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Fecal bile acid dysmetabolism and reduced ursodeoxycholic acid correlate with novel microbial signatures in feline chronic kidney disease
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Background: Microbial-derived secondary bile acids (SBAs) are reabsorbed and sensed via host receptors modulating cellular inflammation and fibrosis. Feline chronic kidney disease (CKD) occurs with progressive renal inflammation and fibrosis, mirroring the disease pathophysiology of human CKD patients.

Methods: Prospective cross-sectional study compared healthy cats (n = 6) with CKD (IRIS Stage 2 n = 17, Stage 3 or 4 n = 11). Single timepoint fecal samples from all cats underwent targeted bile acid metabolomics. 16S rRNA gene amplicon sequencing using DADA2 with SILVA taxonomy characterized the fecal microbiota.

Results: CKD cats had significantly reduced fecal concentrations (median 12.8 ng/mg, Mann–Whitney p = 0.0127) of the SBA ursodeoxycholic acid (UDCA) compared to healthy cats (median 39.4 ng/mg). Bile acid dysmetabolism characterized by <50% SBAs was present in 8/28 CKD and 0/6 healthy cats. Beta diversity significantly differed between cats with <50% SBAs and > 50% SBAs (PERMANOVA p < 0.0001). Twenty-six amplicon sequence variants (ASVs) with >97% nucleotide identity to Peptacetobacter hiranonis were identified. P. hiranonis combined relative abundance was significantly reduced (median 2.1%) in CKD cats with <50% SBAs compared to CKD cats with >50% SBAs (median 13.9%, adjusted p = 0.0002) and healthy cats with >50% SBAs (median 15.5%, adjusted p = 0.0112). P. hiranonis combined relative abundance was significantly positively correlated with the SBAs deoxycholic acid (Spearman r = 0.5218, adjusted p = 0.0407) and lithocholic acid (Spearman r = 0.5615, adjusted p = 0.0156). Three Oscillospirales ASVs and a Roseburia ASV were also identified as significantly correlated with fecal SBAs.

Clinical and translational importance: The gut-kidney axis mediated through microbial-derived SBAs appears relevant to the spontaneous animal CKD model of domestic cats. This includes reduced fecal concentrations of the microbial-derived SBA UDCA, known to regulate inflammation and fibrosis and be reno-protective. Microbes correlated with fecal SBAs include bai operon containing P. hiranonis, as well as members of Oscillospirales, which also harbor a functional bai operon. Ultimately, CKD cats represent a translational opportunity to study the role of SBAs in the gut-kidney axis, including the potential to identify novel microbial-directed therapeutics to mitigate CKD pathogenesis in veterinary patients and humans alike.
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1 Introduction

Primary bile acids (PBAs) classically are lipid molecules produced and secreted by the liver into the intestinal tract to aid in digestion and absorption of nutrients such as fats (Ciaula et al., 2018). Beyond digestion, upon reabsorption bile acids also act as signaling molecules to orchestrate host physiology through bile acid activated receptors, including the nuclear farnesoid X receptor (FXR) and Takeda G protein-coupled 5 Receptor (TGR5) (Perino and Schoonjans, 2022). The composition of the bile acid pool available for intestinal reabsorption is dictated by the microbial community in the gut, or microbiota (Collins et al., 2023). The microbiota perform biotransformations of PBAs into microbial-derived secondary bile acids (SBAs) through enzymatic reactions that vastly expand the host-derived bile acid pool (Winston and Theriot, 2020). Microbial biotransformation potential is a product of the genes harbored by the gut microbiota, with only select microbes capable of performing important gatekeeping reactions to bile acid pool diversification (Collins et al., 2023; Winston and Theriot, 2020). For example, deconjugation of PBAs by gut microbes possessing bile salt hydrolase (BSH) makes unconjugated PBAs available for further biotransformation (Foley et al., 2019). Subsequent 7α-dehydroxylation performed by gut microbes containing the bile acid inducible (bai) operon allows for the conversion of the PBAs cholic acid (CA) and chenodeoxycholic acid (CDCA) into the SBAs deoxycholic acid (DCA) and lithocholic acid (LCA), respectively (Collins et al., 2023; Winston and Theriot, 2020; Funabashi et al., 2020). A limited number of culturable microbes are known to perform this function: Clostridium scindens (Kitahara et al., 2000), Clostridium hylemonae (Ridlon et al., 2010), Peptacetobacter hiranonis (formerly Clostridium hiranonis) (Kitahara et al., 2001), and Extibacter muris (in mice) (Streidl et al., 2021). However, recent metagenomic evidence suggests that currently unculturable members of the human gut microbiota within the order Oscillospirales may also harbor a functional bai operon (Vital et al., 2019; Kim et al., 2022). Separate reactions performed by microbes with hydroxysteroid dehydrogenases (HSDHs) allow for the generation of additional SBAs, such as ursodeoxycholic acid (UDCA) from CDCA (Collins et al., 2023; Winston and Theriot, 2020). As a result of microbial generation of SBAs, in healthy humans greater than 90% of fecal bile acids are SBAs (Ridlon et al., 2006). This composition is less clearly defined in healthy cats with most studies presenting healthy cat populations with a predominance of SBAs (Rowe and Winston, 2024), though isolated publications have included individuals with <50% SBAs within presumptively healthy cat populations (Sung et al., 2023).

Deviation of the gut microbiota from normal, known as dysbiosis, can alter microbial community function such that bile acid transformation is also impacted, creating a bile acid dysmetabolism. Bile acid dysmetabolism has been connected to multiple disease states in humans including Clostridioides difficile infection (Winston and Theriot, 2016), inflammatory bowel disease (Lloyd-Price et al., 2019), neurologic disease (McMillin and DeMorrow, 2016), cardiovascular disease (Rodríguez-Morató and Matthan, 2020), obesity, type 2 diabetes, dyslipidemia, and nonalcoholic fatty liver disease (Chávez-Talavera et al., 2017), as well as chronic kidney disease (CKD) (Chen et al., 2019; Wang et al., 2016; Li et al., 2019). Though less investigated, bile acid dysmetabolism is also recognized in various disease states of dogs and cats (Rowe and Winston, 2024).

Cats represent a spontaneous translational disease model of CKD, as development of CKD is reported to occur in up to 80% of cats 15 years or older (Bartges, 2012; Marino et al., 2014). CKD pathogenesis includes progressive tubulointerstitial inflammation and fibrosis (Jepson, 2016; McLeland et al., 2015). Given that the host bile acid activated receptors FXR and TGR5 are expressed in the kidney and have the potential to modulate host inflammatory and fibrotic responses, investigation of a bile acid dysmetabolism that may contribute to or mitigate CKD progression is warranted. Indeed, rodent models have demonstrated these mechanisms to be reno-protective in kidney injury induced via cisplatin (Yang et al., 2020) and gentamicin (Abd-Elhamid et al., 2018). To date, dysbiosis resulting in bile acid dysmetabolism in cats has been minimally explored (Rowe and Winston, 2024). Still, reduced alpha diversity in the gut microbial community has been shown in cats with CKD (Summers et al., 2019), and a single report investigating fecal metabolome in cats with CKD (n = 10) did not document a bile acid dysmetabolism (Hall et al., 2020). Further characterization of potential dysbiosis and resulting bile acid dysmetabolism in cats may provide insight into microbial directed therapeutic interventions for cats with CKD and microbial mechanisms that are conserved across species, including humans with CKD.

The aims of this study were (1) to determine if fecal bile acid dysmetabolism exists in cats with CKD, and (2) characterize gut microbiota features associated with the bile acid dysmetabolism in the context of feline CKD using targeted fecal bile acid quantification and 16S rRNA gene sequencing of fecal samples collected from cats with and without CKD.



2 Materials and methods


2.1 Study population and design

The present study utilized fecal samples collected from a prior study (Summers et al., 2019) and applied a post-hoc evaluation of fecal bile acid concentrations. Cats presenting to the Colorado State University Veterinary Teaching Hospital (CSU-VTH) were prospectively enrolled into a cross-sectional study approved by the CSU-VTH Institutional Animal Care and Use Committee (IACUC) as previously described (Summers et al., 2019). Briefly, enrollment was performed from August 2016 to August 2017 and yielded a population of cats with CKD (n = 28) and a healthy older control population (n = 6). All cats with CKD met inclusion following evaluation of client history, physical examination, medical record review, complete blood count, serum chemistry (including creatinine >1.6 mg/dL), urinalysis (including urine specific gravity (USG) < 1.035), serum total thyroxine concentration, blood pressure, fecal flotation, and urine protein to creatinine ratio (if 1+ protein or greater determined by urinalysis) (Summers et al., 2019). Cats with CKD were staged according to the International Renal Interest Society (IRIS) Guidelines (Stage 2 n = 17, Stage 3 or 4 n = 11) (IRIS Kidney, 2023). All healthy older control cats were owned by employees, veterinary students, or staff at CSU-VTH, were at least 8 years old, and underwent the same laboratory screening. Health status was determined by a veterinary board-certified internist based on clinical history, physical examination, available prior medical record review, and normal laboratory screening tests including serum creatinine <1.6 mg/dL and USG > 1.035 (Summers et al., 2019). Exclusion criteria included the administration of antimicrobials, antacids, or probiotics within 6 weeks of enrollment. Cats with uncontrolled hyperthyroidism as well as suspicion or confirmation of gastrointestinal disease, including gastrointestinal parasitism and food responsive enteropathy, were also excluded from the population (Summers et al., 2019). Diet information was collected from all owners; however, no dietary exclusion criteria were utilized. Basic demographic information is shown in Supplementary Table S1.

In the present study, healthy cats were required to have an ideal body condition score (BCS) of 4 or 5 out of 9 and did not include any cats with a BCS of 6 or greater, given that the gut microbiota and microbial-derived metabolites can be impacted by obesity status in both cats and people (Cline et al., 2021; Kieler et al., 2016; Rowe et al., 2024; Pinart et al., 2022). This restriction accounts for four less healthy older control cats compared to the prior study (Summers et al., 2019). A single CKD cat with an obese BCS (8/9) was also removed from the present analysis due to the possible confounding influence of comorbid obesity on the gut microbiota. CKD cats with overweight BCS (6 or 7 out of 9) were retained in the analysis as current guidelines recommend maintaining weight in CKD cats with these BCSs (Cline et al., 2021), thus capturing a realistic client-owned CKD cat population.

A fresh naturally voided fecal sample frozen within 24 h was used for microbiome and bile acid analyses. All fecal samples were collected by owners and placed on ice until being frozen at −80°C for further analysis. The prior study first utilized fecal samples for microbiota analysis (Summers et al., 2019). Targeted bile acid metabolomics were performed on remaining stored samples with sufficient fecal material. A single healthy cat and a single CKD cat from the prior study did not have sufficient sample for targeted bile acid metabolomics.

Within CKD cats, a subpopulation of 8/28 cats with <50% fecal SBAs were also analyzed in comparison to the healthy cats (n = 6) as well as CKD cats with >50% fecal SBAs (n = 20).



2.2 Quantification of fecal bile acid concentrations

Frozen fecal samples were shipped to and then analyzed by a fee for service laboratory (Metabolon Inc.) using liquid chromatography and tandem mass spectrometry (LC–MS/MS) to obtain fecal bile acid concentrations. This targeted metabolomic approach evaluated 15 fecal bile acids. The unconjugated bile acids assessed were cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), lithocholic acid (LCA), and ursodeoxycholic acid (UDCA). The taurine and glycine conjugated forms of all five unconjugated bile acids were also assessed. Briefly, calibration of all measured bile acids was performed with eight different known concentrations spiked into an acidified methanol solution. Quality control samples, calibration samples, and study samples were all also spiked with a labeled internal standard and subjected to protein precipitation with an organic solvent (acidified methanol). After centrifugation, organic supernatant was dried using a stream of nitrogen. Dried extracts were then reconstituted and injected onto an Agilent 1,290 Infinity/Sciex QTRAP 6500 LC–MS/MS system equipped with a C18 reverse phase ultra-high performance liquid chromatography (UHPLC) column. The mass spectrometer was operated in negative mode using electrospray ionization. Quantitation was performed using a weighted linear least squares regression generated from fortified calibration standards prepared immediately prior to each sample run. Raw data were collected and processed using AB SCIEX software Analyst (v1.6.3). Fecal bile acid concentrations are reported as nanogram per milligram of feces.



2.3 Fecal microbiota analysis

Publicly available forward-end read 16S rRNA gene amplicon sequencing data were obtained from the National Institutes of Health Sequence Read Archive from accession number SRP 117611, which were generated as previously described (Summers et al., 2019). Paired-end sequences were unavailable for evaluation; therefore, the publicly available forward-end reads were utilized. Python (v3.7.16) was used to obtain sequences using fasterq-dump (SRA Toolkit v3.0.5) (GitHub, 2023) and then forward primer sequence (5’-GTGCCAGCMGCCGCGGTAA-3′) was removed from all reads using cutadapt (v1.18) (Martin, 2011).

Sequence analysis of the V4 region of 16S rRNA gene amplicons was then performed through R Studio (v2023.03.1 + 446) (R Core Team, 2013). Further sequence trimming, filtering, and chimera removal was performed, including truncation of sequence length to 240 base pairs, and amplicon sequence variants (ASVs) generated using the DADA2 pipeline (v1.18.0) (Callahan et al., 2016). Taxonomy was then assigned to ASVs using the SILVA 16S rRNA sequence database (v138.1) (Quast et al., 2013). Subsequent taxonomy table creation was performed with the phyloseq package (v1.42.0) in R Studio (McMurdie and Holmes, 2013).

Evaluation of microbial community alpha and beta diversity measures utilized both phyloseq (v1.42.0) and vegan (v2.6–4) packages in R Studio (McMurdie and Holmes, 2013; Oksanen et al., 2022). Alpha diversity metrics that were evaluated included total number of observed ASVs, Shannon Diversity Index, and Inverse Simpson Diversity Index. Further visualization of alpha diversity metrics was generated using GraphPad Prism (Prism 10 v10.1.0 for macOS, GraphPad Software LLC, La Jolla, CA, USA). Beta diversity was assessed using Bray–Curtis dissimilarity distances and visualized via non-metric multidimensional scaling (NMDS) with a stress threshold of <0.2 considered acceptable and plots were generated using ggplot2 (v3.4.0) (Clarke, 1993).

Further evaluation of 16S rRNA gene amplicon sequence taxonomy was performed using National Center for Biotechnology Information (NCBI) Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990) as well as the NCBI Multiple Sequence Alignment Viewer (v1.25.0).



2.4 Statistical analysis

Within GraphPad Prism, data were assessed for normality with the Shapiro–Wilk test and determined to be non-normally distributed for both relative abundance and fecal bile acid concentration data. The non-parametric two-tailed Mann–Whitney and Kruskal-Wallis tests were applied as appropriate and significance determined following adjustment for false discovery rate (FDR). All FDR tests performed throughout this study used the Benjamini, Krieger, and Yekutieli method (Benjamini et al., 2006).

The alpha diversity metric of total observed ASVs were normally distributed, passing the Shapiro–Wilk test, and thus a parametric one-way ANOVA was applied for multiple comparisons. Differences in microbial community beta diversity were assessed by permutational multivariate analysis of variance (PERMANOVA) using the phyloseq (v1.42.0) and vegan (v2.6–4) packages in R Studio.

Differentially abundant taxa were identified using the DESeq2 package (v1.30.0) in R Studio (Love et al., 2014). Parameters of the test were set to Test = Wald, FitType = Parametric, Cook’s Cutoff = FALSE, independentFiltering = FALSE (i.e., not applied to the dataset), and Benjamini-Hochberg post-hoc correction was applied to generate false discovery rate adjusted p values similar to previously described (Nealon et al., 2023). Comparisons were made on a log2 fold change (log2FC) basis and were visualized using the package EnhancedVolcano (v1.16.0) in R Studio.

MetaboAnalyst (v5.0) was used to analyze fecal bile acid concentration data. No additional transformation, scaling, or normalization was performed on concentration data prior to analysis. Analyses performed within MetaboAnalyst included principal component analysis (prcomp package and R script chemometrics.R) and Random Forest machine learning algorithm (randomForest package). All package versions were contained within MetaboAnalyst v5.0 using R (v4.2.2). Additional fecal bile acid concentration heatmap generation was performed in R Studio with the heatmap.2 function from the gplots package (v3.1.3) and hierarchical clustering performed with the hclust function.

Two-tailed Spearman rank correlation using GraphPad Prism and R Studio was used to assess correlations between the relative abundances of taxa and concentration of bile acids detected in fecal samples. Within R Studio, the psych (v2.2.9) package was utilized to first perform Spearman correlation analysis with the corr.test function, then the corrplot package (v0.92) was utilized to visualize the Spearman correlation matrices with the corrplot function.




3 Results


3.1 Fecal ursodeoxycholic acid is reduced in CKD cats

The profiles of fecal bile acid concentrations from healthy cats and cats with CKD were largely similar and demonstrated considerable overlap via principal component analysis (PCA) (Figure 1A). A Random Forest machine learning algorithm was used to assess which fecal bile acid concentrations may be able to best discriminate between healthy cats and cats with CKD (Figure 1B). Of the 15 fecal bile acids, TUDCA and UDCA best discriminated between healthy cats and cats with CKD. UDCA was in significantly greater concentration in feces of healthy cats (median 39.4 ng/mg) than cats with CKD (median 12.8 ng/mg, Mann–Whitney p = 0.0127) (Figure 1C). When subdivided by IRIS stage and compared to healthy cats, cats with IRIS Stage 2 CKD had reduced fecal UDCA (median 14.1 ng/mg, FDR adjusted p = 0.0699) and cats with IRIS Stage 3 or 4 CKD had significantly reduced fecal UDCA (median 6.2 ng/mg, FDR adj. p = 0.0092) (Figure 1D). There were no significant differences when TUDCA was assessed, though TUDCA was only detected in feces from one healthy cat (Figure 1E). In cats with CKD there was a trend of increasing fecal TUDCA concentration with IRIS stage 2 cats (median 0.115 ng/mg, FDR adj. p = 0.1621) and cats with IRIS Stage 3 or 4 (median 0.0279 ng/mg, FDR adj. p = 0.1621) compared to healthy cats (Figure 1F).
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FIGURE 1
 Fecal bile acid concentrations in cats with chronic kidney disease. (A) Principal component analysis of fecal bile acid concentrations in healthy cats (individual samples represented by purple points) and cats with CKD (individual samples represented by orange points) and a 95% confidence interval clouds for the clustering of each group. Variance explained by each principal component is listed on the corresponding axis. (B) Random Forest machine learning algorithm with dots corresponding to a fecal bile acid along the left-hand y-axis and the listed mean decrease in accuracy along the x-axis. Boxes along the right-hand y-axis demonstrate whether the fecal bile acid is high (red) or low (blue) in healthy and CKD cat groups. (C) Fecal concentration of UDCA in healthy cats and cats with CKD, significance determined via Mann–Whitney; * p < 0.05. (D) Fecal concentration of UDCA in healthy cats, cats with IRIS CKD Stage 2, and cats with IRIS CKD Stage 3 or 4, significance determined via Kruskal-Wallis with FDR adjustment; significant discoveries noted by *. (E) Fecal concentration of TUDCA in healthy cats and cats with CKD, significance determined via Mann–Whitney. (F) Fecal concentration of UDCA in healthy cats, cats with IRIS CKD Stage 2, and cats with IRIS CKD Stage 3 or 4 cats, significance determined via Kruskal-Wallis with FDR adjustment.




3.2 Gut microbiota members correlate with reduced fecal UDCA in CKD cats

Alpha diversity was significantly reduced in cats with CKD characterized by a reduced number of total observed ASVs in cats with CKD (median 240 ASVs, Mann–Whitney p = 0.0029) compared to healthy cats (median 312 ASVs) (Figure 2A). When IRIS stage was considered, both IRIS Stage 2 cats (median 267 ASVs, FDR adjusted p = 0.0105) and IRIS Stage 3 or 4 cats (median 229 ASVs, FDR adjusted p = 0.0001) had significantly fewer ASVs compared to healthy cats (Figure 2B). Moreover, IRIS Stage 3 or 4 cats had significantly fewer ASVs than cats with IRIS Stage 2 (FDR adjusted p = 0.0105) (Figure 2B). The beta diversity assessed by Bray-Curtis distances were not different between healthy cats and cats with CKD (PERMANOVA p = 0.2205) (Figure 2C). These findings are in agreement with the original analysis of this publicly available 16S rRNA gene amplicon sequencing data set, which utilized a different bioinformatics pipeline and taxonomy assignment database (Summers et al., 2019).
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FIGURE 2
 Fecal microbiota of cats with chronic kidney disease. (A) Alpha diversity in healthy cats and cats with CKD represented by violin plots of total observed ASVs and significance determined via Mann–Whitney; ** p < 0.01. (B) Alpha diversity in healthy cats, cats with IRIS CKD Stage 2, and cats with IRIS CKD Stage 3 or 4 cats represented by violin plots of total observed ASVs and significance determined via parametric one-way ANOVA with FDR adjustment; significant discoveries noted by *. (C) Beta diversity determined with Bray–Curtis dissimilarity distances depicted with non-metric multi-dimensional scaling (NMDS) plot with individual samples represented by points for healthy cats (purple) and cats with CKD (orange) and significance determined with PERMANOVA. (D) Volcano plot displaying differentially abundant ASVs determined with DESeq2 that are either reduced in abundance (red) or enriched in abundance (green) in cats with CKD compared to healthy cats. Points maintaining significance following FDR adjustment (p < 0.05) and having a log2FC of at least magnitude 2 are plotted and colored. All gray points do not meet these criteria. (E) Volcano plot displaying differentially abundant ASVs determined with DESeq2 that are either reduced in abundance (red) or enriched in abundance (green) in cats with IRIS CKD Stage 3 or 4 s compared to healthy. Points maintaining significance following FDR adjustment (p < 0.05) and having a log2FC of at least magnitude 2 are plotted and colored. All gray points do not meet these criteria.


Differentially abundant ASVs were determined by log2 fold change (log2FC) with DESeq2 when all cats with CKD were compared to healthy cats (Figure 2D). An ASV belonging to the enteropathogen genus Campylobacter (ASV 161) was significantly enriched in cats with CKD (log2FC = 21.8, FDR adj. p < 0.0001). Separately, a Peptoclostridium sp. (ASV 248) was significantly reduced in abundance in cats with CKD (log2FC = −25.8, FDR adj. p < 0.0001). This ASV was further investigated with NCBI Blast and found to have 99.58% sequence identity with the 16S rRNA gene DNA sequence of Peptacetobacter hiranonis (Table 1).



TABLE 1 ASVs identified in cats with at least 97% sequence identity with P. hiranonis of the sequenced V4 region of the 16S rRNA gene.
[image: Table1]

ASVs differentially abundant in only cats with IRIS Stage 3 or 4 CKD compared to healthy cats were also explored to capture microbial alterations that may exist with CKD progression (Figure 2E). Again, the same Campylobacter sp. (ASV 161) was enriched in cats with IRIS Stage 3 or 4 CKD (log2FC = 23.3, FDA adj. p < 0.0001). Similarly, the same Peptoclostridium sp. (ASV 248) was significantly reduced in abundance in cats with IRIS Stage 3 or 4 CKD (log2FC = −30.2, FDR adj. p < 0.0001). A microbe identified to the family level as Lachnospiraceae (ASV 286) was also significantly reduced in cats with IRIS Stage 3 or 4 CKD (log2FC = −22.8, FDR adj. p < 0.0001).

Lachnospiraceae (ASV 286) had a significant moderate positive correlation with fecal UDCA concentration (Spearman ρ = 0.4478, p = 0.0079) (Figure 3A). Lachnospiraceae (ASV 286) was detected in 3/6 healthy cats (median relative abundance = 0.0005%; range = 0–0.37%) and 7/28 CKD cats (median relative abundance = 0%; range = 0–0.20%) (Figure 3B). An uncultured Clostridia UCG-014 (ASV 151) not identified in the DESeq2 analysis had a stronger significant moderate positive correlation with fecal UDCA concentration (Spearman ρ = 0.5076, p = 0.0022) (Figure 3C). This Clostridia UCG-014 (ASV 151) was detected in all healthy cats at a significantly greater relative abundance (median relative abundance = 0.16%; range = 0.04–0.53%) than in cats with CKD where it was detected in 22/28 cats (median relative abundance = 0.004%; range = 0–0.51%; Mann–Whitney p = 0.0010) (Figure 3D). Campylobacter (ASV 161) had a significant moderate negative correlation with fecal UDCA concentration (Spearman ρ = −0.3806, p = 0.0264) (Figure 3E). Campylobacter (ASV 161) was not detected in any of the healthy cats but was detected in 13/28 of cats with CKD (median relative abundance = 0%; range = 0–0.62%; Mann–Whitney p = 0.0663) (Figure 3F).
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FIGURE 3
 ASVs that correlate with reduced fecal UDCA concentrations in cats with CKD and healthy cats. (A) Spearman correlation of the relative abundance of Lachnospiraceae (ASV 286) and fecal UDCA concentration. Points are colored by healthy cats (purple), cats with IRIS CKD Stage 2 (yellow) and cats with IRIS CKD Stage 3 or 4 (red). (B) Relative abundance of Lachnospiraceae (ASV 286) in healthy cats (purple) and cats with CKD (orange) with significance determined by Mann–Whitney. (C) Spearman correlation of the relative abundance of Clostridia UCG-014 (ASV 151) and fecal UDCA concentration. Points are colored by healthy cats (purple), cats with IRIS CKD Stage 2 (yellow) and cats with IRIS CKD Stage 3 or 4 (red). (D) Relative abundance of Clostridia UCG-014 (ASV 151) in healthy cats (purple) and cats with CKD (orange) with significance determined by Mann–Whitney; *** p < 0.001. (E) Spearman correlation of the relative abundance of Campylobacter (ASV 161) and fecal UDCA concentration. Points are colored by healthy cats (purple), cats with IRIS CKD Stage 2 (yellow) and cats with IRIS CKD Stage 3 or 4 (red). (F) Relative abundance of Campylobacter (ASV 161) in healthy cats (purple) and cats with CKD (orange) with significance determined by Mann–Whitney.




3.3 A subpopulation of CKD cats experience fecal bile acid dysmetabolism with <50% secondary bile acids

Within cats with CKD, 29% (8/28) had a fecal bile acid dysmetabolism characterized by the total bile acid composition of <50% SBAs detected (Figure 4A). By contrast, no healthy cats had a composition of fecal bile acids with <50% SBAs. To further investigate this difference, the subpopulation of CKD cats with fecal bile acid dysmetabolism (<50% SBAs) (n = 8) were compared to healthy and CKD cats with normal bile acid metabolism (>50% SBAs) (n = 26) (Figure 4B). Using Random Forest machine learning algorithm, fecal concentrations of the host derived PBAs CA and CDCA were best able to discriminate between cats with normal bile acid metabolism (defined as >50% SBAs) and those with a bile acid dysmetabolism (<50% SBAs) (Figure 4C). Based on principal component analysis, distinct clustering of the cats with normal bile acid metabolism (>50% SBAs) and those CKD cats with bile acid dysmetabolism (<50% SBAs) is demonstrated (Figure 4D). The relationship of reduced fecal concentration of UDCA in CKD cats was reexamined by comparing healthy cats to CKD cats with normal bile acid metabolism (>50% SBAs) and CKD cats with bile acid dysmetabolism (<50% SBAs). The fecal UDCA concentrations remained significantly reduced in the population of CKD cats with normal bile acid metabolism (>50% SBAs) (median 9.8 ng/mg; FDR adj. p = 0.0092) compared to healthy cats (median 39.4 ng/mg) (Figure 4E). However, the fecal concentration of UDCA in CKD cats with bile acid dysmetabolism (<50% SBAs) was not significantly different from healthy cats (median 31.05 ng/mg, FDR adj. p = 0.2303) (Figure 4E). In total, using unsupervised hierarchical clustering, the total composition of fecal bile acids clustered by SBA percentage as opposed to disease status (Figure 4F).
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FIGURE 4
 Distinct fecal bile acid pool composition in CKD cats with bile acid dysmetabolism characterized by <50% SBAs. (A) Stacked bar chart demonstrating the composition of PBAs (blue) and SBAs (green) in the feline fecal bile acid pool. A horizontal dotted line demarcates 50% composition. Each bar along the x-axis represents an individual cat, with individuals grouped by healthy or IRIS CKD Stage. (B) Sankey diagram demonstrating cats within normal bile acid metabolism (>50% SBAs) and bile acid dysmetabolism (<50% SBAs) groups. (C) Random Forest machine learning algorithm with dots corresponding to a fecal bile acid along the left-hand y-axis and the listed mean decrease in accuracy along the x-axis. Boxes along the right-hand y-axis demonstrate whether the fecal bile acid is high (red) or low (blue) in normal bile acid metabolism (>50% SBAs) and bile acid dysmetabolism (<50% SBAs) groups. (D) Principal component analysis of fecal bile acid concentrations in CKD cats with normal bile acid metabolism (>50% SBAs) (individual samples represented by green points) and CKD cats with bile acid dysmetabolism (<50% SBAs) (individual samples represented by blue points) and a 95% confidence interval clouds for the clustering of each group. Variance explained by each principal component is listed on the corresponding axis. (E) Fecal concentration of UDCA in healthy cats, CKD cats with normal bile acid metabolism (>50% SBAs), and CKD cats with bile acid dysmetabolism (<50% SBAs); significance determined via Kruskal-Wallis with FDR adjustment, significant discoveries noted by *. (F) Unsupervised hierarchical clustering of fecal bile acid composition. Individual samples are in columns and are colored along the bottom x-axis by both percentage of SBA and disease status. Each row represents a single bile acid listed along the right-hand y-axis. Shade of blue within a square corresponds to the concentration (ng/mg of feces) of each bile acid, with breakpoint concentrations by color shown at the left-hand side of the figure mat. Dendrogram at the top represents relative sample similarity determined by hclust in R Studio.




3.4 CKD cats with bile acid dysmetabolism (<50% SBAs) have a distinct gut microbial community structure

The microbial community structure of CKD cats with bile acid dysmetabolism (<50% SBAs) was compared to cats with normal bile acid metabolism (>50% SBAs) including healthy and a subset of CKD cats (Figure 5A). Alpha diversity assessed by total ASVs, Shannon Diversity Index, and Inverse Simpson Diversity Index were all significantly reduced in cats with CKD with bile acid dysmetabolism (<50% SBAs) when compared to both healthy cats (FDR adj. p = 0.006, 0.009, and 0.0096, respectively) and CKD cats with normal bile acid metabolism (>50% SBAs) (FDR adj. p = 0.0427, 0.0017, and 0.0438, respectively) (Figures 5B–D). Beta diversity assessed with Bray–Curtis dissimilarity distances was significantly different in CKD cats with bile acid dysmetabolism (<50% SBAs) when compared to both healthy cats and CKD cats with normal bile acid metabolism (>50% SBAs) (PERMANOVA p < 0.001) (Figure 5A). Differentially abundant ASVs were determined with DESeq2 when CKD cats with bile acid dysmetabolism (<50% SBAs) were compared to healthy and CKD cats with normal bile acid metabolism (>50% SBAs). Lachnospiraceae (ASV 305) was significantly reduced in CKD cats with bile acid dysmetabolism (<50% SBAs) (log2FC = −21.6, FDR adj. p < 0.0001). Sorted by FDR adjusted p-value, the next three ASVs also found to be significantly reduced were Roseburia sp. (ASV 66) (log2FC = −4.8, FDR adj. p = 0.0013), Oscillibacter sp. (ASV 152) (log2FC = −3.4, FDR adj. p = 0.0016), and Desulfovibrio sp. (ASV 56) (log2FC = −5.2, FDR adj. p = 0.0016) (Figure 5E). The top three ASVs enriched in CKD cats with bile acid dysmetabolism (<50% SBAs) were Blautia sp. (ASV 192) (log2FC = 26.4, FDR adj. p < 0.0001), Olsenella sp. (ASV 7) (log2FC = 6.9, FDR adj. p < 0.0001), and Peptoclostridium sp. (ASV 308) (log2FC = 24.3, FDR adj. p < 0.0001) (Figure 5E). The Peptoclostridium sp. (ASV 308) was also investigated for sequence similarity to P. hiranonis with NCBI Blast and found to have 99.58% sequence identity (Table 1).
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FIGURE 5
 Fecal microbial population from CKD cats with bile acid dysmetabolism (<50% SBAs) is distinct from healthy cats and CKD cats with normal bile acid metabolism (>50% SBAs). (A) Beta diversity determined with Bray–Curtis dissimilarity distances depicted with non-metric multi-dimensional scaling (NMDS) plot with individual samples represented by points for cats with normal bile acid metabolism (>50% SBAs; green) and bile acid dysmetabolism (<50% SBAs; blue) and significance determined with PERMANOVA. (B) Alpha diversity in healthy cats, CKD cats with normal bile acid metabolism (>50% SBAs), and CKD cats with bile acid dysmetabolism (<50% SBAs) represented by violin plots of total observed ASVs and significance determined via parametric one-way ANOVA with FDR adjustment; significant discoveries noted by *. (C) Alpha diversity in healthy cats, CKD cats with normal bile acid metabolism (>50% SBAs), and CKD cats with bile acid dysmetabolism (<50% SBAs) represented by violin plots of Shannon Diversity Index and significance determined via parametric one-way ANOVA with FDR adjustment; significant discoveries noted by *. (D) Alpha diversity in healthy cats, CKD cats with normal bile acid metabolism (>50% SBAs), and CKD cats with bile acid dysmetabolism (<50% SBAs) represented by violin plots of Inverse Simpson Diversity Index and significance determined via parametric one-way ANOVA with FDR adjustment; significant discoveries noted by *. (E) Volcano plot displaying differentially abundant ASVs determined with DESeq2 that are either reduced in abundance (red) or enriched in abundance (green) in CKD cats with bile acid dysmetabolism (<50% SBAs) compared to healthy cats and CKD cats with normal bile acid metabolism (>50% SBAs). Points maintaining significance following FDR adjustment (p < 0.05) and having a log2FC of at least magnitude 2 are plotted and colored. All gray points do not meet these criteria.


Given that P. hiranonis produces SBAs via the bai operon, it was unexpected for an ASV with sequence similarity to this organism to have increased relative abundance in cats with reduced SBAs; thus, all ASVs with a family level taxonomic assignment of Peptostreptococcaceae (n = 65 ASVs) were screened with NCBI Blast for sequence similarity to P. hiranonis (Table 1). A total of 26 ASVs with at least 97% sequence identity to the P. hiranonis complete genome isolate in NCBI were identified. Multiple sequence alignment using ASV 1 (identified as with P. hiranonis) as the consensus sequence was performed to visualize locations of nucleotide variation with sequences from the V4 region of the 16S rRNA gene amongst the 26 ASVs consistent with P. hiranonis (Figure 6A). Additionally, the proportion of which ASVs made up the composition of total ASVs with at least 97% sequence identity to P. hiranonis within a single fecal sample were also visualized, with ASV 1 contributing at minimum 73% of all P. hiranonis relative abundance to all fecal samples (Figure 6B).
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FIGURE 6
 26 ASVs with at least 97% nucleotide identity to P. hiranonis are identified in the fecal microbiota of cats. (A) Multiple sequence alignment of the 26 ASVs with at least 97% sequence identity to P. hiranonis. ASV 1 was used as the consensus sequence. Red bars indicate the location in the 240 base pair sequence of amplicons that nucleotide variation from the consensus sequence occurs within the V4 region of the 16S rRNA gene. (B) Stacked bar plot representing the relative composition of all 26 ASVs identified with at least 97% sequence identity to P. hiranonis in individual cat fecal samples.




3.5 Reduced relative abundance of Peptacetobacter hiranonis, Roseburia, and Oscillospirales ASVs in CKD cats with bile acid dysmetabolism (<50% SBAs) correlate with fecal bile acid composition

All ASVs identified as differentially abundant in CKD cats with bile acid dysmetabolism (<50% SBAs) were assessed for significant correlations with the fecal bile acid composition (Figure 7). Of those, Roseburia (ASV 66) was significantly positively correlated with the SBA LCA (Spearman ρ = 0.6442, FDR adj. p = 0.0150). Roseburia sp. (ASV 66) amplicon sequence had 98.75% sequence identity to Roseburia intestinalis when compared to the reference 16S rRNA gene sequence with NCBI Blast. Additionally, Oscillibacter sp. (ASV 152) was significantly negatively correlated with the PBAs CA (Spearman ρ = −0.7551, FDR adj. p = 0.0003) and GCA (Spearman ρ = −0.6443, FDR adj. p = 0.0150) and the SBA TUDCA (Spearman ρ = −0.6229, FDR adj. p = 0.0238).
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FIGURE 7
 Spearman correlation matrix of fecal bile acid concentrations for individual bile acids and differentially abundant ASVs identified in CKD cats with bile acid dysmetabolism (<50% SBAs) using DESeq2. Spearman ρ for each pair of fecal bile acid concentration and each ASV relative abundance denoted by color of the square at the corresponding intersection. Squares denoting positive correlations are purple, with darker shades indicating stronger positive correlations. Squares denoting negative correlations are orange, with darker shades indicating stronger negative correlations. * denotes FDR adjusted p < 0.05.


Given that Oscillibacter taxonomically is within the order Oscillospirales and family Oscillospiraceae, which have metagenomically been described to contain the bai operon and possibly contribute to SBA production (Vital et al., 2019; Kim et al., 2022), the dataset was further screened for taxonomically similar organisms with similar correlation pattern to the fecal bile acid composition as Oscillibacter. This screening produced two additional ASVs within the order Oscillospirales (Table 2), one uncultured UBA1819 genus within the Ruminococcaceae family (ASV 157) and one Colidextribacter sp. (ASV 186).



TABLE 2 ASVs from the order Oscillospirales with significant correlations to fecal bile acid composition in cats.
[image: Table2]

These two ASVs, along with the previously identified Oscillibacter sp. (ASV 152) and Roseburia sp. (ASV 66), as well as the total relative abundance of the 26 ASVs with at least 97% sequence identity to P. hiranonis were all assessed for correlation with the fecal bile acid composition (Figure 8A). The total relative abundance of the 26 P. hiranonis ASVs had significant positive correlation with the SBAs DCA (Spearman ρ = 0.5218, FDR adj. p = 0.0407) and LCA (Spearman ρ = 0.5615, FDR adj. p = 0.0156). The relative abundance of P. hiranonis ASVs was significantly reduced in CKD cats with bile acid dysmetabolism (<50% SBAs) (median relative abundance = 2.1%; range = 0.21–5.67%) compared to CKD cats with normal bile acid metabolism (>50% SBAs) (median relative abundance = 13.9%; range = 2.92–42.02%; FDR adj. p = 0.0002) and healthy cats (median relative abundance = 9.7%; range = 3.27–31.38%; FDR adj. p = 0.0112) (Figure 8B).
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FIGURE 8
 Fecal bile acid composition correlates with differentially abundant P. hiranonis, Roseburia sp., and Oscillospirales ASVs. (A) Spearman correlation matrix of fecal bile acid concentrations for individual bile acids with the relative abundance of 26 combined P. hiranonis ASVs, Roseburia sp. (ASV 66), Oscillibacter sp. (ASV 152), Ruminococcaceae UBA1819 (ASV 157), and Colidextribacter sp. (ASV 186). Spearman ρ for each pair of fecal bile acid concentration and ASV relative abundance denoted by color of the square at the corresponding intersection. Squares denoting positive correlations are purple, with darker shades indicating stronger positive correlations. Squares denoting negative correlations are orange, with darker shades indicating stronger negative correlations. * denotes FDR adjusted p < 0.05. Relative abundance in healthy cats, CKD cats with normal bile acid metabolism (>50% SBAs), and CKD cats with bile acid dysmetabolism (<50% SBAs) for (B) All 26 P. hiranonis ASVs, (C) Roseburia sp. (ASV 66), (D) Oscillibacter sp. (ASV 152), (E) Ruminococcaceae UBA1819 (ASV 157), and (F) Colidextribacter sp. (ASV 186). Significance determined via Kruskal-Wallis with FDR adjustment; significant discoveries noted by *.


Roseburia sp. (ASV 66) relative abundance had a significant negative correlation with the PBA CA (Spearman ρ = −0.5841, FDR adj. p = 0.0105) and significant positive correlation with the SBA LCA (Spearman ρ = 0.6442, FDR adj. p = 0.0023) (Figure 8A). The relative abundance of Roseburia sp. (ASV 66) in CKD cats with bile acid dysmetabolism (<50% SBAs) (median relative abundance = 0.011%; range = 0.0031–0.036%) was not statistically significantly reduced compared to CKD cats with normal bile acid metabolism (>50% SBA) (median relative abundance = 0.22%; range = 0–2.66%; FDR adj. p = 0.0674) or healthy cats (median relative abundance = 0.20%; range = 0.019–1.72%; FDR adj. p = 0.0600) (Figure 8C).

Oscillibacter sp. (ASV 152) relative abundance had a significant negative correlation with the PBAs CA (Spearman ρ = −0.7551, FDR adj. p < 0.0001), CDCA (Spearman ρ = −0.5719, FDR adj. p = 0.0126), and GCA (Spearman ρ = −0.6443, FDR adj. p = 0.0023) as well as the SBA TUDCA (Spearman ρ = −0.6229, FDR adj. p = 0.0038) (Figure 8A). The relative abundance of Oscillibacter sp. (ASV 152) was significantly reduced in CKD cats with bile acid dysmetabolism (<50% SBAs) (median relative abundance = 0.0057%; range = 0–0.024%) compared to CKD cats with normal bile acid metabolism (>50% SBAs) (median relative abundance = 0.059%; range = 0.0052–0.34%; FDR adj. p = 0.0008) and healthy cats (median relative abundance = 0.096%; range = 0.034–0.18%; FDR adj. p = 0.0009) (Figure 8D).

Ruminococcaceae UBA1819 sp. (ASV 157) relative abundance had a significant negative correlation with the PBAs CA (Spearman ρ = −0.8176, FDR adj. p < 0.0001), CDCA (Spearman ρ = −0.6475, FDR adj. p = 0.0023), and GCA (Spearman ρ = −0.5143, FDR adj. p = 0.0428) as well as the SBA TUDCA (Spearman ρ = −0.6071, FDR adj. p = 0.0058) (Figure 8A). The relative abundance of Ruminococcaceae UBA1819 sp. (ASV 157) was significantly reduced in CKD cats with bile acid dysmetabolism (<50% SBAs) (median relative abundance = 0.0016%; range = 0–0.20%) compared to CKD cats with normal bile acid metabolism (>50% SBAs) (median relative abundance = 0.024%; range = 0–1.26%; FDR adj. p = 0.0011) and healthy cats (median relative abundance = 0.069%; range = 0.0083–0.14%; FDR adj. p = 0.0011) (Figure 8E).

Colidextribacter sp. (ASV 186) relative abundance had a significant negative correlation with the PBAs CA (Spearman ρ = −0.7560, FDR adj. p < 0.0001), CDCA (Spearman ρ = −0.5188, FDR adj. p = 0.0409), and GCA (Spearman ρ = −0.5809, FDR adj. p = 0.0105) as well as a significant positive correlation with the SBA LCA (Spearman ρ = 0.6417, FDR adj. p = 0.0023) (Figure 8A). The relative abundance of Colidextribacter sp. (ASV 186) was significantly reduced in CKD cats with bile acid dysmetabolism (<50% SBAs) (median relative abundance = 0.0026%; range = 0–0.038%; range = 0–0.26%) compared to CKD cats with normal bile acid metabolism (>50% SBAs) (median relative abundance = 0.0052%, FDR adj. p = 0.0022) and healthy cats (median relative abundance = 0.075%; range = 0.0094–0.33%; FDR adj. p = 0.0014) (Figure 8F).




4 Discussion

Here, it is reported that cats with CKD have an altered fecal bile acid profile compared to apparently clinically healthy cats. The altered fecal bile acid profile is characterized by a reduced concentration of the microbial-derived SBA UDCA. Even when a subpopulation of CKD cats with bile acid dysmetabolism (<50% SBAs) was separated, the presence of reduced fecal UDCA concentrations in CKD cats with normal bile acid metabolism (>50% SBAs) compared to healthy cats remained. The reduction in UDCA is associated with differentially abundant microbes, notably reduced relative abundance of a Lachnospiraceae sp. (ASV 286) and an uncultured Clostridia sp. (ASV 151). Other members within these taxonomic classifications are known to perform both the deconjugation function via BSH (Foley et al., 2019; Lucas et al., 2021) as well as utilize HSDH enzymes to generate SBAs from PBAs (Lucas et al., 2021; Sutherland and Williams, 1985; Coleman et al., 1994; Lou et al., 2016). Both of those biotransformations are crucial for the microbial production of the SBA UDCA. While not possible with the 16S rRNA gene amplicon sequencing performed in this study, future analysis employing metagenomics could profile genetic capacities to provide mechanistic insight into functional potential of the feline gut microbiome in CKD cats and potentially causative support for the correlative findings described herein. Additionally, it is also described here that the enteropathogen Campylobacter is detected within feces of cats with CKD and its increasing relative abundance negatively correlates with fecal UDCA concentration. The clinical significance of these findings are unknown and require further investigation, though it is noted that Campylobacter is also described as enriched in abundance from a metagenomic characterization of the gut microbiota of obese cats (Ma et al., 2022).

Reduced fecal concentrations of UDCA in cats with CKD is notable given the signaling activity profile of UDCA to host cells. UDCA can be directly sensed by the host as agonist for the cell surface expressed bile acid activated receptor TGR5 as well as an antagonist of the nuclear receptor FXR (Ticho et al., 2019). While expression is yet to be described in cats, both TGR5 and FXR are known to be expressed in the kidneys of humans and rodents (Herman-Edelstein et al., 2018). UDCA can act to modulate and mitigate inflammation in both acute and chronic settings through multiple mechanisms (Poupon, 2012). This had led to exploring its adjunctive use as an anti-inflammatory to treat human patients with SARS-CoV-2 infection (Brevini et al., 2023) and colitis (Ward et al., 2017) in addition to its original purpose as a therapy for primary biliary cirrhosis (Goulis et al., 1999). The anti-fibrotic properties of UDCA have recently been linked to inhibition of cellular autophagy in vitro in a liver fibrosis model (Ye et al., 2020). Given the chronic inflammatory and fibrosing pathophysiology of CKD, it is important to determine if reduced microbial production of UDCA can exacerbate CKD. It has been reported that other TGR5 agonists both inhibit development of kidney disease in murine models of obesity and diabetes (Wang et al., 2016), and more recently that a TGR5 agonist produced by the gut microbe Bacteroides fragilis can ameliorate renal fibrosis in both unilateral ureteral obstruction and adenine-induced CKD murine models (Zhou et al., 2022). In a mouse model of cisplatin induced acute kidney injury, UDCA protects the murine kidney from developing kidney injury by limiting oxidative damage and preserving mitochondrial function (Yang et al., 2020). UDCA is similarly protective in a gentamicin-induced rodent nephrotoxicity model by modulating NF-κB mediated inflammation (Abd-Elhamid et al., 2018). UDCA is commercially available as Ursodiol and is a widely utilized therapeutic in both human and veterinary medicine (Poupon et al., 1991; Otte et al., 2013), making UDCA a potentially beneficial adjunctive therapy for CKD treatment from a cytoprotective, anti-fibrotic, and anti-inflammatory perspective. The data presented here suggest that cats with CKD may represent a spontaneous translational disease model where the therapeutic potential of modulation of bile acid metabolism can be further explored. Importantly, to determine whether a reduced fecal concentration of UDCA in cats with CKD is biologically relevant in CKD pathophysiology, additional information characterizing circulating serum concentrations of UDCA, uptake of UDCA by the host kidney, and UDCA’s ability to interact with bile acid activated receptors in the kidney is required.

It is also reported here that a subpopulation of cats with CKD experience a fecal bile acid dysmetabolism characterized by fecal bile acid profile with <50% SBAs. In people (Ridlon et al., 2006) and in dogs (Rowe and Winston, 2024), the fecal bile acid pool is typically composed of >80–90% microbial-derived SBAs in states of health. Fecal bile acid profiles have been minimally characterized in cats (Rowe and Winston, 2024), with three studies performed in the context of dietary impact on fecal bile acid profiles (Anantharaman-Barr et al., 1994; Jackson et al., 2020; Ephraim and Jewell, 2021), three studies in the context of antimicrobial impact (Whittemore et al., 2018; Whittemore et al., 2019; Stavroulaki et al., 2022), and a single study investigating CKD and dietary impact (Hall et al., 2020). From these studies, the primary association leading to a bile acid dysmetabolism and decreased microbial-derived SBAs is the administration of antimicrobials, which causes reduced microbiota diversity and can persist for at least 6 weeks based on one study of cats administered clindamycin (Whittemore et al., 2019). In the present study, cats were excluded if they received antimicrobials within 6 weeks of enrollment. However, it is possible that antimicrobial administration prior to 6 weeks before enrollment could create a persistent dysbiosis longer than 6 weeks. Current longitudinal data of healthy research cats demonstrates persistent changes in microbial diversity following clindamycin can persist for 630 days, even though the SBA DCA normalizes by that same time (Whittemore et al., 2018). Diet is also a major driver of gut microbiota composition (Pilla and Suchodolski, 2021), so it is possible that lack of dietary controls in the present study is contributing to the heterogeneity of fecal bile acid profiles seen in both apparently clinically healthy cats and cats with CKD. Moreover, it is recently reported that cats with underlying gastrointestinal disease can have fecal bile acid dysmetabolism characterized by <50% SBAs (Sung et al., 2023). So, while effort was made to exclude cats in the present study with primary gastrointestinal disease, it is possible that unidentified primary gastrointestinal disease could also have been a contributing factor, especially with the known difficulty of clinical signs alone to exclude the presence of underlying gastrointestinal pathology in cats (Marsilio et al., 2019). Ultimately, it is not possible from the data presented here to determine a singular driver leading to the subpopulation of CKD cats with bile acid dysmetabolism (<50% SBAs) but this could indicate distinct populations of CKD cats.

Still, it is important to explore the gut microbial community structure alterations corresponding with the subpopulation of CKD cats with bile acid dysmetabolism (<50% SBAs) as they may represent a clinically important and relevant disease state. The largest driver for conversion of host PBAs into microbial-derived SBAs is the 7α-dehydroxylation (Funabashi et al., 2020). This process conferred through the bai operon is known to be present in only a select few culturable microbes: Clostridium scindens (Kitahara et al., 2000), Clostridium hylemonae (Ridlon et al., 2010), Peptacetobacter hiranonis (formerly Clostrdium hiranonis) (Kitahara et al., 2001), and Extibacter muris (in mice) (Streidl et al., 2021). Recently, Roseburia intestinalis has been suggested to contain only a portion of the bai operon and provide a minor contribution of 7α-dehydroxylation activity when cultured in vitro with CA (Lucas et al., 2021). From the present study, a single Roseburia sp. (ASV 66) with 98.75% sequence identity to Roseburia intestinalis to the V4 region of 16S rRNA gene negatively correlated with CA and positively correlated with the SBA LCA. Of known full bai operon-containing organisms, only P. hiranonis has been identified in cats, and is currently used in a validated assay to assess dysbiosis in cats with chronic enteropathy (Sung et al., 2022). Here, 26 ASVs were identified as having 97% nucleotide identity or greater with the V4 region of 16S rRNA gene of P. hiranonis when assessed against the full genome in the NCBI database. Of those ASVs, some were identified in relative abundances as high as 30%, while others were found in relative abundances of less than 1% (Figure 6B). When all 26 P. hiranonis ASVs are combined and assessed for correlation with fecal bile acid composition, the total P. hiranonis ASVs were significantly positively correlated with the concentrations of SBAs DCA and LCA. There was also significantly reduced relative abundance of these P. hiranonis ASVs in CKD cats with bile acid dysmetabolism (<50% SBAs). Taken together, it appears that P. hiranonis is likely an important producer of SBAs in cats, and this function can be lost in states of dysbiosis leading to fecal bile acid dysmetabolism.

Here it is also identified that three ASVs belonging to the order Oscillospirales also either significantly negatively correlated with PBA concentration or are significantly positively correlated with SBA concentration. This correlation pattern is similar to the pattern demonstrated by the known 7α-dehydroxylation performing P. hiranonis. The relative abundances of all three Oscillospirales ASVs were significantly reduced in CKD cats with a fecal bile acid dysmetabolism characterized by a PBA predominant fecal bile acid profile. Recently, human gut metagenome assembled genome (MAG) data, describes unculturable members of Oscillospirales that harbor the bai operon and contribute to 7α-dehydroxylation (Vital et al., 2019; Kim et al., 2022). These microbes also contain the genetic potential to generate secondary allo-bile acids via a direct pathway without the involvement of other microbial transformations (Lee et al., 2022; Ridlon et al., 2023). These recent findings highlight members of the family Oscillospirales as novel microbes to perform bile acid biotransformation within the human gut microbiota. Further, in human inflammatory bowel disease patients two ASVs identified via 16S rRNA gene amplicon sequencing as uncultured Oscillospiraceae positively correlated in relative abundance with fecal concentrations of the SBAs DCA and LCA (Lavelle et al., 2022). The presence and/or function of Oscillospirales as possible novel bile acid converting organisms in other species besides humans is currently not described in the literature. The data presented here are not causative but suggest similar or the same microbes identified by metagenomics of human gut microbes are also present within the gut microbiota of cats and thus may contribute to PBA conversion into SBAs in some capacity. Further investigation of bile acid dysmetabolism in cats via paired metagenomic sequencing and targeted metabolomics will allow for interrogation of the correlative data presented here that suggest a relationship may exist between Oscillospirales and microbial bile acid metabolism in cats.

Notably, when fecal UDCA concentrations are considered in CKD cats with <50% SBAs, a heterogeneity of concentrations is observed. UDCA production is mechanistically not tied to 7α-dehydroxylation directly, but rather can be achieved through a variety of reactions including hydroxysteroid dehydrogenase (HSDH) enzymes that act at the 7th carbon position. This enzymatic activity is provided by many members of the gut microbiota (Rowe and Winston, 2024). It is possible that a heterogenous spread of fecal UDCA concentrations are present in CKD cats with <50% SBAs given the greater availability of PBAs to undergo modification via non 7α-dehydroxylation methods, including through HSDH enzymes. Further exploration of this phenomenon may be better explained by incorporation of metagenomic sequencing to identify gut microbiota members with bile acid biotransformation genes and thorough evaluation of the fecal bile acid pool beyond the 15 BAs assessed in the present study. Leveraging a multi-omics approach may reveal other SBAs that have proportionally different representation when there is diminished 7α-dehydroxylation capability by the gut microbiota.

The overall sample size represents a limitation that can be commonly encountered in clinical veterinary studies. Still, the sample size presented here represents an expansion on the previous investigation of fecal bile acid concentrations in CKD cats (Hall et al., 2020) and is one of only a few investigations to employ multi-omics by pairing assessment of the gut microbiome and targeted fecal bile acid composition in cats (Rowe and Winston, 2024). As previously discussed, the lack of strict dietary controls is also limiting along with the propensity of cats to develop histopathologic evidence of significant gastrointestinal disease in the absence of clinical signs (Marsilio et al., 2019). However, it is important to note that these limitations also represent a realistic feline population that would be encountered in clinical practice. Additionally, the availability of only forward reads from SRA is an inherent limitation of the post-hoc analysis presented here compared to the increased certainty of sequenced nucleotides from paired-end sequencing. However, as previously mentioned microbiome results from the previous publication (Summers et al., 2019) were replicated with the updated amplicon sequencing pipelined used herein.

Overall, the finding of reduced fecal concentrations of the SBA UDCA in cats with CKD is significant given the known ability of UDCA to modulate inflammation and fibrosis, including in rodent models of kidney injury (Yang et al., 2020; Abd-Elhamid et al., 2018; Brevini et al., 2023). Translational investigation of this finding warrants further exploration of fecal bile acids in people with CKD. Given these results, we postulate that commercially available and FDA-approved in people Ursodiol (ursodeoxycholic acid) could be considered for study as a component of multimodal treatment in human and veterinary patients with CKD. Separate from UDCA, fecal bile acid dysmetabolism characterized by <50% SBAs also occurs in a subpopulation of cats with CKD. The dysmetabolism is partially explained by reduced abundance of P. hiranonis, which to date is the only described member of the feline gut microbiota with the capability to perform 7α-dehydroxylation. Members of the order Oscillospirales displayed a similar pattern in correlation of abundance of SBAs within the bile acid pool. Metagenomic characterization of Oscillospirales have only recently suggested a role in bile acid metabolism, including the genetic potential to perform 7α-dehydroxylation in the human gut microbiota (Vital et al., 2019; Kim et al., 2022), making application of metagenomics an important next step to better characterize the phenomenon first described here in cats. If these microbial community members are shown to have the same genetic potential as described in the human gut microbes, it strengthens the use of cats with CKD as a potential translational spontaneously occurring disease model to explore the role of bile acid metabolism in the gut-kidney axis.
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ASVID  Range % Relative v4 region of 165 rRNA gene amplicon sequence 5 Silva taxonomy ~ NCBIBLAST  Nucleotide

Abundance (v138.1) Result(s) Identity (%)

1 020-31.33% TACGTAG Genus: Pepoclostridium | P hiranonis 100%
AGTAAC TGAAA
6 CTGAGGCACGAA,

7» 0-405% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGG TGCGTAGGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTCAA Genus: Peptoclostrdium | Uncultured 100%
CCGTAGTAAGCTCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAA AGCGGAATTCCCAGTGTAGCGGTGAATGCGTAGATATTGGGAGGAA P hiranonis 9958%
CATCAGTAGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

9 0-301% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTCAA Genus: Peptocostrdium | C. hiranonis 100%
CCGTAGTAAGCTCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGTGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATATTGGGAGGAACA P hiranonis 99.58%
CCAGTAGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

ns 0-159% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGTGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTCAACCGTAGTA | Genus: Peptoclostridium | P hiranonis 99.58%
AGCTCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATATTGGGAGGAACACCAGTAG
COAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

137 0-412% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGE GTAGGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTCAACCGTAG | Genus: Peptoclostridium | P hiranonis 9958%
TAAGCTCCTGATACTATCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATATTGGGAGGAACACCAG
TAGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

165 0-271% TACGTAGGGGGTTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGCGGTCT TTCAAGTCAGGAGTTAAAGGCTACGGCTCAACCGTAGTA | Genus: Peptoclostridium | P hiranonis 9958%
AGCTCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATATTGGGAGGAACACCA
GTAGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG:

176 0-170% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGT AGGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTCAACCGT Genus: Peptoclostridium | P hiranonis 99.58%
AGTAAG CI
CAGTAG

26 0-151% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTA GGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTCAACCGTA Genus: Peptoclostrdium | Uncultured 100%
GTAAGCTCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGT GTAGTGGTGAANTGCGTAGATATTGGGAGGAACACCAGTAGC P hiranonis 99.58%
GAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

236 0-134% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTA GGCAGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTCAAC Genus: Peptocostrdium | P hiranonis 9958%
CGTAGTAAGC TCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGT GTAGCGGTGAAATGCGTAGATATTGGGAGGAACACCA
GTAGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

218 0-067% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGT AGGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTCAAC Genus: Pepoclostrdium | P hiranonis 99.58%
CGTAGTAAG CTCCTGATACTGTCTGACTTGAGTGTAGGAGAGGAAAGCGGAATTCCCAG TGTAGCGGTGAATGCGTAGATATTGGGAGGAACACC
AGTAGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

256 0-115% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTA GGTGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTCA Genus: Peptoclostridium | Uneultured 9958%
ACCGTAGTAAGC TCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGT GTAGTGGTGAATGCGTAGATATTGGGAGG P hiranonis 99.17%
AACACCAGTAGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

25 0-106% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTA GGCGGTCTCTCAAGTCAGGAGTTAAAGGCTACGGCTCAACCGTAGT  Genus: Pepoclostridium | P hiranonis 9958%
AAGC TCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGT GTAGCGGTGAAATGCGTAGATATTGGGAGGAACACCAGTAGC
GAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

207 0-077% TACGTAGGGGGCTAGCGTTATC Genus: Peptocostridium | Uncultured 100%

P hiranonis 9958%

308 0-0.43% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTCAACTGTAGTAAG | Genus: Peptoclostrdium | Uncultured 100%
CTCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAATGCGTAGATAT TGGGAGGAACACCAGTAGCGAAGGCG P hiranonis 9958%
GCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

£ 0-062% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTCAACCGTAGTAA | Genus: Peptoclostridium | P iranonis 99.17%
GCTCCTGGTACTGTCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATAT TGGGAGGAACACCAGTAGCAAA
GGOGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

25 0-061% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTCAACCGT Genus: Pepoclostrdium | Uncultured 100%
AGTAAGCTCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAACGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATATTGGGAGGAACACC P hiranonis 99.58%
AGTAGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

2 0-056% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTCAACC Genus: Pepoclostridium | P hiranonis 99.58%
GTAGTAAGCTCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATATTGGGAGGAACAC
CAGTAGCGAAGGCGGCTTTCTGGACTGTGACTGACGCTGAGGCACGARAGCGTGG

7 0-0.49% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGCGGTCT TICAAGTCAGGAGTTAAAGGCTACGGCTCAACCGT Genus: Peptoclostridium | Uneultured 100%
AGTAAGCTCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATATTGGGAGGAACACT P hiranonis 9958%
AGTAGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

302 0-0.43% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTTAA Genus: Peptocostridium | Uncultured 100%
CCGTAGTAAGCTCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATATTGGGAGGA P hiranonis 9958%
ACACCAGTAGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

S 0-0.43% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTCA Genus: Peptocostridium | . hiranonis 9958%
ACCGTAGTAAGCTCCTGATACTGTCTGACTTGAGTTCAGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATAT
TGGGAGGAACACCAGTAGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

108 0-0.40% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTCAACC Genus: Peptocostrdium | Uncultured 100%
GTAGTAAGCTCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATATTGGGAGGAATACC P hiranonis 99.58%
AGTAGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

a2 0-004% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTCAA Genus: Pepoclostridium | P hiranonis 99.58%
CCGTAGTAAGCTCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATATTGGGAG
GAACACCAGTAGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGETGGG

161 0-029% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACA Genus: Pepoclostridium | P hiranonis 99.58%
GCTCAACCGTAGTAAGCTCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATATTGGGA
GGAACACCAGTAGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

195 0-025% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGCGGTCTTICAAGTCAAGAGTTAAAGGC: Genus: Pepoclostridium | P hiranonis 99.58%
CAACCGTAGTAAGCTCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATATTGGG
AGGAACACCAGTAGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

531 0-022% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTC Genus: Peptoclostridium | C. hiranonis 9958%
AACCGTAGTAAGCTCCTGATACTGTTTGACTTGAGTGCAGGAGAGGAAAGTGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATATTG P hiranonis 99.17%
GGAGGAACACCAGTAGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

558 0-006% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCT Family: Uncultured 97.92%
CAACCGTAGTAAGCTCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATATTAG Peplostreptococcaceae P iranonis 97.50%
GAGGAACATCAGTGGCGAAGGCGGCTTACTGGACTGAAACTGACACTGAGGCACGAAAGCGTGG

589 0-0.16% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGCGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTC Genus: Peptocostrdium | Uncultured 100%
AACCGTAGTAAGCTCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAAATGCGTAGATATTGGGAG P iranonis 99.58%
GAACACCAGTGGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCGTGG

707 0-0.08% TACGTAGGGGGCTAGCGTTATCCGGATTTACTGGGCGTAAAGGGTGCGTAGGTGGTCTTTCAAGTCAGGAGTTAAAGGCTACGGCTC Genus: Peptoclostrdium | C. hiranonis 9958%
AACCGTAGTAAGCTCCTGATACTGTCTGACTTGAGTGCAGGAGAGGAAAGTGGAATTCCCAGTGTAGCGGTGAAKTGCGTAGATATTGGG P hiranonis 99.17%

AGGAACACCAGTAGCGAAGGCGGCTTTCTGGACTGTAACTGACGCTGAGGCACGAAAGCG:

56
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