceae ‘

Dl-lactate

Pinv.medi =0.096

18.2%
Prmegi=0.042

R=0.906;P=0.007

Dl-lactate

R=0.713;P=0.047

60% threshold

The escape latency on the 4th day

The escape latoncy on the 5th day

thermal latency

‘ thermal latency

. thermal latency

Phenotype






OEBPS/Images/fcimb-15-1599954-g006.jpg
P<0.001***

- © ooy

a 15 n 15 -—

z ;| =

pd © S

‘S5 1.0 &_) 1.0 %

T ° >

g 0 5

g 05 205 2

£ 2 I

D © g
oo < 0.0 ¥ o.

db/db db/m oY ab/db db/m db/db db/m
*k%k = *%*

o P<0.001 % P<0.001 @25
= i g = 20
< O °

% 1.0 5 § 1.5
> o o) o}

% 05 8 2 1.0
2 4 Q T 05
o) © v

¢ 0.0 T ¥ 0.0

db/db db/m o db/db db/m db/db db/m

db/db db/m





OEBPS/Images/fcimb-15-1599954-g003.jpg
Pielou index

db/db db/m

80}

()]
o
T

401

Relative Abundance(%)

20

N
o
o

w
-
o

RN
o

Observed ASVs
N
o
(@)

o

o

P =0.007*

Shannon index

db/db db/m

Others

Enterorhabdus
Desulfovibrio
Blautia

Ruminococcus

Anaeroplasma

Colidextribacter
Unclassified Desulfovibrionaceae
Odoribacter

Alloprevotella
Unclassified Ruminococcaceae
Lachnoclostridium

Ol EEEEERERREDE

[Eubacterium]_xylanophilum_group

db/db db/m

OO o000 ECOEO N

-0.2 -0.1

PCoA1 ( 17.56 %)

Rikenella

Marvinbryantia
Escherichia-Shigella
Unclassified_Oscillospiraceae
Unclassified _Clostridia
Roseburia

Parabacteroides

Alistipes

Unclassified Rikenellaceae
Bacteroides

Lactobacillus

Unclassified Lachnospiraceae

Unclassified Muribaculaceae

0.0

0.1

0.2

D

ASV458 Muribacul

ASV1873_Lachrnospiracssa:
ASV1288 Rurninococous-

ASV1407_Muribecul
ASY234 Odorni
ASVE33 Wurihsscul

ASVE43 Muribaculcese-
ASV1062_Riveneliz_microfusus:

ASV486 Muribaod
ASV1528 Muribecd

ASV1348 Desulfovibrio-

ASV853_Muribawcul

ASV120 Muribacuogss
ASV434 Blauta-
ASVE17_Lachmocloslridium-

ASV11T1_Muribecul

ASV1384 Lachnospiracesse
ASV1214_Muribeculsceae-

ASV1114_Muribaxeu
ASV1281_ Muribacul
ASV1448 Muribaeu!

ASV1380 [achriospiracesa-

ASV192_ Wuribaxed|
ASVE43_Muribescl

Paloferiland

Qcesa-
bacler:
Acesar

Beloferaledd

Actsa”

lopsa-

Acexas

Ropds-
Boeae
FACESG.

RHoBdse-
opag:

ASV1285 Abztipes-
ASV1073_Lactmocleosatridiurm-
ASV148_Clostrdig-
ASVI079_Abstpes.

ASV773 Lachnaspiracesa.
ASV280 Alistipes #p-
ASVEE0_Lachriospiracese-
ASV1016_Muribexulsoeaa-

ASV102 Muribascubscazsae
ASV1E8_Lachriospirsceae-
ASVE2_Atopobmcess-
ASV736_[Eubacterium] brachky_group-
ASV1812 Ermterorbabdus-
ASV1303_Muribeculsceae-
ASVET2_Rurninococcacesa-
ASV238_ Negativibecilkuze
ASVLE9 Rurminococcaceasa®
ASV448 Lactobacillus-
ASV362_Rurninococcacazs-
ASV1203_Cadchcoprobacters
ASV357_Clostridm®

ASV738 Muribaculscesa-

ASV1384 _Erysipelaioclostridiurn-
ASV430 Crcillospiracesea-
ASV1524 Owscillospiracesa.
ASVE21_Oxscilibacier-
ASV1811_Lachrospiraceae-
ASVET1_Lachraspiraceas:
ASV451 Butyricicocous®
ASV519_Cecillospiracese-
ASV321_Mkkerrmnsia_misariphils -
ASVBEE Alztipas:

ASVB23 Muwzispirdiueme

ASV149 Rurninecocous-

ASVE81 Candidafug Arthromius-
ASV200_Muribaoulacesea:
ASVA83 Parabaclercides goldsleinii-
ASV1315_Dezulfovibriormosse-
ASVA1E Rikenelkcess-
ASVEE5_Muriheculksossse:
ASV243 Muribscukcesa-
ASVA47_Muribaoulacass-
ASV1643_Parabacteroides-
ASV800 Bacleroides acidataciens:
ASV1002_Lactobacifius_rrairiruse
ASV300 Esoherichia-Shigella-
ASVET1_Bactervides_inbestinalis-
ASVE5S5 Laciobaciilus  rrariryus:
ASV1423 Lactobacilius_reariruse
ASV24 | achrospiracess-
ASVWBA7_Rikenelkacesa-

ASV1188 Baclercides acidifacians:
ASV1206 Laclobaciius joheisonii
ASV203_ Lactobacilus_ msrivius-

|

ABVs

25 00 2’5
LDA SCORE (log 10)

L]
|%|%

&3





OEBPS/Images/fcimb.2025.1599954_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiology

Gut microbiota and its metabolites promote
painful diabetic peripheral neuropathy
complicated with cognitive dysfunction in
mice





OEBPS/Images/fcimb-15-1599954-g001.jpg
Weight (g)

o db/m 5 P<0.001***
401 B = - LL
- w e e = db/b © =
=4 3
=9 o
ks [
S 1 >
Q -—
Tp) ©
8 9 10 11 12 0 v 04—
week old db/db db/m db/db db/m
- db/m ke ke P<005*
= db/db 154 F<0.001" 0. 0.20 —
S
= 0.15
T
3 0.10
0
| £0.05
8 9 10 11 12 & 0.00
week old " db/db db/m
E CEL]
B 20 S 025 P<0.01"
= o
=15 Z 0.20
= 20.15
b 10 NF200 Q
5 2010
s - 2
é £ 0.05
@
Z 0 @ 0.00
adb/db L db/db db/m

db/db db/m





OEBPS/Images/fcimb-15-1599954-g004.jpg
C

Amino sugar and nucleotide sugar metabotism
Starch and sucrose metabolism

Galactose metabolism

Fructose and mannose metabolism

Pentose phosphate pathway

One carbon pool by folate

Glycine. serine and threonine metabolism
Arginine and proline metabolism

Propanoate metabolism

Synthesis and degradstion of ketone bodies

Steroid hormone biosynthesis

Ascorbate and aldarate metabolism
Arachidonic acid metabolism
Bulanoate metabolism

Pentose and glucuronate interconversions
Pyruvate metabolism

Lysine degradation

Glycolysis / Gluconeogenesis

Folate biosynthesis

Purine metabolism
Phosphatidylinositol signaling system
Inositol phosphate metabolism
Cysteine and methionine metabolism
Pyrimidine metabolism

N—Glycan biosynthesis

Overview of Enriched Metabolite Sets (Top 25)

@ db db
db m

®
L
®
o
°
o
©
[
°
©
i g
o

P-value
0.6

0.4
0.2
0.0

Enrichment Ratio

2
—log10 (p—value)

T
3

B

db/db db/m

Trimethylamine n—oxide 3
D-Maltose

Isomaltose 2
Ganoderic acid a

Phe(benzoyl)-leu-arg

Terracinolide | 1
Fulvestrant 9—sulfone

Z-score

 Chenodeoxycholic acid 24-acyl-.beta.—d—glucuronide

Ganoderic acid h 0
Di-lactate

1—palmitoyl-2-linoleoyl-rac—glycerol I _q
1—palmitoyl-2—oleoyl-sn-glycerol

Silybin

I} Hydroxyisocaproic acid

(2r,3s,4s,5r,6r)—-6-[1,7—bis(4—hydroxyphenyl)heptan—-3-yloxy]-5-[(2s,3r,4r)-3,4—dihydroxy—

Narirutin 4—(hydroxymethyl)oxolan—-2-ylJoxy—2—[[(2s,3r,4r)-3,4—dihydroxy—4—(hydroxymethyl)oxolan—-2-ylJoxymethylJoxane-3,4—diol

1]

2—cis—4—-trans—abscisic acid

3-dehydrocholic acid
Cholic acid

.gamma.—muricholic acid

Pi 34:0

N-Acetylmannosamine

Chrysomycin a

10-formyl-7,8—-dihydrofolic acid

Benzoic acid, 3—-[[(3—carboxycyclohexyl)amino]carbonyl]-4-[3-[4—(4—phenoxybutoxy)phenyl]propoxy]-

NCGC00169093-01

Polygalic acid

Leukotriene d4

Gly—pro—arg—pro—amide

3'-hydroxyrepaglinide

3-ketofusidic acid (4as,6as,6br,8r,9r,10r,11r,12ar,14bs)-8,10,11-trihydroxy-9—(hydroxymethyl)-2,2,6a,6b,9,12a—

C_' .. ) hexamethyl-1,3,4,5,6,6a,7,8,8a,10,11,12,13,14b-tetradecahydropicene—4a—carboxylic acid
imicifugoside h 2

16,16—dimethylprostaglandin e2 p—(p—acetamidobenzamido) phenyl ester
Amisulpride n-oxide

Spinosyn a

Iso—a—pentasaccharide

Probucol

| 3alpha,7beta, 12alpha-trihydroxy—5beta—cholan-24-oic acid

Ursocholic acid

Prostaglandin f2.alpha. 1,9-lactone

Cinobufagin 5,7—-dihydroxy—2—(4—-hydroxy—3—-methoxyphenyl)-3-[3,4,5—trinydroxy—6—[[(2r,3r,4r,5r,6S)—

— 3,4 5-trihydroxy—6-methyloxan-2-ylJoxymethylJoxan—2-ylJoxychromen-4-one
1-stearoyl-2-linoleoyl-sn—glycero—3—phospho—(1'-rac—glycerol)

(25s)—7—-dafachronic acid

Hecogenin

Taxol c

Latrunculin b

| Tauroursodeoxycholic acid

3.alpha.,7.alpha.-dihydroxy—12-oxocholanoic acid






