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Abstract
Background
Aging-associated dysbiosis leads to chronic inflammation and the development of a range of aging-related diseases. The gut microbiota crosstalks with the host by providing lipid metabolites and modulating metabolic functions. However, the precise mechanism by which the gut microbiota regulates aging is unknown. The objective of this study was to examine the impact of the gut microbiota on the transcriptome and lipidome associated with aging in mouse liver.

Methods
RNA-sequencing was conducted on the livers of young and aged male and female-specific pathogen-free (SPF) and germ-free (GF) mice to comprehensively analyze transcriptomic alterations with aging. We also reanalyzed our previously reported results on aging-associated changes in the hepatic lipidome to investigate the gut microbiota-dependent hepatic lipidome signatures associated with aging.

Results
In contrast to the findings in male mice, the changes in hepatic transcriptome associated with aging were attenuated in female GF mice compared with those in SPF mice. In particular, the gene sets associated with inflammatory signatures (i.e., inflammation and tissue remodeling) were found to be suppressed in female GF mice. The ChIP-Atlas database predicted that transcription factors associated with sex differences may be involved in the gene signature of aged female GF mice. Significant differences in the lipid profile were observed between aged SPF and GF female mice, including in bile acids, sterol sulfates, lysophospholipids, oxidized triacylglycerols, vitamin D, and phytoceramides. Moreover, notable alterations were identified in the quality of phospholipids and sphingolipids. Integrated transcriptomic and lipidomic analysis identified candidate enzymes responsible for the change of lipid profiles in aged female mice.

Conclusions
The findings of this study offer new insights into the molecular mechanisms through which the gut microbiota regulates aging-related phenotypes such as inflammation in the liver, possibly through modulating lipid metabolism in a sex-dependent manner.


Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s41232-025-00377-2.
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Background
Aging is a complex process characterized by progressive changes in the physiological functions of various organs. This in turn increases the risk of developing chronic inflammatory diseases including metabolic syndrome, metabolic dysfunction-associated fatty liver disease (MAFLD), neurodegenerative diseases, and cancer [1, 2]. Dysregulated composition of gut microbiota (dysbiosis), chronic low-grade inflammatory responses, and abnormal metabolic functions involving lipids are frequently associated with aging and are implicated in the development of aging-related diseases [3–7].

The gut microbiota plays an important role in maintaining host homeostasis, including digestion and absorption of food, production of nutrients, and regulation of the host immune system [8, 9]. Changes in the composition of the gut microbiota associated with aging have implications for human health and longevity [1, 10]. Meanwhile, in mice, fecal transplantation from aged specific pathogen-free (SPF) mice into young germ-free (GF) mice has been shown to cause obesity and systemic inflammation in the recipients [11, 12]. In addition, high-fat diet (HFD)-induced symptoms of obesity, insulin resistance, and steatosis were shown to be suppressed in GF mice compared with those in conventional (CONV) mice [13, 14]. It has also been reported that the systemic inflammation associated with aging as observed in CONV mice was attenuated in GF mice [15]. These reports have drawn attention to the role of the gut microbiota in aging, but little is currently known about the mechanisms underlying gut microbiota colonization and aging.
Intestinal bacteria not only provide the host with metabolites but also affect the host’s metabolic functions, thereby influencing its lipid profile [16, 17]. The liver is the primary organ where metabolites absorbed from the intestinal tract through the portal vein are processed. Consequently, liver function is largely influenced by the gut ecosystem. It has been demonstrated that, in GF mice, there is a reduction in de novo hepatic lipogenesis and changes in the composition of fatty acids [16, 17]. In GF mice, the lack of gut microbiota results in the disruption of feedback control mechanisms regulating bile acid production [18]. In addition, sexual dimorphism has been observed in the hepatic expression of metabolic enzymes and in the gut microbiota, which may affect not only the lipid profile of the host but also the physiology and pathophysiology of the liver resulting from dysbiosis [4, 19–21]. Nevertheless, the potential link between the colonization of gut microbiota in males and females and the age-related change of the liver remains poorly understood.
Recently, we conducted a comprehensive analysis of the lipidomic profiles associated with aging in SPF and GF mice across a wide range of biological samples including the kidney and liver [22]. Consequently, we identified several aging-associated lipid profiles that exhibited sex- and microbiota-dependent alterations. Here, we aim to elucidate the impact of gut microbiota colonization on gene expression and lipid metabolism during the aging process, with a particular focus on the liver.

Materials and methods
Animal experiment
All animal experiments were performed in accordance with the protocol that was ethically approved by the RIKEN Center for Integrative Medical Sciences [AEY2023-002(9)]. Four-week-old male and female C57BL/6 N mice were purchased from CLEA (Tokyo, Japan). The GF mice were housed in GF isolators at the RIKEN Animal Facility. All mice were fed with an AIN-93 M diet (CLEA Japan, Tokyo, Japan). The mice were the same individuals used for lipidomic analysis as previously reported [22]. Liver tissues were snap-frozen in liquid nitrogen and stored at − 80 °C until RNA preparation.

RNA sequencing (RNA-seq) analysis
Tissue samples were homogenized in TRIzol reagent (Thermo Fisher Scientific, MA, USA). After centrifugation, the supernatant was collected (500 µL), to which 100 µL of chloroform was added. The mixture was centrifuged, and 150 μL of the obtained supernatant was mixed with 150 µL of 70% ethanol. The total RNA was then extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany), in accordance with the manufacturer’s instructions. A quality check of the RNA was performed using the Agilent RNA 6000 Nano Assay kit (Agilent Technologies, CA, USA) with an Agilent 2100 bioanalyzer to determine the RNA integrity number (RIN) (with an average of 8.8). Subsequently, 100 ng of total RNA was used for library preparation with the NEB Next Ultra RNA Library Prep Kit for Illumina (New England Biolabs, Inc., MA, USA). The pooled libraries were sequenced on an Illumina HiSeq 2500 (Illumina, Inc., CA, USA) at the RIKEN IMS sequence facility, and 50 bp single-end reads were generated. The reads were aligned using STAR onto a mouse reference genome based on UCSC_mm10 [23]. The resulting count matrix was analyzed with edgeR (version 3.42.4) [24]. Genes were filtered out if they did not meet the criterion of > 1 count per million in at least three samples prior to differential expression analysis. The false discovery rate (FDR) was corrected by the Benjamini-Hochberg (BH) method. The transcriptomic dataset is presented in Supplementary Table 1.

Gene set enrichment analysis (GSEA)
Normalized expression data were examined by GSEA software (version 4.3.3) (Broad Institute, http://​software.​broadinstitute.​org/​gsea) using MSigDB (version 2024.1.Mm) [25]. The number of permutations was set to 1000. Gene sets with an FDR < 0.05 were considered to be statistically significant.

Transcription factor analysis
Enrichment of transcription factor binding on the gene promoters was analyzed using ChIP-Atlas (https://​chip-atlas.​org) [26]. In Enrichment Analysis of ChIP-Atlas, we input the 24-month-old female GF differentially expressed genes (DEGs) as dataset A or 24-month-old female SPF DEGs as dataset B and selected “M. musculus (mm10),” “ChIP: TFs and others,” “Liver,” and “100” as a threshold. For other settings, we used the default parameters. The fold-enrichment scores of transcription factors with predicted binding to one or more gene sequences with the highest peak count and with a Q-value of less than 0.05 are displayed in a heat map.

Reanalysis of lipid profile data
Lipid profile data associated with liver aging were obtained from our previous study and reanalyzed [22]. Briefly, the lipidomic data refer to 771 lipid species belonging to 64 lipid subclasses in 2-, 12-, 19-, and 24-month-old, male/female, SPF/GF mouse samples obtained by the MS-DIAL version 4.20 algorithm. Unpaired t-test or one-way analysis of variance followed by Tukey’s test was used to evaluate the significance of differences between two groups or among three or more groups, respectively. The numerical value appended to each lipid molecular species serves to discriminate metabolites sharing the same annotation but exhibiting different retention times.

Statistical analysis and data visualization
Statistical analysis and data visualization were performed using R Studio (version 4.3.0) or Prism (version 9.5.1). The function “prcomp” using the autoscaling method was employed for principal component analysis (PCA). The function “EnhancedVolcano” was used to create volcano plots of the results of transcriptomic analysis. The normalized values were converted to z-scores and heatmaps were drawn using the “heatmap.2” function. Data are presented as mean ± standard error of the mean (SEM) and P or FDR < 0.05 is considered to represent statistical significance unless otherwise stated in the figure legends.


Results
The impact of gut microbiota on the liver transcriptome during aging
To investigate the overall effect of gut microbiota on liver aging, we performed RNA-seq analyses using liver samples from young (2 months old: 2 M) and aged (24 months old: 24 M), male and female, SPF and GF mice. PCA using autoscaled values was performed to examine the major variance of the dataset (Fig. 1A). In the young group (2 M), a clear separation between males and females was observed, but obvious differences were not seen between SPF and GF in each sex, and the data mapped with a high degree of clustering within each group (indicated by the same-colored shapes within the circle). These results suggest that the liver transcriptome at a young age is strongly influenced by sex differences rather than gut microbial colonization. Aging resulted in a clear separation between young and aged in each group (male SPF, male GF, female SPF, and female GF), indicating that the transcriptome changes with age. Interestingly, whereas little separation was observed between SPF and GF in the male groups, clear separation was observed in the female groups. We examined the expression of genes reported to increase with age in the mouse liver in each group [27, 28]. The results showed that Lcn2 and Clec7a expression significantly increased with age in male SPF, male GF, and female SPF, but the expression levels in female GF were comparable between young and aged (Fig. 1B). These results suggest that the RNA-seq dataset is reliable and that aging-associated transcriptomic changes are suppressed in female GF mice compared with those in SPF mice.[image: ]
Fig. 1Interpretation of liver transcriptomic data. A PCA score plot from liver transcriptomic data based on 13,704 present genes. Data normalization was conducted with the edgeR package, and autoscaling was used for data transformation. Each point in the graph represents a sample (n = 3, biologically independent samples).
B Normalized expression levels of selected hepatic aging-associated genes from the RNA-seq dataset. Data are presented as mean ± SEM (n = 3). Significance levels: *FDR < 0.05, **FDR < 0.01. C Volcano plots showing young [2-month-old (2 M)] versus aged [24-month-old (24 M)] comparisons in male SPF, male GF, female SPF, and female GF. The x- and y-axes show the log2[fold change (24 M/2 M)] and –log10(FDR), respectively. The dashed line indicates 2-fold (x-axis) or FDR = 0.05 (y-axis). The red circle indicates differentially expressed genes. The numbers of upregulated and downregulated genes are shown in each graph (n = 3). D, E Venn diagram showing commonly upregulated and downregulated genes during aging in SPF (D) and GF (E) mice, compared between male and female groups. F, G GSEA of liver gene expression during aging in male and female mice under SPF (F) or GF (G) conditions. The normalized enrichment scores of the top three significantly enriched gene ontology terms are shown (FDR < 0.05)


Next, we used a volcano plot to show the changes in gene expression between young and aged mice in the four groups. Using a significance level of 2-fold change (increase or decrease) and FDR < 0.05, we found a total of 1066 DEGs, of which 886 and 180 genes presented increased and decreased expression, respectively, in male SPF mice (Fig. 1C, Supplementary Table 2). Similarly, in male GF mice, the total number of DEGs was 1004, with 832 genes showing increased expression and 172 genes showing decreased expression. In female SPF, 1432 genes were differentially expressed, with 1281 upregulated and 151 downregulated. In female GF, the number of DEGs was lowest at 212, with 157 upregulated and 55 downregulated. In both male and female SPF mice, 671 DEGs were commonly upregulated and 67 were commonly downregulated with aging (Fig. 1D, Supplementary Table 3). Similarly, in GF mice, 97 DEGs were commonly upregulated and 25 were downregulated (Fig. 1E, Supplementary Table 3). In SPF mice, genes commonly upregulated in both sexes included many inflammation-related genes in SPF mice, such as Toll-like receptors, chemokines, immune cell markers, and immunoglobulins. Although a reduced number of such genes was observed in GF mice, upregulated genes also included immune cell markers and immunoglobulins (Supplementary Table 3). Genes commonly downregulated in both sexes included members of the Mup, Serpina, and Ces gene families under both SPF and GF conditions (Supplementary Table 3). To investigate sex-specific transcriptomic changes associated with aging, GSEA was performed in aged SPF and GF mice. In aged SPF mice, ribosome-related gene sets were significantly enriched in males, whereas inflammatory response-related gene sets were enriched in females, reflecting sex-dependent differences in age-related gene expression at late life stages (Fig. 1F). By contrast, GF mice exhibited a different pattern: chromatin-related gene sets were enriched in males, while xenobiotic metabolism-related gene sets were enriched in females (Fig. 1G). These findings suggest that, although some gene expression changes are shared between sexes, aging-associated transcriptomic alterations differ between males and females, and that the influence of the gut microbiota on these changes is also sex-dependent.

Comparison of hepatic transcriptome between SPF and GF-aged female mice
To characterize the effects of gut microbiota on aging, we compared gene expression between SPF and GF-aged mice. As shown in the volcano plot, there were a total of 742 DEGs in female mice, of which 636 genes were highly expressed in SPF and 106 genes in GF (Fig. 2A, Supplementary Table 4). As shown in Fig. 2B, when the top 25 genes in female mice for both high in SPF and high in GF were depicted in a heatmap, many genes highly expressed in aged SPF were known to be associated with inflammation, especially those related to chemokines (Ccl3, Ccr3, Cxcl13, Pf4) and acting as immune cell markers and being related to immune cell functions (Alox5, Batf, Cd4, Clec10a, Eomes, H2-M2, Ighg1, Klra3, Mgl2, Sh2 d1b1). Serpine1, also known as plasminogen activator inhibitor-1, a marker of cellular senescence, was also upregulated [1, 29]. The expression of these genes was found to increase with age in SPF mice but did not show significant changes in GF mice, indicating that the aging-associated inflammatory signature was ameliorated in these mice. Most of the genes that exhibited high expression in aged GF mice compared to aged SPF mice belonged to the Mup, Sult3a, and Fmo families. The expression of these genes decreased with age in SPF mice, but this trend was less pronounced in GF mice. Conversely, a total of five DEGs were identified in aged male mice. Among these, one gene was highly expressed in aged SPF mice, whereas the remaining four were higher in aged GF mice (Fig. 2C, Supplementary Table 5). These five DEGs were illustrated in a heatmap (Fig. 2D). Notably, Csad (a gene involved in metabolism), Gpx6 (involved in the redox system), and Neb (associated with actin filament structure) exhibited similar expression patterns in aged female mice. These findings suggest that the impact of microbiota colonization on gene expression during aging is more pronounced in female mice compared to males.[image: ]
Fig. 2Comparison of SPF and GF transcriptomes in aged females. A Volcano plots showing aged SPF versus aged GF comparisons in female mice. The x- and y-axes show the log2[fold change (GF/SPF)] and –log10(FDR), respectively. The dashed line indicates 2-fold (x-axis) or FDR = 0.05 (y-axis). The red circle indicates differentially expressed genes. The number of upregulated genes in SPF or GF is shown (n = 3). B Heatmap of the top 25 genes differentially expressed between SPF and GF in aged female mice (for both high in SPF and high in GF). The expression data for the young age group are also shown. Red, high expression; white, neutral expression; blue, low expression (n = 3). C Volcano plots showing aged SPF versus aged GF comparisons in male mice. Plot settings are identical to those in panel A (n = 3). D Heatmap of the differentially expressed genes between SPF and GF in aged male mice. The expression data for the young age group are also shown. Color scale and data display are as described in panel B (n = 3). E, F GSEA of liver gene expression in GF compared with SPF in aged female mice. The values of the normalized enrichment score of the significantly enriched gene ontology terms are shown (FDR < 0.05). Upregulated gene sets in SPF and GF are shown in panels E and F, respectively. G Heatmap of the fold enrichment score of transcription factors that regulate the genes differentially expressed between aged female GF and SPF mice, based on the ChIP-Atlas database. The score serves as an indicator of the extent of enrichment of transcription factor binding in the genome of aged female GF mice, in comparison with SPF. The terms that showed a Q-value of less than 0.05 are depicted


We further investigated the association between aged SPF and GF female mice by GSEA to identify pathways affected by the gut microbiota during the aging process. In SPF mice, in addition to the gene sets related to inflammation (granulocyte migration, adaptive immune response, activation of innate immune response), genes related to tissue remodeling (extracellular matrix structural constituent, collagen biosynthetic process, tissue remodeling), cell proliferation (cell cycle DNA replication, mitotic spindle organization), and oxidative stress (superoxide anion generation) were enriched in SPF mice compared with the status in GF mice (Fig. 2E). Meanwhile, gene sets involved in xenobiotic metabolism (xenobiotic metabolic process, monooxygenase activity, sulfation, cellular glucuronidation), amino acid metabolism (amino acid catabolic process), cholesterol metabolism (steroid metabolic process), and bile acid metabolism (bile acid metabolic process) were enriched in GF mice compared with the status in SPF mice (Fig. 2F). Moreover, gene sets involved in mitochondrial energy production (aerobic electron transport chain, fatty acid β-oxidation) were also enriched in GF compared with those in SPF mice, reflecting the suppression of the decline in mitochondrial energy production with age [1, 28].
We analyzed upstream transcription factors corresponding to the differential gene expression signature between SPF and GF in the livers of aged female mice, based on the previously reported ChIP-Seq (chromatin immunoprecipitation sequencing) datasets using ChIP-Atlas [26]. This in silico analysis predicted the transcription factors Stat5a, Bcl6, Cux2, HNF4α, Esr1, Foxa1, and Foxa2, which have been implicated in sex differences, as key transcription factors in the livers of aged female GF mice (Fig. 2G, Supplementary Table 6) [30–33]. In addition, Ppara and Pparg, which are associated with lipid metabolism and mitochondrial function, emerged as key factors in aged GF mice [34]. In contrast, the involvement of Rela, a component of nuclear factor-κB (NF-κB) and Tfe3, both of which are important in regulating inflammatory cytokine expression, was predicted in the livers of aged female SPF mice [35, 36]. Unlike in females, transcription factor prediction using ChIP-Atlas was not feasible in aged male mice due to the limited number of DEGs between SPF and GF conditions. The results indicate that various aging-associated functional abnormalities, including those related to metabolism and energy production, as well as inflammatory signatures, are suppressed in female GF compared with the levels in SPF mice. The results also suggest that both sex-associated transcription factors and those not previously linked to sex differences may be involved in the regulation of these pathways observed in females.

The impact of colonization of gut microbiota on hepatic lipid metabolism in aged female mice
The discrepancies in the aging process between female SPF and GF mice are assumed to involve functions that regulate aging-related phenotypes, such as inflammatory response. To clarify the potential link between the regulation of aging by gut microbiota and host lipid metabolism, we reanalyzed our previously reported aging lipidome atlas datasets and compared the hepatic lipid profiles between SPF and GF in aged female mice (Fig. 3A, Supplementary Table 7) [22]. A volcano plot with a threshold of P < 0.05 revealed that 10 species in 7 subclasses were more abundant in SPF and 54 species in 18 subclasses were more abundant in GF. The molecular species that met the criteria are displayed in a heatmap (Fig. 3B). Of these, bile acid BA 24:1;O3;T (taurodeoxycholic acid: TDCA) (ID 1690), BA 24:1;O4;T (ID 1776), BA 24:1;O2;T (ID 1594), and BA 24:1;O3;T (ID 1697) increased with age in SPF mice, while remaining at low levels in GF mice. In contrast, BA 24:1;O4;T (ID 1780) remained at a low level in SPF mice and at a high level in GF mice. Primary bile acids produced by the host from cholesterol are metabolized by gut microbiota to secondary bile acids. The level of TDCA, a secondary bile acid, remained low in GF mice, a finding that appears to support the reliability of these lipid profiles. Sterol sulfate (SSulfate) is a lipid subclass in which the sterol structure is sulfated by sulfotransferases (Sults) [37, 38]. Within this lipid subclass, the levels of ST 27:1;O;S (ID 1528) and ST 27:0;O;S (ID 1539) were consistently higher in GF than in SPF from young to old age. The species classified as lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), vitamin D, and phytoceramide (Cer_NP) increased with age in GF mice, and the levels were significantly higher than those in SPF mice at old age [LPC 16:1/0:0 (ID: 1926), LPE 16:0 (ID: 1749), LPE 17:0 (ID: 1831), 25-hydroxycholecalciferol (ID: 1428), and Cer 18:0;3O/24:1 (ID: 3068)], whereas no age-dependent changes were observed in SPF. Similarly, a total of 26 lipid molecular species of oxidized triacylglycerol (oxTG) were detected, and 18 of them, such as TG 18:1_18:2_18:3;1O (ID 5911), increased with age in GF and showed higher levels in GF than in SPF in the aged mice. Moreover, unique changes in acyl groups were observed in phosphatidylcholine (PC), ceramide (Cer_NS), dihydroceramide (Cer_NDS), hexosylceramide (HexCer_NS), and sphingomyelin (SM). The level of PC with polyunsaturated fatty acid (PUFA) 22:6 was significantly higher in aged GF than in SPF, and PC 16:0_22:6 (ID 4289) and PC 16:1_22:6 (ID 4269) significantly increased with age in GF mice. In addition, the levels of sphingolipid molecular species with fatty acids with 22 to 23 carbons as the N-acyl group were significantly higher in aged GF than in SPF, and among them, Cer 18:1;2O/22:0 (ID 2717), Cer 18:1;2O/23:0 (ID 2821), and HexCer 18:1;2O/22:1 (ID 4221) increased with age in GF. These changes are the hepatic lipidomic signature differentiating SPF and GF in aged female mice, and the colonization of gut microbiota may be the driving factor behind these differences. Conversely, although two molecular species, BA 24:1;O4;T (ID: 1776) and PC 16:0_22:5 (ID: 4304), were identified as common lipidomic alterations between aged SPF and GF mice of both sexes, most lipidomic differences between aged SPF and GF mice were sex-specific (Fig. 3C, Supplementary Table 8). In aged males, characteristic differences between SPF and GF mice included phosphatidic acid (PA), PC species containing 18:0 and PUFA, and diacylglyceryl glucuronide (DGGA), as well as sulfonolipid (SL), a gut microbiota-dependent lipid species we previously reported [22] (Fig. 3D). Although a similar trend in SL levels was observed in aged females, greater inter-individual variability compared to males prevented the detection of statistically significant differences. The significances observed in this analysis may partially reflect differences in abundance variations in aged mice. These lipidomic differences between aged SPF and GF mice may underlie the observed sex differences in transcriptomic changes associated with aging.[image: ]
Fig. 3Comparison of SPF and GF lipidomes in aged female mice. A Volcano plots showing aged SPF versus aged GF comparisons in female mice. The x- and y-axes show the log2[fold change (GF/SPF)] and –log10(P-value), respectively. The dashed line indicates P-value = 0.05 (y-axis). The circle indicates lipid species. The number of lipid species with significant change between aged SPF and aged GF mice is shown for each lipid subclass (n = 3). B Heatmap of the lipid species showing significant change between SPF and GF in aged female mice. Data for the young age group are also shown. Red, high levels; white, neutral levels; blue, low levels. The lipid species with a statistically significant difference between the levels in SPF and GF mice are marked with an asterisk in 2-month-old (2 M) and 24-month-old (24 M) groups. The significance of differences between 2 M and 24 M is also shown in the heatmap boxes for SPF and GF (n = 3). Significance levels: *P
< 0.05, **P < 0.01, ***P < 0.001. C Volcano plots showing aged SPF versus aged GF comparisons in male mice. Plot settings are identical to those in panel A (n = 3). D Heatmap of the lipid species showing significant change between SPF and GF in aged male mice. Data for the young age group are also shown. Color scale and data display are as described in panel B (n = 3). Significance levels: *P
< 0.05, **P < 0.01, and ***P < 0.001



Integration of the hepatic transcriptome and lipidome in female mice
Next, we integrated the transcriptomic and lipidomic datasets and mapped the possible lipid metabolic pathways involved in the lipidomic changes between SPF and GF-aged female mice according to the public KEGG pathway map database (https://​www.​kegg.​jp) and previous reports. The Sult2 family is a group of hydroxysteroid sulfotransferases that are involved in the production of sterol sulfate (Fig. 4A) [37]. As shown in Fig. 2F, the gene set related to sulfation was enriched in GF mice compared to SPF mice. The expression levels of about half of the Sults increased with aging in GF mice and were higher than in aged SPF mice, suggesting that these Sults are involved in the accumulation of sterol sulfate in the liver of GF mice (Fig. 4B). Cer_NDS undergoes C4 hydroxylation to yield Cer_NP, which in turn undergoes degradation to phytosphingosine (Fig. 4C). It has been proposed that Degs1, Degs2, and 9130409I23Rik are involved in the abovementioned production pathway, while Asah1, Asah2, and Acer3 are associated with the degradation [39]. The expression of enzymes involved in Cer_NP production was comparable between aged SPF and GF (Fig. 4D). However, the level of Acer3, involved in degradation, increased with aging in SPF, with higher levels in the aged SPF mice than in the aged GF ones. This may have contributed to the difference in Cer_NP between SPF and GF. The lysophospholipids LPC and LPE are generated by the hydrolysis of PC and phosphatidylethanolamine (PE) by phospholipase A1/2 (PLA1/2) and are then remodeled to corresponding phospholipids by lysophospholipid acyltransferase (LPLAT) (Fig. 4E) [40]. In female GF mice, the majority of LPC and LPE species were increased with age (Supplementary Table 9). Although the levels of Pla2g15 and Pla2g4f were elevated during the aging process in GF mice, no significant differences were observed between SPF and GF mice at an old age (Fig. 4F). In contrast, the expression of LPLAT genes, including Lpcat1 and Lpcat2, increased with age in SPF mice, resulting in elevated levels in aged mice relative to those in GF mice, suggesting that these remodeling enzymes are responsible for the accumulation of LPC and LPE in GF mice. The quality of phospholipids is regulated by the acyl chain preferentiality of LPLAT [40]. Agpat3, which is known to preferentially introduce 22:6 into lysophosphatidic acid (a common precursor of phospholipids) in mouse liver, tends to maintain a higher expression level in GF than in SPF and was markedly more highly expressed in aged GF than in SPF (Fig. 4F and G) [41]. The expression of this enzyme may explain the profile of 22:6-containing PCs.[image: ]
Fig. 4Aging-associated change in lipid metabolic pathways in female SPF and GF mice. A Metabolic pathway of sterol sulfate. B Heatmap of the expression levels of the genes encoding sulfotransferase in female 2- and 24-month-old SPF/GF mice. C Metabolic pathway of phytoceramide. D Heatmap of the expression levels of the genes encoding phytoceramide metabolic enzymes in female 2- and 24-month-old SPF/GF mice. E Metabolic pathway of lysophospholipid and phospholipid metabolism. F Heatmap of the expression levels of the genes encoding phospholipid metabolism in female 2- and 24-month-old SPF/GF mice. G Metabolic pathway of 22:6-containing phospholipid metabolism. Quantification of each lipid subclass was performed by summing the values of each lipid molecule classified in the lipid subclasses (A, C, E, G, and Supplementary Table 7). P values were calculated using Tukey’s test for lipid analysis or t-test for gene expression analysis. Genes with a statistically significant difference between the levels in SPF and GF are marked with an asterisk in female 24 M mice. The significance of differences between 2 M and 24 M is also shown in the heatmap boxes for SPF and GF. Significance levels: *P < 0.05, **P < 0.01, and ***P < 0.001 (n=3)




Discussion
In this study, we found that the gut microbiota affected the changes in the liver transcriptome associated with aging in mice. Female GF mice exhibited attenuated changes in the aging-associated transcriptome, such as inflammatory signatures, compared with those in SPF mice. As an explanation for this, it was predicted that female GF mice may exhibit enhanced regulation of gene expression via sex-related transcription factors. Furthermore, the integrated transcriptomic and lipidomic analysis in female mice suggested that lipid metabolism in the liver was altered in a manner dependent on the gut bacteria, which may be involved in controlling aging-associated phenotypes, including inflammation. These results offer new insights into the molecular mechanisms through which the gut microbiota regulates liver aging. In particular, sex differences and lipid metabolism may be involved in this process.
Transcriptomic analysis revealed differences in the aging-associated inflammatory signatures in the liver between female SPF and GF mice. Upregulation of gene sets related to the extracellular matrix and tissue remodeling in female SPF indicates abnormal tissue repair, suggesting that chronic inflammation leads to liver fibrosis, cirrhosis, and liver failure [42]. The infiltration of immune cells and the increase in myofibroblasts, which are extracellular matrix-producing cells, play an important role in the progression of these diseases [43, 44]. Since these cells are highly proliferative, the fact that the gene set related to cell proliferation was upregulated in aged SPF mice may be attributed to the proliferation of these cells [43, 44]. Based on these results, it is suggested that the colonization of gut microbiota leads to various age-dependent pathological conditions associated with liver inflammation in female mice.
A variety of immune cells reside in the liver and contribute to the maintenance of hepatic homeostasis [45]. Previous studies have reported no significant differences in the number of leukocytes or the proportions of natural killer T (NKT) cells and dendritic cells in the livers of female SPF and GF mice under steady-state conditions [46]. Consistently, our transcriptomic analysis revealed no differences in the expression of immunity-related genes between SPF and GF mice in young females (Supplementary Table 3). In mouse models of steatosis, immune cells such as T cells, B cells, macrophages, Kupffer cells, and NKT cells are known to be involved in disease pathogenesis [47–51]. In the Concanavalin A-induced hepatitis model, more severe acute liver inflammation has been observed in SPF female mice compared to GF mice, which has been attributed to the activation of hepatic NKT cells by gut microbiota-derived glycolipid antigens, such as α-galactosylceramide and subsequent decline in the frequency of hepatic NKT cells [46]. In contrast, in the context of HFD-induced obesity and hepatic metabolic dysfunction, NKT cells appear to play a protective role, as female mice lacking NKT cells exhibit increased susceptibility to these metabolic disturbances [52]. In both humans and mice, aging has been reported to be associated with a decline in hepatic NKT cell number and functions [53]. Unlike GF mice, NKT cells in SPF mice are continuously activated in a gut microbiota-dependent manner, which may be associated with their age-related decline. In contrast, in the absence of gut microbiota, NKT cell function may be preserved even in old age, potentially leading to the suppression of aging-associated liver inflammation. Our current lipidomic analysis did not identify specific lipid species that regulate NKT cells, highlighting the need for more detailed lipidomic profiling to address this possibility. Collectively, these findings suggest a potential role for gut microbiota-mediated regulation of NKT cells and other immune cells in the development of age-associated liver disorders, highlighting the need for further studies.
In female mice, the aging-associated inflammatory signature in the liver was reduced in GF compared to SPF mice, suggesting that gut microbiota progress to aging-related inflammation. Consistently, fecal transplantation from aged female SPF mice into young female GF mice has been shown to induce systemic inflammation, whereas transplantation from young SPF mice did not, indicating that aged microbiota may harbor pro-inflammatory factors [11]. Aging-associated dysbiosis has been proposed to increase intestinal permeability, allowing microbial products to enter circulation and trigger inflammation [11, 15]. The absence of such gut-derived factors may underlie the suppressed inflammation observed in female-aged GF mice. Notably, in aged male mice, liver transcriptomic differences between SPF and GF were less pronounced, suggesting that age-related inflammation in males may occur independently of the gut microbiota. Alternatively, certain yet unidentified microbiota-derived lipids may possess anti-inflammatory properties, which could confer protection in male mice. These findings underscore the importance of considering sex differences in understanding the relationship between gut microbiota and age-related inflammation. The observed sex-specific differences in transcriptomic and lipidomic profiles offer new insights into the regulation of aging-related inflammation.
Our ChIP-Atlas-based analysis of transcription factors suggests that a group of transcription factors related to sex differences may be involved in the aging-associated gene expression in female GF mice [26]. The liver exhibits sexual dimorphism that is achieved by certain sex-related transcription factors, such as Stat5a, Bcl6, Cux2, and HNF4α, which are regulated by growth hormone (GH) secreted from the pituitary gland [54–58]. These transcription factors regulate the expression of various metabolic enzymes and affect the metabolism of lipids, steroids, and xenobiotics [30, 31, 59]. For example, it was shown that mice with Bcl6 deficiency specifically in hepatocytes exhibit resistance to HFD-induced steatosis, observed in both male and female mice, although the tendency is more pronounced in male mice [60]. Bcl6 plays a pivotal role in the repression of female-biased genes in males [57]. Hepatocyte-specific deletion of Bcl6 results in the feminization of the male liver and the elimination of its male-biased gene signature [60]. Meanwhile, the expression of Cyp3a41, Cyp3a44, and Mup genes, which are known to be regulated by GH through sex-related transcription factors, was higher in GF than in SPF in aged female mice [61, 62]. This indicates that the age-related decline in the GH-dependent transcriptional axis is suppressed in female GF mice, thereby preventing age-related abnormalities in the liver. The secretion of GH is influenced by a variety of hormones [63]. However, it has been reported that changes in GH secretion in GF mice compared with that in CONV mice resulted in the attenuation of sex-specific diurnal rhythms of gene expression and metabolism [64]. Furthermore, it has been postulated that microbiota-derived short-chain fatty acids, such as butyrate, are involved in the regulation of GH secretion, suggesting the existence of gut microbiota-dependent regulatory mechanisms [65]. Clarifying the role of the gut microbiota in GH-dependent function in aged mice may help to elucidate how the gut microbiota is involved in the differences in liver aging between the sexes.
There are also differences in liver physiology and pathology between the sexes, such as in the induction of MAFLD by HFD feeding. It has been reported that symptoms are more pronounced in males than in females [21, 30]. In female mice, sex hormones can suppress inflammation and alter various metabolic processes. It has been reported that estrogen administration reduces inflammation and HFD-induced steatosis in mice [31, 66, 67]. In addition, estrogen is known to protect the liver from xenobiotic stimuli by increasing the expression of enzymes such as cytochrome P450, and sulfotransferase in the liver, as observed in aged female GF mice [21, 31, 68]. Furthermore, our analysis of transcription factors suggests that in addition to Esr1, Foxa1, and Foxa2 were also functional in aged female GF mice. Foxa1/2 has been implicated in the sexual dimorphism of hepatocarcinogenesis. It has been reported that liver cancer could be prevented by the estrogen-dependent expression of genes involved in xenobiotic metabolism and proliferation in female mice, which was dependent on Foxa1/2 [33]. It is thus proposed that estrogen-dependent protective mechanisms are involved in the process by which the livers of female GF mice are protected from the aging-associated inflammatory response.
It is also possible that xenobiotic enzymes are induced to produce metabolites with endogenous anti-inflammatory properties. The predominant molecular species of SSulfate annotated in this study, ST 27:1;O;S (ID: 1528), is predicted to be a cholesterol sulfate (CS). CS has been reported to have anti-inflammatory effects in vitro and in vivo [38, 69, 70]. Therefore, the increase in CS is thought to be involved in the suppression of age-related inflammation observed in GF mice. CS is known to be produced by Sult2b1b, expressed in the intestinal epithelium [69, 71]. In addition to Sult2b1b, it has been suggested that Sult2a1, albeit with less specificity, is also involved in the production of CS [37, 71]. It has been observed that the Sult2a gene exhibits higher levels of expression in female mice than in male ones. This sexual dimorphism in Sult2a1 expression in mouse livers is regulated by sex hormones, estrogen in females, and GH [68]. According to the ChIP-Atlas database, there are potential binding sites of the sex-related transcription factors Esr1, Foxa1, Foxa2, Stat5a, and HNF4α within a region spanning ± 1 kb from the transcription start site of the Sult2a1 gene. This suggests that the production of CS via the upregulation of Sult2a1 improves the liver pathology associated with aging in a sex-dependent manner. However, further analysis is needed to elucidate the potential mechanism by which SSulfate increases in female GF mice and to clarify its role in liver inflammation.
The results of the integrated transcriptomic and lipidomic analysis revealed unique differences in lipid metabolism between SPF and GF, which may regulate inflammation in the liver during aging. Phytoceramide is produced by the C4-hydroxylation of dihydroceramide. Previous reports suggested Degs2 as the enzyme responsible for this reaction, but the fact that phytoceramide was not completely abolished by Degs2 deficiency suggests that other enzymes produce it [72, 73]. The KEGG pathway map suggests the possible involvement of the enzyme encoded by 9130409I23Rik, also called Degs1 l, in this reaction. Our findings indicate that the elevation of phytoceramides in GFs is attributable to discrepancies in the degradation system rather than the production system between SPF and GF. Although it is not known whether there are sex differences or gut microbiota-dependent differences in the expression of Acer3, it has been reported that such expression is increased in non-alcoholic steatohepatitis patients and disease model mice and that inflammation, fibrosis, and oxidative stress in such mice are reduced by Acer3 deletion [39, 74]. It has also been reported that phytoceramide activates peroxisome proliferator-activated receptors, suggesting their possible role in regulating aging-related phenotypes in the liver [34, 75].
Phospholipids are converted to lysophospholipids by PLA1/2 and recycled to the corresponding phospholipids by LPLATs. Based on gene expression analysis, the accumulation of LPC and LPE in aged GF may be due to differences in the expression of the LPLAT genes, Lpcat1 and Lpcat2, which are known to be involved in the acylation of LPC and LPE [40]. LPC and LPE have been reported to act as signaling molecules that control inflammation. LPC is known to have an inhibitory effect on sepsis and Con-A-induced acute hepatitis, while LPE has an inhibitory effect on animal models of inflammation such as peritonitis and edema [76–79]. It has been suggested that these effects differ depending on the position (sn-1 or sn-2) and the type (number of carbons, degree of saturation) of the acyl chain [80, 81]. Using the measurement system employed in our previous study, it is not possible to distinguish the sites where acyl groups are attached [22]. Against this background, there is a need for further analysis to elucidate the molecular mechanisms by which these lipids suppress inflammation associated with liver aging, as well as the potential role of sex differences and gut microbiota in the metabolism of LPC and LPE.
Differences in acyl chain quality have a significant impact on the properties of lipids. In female GF mice, the amount of PC containing 22:6 increased with age and was higher than in aged SPF mice. PUFAs such as 22:6 have a significant impact on the properties of phospholipids, for example, by increasing the fluidity of biological membranes and acting as precursors of lipid mediators that promote the resolution of inflammation [82]. As membrane fluidity declines with age, it is possible that 22:6-containing PC contributes to inhibit this decline [83]. LPLAT plays an important role in the diversity of phospholipid quality. In particular, Agpat3 incorporates 22:6 into lysophosphatidic acid to produce PA. PA is further metabolized to produce 22:6-containing PC. It has been reported that PC containing 22:6 is significantly reduced in Agpat3-deficient mice [40, 41]. To ascertain whether Agpat3 expression is modulated by sex-related transcription factors, in silico screening of the Agpat3 promoter was conducted using the JASPAR program (https://​jaspar.​elixir.​no) [84]. The consensus sequences in the promoter region of Agpat3 were screened using the JASPAR program, which resulted in the prediction of high-scoring binding for Bcl6 (ID: MA0463.1, predicted sequence: CTTCTTAGAGAAGA) and Stat5a (ID: MA0519.2, predicted sequence: TTCTTAGAG). These results suggest that the observed increase in Agpat3 may have contributed to alterations in the PC profile in a sex-dependent manner. Overall, the impact of sex differences and gut microbiota on the expression of metabolic enzymes that contribute to the observed differences in lipid profile remains to be further analyzed to determine the effects of these changes in lipid metabolism on aging-associated phenotypes, including inflammation.
A comprehensive analysis of age-related lipid changes in the liver is limited in humans due to the invasive nature of liver sampling, with most studies focusing on lipids in the blood samples [85, 86]. In contrast, lipidomic analyses using liver biopsies from patients with hepatic diseases such as steatosis and cirrhosis have identified lipid species associated with disease pathology [87]. In this study, we observed age-dependent increases in cholesterol esters, triacylglycerols, and diacylglycerols, as well as decreases in certain sphingolipids in the livers of SPF mice. These changes have also been reported in human liver diseases. These findings suggest that age-related lipid alterations in the mouse liver may reflect features of human age-associated liver disorders. Our results offer insights into age-related lipid metabolic changes in the human liver and may contribute to the future development of biomarkers and therapeutic strategies, including microbiota-targeted interventions such as probiotics, and postbiotics for aging-related liver diseases.

Conclusions
In summary, this study provides substantial insights into the potential link between aging-associated transcriptome and lipidome changes and gut microbiota especially in female mice liver. It is important to elucidate the fundamental mechanisms by which the colonization of gut microbiota affects the process of aging of the host tissue in a sex-dependent manner. Our findings indicate that changes in sex-related hormonal regulation and lipidome changes are a potential mechanism underlying this relationship. Further research is needed to determine the causal relationship between specific gut microbiota and aging-related phenotypes in a sex-dependent manner. This study provides a basis for future work to develop new therapeutic strategies for aging-associated liver diseases.
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