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Multi-omics analysis reveals the
efficacy of two probiotic strains in
managing feline chronic kidney
disease through gut microbiome
and host metabolome
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Ming-Ju Chen'4*

!Department of Animal Science and Technology, National Taiwan University, Taipei, Taiwan, 2Institute
of Veterinary Clinical Science, School of Veterinary Medicine, National Taiwan University, Taipei,
Taiwan, *Department of Internal Medicine, National Taiwan University Veterinary Hospital, Taipei,
Taiwan, “Center for Biotechnology, National Taiwan University, Taipei, Taiwan

Gut dysbiosis has been implicated in the progression of chronic kidney disease
(CKD), yet the functional alterations of the microbiome and their links to host
metabolism in feline CKD pathophysiology remain unclear. Our previous findings
suggested that Lactobacillus mix (Lm) may mitigate CKD progression by modulating
gut microbiota composition and restoring microbial balance. In this pilot study,
we aimed to evaluate the potential effects of an 8-week Lm intervention in cats
with stage 2—-3 CKD and to investigate the underlying host-microbiota interactions
through integrated multi-omics analysis. We performed full-length 16S rRNA amplicon
sequencing and untargeted metabolomics to characterize the intricate interactions
between the gut microbiome and host metabolome, and further investigate the
modulation of microbial function and its related gut-derived metabolites before
and after the intervention. During this period, creatinine and blood urea nitrogen
levels were stabilized or reduced in most cats, and gut-derived uremic toxins
(GDUTs) showed modest numerical reductions without statistically significant
changes. Lm intervention was also associated with increased gut microbial diversity,
alterations in specific bacterial taxa, and upregulation of microbial functions involved
in GDUTs and short-chain fatty acid (SCFAs) biosynthesis pathways. To further
explore individual variations in response, we conducted a post hoc exploratory
subgroup analysis based on changes in microbial-derived metabolites. Cats
classified as high responders, defined as those with reductions in three GDUTs
and increases in SCFAs, exhibited distinct microbiome compositions, microbial
functional profiles, and metabolite shifts compared to moderate responders. Among
high responders, modulation of microbial pathways involved in GDUTs (tyrosine,
tryptophan, and phenylalanine metabolism) and SCFAs (pyruvate, propanoate, and
butanoate metabolism) biosynthesis was particularly evident. Notably, the relative
abundance of Lm strains was higher in high responders, suggesting a potential
association between colonization efficiency and microbial metabolic outcomes.
This study demonstrates an Lm-mediated interconnection between the modulation
of microbial composition, metabolic functions, and systemic metabolite profiles.
Overall, our findings suggest that Lm intervention may influence the gut-kidney
axis in cats with CKD. These preliminary, hypothesis-generating results highlight
the value of multi-omics approaches for understanding host-microbe interactions
and support further investigation into personalized probiotic strategies as potential
adjuvant therapies in feline CKD.
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1 Introduction

Chronic kidney disease (CKD) is one of the most common
diseases in humans, as well as in elderly cats. It is characterized by a
decline in kidney function and the accumulation of harmful uremic
retention toxins in the circulation (1, 2). Indoxyl sulfate (IS) and
p-cresyl sulfate (PCS), which are primarily classified as protein-bound
uremic toxins, are gut microbial-derived metabolites that exist in both
free and bound forms in circulation (3, 4). Both toxins have
detrimental effects on renal, vascular, and cardiac tissues (5). Thus,
increased circulating levels of IS and PCS are negatively correlated
with kidney function in both humans, dogs and cats, and are strongly
associated with a decline in the estimated glomerular filtration rate
(4, 6-8).

The gut microbiota is vital for maintaining host health and affects
several pathological conditions associated with gut dysbiosis (9, 10).
Therefore, disturbance in normal gut microbiota can accelerate CKD
progression (11, 12). CKD drives the transition from a more even and
diverse microbial community to a more dominant and identical
composition in the intestinal environment by reducing the number of
saccharolytic bacterial species and increasing proteolytic ones (13, 14).
This leads to the generation of uremic metabolites and aggravates
kidney failure (15-18). Without the effective amelioration of gut
dysbiosis, kidney function may persistently deteriorate and accelerate
disease progression.

Microbiota-based therapeutic approaches increase the number of
symbiotic and beneficial bacteria to harmonize the microbial
composition and restore gut homeostasis (19). Probiotics are widely
recognized for modulating gut microbiota and positively impacting
the pathophysiology of various diseases through the gut-organ axis
(20, 21). They are considered practical adjuvant therapies for reducing
uremic toxins and further slowing the underlying CKD progression.
In our previous study, we explored two strains, Lactiplantibacillus
plantarum subsp. plantarum MFM 30-3 and Lacticaseibacillus
paracasei subsp. paracasei MFM 18, isolated from Mongolian
fermented milk and noted for their ability to clear precursors of
uremic toxins, collectively named Lactobacillus mix (Lm). Our
findings revealed that Lm alleviated adenine-induced CKD by
improving gut dysbiosis and restoring the abundance of commensal
bacteria in the gut, especially short-chain fatty acids (SCFAs)
producers. This led to the reduction of uremic toxins and the
prevention of intestinal barrier disruption via the modulation of
microbial composition and metabolite production (22).

Numerous multi-omics studies in humans and rodent models
have provided conclusive evidence that gut dysbiosis contributes to
the progression of chronic kidney disease (CKD) by altering
gut-derived metabolites and aggravating kidney dysfunction (13, 14,
23, 24). Recent studies in cats with CKD have demonstrated similar
patterns, including reduced fecal bacterial diversity and richness,
along with elevated levels of gut-derived uremic toxins (GDUTs) such
as IS (7). Despite these findings, comprehensive multi-omics
investigations into the roles of the gut microbiome and metabolome
in feline CKD remain limited. Therefore, we hypothesized that
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multi-omic analyses could offer new insights into the potential of Lm
supplementation by elucidating host-microbe interactions and their
relevance to CKD pathophysiology in cats. In this study, we conducted
an open-label, single-arm pilot study to investigate the effect potential
of an 8-week Lm intervention in cats with stage 2-3 CKD. To gain
insights into the mechanisms underlying host-microbe interactions,
we performed multi-omics analyses of the gut microbiome and serum
metabolome before and after the intervention.

While assessing overall changes in microbial composition and
associated metabolites, we also observed notable inter-individual
variability in biological responses. To further investigate this variation,
we performed a post hoc exploratory subgroup analysis based on
changes in microbial derived metabolites, specifically gut-derived
uremic toxins (GDUTSs) and short-chain fatty acids (SCFAs). This
approach was intended to generate hypotheses about potential
associations between microbial metabolite shifts, microbial function,
colonization patterns, and host responses. By stratifying cats based on
metabolite response profiles, we aimed to examine whether distinct
microbiome and metabolome signatures could help explain
differential outcomes and uncover potential precision mechanisms
that govern probiotic efficacy. This perspective offers novel insights
into the microbiome- and host metabolome-associated mechanisms
that may influence the variability in probiotic efficacy for managing
feline CKD.

2 Materials and methods

2.1 Study design

This single-arm pilot study was conducted at National Taiwan
University Veterinary Hospital in Taiwan, from January to August
2021. The study was approved by the Institutional Animal Care and
Use Committee of National Taiwan University (IACUC; Approval No.
NTU-109-EL-00127) and Clinical Trial/Research Approval of
National Taiwan University Veterinary Hospital NTUVH; Approval
No. 000081). All owners signed an informed consent form before
allowing their cats to participate in the study.

2.2 Recruitment of participants

The inclusion criteria were based on the International Renal
Interest Society criteria (25). This study recruited cats with stage 2-3
CKD with 1.6-5.0 mg/dL serum creatinine (CRE) or 18-38 pg/dL
symmetric dimethylarginine (SDMA), both indicators of kidney
function. In addition, participating cats showed one of the following
conditions: a history of clinical signs (e.g., polyuria and polydipsia),
abnormal urinalysis (urine specific gravity <1.035 or persistent
proteinuria based on urine protein-to-creatinine ratio (UPC) >0.4 on
three occasions 2 weeks apart) for at least 3 months. There were no
limitations on age, sex, weight, breed, and sterilization. Cats with CKD
were excluded from the study if they had acute kidney disease or acute
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worsening azotemia (>0.3 mg/dL increase in creatinine (CRE)
concentration within 7 days), concurrent hyperthyroidism, lower
urinary tract disease, diabetes, or clinical signs of other nonrenal
diseases (hepatic, cardiac, neoplastic disease, gastrointestinal, or
infection) in their medical records. In addition, cats with CKD were
excluded if they had received antibiotics or probiotic-containing
products within 4 weeks prior to the start of the study.

2.3 Lactobacillus mix intervention

To evaluate the clinical application of Lactobacillus mix (Lm),
consisting of Lactiplantibacillus plantarum subsp. plantarum MFM
30-3 and Lacticaseibacillus paracasei subsp. paracasei MFM 18, cats
with CKD were fed one probiotic capsule by their owner daily for
8 weeks. Each probiotic capsule contained a total of 5 x 10° CFU of
Lm, consisting of equal proportions of each strain (2.5 x 10° CFU per
strain). The selected dosage was based on a previously effective dose
in a CKD mouse model (22) and was scaled for feline using established
interspecies dose conversion methods (26). The cats maintained
regular CKD therapy and their original dietary habits at the time of
enrollment and during the study period.

2.4 Sample collection

First-morning urine, fasting blood, and fecal samples were
collected from cats with CKD at 0 (baseline), 4, and 8 weeks following
Lm intervention for clinical and multi-omics analyses. Fasting was
defined as no food intake for at least 8 h, with compliance confirmed
by owner reports and veterinary staff at the time of sampling. Urine
samples were collected by owners at home using a clean plastic
barrier placed over the litter, transferred into sterile tubes, stored at
4°C, and transported to the laboratory within 2 h using a portable
cooler with ice packs. Blood samples were centrifuged at 1,000 x g for
10 min, and plasma was aliquoted and stored at —80°C for analyses
of creatinine (CRE), blood urea nitrogen (BUN), symmetric
dimethylarginine (SDMA), gut-derived uremic toxins (GDUTs),
electrolyte concentrations, and metabolomics. Anticoagulated blood
and urine were used for complete blood count and urinalysis,
respectively. Fecal samples were collected by owners immediately
after defecation using sterile tubes without preservative buffers,
stored at —18°C at home, and transported to the laboratory under
cooled conditions within 2 h. Upon arrival, samples were stored at
—80°C until further processing for short-chain fatty acids (SCFAs)
and gut microbiome analyses. Only the baseline (0-week) and 8-week
plasma and fecal samples were subjected to multi-omics analyses
(microbiome and metabolome profiling).

2.5 Gut-derived uremic toxins analysis

The concentrations of gut-derived uremic toxins (GDUTs) in
plasma, such as trimethylamine-N-oxide (TMAO), indoxyl sulfate
(IS), p-cresyl sulfate (PCS), and phenyl sulfate (PS), were measured as
follows: Fifty microliters of plasma were added to 50 pL of isotopically
labeled internal standards (1,000 ng/mL of PCS-d7, IS-d4, and PS-"*C,
and 100 ng/mL of TMAO-d9) and 400 pL acetonitrile (ACN). The
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plasma mixtures were subsequently sonicated for 10 min. The samples
were centrifuged at 16,100 x g for 15 min at 4°C, and 200 pL of the
obtained supernatants was vacuum-concentrated and dissolved in
200 pL of 20% ACN for liquid chromatography-tandem mass
spectrometry analysis. Gut-derived uremic toxins (GDUTs) and their
corresponding internal standards were analyzed using the AB Sciex
ExionLC AC high-performance liquid chromatography (HPLC)
system coupled with an AB Sciex 5500 TripleQuad mass spectrometer
(SCIEX, Framingham, MA, United States). Next, separation was
performed using an Acquity UPLC BEH C18 Column (2.1 x 150 mm,
1.7 pm; Waters Corporation, Milford, MA, United States). The mobile
phase comprised solvent A (0.1% formic acid in water) and solvent B
(10 mM ammonium acetate in ACN). The injection volume was 5 pL,
and the flow rate was 0.3 mL/min with a linear gradient elution over
6 min. The eluting gradient was as follows: 0.0-3.0 min (10-95%
solvent B), 3.0-4.0 min (95% solvent B), 4.0-4.1 min (95-10% solvent
B), and 4.1-6.0 min (0% solvent B). The positive electrospray
ionization mode was set at the following parameters: 55 psi for
nebulizer pressure, 55 psi for drying gas pressure, 5.5 kV for capillary
voltage, and 550°C for drying gas temperature. The negative
electrospray ionization mode was set at the same parameters but with
a—4.5 kV capillary voltage. The mass spectrometer was configured in
multiple reaction monitoring modes, and the monitored transition for
TMAOQO was m/z 76 — 58 and 76 — 59; TMAO-d9 was m/z 85 — 66;
IS was m/z 212 — 80 and 212 — 132; IS-d4 was m/z 216 — 80; PCS
was m/z 187 — 107 and 187 — 80; PCS-d7 was m/z 194 — 114; PS
was m/z 173 — 93 and 173 — 80; and PS-*C, was m/z 179 — 99. The
concentration of each uremic toxin in the samples was calculated
based on calibration curves using the peak area ratio of the uremic
toxin to its corresponding isotope internal standard.

2.6 Short-chain fatty acid measurement

The concentrations of fecal short-chain fatty acids (SCFAs),
including acetate, propionate, and butyrate, were measured as
previously described with slight modifications (27). Samples were
homogenized in 70% ethanol for 45 s (FastPrep-24™ 5G Instrument,
MP Biomedicals, Irvine, CA, United States) and centrifuged at
16,100 x g for 10 min at 4°C. The supernatants were then collected as
the analytical samples. After a series of procedures, the obtained fatty
acids were dissolved in 200 pL methanol. The concentration of SCFAs
were measured using HPLC with a Reprosil 100 C18 column
(250 x 4.6 mm, 5 pm particle size; Dr. Maisch GmbH, Ammerbuch-
Entringen, Germany). The mobile phase consisted of ACN, methanol,
and ultrapure water (30:16:54), and the pH was adjusted to 4.5 using
0.1% trifluoroacetic acid. The injection volume was 30 pL, the flow
rate was 1.1 mL/min, the column oven temperature was 50°C, and the
wavelength was 400 nm.

2.7 Microbiome analysis

Genomic DNA was extracted from fecal samples following a
previously described protocol (28) with minor modifications. Briefly,
fecal material was homogenized (FastPrep-24™ 5G Instrument) in
extraction buffer with bead beating, followed by phenol-chloroform
extraction and isopropanol precipitation. DNA was resuspended in
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TE buffer and stored at —20°C. The DNA concentration was measured
using the Qubit 4.0 fluorometer (Thermo Fisher Scientific, Waltham,
MA, United States) and adjusted to 1ng/pL for subsequent
experiments. The SMRTbell library was prepared by amplifying the
full-length 16S rRNA genes (V1-V9 regions) using barcoded 16S
rRNA  gene-specific primers (forward: 5-AGRGTTYGA
TYMTGGCTCAG-3'/reverse: 5-RGYTACCTTGTTACGACTT-3).
Genes were sequenced using the PacBio Sequel ITe instrument (Menlo
Park, CA, United States) in circular consensus sequence (CCS) mode
to generate HiFi reads with a predicted accuracy (Phred Scale) of 30.
Raw sequence data were de-multiplexed, and low-quality reads were
filtered using the following quality thresholds: maximum expected
errors (maxEE) = 2, minimum quality score (minQ) = 3, read length
between 1,240-1,540 bp, and no ambiguous bases (maxN = 0). The
CCS data were processed using DADA2 (dada2_1.20), which
performs dereplication, error model learning, ASV inference, and
chimera removal. DADA?2 resolves exact amplicon sequence variants
(ASVs) with single-nucleotide resolution from the full-length 16S
rRNA gene with a near-zero error rate by accurately identifying and
correcting nearly all sequencing errors, thereby yielding highly precise
ASVs with minimal artifacts (29, 30). Representative sequences were
processed and analyzed using QIIME2 (v2021.4), and the annotated
taxonomy classification was assigned using the NCBI database
(retrieved 2020.7) (31-36). Similarly, alpha diversity indices (observed
species, Shannon, and Margalef’s richness) were analyzed using
QIIME2. The observed features provide microbial richness based on
ASV-identified counts. Shannon index consider both the richness and
evenness. Margalef’s richness index is used to measure species
richness (37-39). The rarefaction curve was constructed using R
v4.0.3 with the phyloseq package. Dissimilarities among microbial
communities were measured through Bray-Curtis distance and
principal coordinates analysis (PCoA) to determine beta diversity (40,
41). PCoA was conducted using the phyloseq, vegan3d, and ggplot2
packages in R v4.0.3. Rarefaction was not applied prior to alpha or
beta diversity analyses in order to retain full sequencing depth for
downstream comparisons. Differences in sequencing depth between
samples may introduce bias in diversity estimates and were considered
during interpretation. Functional abundances from 16S rRNA
sequencing data were analyzed to predict functional genes using the
Tax4Fun2 package with the Ref99NR reference dataset (42).
Abundances of the Kyoto Encyclopedia of Genes and Genomes
(KEGG) orthology and pathways were normalized based on the total
reads of individual cats with CKD for downstream analysis.

2.8 Untargeted metabolomic analysis

Fifty microliters of plasma sample were mixed with 150 pL
methanol, vortexed for 30 s, sonicated for 10 min in an ice-water bath,
and incubated for 1 h at —20°C to precipitate proteins. Next, the sample
was centrifuged at 13,400 x g for 15 min at 4°C, and the supernatant
was collected in a glass vial for further analysis. An equal volume of
supernatants from each sample was mixed and utilized as quality
control. Mass spectrometry was performed on a vanquish-focused
ultra-high-performance liquid chromatography system coupled with a
high-resolution Orbitrap Elite mass spectrometer (UHPLC-HRMS;
Thermo Fisher Scientific) using electrospray ionization. Separation was
performed using an Acquity BEH C18 Column (2.1 x 100 mm, 1.7 pmy

Frontiers in Veterinary Science

10.3389/fvets.2025.1590388

Waters Corporation). The mobile phase comprised solvent A (0.1%
formic acid in water) and solvent B (0.1% formic acid in ACN). The
injection volume was 10 pL, and the column oven temperature was
40°C. The flow rate was 0.25 mL/min with a linear gradient elution over
15 min. The eluting gradient was as follows: 0.0-1.0 min (0% solvent
B), 1.0-8.0 min (0-100% solvent B), 8.0~11.0 min (100% solvent B),
11.0-12.0 min (100-0% solvent B), and 12.0-15.0 min (0% solvent B).
A blank sample was analyzed after each sample to avoid any carry-over
effects. Additionally, a quality control sample was set up at five-sample
intervals for peak area normalization and to monitor the stability of the
system. The electrospray was operated in positive and negative
ionization modes with a default data-dependent acquisition method.
In addition, an MS full scan was performed in profile mode at 60,000
resolutions, followed by MS2 scans at 15,000 resolutions. The scan
range was set from 70 to 1,000 m/z. Electrospray ionization source
conditions were set as follows: spray voltage was 3.5 kV for positive
mode and —3.5 kV for the negative; normalized collision energy was
25; the capillary temperature was 280°C; whereas sheath and aux gas
were 30 and 5 arbitrary units, respectively. Raw data files were converted
into mzML format using ProteoWizard and processed via R package
XCMS (version 3.2). A data matrix composed of mass-to-charge ratio
(m/z), retention time, and peak intensity values was generated after
preprocessing. Each peak was annotated using an in-house MS2
database. The score cutoff for annotation was set at 0.5. The ion peak of
missing values <5% of all samples in each metabolite was filled with half
of the minimum intensity value. All identified metabolites were
transformed to log,, area intensity for downstream analysis.

2.9 Correlation analysis

All correlation analyses were assessed using Spearman’s rank
correlation analysis, and p < 0.05 was considered significant. To reflect
the relationship between the original abundance information of
bacterial taxa, rarefied log,,-transformed ASV abundances of species-
level bacterial taxa were estimated in the correlation analysis. ASV
abundance information was rarefied to a sequence depth reaching
stable observed features in each sample. Only the species-level
bacterial taxa with a prevalence >25% in all participants were used in
the correlation analysis. The correlation network was visualized
through the R program (ggraph and ggcor packages) and Cytoscape
(Version 3.10.0, http://www.cytoscape.org). The correlation heat map
of bacterial species and serum metabolites was generated using
GraphPad Prism v10.4.1 software (San Diego, CA, United States).

2.10 Statistical analyses

To evaluate longitudinal changes in kidney function markers—
creatinine (CRE), blood urea nitrogen (BUN), symmetric
dimethylarginine (SDMA), and gut-derived uremic toxins (GDUTs:
TMAOQ, PCS, IS, and PS) across all 14 cats, linear mixed-effects models
(LMM) were applied, with time as a fixed effect and cat ID as a random
effect. Estimated marginal means with 95% confidence intervals (Cls)
were reported, and statistical significance was set at p < 0.05. For short-
chain fatty acids (SCFAs: acetate, propionate, and butyrate),
comparisons between 0 and 8 weeks were performed using paired
t-tests (for parametric data) or Wilcoxon signed-rank tests (for
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non-parametric data), following normality testing with the Shapiro-
Wilk test. The same statistical approach was applied to timepoint
comparisons within the high responder (HR) subgroup (n = 5), given
the small sample size and paired structure of the data. For omics-based
analyses, including microbial biomarkers, gut microbial functions, and
serum metabolites, the Wilcoxon signed-rank test was used for paired
comparisons, and the Wilcoxon rank-sum test for unpaired
comparisons, based on relative abundance or logso-transformed peak
intensity data. All statistical tests were two-tailed and performed using
SPSS (IBM SPSS Statistics v23) and GraphPad Prism (v10.4.1), with
P < 0.05 considered statistically significant. p-values between 0.05 and
0.10 were interpreted as indicative of statistical trends.

Given the small sample size and exploratory nature of this pilot
study, we acknowledge the potential for type II errors and that some
effects of Lm intervention may be underestimated (43). Confidence
intervals were used to assess the distribution and potential clinical
relevance of observed changes (44, 45). Findings with p-values between
0.05 and 0.10 were interpreted as statistical trends, consistent with the
criteria defined above, and were presented to highlight potential
biological patterns of interest that may warrant further investigation
in future studies. No corrections for multiple comparisons were
applied; thus, results should be interpreted with appropriate caution.

3 Results
3.1 Study population

The clinical application of Lm in CKD progression was evaluated
in 20 cats. Here, 45 cats with CKD were initially underwent a

10.3389/fvets.2025.1590388

comprehensive evaluation to obtain previous clinical measurements,
dietary and medical histories, availability of clinical samples, and
participation consent from their owners. The CKD stage and thyroxine
levels of candidate cats were confirmed to ensure accurate assessment
of kidney function before participation in the trial. Following a
thorough assessment, only 20 cats with CKD met the criteria for
enrollment, and 14 completed the study. Six were withdrawn from
treatment due to unexpected complications, including heart failure,
urinary tract infection, urolithiasis, and acute pancreatitis, which may
influence the evaluation of kidney function. The study design and
demographic characteristics of the 14 cats were shown in Figure 1A
and Supplementary Table S1, respectively. The ratio of male to female
cats was 4:3, with a median age of 12 years (range 4-17 years) and a
median weight of 4.7 kg (range 3.1-8.3 kg). Among the 14 cats, eight
had CKD stage 2 and six had stage 3.

3.2 The impact of Lm on the reduction of
kidney functional indicator and GDUTs in
serum

To evaluate changes in kidney function indicators and GDUTs
over time, we performed linear mixed-effects model (LMM) analyses
with time as a fixed effect and cat ID as a random effect. Estimated
marginal means (EM Means) with their 95% confidence intervals
(CIs) were presented in Table 1. No statistically significant differences
were observed across the three time points for serum CRE, BUN, or
SDMA (p > 0.05), nor for the GDUTs TMAOQ, IS, PCS, or PS (p > 0.05).
Additionally, effect sizes (partial eta-squared, #?) for the time effect
were small across all markers (range: 0.01-0.09), further supporting

| Screened for cats with CKD (Jan-Aug, 2021) (n=45) 20 20 100
. .
w T .. . . .. .
= Lo g 0 o = 0 . 2 . °,
c Accessed for eligibility - b 4 . z . . g ol®e g
¥ |+ Clinical measurements for at least 3 months 8 » 2 0 ¢ S 2 . .
i " o E E
3 * Dietary and medical history < . LI < . 4 5 . .o .
* The availability of urine and stool sample * *
+  Clinical evaluation for confirming the stages of CKD )
; € g FFEF IS CERGHS B SRR
An open-label single-arm clinical study CKD Stage 2 CKD Stage 3 CKD Stage 2 CKD Stage 3 CKD Stage 2 CKD Stage 3
- Cats with stage 2 and 3 CKD enrolled (n=20)
S | - Probiotics: one probiotic capsule per day for 8 weeks -
£ | + Dosage: 5 x 10° CFU of Lactobacillus mix (Lm) C . 20
o (Lactiplantibacillus pl subsp. pl MFM 30-3 _ 100 . . . .
T and Lacticaseibacillus paracasei subsp. paracasei MFM 18) S 5 < 10
« sample collection: blood, urine and stool samples at 0 2 . . S .
(baseline), 4 and 8 weeks Excluded (n=6) due to Eoofgrger PR R . I, .
i ) e s o D 0|, SR XS
-50- .
— * such as heart failure, . * M
Clinical measurements (n=14) urinary tract infection, I I I T o N - - 'y
+ Blood test: kidney functional indicator, gut-derived uremic urolithiasis and acute PP EERSS 0&@2&2&0&2&}&&},&2{;\@‘:}*’
toxin, ion concentration, and complete blood count analysis pancreatitis
« Urinalysis: specific gravity and urine protein: creatinine ratio CKD Stage 2 CKD Stage 3 CKD Stage 2 CKD Stage 3
ﬁ + Stool analysis: acetic acid, butyric acid, and propionic acid 150 100
© I . . .
c 100
= l l s . - 50 .
16S rRNA full length Untargeted a * . - ol|* oy ot
sequencing of stool metabolomics analysis & 0| LY gy a . . .
(n=14) of plasma (n=14) 50 . so{ ¢ .. .
. .
* Microbiome analysis * Metabolome analysis * N
T B
CKD Stage 2 CKD Stage 3 CKD Stage 2 CKD Stage 3
FIGURE 1
The study design showing kidney functional indicators and gut-derived uremic toxins (GDUTs) of cats with CKD. (A) Flow diagram of the study design
and participating cats with CKD. The percentage of (B) serum kidney functional indicators and (C) GDUTs change before and after 8 weeks of Lm
intervention. A (%) = 100 X (post-treatment value — baseline value)/baseline value.
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the lack of statistically significant change over the study period (data
not shown). Although no significant time effects were detected,
descriptive evaluation of the EM Means and Cls indicated a general
tendency toward lower distributions across all markers after the
8-week intervention period. Raw descriptive statistics for serum
kidney function indicators and GDUTs at each time point were
presented in Supplementary Table S2. Additionally, descriptive review
of individual trajectories indicated that approximately 57-64% of cats
exhibited a tendency toward stabilization or reduction in these
markers by week 8, although these changes were not statistically
significant (Figures 1B,C).

Additional linear regression analysis of the relationship between
serum creatinine and TMAO over the intervention period revealed a
progressive flattening of the correlation slope and a weakening of their
correlation. At baseline (week 0), creatinine and TMAO were strongly
correlated (= 0.75, p = 0.002). This correlation remained moderate
after 4 weeks of Lm intervention (r=0.66, p=0.011), but was
noticeably weaker and no longer statistically significant after 8 weeks
(r=0.37, p = 0.196). These findings suggested a temporal dissociation
between TMAO and creatinine during the course of Lm
administration. While creatinine levels remained relatively stable, the
weakening correlation may reflect a more pronounced reduction in
TMAO, supporting the hypothesis that Lm intervention may
modulate gut-derived uremic toxin levels independently of creatinine
dynamics (Supplementary Figure S1). Serum and urine biochemical
parameters were stabilized during Lm intervention, indicating no
adverse effects of Lm in cats with CKD (Supplementary Table S3).

3.3 Lm intervention changed the
population of specific bacterial species in
cats with CKD

We performed fecal full-length 16S rRNA gene sequencing
analysis in all cats with CKD to explore the link between Lm
intervention and the gut microbiota composition. As shown in
Figure 2A, alpha diversity indices (observed features and Margalef’s
richness) significantly increased after Lm intervention (p < 0.05),
indicating enhanced microbial richness. Additionally, the Shannon

10.3389/fvets.2025.1590388

index showed a trend toward increase (p=0.09), suggesting a
potential shift in both richness and evenness.

In contrast, beta diversity displayed in the PCoA plot revealed
only a minor shift in overall gut microbiota configuration following
Lm intervention, accounting for 11.4 and 9.1% of the variance along
PCI and PC2, respectively (Figure 2B). These results suggested that
while Lm intervention increased microbial richness, it induced only
modest compositional changes and did not significantly alter the
overall structure of the core gut microbiota.

Our analysis of the gut microbial configuration of all tested cats
with CKD demonstrated considerable differences before and after Lm
intervention at varying levels (Figure 2C). Firmicutes and
Actinobacteria were the most prevalent phyla in the gut microbiota of
cats with CKD, accounting for >99.5% of the total population.
Furthermore, an increase in the relative abundance of Actinobacteria
was observed following Lm intervention. At the family level, the gut
microbiota comprised 10 prominent families. Lachnospiraceae was the
most dominant family (39.6%), followed by Coriobacteriaceae (15.3%),
(10.9%), (10.2%),
Lactobacillaceae (6.4%), Ruminococcaceae (4.3%), Erysipelotrichaceae
(3.2%), (2.9%), (1.8%), and
Eubacteriaceae (1.5%) within the overall cat population before and

Bifidobacteriaceae Peptostreptococcaceae

Oscillospiraceae Clostridiaceae
after Lm intervention. Blautia was the most abundant at the genus
level (33.9%), followed by Collinsella (15.3%), Bifidobacterium
(10.9%), Peptacetobacter (9.0%), Ruminococcus (4.6%), Lactobacillus
(4.5%), Faecalimonas (2.2%), Clostridium (2.0%), Catenibacterium
(1.7%), and Eubacterium (1.5%).

A total of 196 bacterial species were identified in the gut
microbiota of the cats. The top 10 bacterial species were Blautia
caecimuris (9.1%), Peptacetobacter hiranonis (9.0%), Blautia glucerasea
(6.9%), Blautia hansenii (6.8%), Collinsella tanakaei (5.2%), Collinsella
aerofaciens (4.5%), Collinsella intestinalis (4.4%), Blautia schinkii
(4.2%), Bifidobacterium saeculare (3.9%), and Blautia coccoides (3.8%).
A trend toward an increase in the abundance of five identified species
was observed, including Drancourtella massiliensis (p = 0.06), Slackia
faecicanis (p = 0.06), Clostridium spiroforme (p = 0.08), Anaerotaenia
torta (p = 0.07), and Ruminococcus gauvreauii (p = 0.06). In contrast,
Escherichia/Shigella spp. showed a statistically significant decrease
(p=0.03) (Figure 2D and

following Lm intervention

TABLE 1 Estimated marginal means, confidence intervals, and overall time effects for serum kidney function indicators and gut-derived uremic toxins
in cats with CKD before, during, and after Lm intervention.

Category Indicators Before Lm In Lm After Lm
intervention intervention intervention
ow 4W 8W

CRE (mg/dL) 1.94 (—0.65 to 4.53) 1.82 (—0.52 to 4.15) 1.78 (0.21-3.35) 0.71
Kidney function

BUN (mg/dL) 25.14 (~15.28 to 65.56) 23.93 (~16.26 to 64.12) 22.86 (—17.39 to 63.10) 0.87
indicator

SDMA (pg/dL) 14.72 (8.81-20.64) 10.29 (4.32-16.27) 12.08 (6.39-17.76) 0.34

TMAO (ppb) 198.7 (~1406.7 to 1804.0) 28.8 (—718.6 t0 776.2) 69.6 (—1334.9 to 1474.0) 0.64
Gut-derived uremic PCS (ppb) 6775.5 (2565.3-10985.7) 7688.4 (3183.5-12193.3) 6076.6 (1896.4-10256.9) 0.58
toxin IS (ppb) 1188.9 (—935.9 to 3313.6) 1390.5 (—697.3 to 3478.4) 722.6 (~1349.7 to 2794.9) 0.80

PS (ppb) 297.0 (—242.6 to 836.6) 682.2 (—672.2 to 2036.6) 95.9 (—320.7 to 512.5) 0.49

Data were presented as estimated marginal means with 95% confidence intervals. p-values for overall time effects were derived from linear mixed-effects model (LMM) analyses using type IIT
test of fixed effects. Pairwise comparisons between time points were performed with Bonferroni correction; all p-values were >0.05 and were not shown here.

OW: baseline before Lm intervention; 4W: 4-week Lm intervention; 8W: 8-week Lm intervention.

CRE, creatinine; BUN, blood urea nitrogen; SDMA, symmetric dimethylarginine; TMAO, trimethylamine-N-oxide; IS, indoxyl sulfate; PCS, p-cresyl sulfate; PS, phenyl sulfate.
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FIGURE 2
Microbial composition in cats with CKD before and after Lactobacillus mix (Lm) intervention. (A) Alpha-diversity indices. (B) PCoA plot reflecting beta
diversity (Bray—Curtis) of individual cats with CKD. (C) The most abundant bacterial phyla, family, genera, and species. (D) Relative abundance of
bacterial species enriched or diminished after Lm intervention. OW: baseline before Lm intervention; 8W: 8-week Lm intervention. The matched-paired
Wilcoxon signed-rank test was used.

Supplementary Table S4). Moreover, L. plantarum and L. paracasei,
the two species comprising the Lm probiotics, were enriched in most
cats with CKD after the Lm intervention but were not detected in the
gut microbiota prior to intervention. The relative abundance of both
strains significantly increased after Lm intervention (p < 0.01)
(Figure 2D).

3.4 Lm intervention altered the gut
microbial function

Predicted KEGG profiles were used to determine gut microbial
functions. Here, 309 third-level pathways belonging to six first-level
categories (“Metabolism,” “Environmental Information Processing,”

»

Cellular Processes,

» o«

“Genetic Information Processing,
Diseases,” and “Organismal Systems”) were recognized as involving
feline gut microbial metabolic pathways (data not shown). Forty-five
categories were observed at the second level, with “Carbohydrate

Human

metabolism,” “Membrane transport, “Amino acid metabolism,”
“Signal transduction” and “Cellular community—prokaryotes,” as the
most abundant (Figure 3A). The identified KEGG pathways were
compared after Lm intervention. Two second-level pathways
(“Chemical structure transformation maps” and “Signaling molecules

Frontiers in Veterinary Science

and interaction”) showed significant upregulation, and four pathways
(“Nucleotide metabolism,” “Folding, sorting and degradation,”
“Translation,” and “Replication and repair”) demonstrated significant
downregulation in the gut microbiomes (p <0.05; Figure 3B).
Additionally, three second-level pathways (“Drug resistance:
Antimicrobial,” “Immune diseases,” and “Cell motility”) showed a
trend toward decreased abundance, with p-values ranging from 0.08
to 0.09. Eleven downstream functions involving amino acid,
carbohydrate, and lipid metabolism (tyrosine metabolism, valine,
leucine and isoleucine degradation, cysteine and methionine
aldarate metabolism, butanoate

metabolism, ascorbate and

metabolism, propanoate metabolism, citrate cycle, pyruvate
metabolism, biosynthesis of unsaturated fatty acids, fatty acid
biosynthesis, and fatty acid degradation) were significantly enriched

after Lm intervention (p < 0.05; Figure 3C). Additionally, two

pathways (phenylalanine metabolism and arachidonic acid
metabolism) showed a trend toward increased relative abundance,
while  three  pathways (pentose  phosphate  pathway,

glycerophospholipid metabolism, and linoleic acid metabolism)
exhibited a trend toward decreased relative abundance (p = 0.05-0.08;
Figure 3C).

A Spearman’s correlation network was constructed between eight
bacterial species and 16 KEGG level 3 pathways that were significantly
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different before and after the Lm intervention. This network construction
aimed to identify the effects of gut bacterial species involved in GDUTs
and SCFAs production in the gut microbiota. Eight bacterial species
exhibited 24 positive and 3 negative associations with KEGG level 3
pathways (p < 0.05, Figure 3D). Four species (L. plantarum, L. paracasei,
A. torta, and C. spiroforme) were positively correlated with four SCFAs
biosynthetic pathways, namely the citrate cycle, pyruvate metabolism,
propanoate metabolism, and butanoate metabolism. Similarly, the two
species comprising the Lm probiotics were strongly correlated with
SCFAs biosynthetic pathways, whereas D. massiliensis exhibited a negative
association with the pentose phosphate pathway. ‘Only D. massiliensis was
positively correlated with tyrosine metabolism.

3.5 Lm intervention altered serum
metabolomic profiles

To clarify the relationship between the gut microbiome associated
with Lm intervention and the serum metabolome, we profiled the
serum metabolites using untargeted ultra-high-performance liquid
chromatography coupled with a high-resolution Orbitrap Elite mass
spectrometer (UHPLC-HRMS), detecting 6,372 and 4,454 variables
under positive and negative ion modes, respectively. After annotation,
235 metabolites were identified in serum samples (data not shown).
Twelve metabolites related to amino acid (L-valine, DL-glutamate,
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3-methoxytyramine, glycine, N-methylhydantoin,

L-tyrosine, and dihydrobiopterin), carbohydrate (isocitric acid and

L-arginine,

cis-aconitic acid), and lipid metabolism (capric acid and acetylcholine)
showed either statistically significant decreases (p < 0.05) or trends
toward reductions (p=0.06-0.09) following Lm intervention
(Figures 4A,B). In addition, the absolute levels of acetate, propionate,
and butyrate in feline feces (Figure 4C) showed no significant
differences before and after Lm intervention (p > 0.05).

Spearman’s rank correlation between the eight gut bacterial taxa
and 12 serum metabolites revealed seven significant correlations (p <
—0.37, p < 0.05) (Figure 4D). Negative correlations were primarily
observed between two Lm species (L. plantarum and L. paracasei) and
three metabolites (L-valine, dihydrobiopterin, and isocitric acid).
S. faecicanis, a bacterial species, also showed a negative correlation
with dihydrobiopterin, and isocitric acid.

3.6 The abundance of two probiotic
species in the intestinal tract affects the
efficacy of Lm intervention in managing
CKD

To further investigate how changes in microbial derived metabolites
were associated with gut microbial features, we conducted an exploratory
subgroup analysis to evaluate individual variability in response to Lm

08 frontiersin.org


https://doi.org/10.3389/fvets.2025.1590388
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Huang et al.

10.3389/fvets.2025.1590388

A B Amino acid metabolism
L-Tyrosine L-Arginine Glycine DL-Glutamate
5. 6.( 6.!
z P=0049) 5 P=0.09 - P=0.09 > P=0.06
Capric acid g g @ @ L
L-Tyrosine| § 5o g 4 H § ss
L-Arginine SW/OW Fold ch < % < sol s £
Glycine / ol change e A :3': ? 2 g 50
10 s S s
cis-Aconitic acid~ 0.8 4. 4. 4.
DL-Glutamate-| oe N N & & &
Dihydrobiopterin— 0.4 X
N-Methylhydantoin-] 0'2 Dihydrobiopterin N. 3 , L-Valine
Isocitric acid | 0 2 P=0.08 > : P =0.049 z P=0.049 z . P=0.02
3-Methoxytyramine 2 2 ] 2
2 54 £ s 2 s 2
Acetylcholine S b= % £ £ 54
Vali £ g g 2
o 41 < < 4 °
2 3 : > 9 3 E;
3 oo g 2 s 3
Cc s & & &
. . P=078| B Carbohydrate metabolism Lipid metabolism
3 ]
2 4001 2 e cis-Aconiic acid Isocitric acid Capric acid Acetylcholine
£ 0o £ 1001 2 100 6. 7 7
3 3 T P=0.01 P=0.08 P =0.049
S 200 g s £ e £ P £
L o 509 £ 50 ki S 6 s §
2 100 ) s £ £ £ £ &
< 3 g § ss 3 g s s 4q
o & < < < <
5 5.0 > & 4 2 5
g g 8 8
4. T ” T T
N S N &
O0W: baseline before Lm intervention
8W: 8-week Lm intervention
D Spearman correlation
41.0-05 0 05 1.0
Anaerotaenia torta P=007
Clostridium spiroforme P=008
Drancourtella massiliensis
Lacti ibacillus p * P=007
Lactiplantibacillus plantarum { %% *
Ruminococcus gauvreauii
Escherichia/Shigella spp.
Slackia faecicanis P=007 * *%k P=0.08
*&0 \\Qo @&0 &\& <',\°0 .é\‘& ‘?}\o (}b 'bé’\b “o\e (;&Q é}b
S S e S P S M A R
T NI P g S
& v
SR $ ¢ ¥
W o N &
o il
FIGURE 4
Metabolome composition in cats with CKD before and after Lactobacillus mix (Lm) intervention. (A) Fold change of serum metabolites showing
significant change after Lm intervention (p < 0.1). Fold change = post-treatment (8W)/baseline (OW). (B) Log,, area intensity of serum metabolites
diminished after Lm intervention. (C) Concentration of fecal short-chain fatty acids. OW: baseline before Lm intervention; 8W: 8-week Lm intervention.
The matched-paired Wilcoxon signed-rank test was used. (D) Spearman’s correlation analysis of bacterial species and serum metabolites. *p < 0.05
and **p < 0.01.

intervention among cats with CKD. Cats were classified as high
responders (HR) if they exhibited reductions in at least three GDUTs and
increases in all measured SCFAs following the intervention. Cats showing
reductions in fewer than two GDUTs and decreases in all SCFAs were
categorized as moderate responders (MR). Two cats who did not clearly
meet the criteria for either group were excluded from the subgroup
comparison. This classification was performed post hoc and was intended
to generate hypotheses regarding microbial biomarkers, microbial
functions, and metabolite signatures associated with differential biological
responses to the intervention. Based on these criteria, five cats were
categorized as HR and seven as MR (Figure 5A and Table 2).
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We first examined the differences between the HR and MR groups
in previously identified microbial biomarkers, microbial functions,
and serum metabolites. Analyses considered both statistically
significant differences (p < 0.05) and biologically relevant trends
(0.05<p<0.1) after intervention
(Supplementary Table S5). Although no microbial species or KEGG
pathways showed statistically significant differences between groups,

before and Lm

the HR group was relatively enriched in eight bacterial species
(Figure 5B). These cats also showed elevated microbial functions
related to tyrosine metabolism, the citrate cycle, the pentose phosphate
pathway, pyruvate metabolism, linoleic acid metabolism, biosynthesis
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of unsaturated fatty acids, and fatty acid biosynthesis (Figure 5C). In
terms of metabolites, capric acid levels were significantly higher in HR
cats than in MR cats, while eight additional metabolites, excluding
L-tyrosine, glycine, and N-methylhydantoin, were lower in the HR
group (Figure 5D).

Further pairwise comparisons among subgroups (HR-Control vs.
MR-Control, HR-Control vs. HR-Lm, and MR-Control vs. MR-Lm),
with p < 0.1 as selection criteria, identified four additional microbial
biomarkers (six in total) (Figure 6A) and nine serum metabolites
(16 in total) (Figure 6B) that differed between groups. Three bacterial
taxa, Lacrimispora saccharolytica and two Lm strains (L. plantarum
and L. paracasei), were increased in both the HR and MR groups, with
higher relative abundance in the HR group after Lm intervention. In
contrast, B. schinkii and C. intestinalis decreased in the HR group and
increased in the MR group (Figure 6A). Differences were also noted
across 19 KEGG level 3 pathways, involving amino acid, carbohydrate,
and lipid metabolism (Figure 6C).

Of the 16 serum metabolites, 10 showed opposite tendencies
following Lm intervention. Seven metabolites, including IS,
L-kynurenine, 3-iodo-L-tyrosine, p-hydroxyphenylacetic acid, glycine,
arachidic acid, and allocholic acid, showed a tendency to decrease in
the HR group but increase in the MR group. Conversely,
5-hydroxyindoleacetic acid, trans-cinnamate, and L-arginine tended
to increase in the HR group and decrease in the MR group. The

10.3389/fvets.2025.1590388

remaining six metabolites exhibited similar tendencies in both groups.
For instance, linoleic acid showed a tendency to increase across both
groups, whereas L-tyrosine, N-methylhydantoin, L-valine, capric acid,
and isocitric acid tended to decrease (Figure 6B).

To further examine potential host-microbe interactions,
we analyzed Spearman’s rank correlations between the six microbial
biomarkers and 16 serum metabolites in the HR group (Figure 6D).
Fourteen significant correlations (|p| > 0.66, p < 0.05) were identified.
Notably, L. plantarum and L. paracasei were negatively correlated with
several amino acids and uremic toxins, while Megasphaera elsdenii
showed negative correlation with 5-hydroxyindoleacetic acid and
positive correlations with L-kynurenine and p-hydroxyphenylacetic
acid.

Microbial functional pathways associated with IS, PS, and PCS
biosynthesis pathways were evaluated. In HR cats, functional
predictions suggested higher relative abundance of tryptophan
metabolism (ko00380) and phenylalanine metabolism (ko00360),
although these changes were not statistically significant (p > 0.05),
while tyrosine metabolism (ko00350) showed a trend toward
increased abundance (p = 0.06) following Lm intervention. These
functional shifts coincided with reductions in L-tryptophan and
L-tyrosine levels, along with decreased concentrations of circulating
IS, PCS, and PS (Figures 7A,B and Table 2). Regarding SCFA
biosynthesis, six KEGG level 3 pathways within carbohydrate

| CKD cats with high or moderate responses to Lm intervention |

* Gut-derived uremic toxin (GDUT)
TMAO, IS, PCS, PS

* Short-chain fatty acid (SCFA)
Acetic acid, butyric acid and propionic acid

W—I—W

High respond Mod r d
More than 3 GDUTs Less than 2 GDUTs
were decreased, were decreased,
SCFAs were increased SCFAs were decreased
after 8 weeks of Lm after 8 weeks of Lm
5 cats 7 cats

Definition

Grouping

B HR-Lm

Fatty acid biosynthesis
Glycerophospholipid metabolism
Lipid metabolism Fatty acid degradation

Biosynthesis of unsaturated fatty acids
Arachidonic acid metabolism

- Linoleic acid metabolism
Pyruvate metabolism

Propanoate metabolism

Carbohydrate metabolism Pentose phosphate pathway
Butanoate metabolism

Citrate cycle (TCA cycle)

L Ascorbate and aldarate metabolism
r Cysteine and methionine metabolism
Tyrosine metabolism

Valine, leucine and isoleucine degradation
L= Phenylalanine metabolism

Amino acid metabolism

MR-Lm

B3 HR-Lm MR-Lm

Escherichia/Shigella spp. =

L

Lacticaseibacillus paracasei

Slackia faecicanis :

g

Clostridium spiroforme :"

Anaerotaenia torta |/

Relative abundance (%)

D = HR-Lm MR-Lm
L-Valine
3 Y
Isocitric acid
N
Dihy ;
DL Glutamate [

is-Aconitic acid

Glycine

L-Argini

L-Tyrosine

Capric acid

0.5
Relative abundance (%)

FIGURE 5

1.0

15 0 2 4 6
Log,, area intensity

The abundance of differential microbial biomarkers, gut microbial functions, and serum metabolites in high responder (HR) and moderate responder
(MR) after Lactobacillus mix (Lm) intervention. (A) The grouping criteria for HR and MR cats with CKD. (B) Bacterial species, (C) Gut microbial functions,
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8 weeks of Lm intervention in HR or MR cats with CKD, respectively. *p < 0.05.

Frontiers in Veterinary Science

10

frontiersin.org


https://doi.org/10.3389/fvets.2025.1590388
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Huang et al.

10.3389/fvets.2025.1590388

TABLE 2 Serum kidney functional indicators, gut-derived uremic toxins, and short-chain fatty acid levels in high responder (HR) before and after

Lactobacillus mix (Lm) intervention.

Before Lm intervention

After Lm intervention

Category Indicators
ow 8w
CRE (mg/dL) 3.02 (2.09-3.95) 2.88 (1.72-4.04) 0.43
Kidney functional indicator BUN (mg/dL) 35.40 (21.87-48.93) 30.00 (20.22-39.78) 0.12
SDMA (pg/dL) 18.80 (6.94-30.66) 16.20 (10.83-21.57) 0.70
TMAO (ppb) 1165.0 (109.8-2220.0) 762.5 (156.2-1369.0) 0.24
PCS (ppb) 5843.0 (687.1-10999.0) 2723.0 (1455.0-3991.0) 0.08
Gut-derived uremic toxin

IS (ppb) 3590.0 (93.3-7087.0) 1173.0 (387.6-1958.0) 0.09
PS (ppb) 1216.0 (—179.3 to 2610.0) 701.7 (=109.1 to 1512.0) 0.12
AA (pmole/g) 50.85 (20.24-81.45) 92.64 (40.11-145.20) 0.008
Short-chain fatty acid PA (pmole/g) 25.79 (8.47-43.12) 50.66 (14.32-86.99) 0.02
BA (umole/g) 15.09 (3.07-27.10) 32.66 (—14.05 to 79.36) 0.06

Data were presented as mean (95% confidence intervals). Variables were tested by the paired t-tests or the matched-paired Wilcoxon signed-rank test.

OW: baseline before Lm intervention; 8W: 8-week Lm intervention.

CRE, creatinine; BUN, blood urea nitrogen; SDMA, symmetric dimethylarginine; TMAO, trimethylamine-N-oxide; IS, indoxyl sulfate; PCS, p-cresyl sulfate; PS, phenyl sulfate; AA, acetic acid;

BA, butyric acid; PA, propionic acid.

metabolism were implicated. The pentose phosphate pathway showed
a trend toward decreased relative abundance (p = 0.06), while four
other pathways, including glycolysis, citrate cycle, propanoate
metabolism, and butanoate metabolism, exhibited higher relative
abundance following Lm intervention, although these differences were
not statistically significant (p > 0.05). Pyruvate metabolism also
showed a trend toward increase (p =0.06), corresponding with
elevated SCFA concentrations (p = 0.008-0.06) observed in HR cats
after Lm intervention (Figure 7C and Table 2).

A comparison of serum GDUTs (IS and PCS) and fecal SCFAs
(propionate and butyrate) among HR, MR, and the full CKD cohort
indicated that HR cats had lower levels of GDUTs and higher SCFAs
after Lm intervention. Correlation analysis further showed that
L. plantarum and L. paracasei were negatively correlated with GDUTs
(IS, PCS, and PS) (—0.70 < p < —0.31, 0.02 < p < 0.38) and positively
correlated with SCFAs (acetate, propionate, butyrate) (0.42 < p < 0.52,
0.13 < p <0.23) in HR cats (Figure 7D). While these findings suggest
a relationship between probiotic colonization and modulation of
microbial-derived metabolites, they should be interpreted cautiously
and viewed as hypothesis-generating observations that warrant
further validation in larger, controlled studies.

4 Discussion

This study evaluated the potential effect of Lm (L. plantarum
subsp. plantarum MFM 30-3 and L. paracasei subsp. paracasei MFM
18) in an open-label, single-arm pilot study involving cats with stage
2-3 CKD. Through integration of the gut microbiome and serum
metabolome analyses, we explored host-microbe interactions and
biological shifts potentially associated with Lm intervention.

Consistent with our previous findings in an adenine-induced
CKD mouse model (22), cats receiving Lm interventions showed a
general tendency toward reduced GDUTs and serum markers of
kidney function, such as CRE and BUN. These observations are
broadly aligned with prior human clinical studies where probiotic
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supplementation reduced levels of GDUTs (e.g., IS, PCS, TMAO, and
indoxyl glucuronide) and precursors of uremic toxins (indole,
p-cresol, and phenol) (46-50). The most common species used for
CKD clinical trials are Lactobacillus acidophilus (47, 48, 51),
Lactobacillus (Lacticaseibacillus) casei (24, 46, 48, 51, 52),
Bifidobacterium longum (47, 51, 53, 54), and Bifidobacterium bifidum
(53-55), with numerous strains that differ from Lm species.

The concept of gut dysbiosis in CKD is well-established in human
and rodent studies (13-15, 17). Gut dysbiosis in patients with CKD
expands the imbalance of intestinal flora, increases the population of
proteolytic bacteria, and decreases the number of saccharolytic
bacteria, resulting in a higher generation of GDUTs (13, 15-17). A
high abundance of bacterial families with urease, uricase, and indole,
as well as p-cresol-forming enzymes, can further accelerate CKD
progression by affecting the biosynthesis of uremic toxin molecules.
Moreover, the strong link between CKD and gut microbial dysbiosis
suggests that modification of the gut microbiota could diminish
uremic toxin levels (56). Despite limited research on CKD-related gut
dysbiosis in cats, a study found that lower alpha-diversity indices
(Chaol, Shannon, and Observed OTUs) in cats with CKD compared
to healthy cats (7), which showed similar findings to those of human.
In addition, another study observed significant changes associated
with varying dysbiosis severity in the feline intestinal microbiota. The
ratio of Gram-negative to Gram-positive microflora increased,
especially in genera belonging to the family Enterobacteriaceae, such
as Escherichia spp., Enterobacter spp., Citrobacter spp., Klebsiella spp.,
and Proteus spp. Conversely, the abundance of the genera Lactobacillus
and Bifidobacterium decreased depending on the severity of dysbiosis,
suggesting more proteolytic bacteria and less saccharolytic in cats with
intestinal dysbiosis (57). In our study, we demonstrated that Lm
intervention appeared to support a shift toward a more favorable
microbial composition, including increased saccharolytic families
(e.g., Bifidobacteriaceae and Ruminococcaceae) and reduced
(e.g.

downregulated families

abundance of proteolytic families Clostridiaceae and
three

(Clostridiaceae, Enterobacteriaceae, and Peptococcaceae) after Lm

Enterobacteriaceae). Among
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FIGURE 7 (Continued)

biosynthesis. Fourteen cats-Lm, HR-Lm, or MR-Lm: results after 8 weeks of Lm intervention in 14 cats, HR cats, or MR cats, respectively. (D) Spearman's
correlation analysis of Lm strains and quantitated GDUTs/SCFAs concentration in HR cats.

S6), Clostridiaceae and

Enterobacteriaceae, which contain GDUTs precursor-producing

intervention (Supplementary Table
enzymes, were more abundant in patients with end-stage renal disease
than in healthy participants (15). Peptococcaceae correlate positively
with serum hippuric acid concentrations (58).

We further analyzed bacteria in species level, eight bacterial
species significantly differed before and after Lm intervention.
Escherichia/Shigella spp. belonging to the family Enterobacteriaceae
are associated with deteriorating CKD progression. These bacteria
possess proteolytic capacity and indole production (15, 59, 60).
Ruminococcus and Clostridium species utilize various carbon sources
to produce SCFAs, mainly butyrate, which is important for intestinal
homeostasis (61-63). Five additional microbial species were enriched
after Lm intervention, except L. plantarum and L. paracasei.
D. massiliensis, S. faecicanis, and A. torta are commensal bacteria
found in humans, dogs, and rabbits (64-66).

There are ongoing investigations on feline intestinal microbiota
and its association with diseases. To our knowledge, our study is the
first to address how Lm intervention facilitates the transition from
dysbiosis to a healthy gut environment, resulting in improved
diversity, decreased proteolytic bacteria (Escherichia/Shigella spp.),
and restoration of bacteria whose abundance has decreased in cats
with CKD (Slackia).

Alterations in gut microbial composition were accompanied
by significant changes in KEGG microbial functions, with
phenylalanine, tyrosine, propanoate, and butanoate metabolism
being the four pathways most associated with the effect of Lm in
managing CKD. Numerous studies have reported a relationship
between the gut microbiome and phenylalanine/tyrosine/
butanoate metabolism in patients with CKD and a CKD-low-
protein diet (67-69). Abnormal phenylalanine metabolism has
also been observed in patients with diabetic kidney disease (58).
However, few studies have revealed how probiotics affect
downstream microbial functions in humans and cats with
CKD. Lm intervention modulated the gut microbiome, leading
to changes in functional modules related to phenylalanine,
tyrosine, and butanoate metabolism, which were associated with
corresponding shifts in serum levels of GDUTs (IS, PCS, and PS)
and stool levels of SCFAs (acetate, propionate, and butyrate).

Alteration of gut microbial function in amino acid and carbohydrate
metabolism after Lm intervention significantly reduced downstream
amino acids (L-valine, glycine, DL-glutamate, L-arginine, and
L-tyrosine), as well as uremic toxin- (N-methylhydantoin), dopamine-
(3-methoxytyramine), neurotransmitter- (dihydrobiopterin), and citrate
cycle-related metabolites (isocitric acid and cis-aconitic acid). Elevated
N-methylhydantoin (70), 3-methoxytyramine (71), dihydrobiopterin
(72), isocitric acid, and cis-aconitic acid levels (73) have been observed
in patients with CKD and animal models. N-methylhydantoin is also a
product of creatinine degradation by gut microbes (74). Additionally,
reduced serum amino acid levels were strongly associated with the
efficiency of dietary amino acid utilization by gut microbes in the
intestine (75, 76), owing to Lm-improved gut homeostasis. The serum
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metabolomic profiles observed in this study were directionally
consistent with the gut microbiome findings, showing a tendency
toward improved markers associated with kidney clearance capacity.
There was considerable heterogeneity in the responses to
probiotic treatment in cats with CKD. Serum GDUTs reduction
and fecal SCFAs elevation were observed in some cats after Lm
intervention, and better kidney function was maintained. In
probiotic clinical studies, individual factors such as diet, age,
physiological condition, immune response, and indigenous gut
microbiota often considerably influence the efficacy of probiotic
supplementation and lead to divergent outcomes (77). To explore
individual variation in response to Lm, we performed a post hoc
exploratory subgroup analysis based on changes in GDUTs and
SCFAs. This stratified approach identified microbial and
metabolic differences between high responders (HR) and
moderate responders (MR). The specific microbial configurations
and metabolite profiles of these cats could provide more precise
insights into the mechanisms underlying Lm function. Four
bacterial species showed distinct populations in the HR and MR
groups before Lm intervention. M. elsdenii, associated more with
diabetic kidney disease than type 2 diabetes (78), only existed in
the HR group and was decreased by Lm. Downregulation of
L. saccharolytica is involved in autism spectrum disorders via
p-cresol-induced autistic-like behaviors in mice (79). An increase
in L. saccharolytica was observed in both the HR and MR groups
after Lm intervention, suggesting a potential beneficial effect in
cats with CKD, though this change was not statistically
significant. B. schinkii (80) and C. intestinalis (81) are commensal
microbes found in humans, dogs, and lambs. However, there are
no reports related to their pathophysiological relevance in
CKD. The differences in microbial features between the HR and
MR groups after Lm intervention indicated the complex nature
of host-microbiota interactions, leading to diverse effects on
bacteria or metabolites after the consumption of probiotics (82).
Notably, L. plantarum and L. paracasei were detectable only after
Lm intervention. Furthermore, their relative abundance was more
abundant in the HR groups than in the MR cats. These personalized
colonization patterns, alongside the presence of indigenous gut
microbiota, suggest the possibility of host-specific colonization
dynamics, possibly influenced by host factors such as variability in
mucosal immune-related gene expression within the gastrointestinal
tract (83). In addition, microbial competition, the timing of strain
introduction (priority effects), and the absence or presence of related
native species may further shape colonization outcomes (84, 85). Our
combined gut microbial functions and serum metabolites revealed
that levels of several key metabolites, associated with tryptophan
metabolism (e.g., IS), tyrosine and phenylalanine metabolism (e.g.,
PCS and PS), and SCFAs biosynthesis (e.g., acetate, propionate, and
butyrate), were linked to differences in Lm colonization and response
profiles. These findings support the hypothesis that colonization
efficiency may influence the modulation of microbial-derived
metabolites and help explain differential biological responses to
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probiotic intervention. While preliminary, these findings suggest that ~ 5-hydroxyindoleacetic acid (p =0.06) and decreased levels of IS
the abundance of Lm strains may influence the modulation of  (p =0.06 based on metabolomics; p = 0.09 based on quantitative
gut-derived metabolites, underscoring the importance of future = measurement). L-kynurenine levels also decreased, although not
studies to clarify how host and microbial factors shape probiotic  significantly (p = 0.19). Together, these findings suggested potential
colonization dynamics and functional outcomes in the context of = modulation of the tryptophan metabolism pathway. Lm intervention
CKD (Figure 8). was associated with a decrease in the intermediate 4-hydroxy-

Tryptophan metabolism can shift from serotonin synthesis toward ~ phenylacetate, a precursor in the biosynthetic pathway of PCS (88),
kynurenine production in response to infection, stress, or alterations  although this change was not statistically significant. In contrast, PCS
in the gut microbiota (86, 87). In the HR group, Lm intervention was  levels in serum showed a trend toward reduction (p = 0.08). This result
associated with a trend toward increased levels of indicated that Lm shifted the metabolic pathway to prevent the
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production of toxic compounds. SCFA-related pathways (e.g.,
glycolysis, citrate cycle, propanoate, and butanoate metabolism) also
showed increased activity in HR cats, aligning with elevated fecal
SCFA levels. SCFAs have anti-inflammatory, anti-tumorigenic, and
antimicrobial effects and maintain gut integrity. These properties
indicate their importance in maintaining gut and immune homeostasis
(89). While these patterns are consistent with proposed mechanisms
of probiotic benefit, they should be interpreted within the exploratory
scope of this pilot study.

This study has several limitations. First, it was conducted as an
open-label, single-arm pilot trial without a control group, which
limits the ability to differentiate true treatment effects from natural
disease progression or time-related changes. Single-arm designs are
commonly employed in early-stage exploratory research when
minimal placebo effects are anticipated and when practical or ethical
barriers make randomized controls difficult (90-93). The findings
should be considered exploratory and intended to inform future
hypothesis-driven studies. Second, our subgroup analysis, which
categorized cats as high or moderate responders based on changes
in gut-derived uremic toxins (GDUTs) and short-chain fatty acids
(SCFAs), was performed post hoc. This classification was based on
biologically relevant metabolite shifts and aimed to explore whether
differences in microbial-derived metabolites were associated with
distinct microbiome profiles and functional responses. While this
approach provides valuable preliminary insights into gut-kidney
interactions, it is exploratory and does not imply therapeutic efficacy.
Third, the statistical methods for microbiome analysis were based on
non-parametric Wilcoxon tests due to the pilot nature and sample
size of this study. We acknowledge that compositional-aware
methods (e.g., ANCOM-BC2, MaAsLin3) are more appropriate for
microbiome data and will be implemented in future studies with
larger cohorts to improve analytic rigor and control for confounders.
Other limitations include the relatively small sample size, due to
strict inclusion criteria and owner participation constraints, and the
absence of a standardized diet, which may have contributed to
variability in gut microbiota and metabolome profiles. Additionally,
16S rRNA sequencing was used, which limits the resolution of
microbial functional characterization. Future work utilizing shotgun
metagenomics, standardized dietary protocols, and randomized
controlled designs will be critical to provide more comprehensive
insights and to refine strategies for precision probiotic interventions
in feline CKD.

5 Conclusion

This study presents the first integrated multi-omics analysis of
probiotic intervention in feline CKD, demonstrating that Lm
intervention improved gut dysbiosis and modulated gut microbial
composition and functions related to the production of gut-derived
uremic toxins and short-chain fatty acids. Subgroup analysis indicated
that these functional changes were associated with favorable shifts in
systemic metabolite profiles, including reduced levels of IS, PCS, and
PS, and increased SCFAs. Additionally, individual variability in
microbial metabolite responses may be linked to differences in Lm
strain colonization. Collectively, these findings offer novel insights
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into the gut-kidney axis in cats and support the potential of probiotics
as microbiota-targeted strategies for adjunctive CKD management.

Data availability statement

The data that support the findings of this study are available in
NCBI Sequence Read Archive (SRA) at https://www.ncbi.nlm.nih.
gov/bioproject/PRINA987532, reference number PRINA987532, and
within the article and its Supplementary material.

Ethics statement

The study was approved by the Institutional Animal Care and Use
Committee of National Taiwan University (IACUC; Approval No.
NTU-109-EL-00127) and Clinical Trial/Research Approval of
National Taiwan University Veterinary Hospital NTUVH; Approval
No. 000081). The study was conducted in accordance with the local
legislation and institutional requirements. Written informed consent
was obtained from the owners for the participation of their animals in
this study.

Author contributions

H-WH: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Software, Validation, Visualization, Writing —
original draft, Writing — review & editing. T-CK: Investigation,
Methodology, Supervision, Writing - review & editing. Y-JL: Investigation,
Methodology, Supervision, Writing - review & editing. M-JC:
Conceptualization, Funding acquisition, Investigation, Project
administration, Supervision, Writing — original draft, Writing — review &

editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by grants from the Council of Agriculture of Taiwan, Executive Yuan
(110AS-10.1.7-AD-U1) and National Science and Technology Council
(NSTC 112-2313-B-002-045-MY3).

Acknowledgments

We express our gratitude to all cat owners and colleagues at the
National Taiwan University Veterinary Hospital for their participation
and cooperation. We sincerely thank Dr. Koichi Watanabe for his
valuable contributions to manuscript revision and to Dr. Tsu-Cheng
Hsu for his assistance in patient recruitment. We also acknowledge Dr.
Yu-Lun Kuo of Biotools, New Taipei City, Taiwan, for his expertise in
microbiome analysis. Additionally, we appreciate the mass
spectrometry technical research services provided by NTU Consortia

frontiersin.org


https://doi.org/10.3389/fvets.2025.1590388
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA987532
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA987532

Huang et al.

of Key Technologies. The English editing of this article was sponsored
by National Taiwan University with the support of the Higher
Education Sprout Project from the Ministry of Education, Taiwan.

Conflict of interest

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

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

References

1. Sparkes AH, Caney S, Chalhoub S, Elliott J, Finch N, Gajanayake I, et al. ISFM
consensus guidelines on the diagnosis and management of feline chronic kidney disease.
] Feline Med Surg. (2016) 18:219-39. doi: 10.1177/1098612X16631234

2. Bikbov B, Purcell CA, Levey AS, Smith M, Abdoli A, Abebe M, et al. Global,
regional, and national burden of chronic kidney disease, 1990-2017: a systematic
analysis for the Global Burden of Disease Study 2017. Lancet. (2020) 395:709-33. doi:
10.1016/S0140-6736(20)30045-3

3. Vanholder R, De Smet R, Glorieux G, Argilés A, Baurmeister U, Brunet P, et al.
Review on uremic toxins: classification, concentration, and interindividual variability.
Kidney Int. (2003) 63:1934-43. doi: 10.1046/j.1523-1755.2003.00924.x

4. Pretorius CJ, McWhinney BC, Sipinkoski B, Johnson LA, Rossi M, Campbell KL,
et al. Reference ranges and biological variation of free and total serum indoxyl- and p-
cresyl sulphate measured with a rapid UPLC fluorescence detection method. Clin Chim
Acta. (2013) 419:122-6. doi: 10.1016/j.cca.2013.02.008

5. Lekawanvijit S. Role of gut-derived protein-bound uremic toxins in cardiorenal
syndrome and potential treatment modalities. Circ J. (2015) 79:2088-97. doi:
10.1253/circj.CJ-15-0749

6. Chen CN, Chou CC, Tsai PS], Lee YJ. Plasma indoxyl sulfate concentration predicts
progression of chronic kidney disease in dogs and cats. Vet J. (2018) 232:33-9. doi:
10.1016/j.tvj1.2017.12.011

7. Summers SC, Quimby JM, Isaiah A, Suchodolski JS, Lunghofer PJ, Gustafson DL.
The fecal microbiome and serum concentrations of indoxyl sulfate and p-cresol sulfate
in cats with chronic kidney disease. J Vet Intern Med. (2019) 33:662-9. doi:
10.1111/jvim.15389

8. Wu IW, Hsu KH, Lee CC, Sun CY, Hsu H]J, Tsai CJ, et al. p-cresyl sulphate and
indoxyl sulphate predict progression of chronic kidney disease. Nephrol Dial Transplant.
(2011) 26:938-47. doi: 10.1093/ndt/gfq580

9. Cani PD. Gut microbiota—at the intersection of everything? Nat Rev Gastroenterol
Hepatol. (2017) 14:321-2. doi: 10.1038/nrgastro.2017.54

10. Dieterich W, Schink M, Zopf Y. Microbiota in the gastrointestinal tract. Med Sci.
(2018) 6:116. doi: 10.3390/medsci6040116

11. Targher G, Byrne CD. Non-alcoholic fatty liver disease: an emerging driving force in
chronic kidney disease. Nat Rev Nephrol. (2017) 13:297-310. doi: 10.1038/nrneph.2017.16

12. Koppe L, Mafra D, Fouque D. Probiotics and chronic kidney disease. Kidney Int.
(2015) 88:958-66. doi: 10.1038/ki.2015.255

13. Wang X, Yang S, Li S, Zhao L, Hao Y, Qin J, et al. Aberrant gut microbiota alters
host metabolome and impacts renal failure in humans and rodents. Gut. (2020)
69:2131-42. doi: 1041136/gutjn1720197319766

14. Wang H, Ainiwaer A, Song Y, Qin L, Peng A, Bao H, et al. Perturbed gut
microbiome and fecal and serum metabolomes are associated with chronic kidney
disease severity. Microbiome. (2023) 11:3. doi: 10.1186/s40168-022-01443-4

15. Wong J, Piceno YM, DeSantis TZ, Pahl M, Andersen GL, Vaziri ND. Expansion of
urease- and uricase-containing, indole- and p-cresol-forming and contraction of short-
chain fatty acid-producing intestinal microbiota in ESRD. Am J Nephrol. (2014) 9:230-7.
doi: 10.1159/000360010

16. Jiang S, Xie S, Lv D, Wang P, He H, Zhang T, et al. Alteration of the gut microbiota
in Chinese population with chronic kidney disease. Sci Rep. (2017) 7:2870. doi:
10.1038/s41598-017-02989-2

Frontiers in Veterinary Science

17

10.3389/fvets.2025.1590388

Publisher’s note

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

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fvets.2025.1590388/

full#supplementary-material

17. Xu KY, Xia GH, Lu JQ, Chen MX, Zhen X, Wang S, et al. Impaired renal function
and dysbiosis of gut microbiota contribute to increased trimethylamine-N-oxide in
chronic kidney disease patients. Sci Rep. (2017) 7:1445. doi: 10.1038/s41598-017-01387-y

18. Cosola C, Rocchetti MT, Sabatino A, Fiaccadori E, Di Iorio BR, Gesualdo L.
Microbiota issue in CKD: how promising are gut-targeted approaches? ] Nephrol. (2019)
32:27-37. doi: 10.1007/s40620-018-0516-0

19. Rossi M, Johnson DW, Morrison M, Pascoe EM, Coombes JS, Forbes JM, et al.
Synbiotics easing renal failure by improving gut microbiology (SYNERGY): a
randomized trial. Clin ] Am Soc Nephrol. (2016) 11:223-31. doi: 10.2215/CJN.05240515

20. Chen HY, Chen YT, Li KY, Huang HW, Lin YC, Chen MJ. A heat-killed probiotic
mixture regulates immune T cells balance and IgE production in house dust mite
extraction-induced atopic dermatitis mice. Microorganisms. (2022) 10:1881. doi:
10.3390/microorganisms10101881

21. Hsieh JC, Chuang ST, Hsu YT, Ho ST, Li KY, Chou SH, et al. In vitro ruminal
fermentation and cow-to-mouse fecal transplantations verify the inter-relationship of
microbiome and metabolome biomarkers: potential to promote health in dairy cows.
Front Vet Sci. (2023) 10:1228086. doi: 10.3389/fvets.2023.1228086

22.Huang H, Li K, Lee Y, Chen M. Preventive effects of Lactobacillus mixture against
chronic kidney disease progression through enhancement of beneficial bacteria and
downregulation of gut-derived uremic toxins. J Agric Food Chem. (2021) 69:7353-66.
doi: 10.1021/acs.jafc.1c01547

23.Wu IW, Gao SS, Chou HC, Yang HY, Chang LC, Kuo YL, et al. Integrative
metagenomic and metabolomic analyses reveal severity-specific signatures of gut
microbiota in chronic kidney disease. Theranostics. (2020) 10:5398-411. doi:
10.7150/thno.41725

24. Zhu H, Cao C, Wu Z, Zhang H, Sun Z, Wang M, et al. The probiotic L. casei Zhang
slows the progression of acute and chronic kidney disease. Cell Metab. (2021)
33:1926-1942.e8. doi: 10.1016/j.cmet.2021.06.014

25. International Renal Interest Society (IRIS). (2023). IRIS staging of CKD (modified
in 2023). Available online at: http://www.iris-kidney.com/pdf/2_IRIS_Staging_of_
CKD_2023.pdf. (Accessed March 18, 2024)

26. Nair A, Morsy MA, Jacob S. Dose translation between laboratory animals and
human in preclinical and clinical phases of drug development. Drug Dev Res. (2018)
79:373-82. doi: 10.1002/ddr.21461

27. Torii T, Kanemitsu K, Wada T, Itoh S, Kinugawa K, Hagiwara A. Measurement of
short-chain fatty acids in human faeces using high-performance liquid chromatography:
specimen stability. Ann Clin Biochem. (2010) 47:447-52. doi: 10.1258/acb.2010.010047

28. Matsuki T, Watanabe K, Fujimoto ], Kado Y, Takada T, Matsumoto K, et al.
Quantitative PCR with 16S rRNA-gene-targeted species-specific primers for analysis of
human intestinal bifidobacteria. Appl Environ Microbiol. (2004) 70:167-73. doi:
10.1128/AEM.70.1.167-173.2004

29. Callahan BJ, McMurdie PJ, Rosen M], Han AW, Johnson AJ, Holmes SP. DADA2:
high-resolution sample inference from Illumina amplicon data. Nat Methods. (2016)
13:581-3. doi: 10.1038/nmeth.3869

30. Quin C, Estaki M, Vollman DM, Barnett JA, Gill SK, Gibson DL. Probiotic
supplementation and associated infant gut microbiome and health: a cautionary
retrospective  clinical ~ comparison.  Sci  Rep.  (2018)  8:8283.  doi:
10.1038/s41598-018-26423-3

frontiersin.org


https://doi.org/10.3389/fvets.2025.1590388
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fvets.2025.1590388/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2025.1590388/full#supplementary-material
https://doi.org/10.1177/1098612X16631234
https://doi.org/10.1016/S0140-6736(20)30045-3
https://doi.org/10.1046/j.1523-1755.2003.00924.x
https://doi.org/10.1016/j.cca.2013.02.008
https://doi.org/10.1253/circj.CJ-15-0749
https://doi.org/10.1016/j.tvjl.2017.12.011
https://doi.org/10.1111/jvim.15389
https://doi.org/10.1093/ndt/gfq580
https://doi.org/10.1038/nrgastro.2017.54
https://doi.org/10.3390/medsci6040116
https://doi.org/10.1038/nrneph.2017.16
https://doi.org/10.1038/ki.2015.255
https://doi.org/10.1136/gutjnl-2019-319766
https://doi.org/10.1186/s40168-022-01443-4
https://doi.org/10.1159/000360010
https://doi.org/10.1038/s41598-017-02989-2
https://doi.org/10.1038/s41598-017-01387-y
https://doi.org/10.1007/s40620-018-0516-0
https://doi.org/10.2215/CJN.05240515
https://doi.org/10.3390/microorganisms10101881
https://doi.org/10.3389/fvets.2023.1228086
https://doi.org/10.1021/acs.jafc.1c01547
https://doi.org/10.7150/thno.41725
https://doi.org/10.1016/j.cmet.2021.06.014
http://www.iris-kidney.com/pdf/2_IRIS_Staging_of_CKD_2023.pdf
http://www.iris-kidney.com/pdf/2_IRIS_Staging_of_CKD_2023.pdf
https://doi.org/10.1002/ddr.21461
https://doi.org/10.1258/acb.2010.010047
https://doi.org/10.1128/AEM.70.1.167-173.2004
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/s41598-018-26423-3

Huang et al.

31. Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos ], Bealer K, et al.
BLAST+: architecture and applications. BMC Bioinform. (2009) 10:421. doi:
10.1186/1471-2105-10-421

32. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et al.
Reproducible, interactive, scalable and extensible microbiome data science using QIIME
2. Nat Biotechnol. (2019) 37:852-7. doi: 10.1038/s41587-019-0209-9

33. Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Mol Biol Evol. (2013) 30:772-80. doi:
10.1093/molbev/mst010

34. Balvociaté M, Huson DH. SILVA, RDP, Greengenes, NCBI and OTT—how do
these  taxonomies compare? BMC  Genomics. (2017) 18:114.  doi:
10.1186/5s12864-017-3501-4

35. Gyarmati P, Kjellander C, Aust C, Song Y, Ohrmalm L, Giske CG. Metagenomic
analysis of bloodstream infections in patients with acute leukemia and therapy-induced
neutropenia. Sci Rep. (2016) 6:23532. doi: 10.1038/srep23532

36. Hong X, Chen J, Liu L, Wu H, Tan H, Xie G, et al. Metagenomic sequencing reveals
the relationship between microbiota composition and quality of Chinese Rice Wine. Sci
Rep. (2016) 6:26621. doi: 10.1038/srep26621

37. Triplett J, Ellis D, Braddock A, Roberts E, Ingram K, Perez E, et al. Temporal and
region-specific effects of sleep fragmentation on gut microbiota and intestinal
morphology in Sprague Dawley rats. Gut Microbes. (2020) 11:706-20. doi:
10.1080/19490976.2019.1701352

38. Shin J, Noh JR, Choe D, Lee N, Song Y, Cho S, et al. Ageing and rejuvenation
models reveal changes in key microbial communities associated with healthy ageing.
Microbiome. (2021) 9:240. doi: 10.1186/540168-021-01189-5

39. Roelands J, Kuppen PJK, Ahmed EI, Mall R, Masoodi T, Singh P, et al. An
integrated tumor, immune and microbiome atlas of colon cancer. Nat Med. (2023)
29:1273-86. doi: 10.1038/s41591-023-02324-5

40. Bray JR, Curtis JT. An ordination of the upland forest communities of southern
Wisconsin. Ecol Monogr. (1957) 27:326-49. doi: 10.2307/1942268

41. Grabrucker S, Marizzoni M, Silajdzi¢ E, Lopizzo N, Mombelli E, Nicolas S, et al.
Microbiota from Alzheimer’s patients induce deficits in cognition and hippocampal
neurogenesis. Brain. (2023) 18:awad303. doi: 10.1093/brain/awad303

42. Wemheuer E Taylor JA, Daniel R, Johnston E, Meinicke P, Thomas T, et al. Tax4Fun2:
prediction of habitat-specific functional profiles and functional redundancy based on 16S
rRNA gene sequences. Environ Microbiomes. (2020) 15:11. doi: 10.1186/540793-020-00358-7

43. Dahiru T. p-value, a true test of statistical significance? A cautionary note. Ann Ib
Postgrad Med. (2008) 6:21-6. doi: 10.4314/aipm.v6il.64038

44. Ranganathan P, Pramesh CS, Buyse M. Common pitfalls in statistical analysis:
clinical versus statistical significance. Perspect Clin Res. (2015) 6:169-70. doi:
10.4103/2229-3485.159943

45. Phillips MR, Wykoff CC, Thabane L, Bhandari M, Chaudhary VRetina Evidence
Trials InterNational Alliance (R.E.T.LN.A.) Study Group. The clinician’s guide to p
values, confidence intervals, and magnitude of effects. Eye. (2022) 36:341-2. doi:
10.1038/s41433-021-01863-w

46.Cosola C, Rocchetti MT, di Bari I, Acquaviva PM, Maranzano V, Corciulo S,
et al. An innovative synbiotic formulation decreases free serum indoxyl sulfate,
small intestine permeability and ameliorates gastrointestinal symptoms in a
randomized pilot trial in stage IIIb-IV CKD patients. Toxins. (2021) 13:334. doi:
10.3390/toxins13050334

47.Liu S, Liu H, Chen L, Liang SS, Shi K, Meng W, et al. Effect of probiotics on the
intestinal microbiota of hemodialysis patients: a randomized trial. Eur ] Nutr. (2020)
59:3755-66. doi: 10.1007/s00394-020-02207-2

48. Mitrovi¢ M, Stankovi¢-Popovi¢ V, Tolinacki M, Goli¢ N, Sokovi¢ Baji¢ S, Veljovi¢
K, et al. The impact of synbiotic treatment on the levels of gut-derived uremic toxins,
inflammation, and gut microbiome of chronic kidney disease patients—a randomized
trial. J Ren Nutr. (2023) 33:278-88. doi: 10.1053/j.jrn.2022.07.008

49. Wang IK, Yen TH, Hsieh PS, Ho HH, Kuo YW, Huang YY, et al. Effect of a
probiotic combination in an experimental mouse model and clinical patients with
chronic kidney disease: a pilot study. Front Nutr. (2021) 8:661794. doi:
10.3389/fnut.2021.661794

50. Lim PS, Wang HE, Lee MC, Chiu LS, Wu MY, Chang WC, et al. The efficacy of
Lactobacillus-containing probiotic supplementation in hemodialysis patients: a
randomized, double-blind, placebo-controlled trial. J Ren Nutr. (2021) 31:189-98. doi:
10.1053/j.jrn.2020.07.002

51. Dehghani H, Heidari F, Mozaffari-Khosravi H, Nouri-Majelan N, Dehghani A.
Synbiotic supplementations for azotemia in patients with chronic kidney disease: a
randomized controlled trial. Iran ] Kidney Dis. (2016) 10:351-7.

52. Miranda Alatriste PV, Urbina Arronte R, Gémez Espinosa CO, Espinosa Cuevas
Mde L. Effect of probiotics on human blood urea levels in patients with chronic renal
failure. Nutr Hosp. (2014) 29:582-90. doi: 10.3305/nh.2014.29.3.7179

53. Choi E, Yang J, Ji GE, Park MS, Seong Y, Oh SW, et al. The effect of probiotic
supplementation on systemic inflammation in dialysis patients. Kidney Res Clin Pract.
(2022) 41:89-101. doi: 10.23876/j.krcp.21.014

Frontiers in Veterinary Science

10.3389/fvets.2025.1590388

54. de Aratjo EMR, Meneses GC, Carioca AAE, Martins AMC, Daher EF, da Silva Junior
GB. Use of probiotics in patients with chronic kidney disease on hemodialysis: a randomized
clinical trial. ] Bras Nefrol. (2023) 45:152-61. doi: 10.1590/2175-8239-JBN-2022-0021en

55. Simeoni M, Citraro ML, Cerantonio A, Deodato F, Provenzano M, Cianfrone P, et al.
An open-label, randomized, placebo-controlled study on the effectiveness of a novel
probiotics administration protocol (ProbiotiCKD) in patients with mild renal insufficiency
(stage 3a of CKD). Eur ] Nutr. (2019) 58:2145-56. doi: 10.1007/s00394-018-1785-z

56. Lun H, Yang W, Zhao S, Jiang M, Xu M, Liu E et al. Altered gut microbiota and
microbial biomarkers associated with chronic kidney disease. Microbiology. (2019)
8:¢00678. doi: 10.1002/mbo3.678

57.Bugrov N, Rudenko P, Lutsay V, Gurina R, Zharov A, Khairova N, et al. Fecal
microbiota analysis in cats with intestinal dysbiosis of varying severity. Pathogens. (2022)
11:234. doi: 10.3390/pathogens11020234

58.Zhang Q, Zhang Y, Zeng L, Chen G, Zhang L, Liu M, et al. The role of gut
microbiota and microbiota-related serum metabolites in the progression of diabetic
kidney disease. Front Pharmacol (2021) 12:757508. doi: 10.3389/fphar.2021.757508,
MID: 34899312

59.De Angelis M, Montemurno E, Piccolo M, Vannini L, Lauriero G, Maranzano V,
et al. Microbiota and metabolome associated with immunoglobulin A nephropathy
(IgAN). PLoS One. (2014) 9:¢99006. doi: 10.1371/journal.pone.0099006

60.Tao S, Li L, Li L, Liu Y, Ren Q, Shi M, et al. Understanding the gut-kidney axis
among biopsy-proven diabetic nephropathy, type 2 diabetes mellitus and healthy
controls: an analysis of the gut microbiota composition. Acta Diabetol. (2019) 5:581-92.
doi: 10.1007/500592-019-01316-7

61. Domingo MC, Huletsky A, Boissinot M, Bernard KA, Picard FJ, Bergeron MG.
Ruminococcus gauvreauii sp. nov., a glycopeptide-resistant species isolated from a
human faecal specimen. Int J Syst Evol Microbiol. (2008) 58:1393-7. doi:
10.1099/ijs.0.65259-0

62.Nagano Y, Itoh K, Honda K. The induction of Treg cells by gut-indigenous
Clostridium. Curr Opin Immunol. (2012) 24:392-7. doi: 10.1016/j.c0i.2012.05.007

63. LeBlanc JG, Chain F, Martin R, Bermudez-Humaran LG, Courau S, Langella P.
Beneficial effects on host energy metabolism of short-chain fatty acids and vitamins
produced by commensal and probiotic bacteria. Microb Cell Factories. (2017) 16:79. doi:
10.1186/512934-017-0691-z

64. Uzal FA, Songer JG, Prescott JE Popoft MR, Songer JG, Uzal FA. Diseases produced by
Clostridium spiroforme In: FA Uzal, JG Songer, JF Prescott and MR Popoff, editors. Clostridial
diseases of animals. Hoboken, NJ: John Wiley & Sons, Inc. (2016). 221-7.

65. Lawson PA, Greetham HL, Gibson GR, Giffard C, Falsen E, Collins MD. Slackia
faecicanis sp. nov., isolated from canine faeces. Int J Syst Evol Microbiol. (2005)
55:1243-6. doi: 10.1099/ijs.0.63531-0

66. Durand GA, Lagier JC, Khelaifia S, Armstrong N, Robert C, Rathored J, et al.
Drancourtella massiliensis gen. nov., sp. nov. isolated from fresh healthy human faecal
sample from South France. New Microbes New Infect. (2016) 11:34-42. doi:
10.1016/j.nmni.2016.02.002

67.Hu X, Ouyang S, Xie Y, Gong Z, Du J. Characterizing the gut microbiota in
patients with chronic kidney disease. Postgrad Med. (2020) 132:495-505. doi:
10.1080/00325481.2020.1744335

68.Ren Z, Fan Y, Li A, Shen Q, Wu J, Ren L, et al. Alterations of the human gut
microbiome in chronic kidney disease. Adv Sci. (2020) 7:2001936. doi:
10.1002/advs.202001936

69. Wu IW, Lee CC, Hsu HJ, Sun CY, Chen YC, Yang KJ, et al. Compositional and
functional adaptations of intestinal microbiota and related metabolites in CKD patients
receiving dietary protein restriction. Nutrients. (2020) 12:2799. doi: 10.3390/nu12092799

70. Pamporak C, Prejbisz A, Malecki R, Pistrosch E, Peitzsch M, Bishoff S, et al.
Optimized reference intervals for plasma free metanephrines in patients with CKD. Am
] Kidney Dis. (2018) 72:907-9. doi: 10.1053/j.ajkd.2018.06.018

71. Sotnikova TD, Beaulieu JM, Espinoza S, Masri B, Zhang X, Salahpour A, et al. The
dopamine metabolite 3-methoxytyramine is a neuromodulator. PLoS One. (2010)
5:¢13452. doi: 10.1371/journal.pone.0013452

72. Yokoyama K, Tajima M, Yoshida H, Nakayama M, Tokutome G, Sakagami H, et al.
Plasma pteridine concentrations in patients with chronic renal failure. Nephrol Dial
Transplant. (2002) 17:1032-6. doi: 10.1093/ndt/17.6.1032

73. Mishima E, Fukuda S, Mukawa C, Yuri A, Kanemitsu Y, Matsumoto Y, et al.
Evaluation of the impact of gut microbiota on uremic solute accumulation by a CE-
TOFMS-based metabolomics approach. Kidney Int. (2017) 92:634-45. doi:
10.1016/j.kint.2017.02.011

74. Bletsa E, Filippas-Dekouan S, Kostara C, Dafopoulos P, Dimou A, Pappa E, et al.
Effect of dapagliflozin on urine metabolome in patients with type 2 diabetes. J Clin
Endocrinol Metab. (2021) 106:1269-83. doi: 10.1210/clinem/dgab086

75. Davila AM, Blachier E, Gotteland M, Andriamihaja M, Benetti PH, Sanz Y, et al.
Intestinal luminal nitrogen metabolism: role of the gut microbiota and consequences
for the host. Pharmacol Res. (2013) 68:95-107. doi: 10.1016/j.phrs.2012.11.005

76. Neis EP, Dejong CH, Rensen SS. The role of microbial amino acid metabolism in
host metabolism. Nutrients. (2015) 7:2930-46. doi: 10.3390/nu7042930

frontiersin.org


https://doi.org/10.3389/fvets.2025.1590388
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1186/s12864-017-3501-4
https://doi.org/10.1038/srep23532
https://doi.org/10.1038/srep26621
https://doi.org/10.1080/19490976.2019.1701352
https://doi.org/10.1186/s40168-021-01189-5
https://doi.org/10.1038/s41591-023-02324-5
https://doi.org/10.2307/1942268
https://doi.org/10.1093/brain/awad303
https://doi.org/10.1186/s40793-020-00358-7
https://doi.org/10.4314/aipm.v6i1.64038
https://doi.org/10.4103/2229-3485.159943
https://doi.org/10.1038/s41433-021-01863-w
https://doi.org/10.3390/toxins13050334
https://doi.org/10.1007/s00394-020-02207-2
https://doi.org/10.1053/j.jrn.2022.07.008
https://doi.org/10.3389/fnut.2021.661794
https://doi.org/10.1053/j.jrn.2020.07.002
https://doi.org/10.3305/nh.2014.29.3.7179
https://doi.org/10.23876/j.krcp.21.014
https://doi.org/10.1590/2175-8239-JBN-2022-0021en
https://doi.org/10.1007/s00394-018-1785-z
https://doi.org/10.1002/mbo3.678
https://doi.org/10.3390/pathogens11020234
https://doi.org/10.3389/fphar.2021.757508
https://doi.org/34899312
https://doi.org/10.1371/journal.pone.0099006
https://doi.org/10.1007/s00592-019-01316-7
https://doi.org/10.1099/ijs.0.65259-0
https://doi.org/10.1016/j.coi.2012.05.007
https://doi.org/10.1186/s12934-017-0691-z
https://doi.org/10.1099/ijs.0.63531-0
https://doi.org/10.1016/j.nmni.2016.02.002
https://doi.org/10.1080/00325481.2020.1744335
https://doi.org/10.1002/advs.202001936
https://doi.org/10.3390/nu12092799
https://doi.org/10.1053/j.ajkd.2018.06.018
https://doi.org/10.1371/journal.pone.0013452
https://doi.org/10.1093/ndt/17.6.1032
https://doi.org/10.1016/j.kint.2017.02.011
https://doi.org/10.1210/clinem/dgab086
https://doi.org/10.1016/j.phrs.2012.11.005
https://doi.org/10.3390/nu7042930

Huang et al.

77.Suez J, Zmora N, Elinav E. Probiotics in the next-generation sequencing era. Gut
Microbes. (2020) 11:77-93. doi: 10.1080/19490976.2019.1586039

78.He X, Sun J, Liu C, Yu X, Li H, Zhang W, et al. Compositional alterations of gut
microbiota in patients with diabetic kidney disease and type 2 diabetes mellitus. Diabetes
Metab Syndr Obes. (2022) 15:755-65. doi: 10.2147/DMS0.5347805

79. Bermudez-Martin P, Becker JAJ, Caramello N, Fernandez SP, Costa-Campos R,
Canaguier J, et al. The microbial metabolite p-cresol induces autistic-like behaviors in
mice by remodeling the gut microbiota. Microbiome. (2021) 9:157. doi:
10.1186/540168-021-01103-z

80. Liu X, Mao B, Gu J, Wu ], Cui S, Wang G, et al. Blautia—a new functional genus
with potential probiotic properties? Gut Microbes. (2021) 13:1-21. doi:
10.1080/19490976.2021.1875796

81.Xu H, Zhao E, Hou Q, Huang W, Liu Y, Zhang H, et al. Metagenomic analysis
revealed beneficial effects of probiotics in improving the composition and function of
the gut microbiota in dogs with diarrhoea. Food Funct. (2019) 10:2618-29. doi:
10.1039/C9FO00087A

82.Zmora N, Suez J, Elinav E. You are what you eat: diet, health and the gut
microbiota. Nat Rev  Gastroenterol ~ Hepatol. ~ (2019)  16:35-56.  doi:
10.1038/s41575-018-0061-2

83.Zmora N, Zilberman-Schapira G, Suez J, Mor U, Dori-Bachash M, Bashiardes S,
et al. Personalized gut mucosal colonization resistance to empiric probiotics is associated
with unique host and microbiome features. Cell. (2018) 174:1388-1405.e21. doi:
10.1016/j.cell.2018.08.041

84. Maldonado-Go6mez MX, Martinez I, Bottacini F, O’Callaghan A, Ventura M, van
Sinderen D, et al. Stable engraftment of Bifidobacterium longum AH1206 in the human
gut depends on individualized features of the resident microbiome. Cell Host Microbe.
(2016) 20:515-26. doi: 10.1016/j.chom.2016.09.001

Frontiers in Veterinary Science

19

10.3389/fvets.2025.1590388

85. Martinez I, Maldonado-Gomez MX, Gomes-Neto JC, Kittana H, Ding H, Schmaltz
R, et al. Experimental evaluation of the importance of colonization history in early-life
gut microbiota assembly. eLife. (2018) 7:e36521. doi: 10.7554/eLife.36521

86. O'Mahony SM, Clarke G, Borre YE, Dinan TG, Cryan JE Serotonin, tryptophan
metabolism and the brain-gut-microbiome axis. Behav Brain Res. (2015) 277:32-48. doi:
10.1016/j.bbr.2014.07.027

87. O’Farrell K, Harkin A. Stress-related regulation of the kynurenine pathway:
relevance to neuropsychiatric and degenerative disorders. Neuropharmacology. (2017)
112:307-23. doi: 10.1016/j.neuropharm.2015.12.004

88. Gryp T, Vanholder R, Vaneechoutte M, Glorieux G. p-cresyl sulfate. Toxins. (2017)
9:52. doi: 10.3390/toxins9020052

89. Tan J, McKenzie C, Potamitis M, Thorburn AN, Mackay CR, Macia L. The role of
short-chain fatty acids in health and disease. Adv Immunol. (2014) 121:91-119. doi:
10.1016/B978-0-12-800100-4.00003-9

90. Evans SR. Clinical trial structures. ] Exp Stroke Transl Med. (2010) 3:8-18. doi:
10.6030/1939-067X-3.1.8

91. Wu SI, Wu CC, Tsai PJ, Cheng LH, Hsu CC, Shan IK, et al. Psychobiotic
supplementation of ps128tm improves stress, anxiety, and insomnia in highly stressed
information technology specialists: a pilot study. Front Nutr. (2021) 8:614105. doi:
10.3389/fnut.2021.614105

92. Hata S, Nakajima H, Hashimoto Y, Miyoshi T, Hosomi Y, Okamura T, et al. Effects
of probiotic Bifidobacterium bifidum G9-1 on the gastrointestinal symptoms of patients
with type 2 diabetes mellitus treated with metformin: an open-label, single-arm,
exploratory research trial. ] Diabetes Investig. (2022) 13:489-500. doi: 10.1111/jdi.13698

93. Rodenes-Gavidia A, Lamelas A, Bloor S, Hobson A, Treadway S, Haworth J, et al.
An insight into the functional alterations in the gut microbiome of healthy adults in
response to a multi-strain probiotic intake: a single arm open label trial. Front Cell Infect
Microbiol. (2023) 13:1240267. doi: 10.3389/fcimb.2023.1240267

frontiersin.org


https://doi.org/10.3389/fvets.2025.1590388
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1080/19490976.2019.1586039
https://doi.org/10.2147/DMSO.S347805
https://doi.org/10.1186/s40168-021-01103-z
https://doi.org/10.1080/19490976.2021.1875796
https://doi.org/10.1039/C9FO00087A
https://doi.org/10.1038/s41575-018-0061-2
https://doi.org/10.1016/j.cell.2018.08.041
https://doi.org/10.1016/j.chom.2016.09.001
https://doi.org/10.7554/eLife.36521
https://doi.org/10.1016/j.bbr.2014.07.027
https://doi.org/10.1016/j.neuropharm.2015.12.004
https://doi.org/10.3390/toxins9020052
https://doi.org/10.1016/B978-0-12-800100-4.00003-9
https://doi.org/10.6030/1939-067X-3.1.8
https://doi.org/10.3389/fnut.2021.614105
https://doi.org/10.1111/jdi.13698
https://doi.org/10.3389/fcimb.2023.1240267

Huang et al.

Glossary

ACN - Acetonitrile

ASVs - Amplicon sequence variants

BUN - Blood urea nitrogen

CCS - Circular consensus sequence

CKD - Chronic kidney disease

CRE - Creatinine

GDUT: - Gut-derived uremic toxins

HR - High responder

HRMS - High-resolution Orbitrap Elite mass spectrometry

IS - Indoxyl sulfate
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KEGG - Kyoto Encyclopedia of Genes and Genomes

Lm - Lactobacillus mix

MR - Moderate responder

PCoA - Principal coordinates analysis

PCS - p-cresyl sulfate

PS - Phenyl sulfate

SCFAs - Short-chain fatty acids

SDMA - Symmetric dimethylarginine

TMAO - Trimethylamine-N-oxide

UHPLC - Ultra-high-performance liquid chromatography

UPC - Urine protein-to-creatinine ratio
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