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Simple Summary: Chronic kidney disease (CKD) is a vital issue waiting to be solved in the feline
population. The efficacy of probiotics to prevent/alleviate CKD has been widely investigated in
animal models. This pilot study combined a renal-protective functional Lactobacillus mixture (Lm)
with pet feed as probiotic pet treats. CKD cats (stages 2 and 3) showed that kidney function and life
quality were improved through modifying the composition of gut microbiota and metabolic patterns
after administrating Lm pet treats daily for 8 weeks. This study clarified the possible mechanism of
Lm in CKD cats and provided a possible novel way to treat cats with probiotics.

Abstract: Microbiota-based strategies are a novel auxiliary therapeutic and preventative way of
moderating chronic kidney disease (CKD). Lactobacillus mixture (Lm) was previously demonstrated
to exert a renal-protective function in the CKD mice model. The efficacy of probiotics in pet foods
is a relatively new area of study, and thus verifying the potential health benefits is necessary. This
study evaluated the efficacy of Lm treats in feline CKD and elucidated the mechanisms underlying
host-microbe interactions. CKD cats (2 and 3 stages) were administrated probiotic pet treats daily
(10 g) for 8 weeks. The results demonstrated that during the eight weeks of Lm administration,
creatinine was reduced or maintained in all cats with CKD. Similarly, gut-derived uremic toxin
(GDUT), indoxyl sulfate (IS), were potential clinical significance in IS after Lm treatment (confidence
intervals = 90%). The life quality of the cats also improved. Feline gut microbiome data, metabolic
functional pathway, and renal function indicator analyses revealed the possible mechanisms involved
in modulating CKD feline microbial composition. Further regulation of the microbial functions in
amino acid metabolism after Lm administration contributed to downregulating deleterious GDUTs.
The current study provides potential adjuvant therapeutic insights into probiotic pet foods or treats
for pets with CKD.
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1. Introduction

Chronic kidney disease (CKD) is defined as structural or functional abnormalities
in the kidneys presenting for more than three months [1]. Decreased kidney clearance
causes uremic toxins to accumulate in the body, thereby leading to damage to the kid-
neys, the cardiovascular system, the immune system, and the intestines [2,3]. In felines,
the average prevalence of CKD is ~1-3% but increases to 80% in the geriatric feline pop-
ulation (>15 years old) [4,5]. Common symptoms of CKD in cats include weight and
muscle loss, vomiting, anorexia/hyporexia (up to 92% of cats), constipation, proteinuria,
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non-regenerative anemia, and hypokalemia [1,6-8]. To date, there is no treatment with-
out disadvantages and side effects for CKD [9]. CKD progression may be controlled by
limiting protein intake, decreasing uremic toxin absorption, dialysis, or kidney transplanta-
tion [1,10,11]. Phosphorus level and the calcium:phosphorus (Ca:P) ratio in diet are critical
factors to consider. Ideally, the dietary Ca:P ratio should be 1 or greater [7].

Indoxyl sulfate (IS), p-cresyl sulfate (PCS), and trimethylamine N-oxide (TMAO) are
gut-derived uremic toxins (GDUTs) resulting from the breakdown of dietary protein by
some proteolytic bacteria, such as Escherichia coli, Clostridium difficile, and Shigella, in the
host intestine [10,12-14]. Increased circulating IS and PCS levels are negatively correlated
with kidney function and strongly associated with a decline in the estimated glomerular
filtration rate [15,16]. Thus, microbiota-based strategies could provide a potential auxiliary
therapeutic and preventative method for CKD.

The efficacy of probiotics to prevent/alleviate CKD has been intensively investigated in
animal models. Probiotics not only enhance the homeostasis in the intestine but also reduce
the production or retention of uremic toxins. Lactobacillus acidophilus NT decreased urinary
protein excretion and urea nitrogen, IS, and PCS in the serum of 5/6 nephrectomy mice
with mitigating systemic inflammation and kidney sclerosis [17]. In a cisplatin-induced
CKD Lanyu pig model, the probiotic mix downregulated IS levels in serum, and reduced
fibrosis and oxidative stress in the kidney by shifting the composition of gut microbiota
toward the normal control group [18]. In clinical studies, CKD dogs and cats also showed
improved kidney function after treatment with probiotics [19,20]. However, most studies
lacked in-depth mechanism investigation.

In our previous study, a Lactobacillus mixture (Lm, Lacticaseibacillus paracasei subsp.
paracasei MFM 18 and Lactiplantibacillus plantarum subsp. plantarum MFM 30-3), isolated
from traditional fermented milk, exerted kidney-protective effects in a CKD mice model [9]
and human clinical trial [21]. The possible mechanism of Lm was also elucidated, which in-
volved Lm-mediated interconnection and modulation of microbial composition, metabolic
reactions, and metabolite profiles.

Treating pets with probiotics in powder, capsule, or tablet form is challenging [22],
so combining probiotics with feed or pet treats might provide a potential solution. How-
ever, certain factors, such as microorganism characteristics (thermal resistance, oxygen
tolerance, acid, and bile resistance), processing conditions (including time, temperature,
pressure, moisture, water activity, and pH), application method, and packaging and stor-
age conditions, affect probiotic survivability, which further influences their efficacy [23].
The efficacy of probiotics in pet foods is a new field of study, and inventions in the form
of new application strategies, effective strain selection, and verification of the potential
health benefits are necessary to ensure the product’s effectiveness [24]. Thus, the present
study evaluated the efficacy of Lm pet treats in feline CKD and elucidated the mechanisms
underlying host-microbe interactions. This study clarified the possible mechanism of Lm
in CKD cats and provided a possible novel way to treat cats with probiotics.

2. Materials and Methods
2.1. Bacterial Strains

Lm consisted of L. paracasei subsp. paracasei MFM 18 and L. plantarum subsp. plantarum
MEFM 30-3 isolated from Mongolian fermented milk (MFM) in our lab, in a ratio of 1:1. The
Lm culture conditions were as previously described [9]. The freeze-dried Lm powder was
produced by Grape King Bio, Ltd. (Taoyuan, Taiwan) with microcrystalline «-cellulose,
magnesium stearate, silicon dioxide, and oligofructose as an excipient for the production of
Lm pet treats. The total bacterial count in the Lm powder was 1.07 x 10'! CFU/g.

2.2. Preparation of Lm Pet Treats

The Lm powder was mixed with chicken oil and fish oil at 37 °C. Then, 1% of the Lm
powder was spread-coated at a low temperature (37 °C) on the commercial pet feed made
by Withpet Inc. (Taoyuan, Taiwan) as Lm pet treats. Three different flavors of Lm pet treats
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were produced including chicken and fish (CA), fish and mutton (CB), and chicken (CC).
The comprehensive ingredient of Lm pet treats is shown in Tables 1 and S1.

Table 1. Nutrient composition of Lm pet treats.

CA CB CC
Energy (kcal /100 g food) 411.0 413.9 425.7
Carbohydrates (%) 41.7 419 419
Crude protein (%) 33.6 33.0 31.9
Crude fat (%) 12.2 12.7 14.5

Crude fiber (%) 3.50 3.50 32
Sodium (Na) (mg/100 g food) 413.0 511.5 346.4
Phosphate (P) (mg/100 g food) 1210 1250 965
Ca/P 1.56 1.54 1.66

Ash (%) 7.4 7.7 6.4

CA: chicken + fish; CB: fish + mutton; CC: chicken.

2.3. Safety and Stability Testing of Lm Pet Treats

Lm pet treats were stored at room temperature. Harmful residue analysis and chemical
stability were analyzed by Eurofins Food Testing Taiwan Ltd. (Kaohsiung, Taiwan). The
pathogenic bacteria test was performed by the National Animal Industry Foundation
(Taipei, Taiwan). Lm pet treats were homogenized with sodium chloride liquid every
2 weeks and the lactic acid bacteria count was evaluated on lactobacilli MRS agar (Neogen
Corporation, Lansing, MI, USA).

2.4. Clinical CKD Cat Trial: A Pilot Study

This single-arm pilot study was conducted at the National Taiwan University Vet-
erinary Hospital, Taiwan, from August to November 2021. The study was approved by
the Institutional Animal Care and Use Committee of National Taiwan University (IACUC
approval no: NTU-110-EL-00042). All owners signed an informed consent form before
allowing their cats to participate in the study.

The study design is shown in Figure 1. There were no limitations on the cats” age,
sex, breed, weight, and sterilization, but they were required to be CKD stages 2-3 and
with 1.6-5.0 mg/dL creatinine or 18-38 pug/dL symmetric dimethylarginine (SDMA) [24]
and meet one of the following conditions for at least 3 months: abnormal urinary test
{urine specific gravity > 1.035; persistent renal proteinuria [urine protein/urine creatinine
ratio (UPC) > 0.4]}, or subclinical symptoms (e.g., polyuria, polydipsia, and dehydration).
Cats were excluded if they had acute kidney disease, acute worsening azotemia, diabetes,
hyperthyroidism, urinary tract infection, or other nonrenal diseases (e.g., cardiac, hepatic,
gastrointestinal, neoplastic diseases, or infection). Additionally, if cats were administered
antibiotics 2 weeks before the beginning of the trial, they were also excluded.

This study involved 35 cats with CKD that were comprehensively evaluated to obtain
previous clinical measurements, dietary and medical histories, and availability of clinical
samples. Their owners provided consent for them to participate in this study. Their CKD
stage and thyroxine levels were confirmed to ensure their suitability for study participation.
Of the 12 cats with CKD enrolled in this clinical study, 6 completed the study and 6 dropped
out due to unexpected complications including palatability of pet treats and a urinary tract
infection, which may influence the evaluation of kidney function. The ratio of male to
female cats was 1:1, with a median age of 13.0 (range 8-19 years) and a median weight of
4.41 kg (range 3.09-6.30 kg). One cat was CKD stage 2 and five were stage 3 (Table S2).
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CKD cats recruitment (n = 35)

¢ CKD stage 2-3
* Age, sex, weight, breed, and sterilization are not
limited.

Excluded (n =23)

* Owners could not cooperate
« Cats did not meet the inclusion criteria

CKD candidates (n = 12)

« Palatability test of pet treats without probiotics
* Preliminary experiment

Excluded (n = 6)
* Not passing the preliminarily test (n =2) (CKD
Clinical trial (n = 6) stage 4 and urinary infection)

« Showing low interest in eating pet treat (n = 4)

* Open-label, single-arm clinical study

Measurement and analysis (n = 6)

* Blood test, urinary test, life quality, kidney
functional indicators, gut-derived uremic toxins,
and gut microbiota

Figure 1. The study design.

The cats were fed one bag of treats (10 g) to replace their original pet feed (10 g) by their
owner daily for 8 weeks. Each bag of probiotic treats contained 2.79-3.93 x 108 CFU/cat/day
of Lm. The cats maintained regular CKD therapy and their original dietary habits at the
time of enrollment and during the study period. After the whole experiment, owners
answered a questionnaire about the life quality of the tested cats.

2.5. Biochemical Measurements

Biochemical analyses of blood and urine were conducted by the veterinary hospital.
Creatinine, blood urea nitrogen (BUN), complete blood count, and ions in blood were
measured by a blood chemistry analyzer. Urinary tests were also performed using the
urine analyzer, including UPC and specific gravity.

2.6. Uremic Toxin Analysis

The gut-derived uremic toxins, including IS, PCS, TMAO, and phenyl sulfate (PS),
were determined in plasma. Briefly, plasma (50 puL) was mixed with 50 pL of internal
control (1000 ng/mL of PCS-d7, 1S-d4, PS-13C6, and 100 ng/mL TMAO-d9) and 400 uL
of acetonitrile, then centrifuged at 15,000x g rpm for 15 min at 4 °C. The supernatant
(200 nL) was vacuum-concentrated and dissolved in 200 pL of 20% acetonitrile. The uremic
toxins were measured by an LC-MS/MS system (TripleQuad5500, ABSCIEX, Framingham,
MA, USA) with an ACQUITY UPLC BEH C18 Column (2.1 x 150 mm, 1.7 um, waters).
The mobile phase A was 1 mL methanol in 1000 mL ddH,O, and the mobile phase B was
10 mM ammonium acetate in 1000 mL acetonitrile. The eluting gradient was as follows:
0.0—3.0 min (10%—95% B); 3.0—4.0 min (95% B); 4.0—4.1 min (95—10% B); 4.1—6.0 min
(0% B). The injection volume was 5 puL and the flow rate was 0.3 mL/min. The nebulizer
gas pressure and drying gas pressure were both 55 psi, and the drying gas temperature was
550 °C in the positive electrospray ionization mode and negative electrospray ionization
mode. The capillary voltage was 5.5 kV and —4.5 kV in positive and negative electrospray
ionization mode, respectively. The model parameters of the multiple reaction monitoring
of target uremic toxins are shown in Table S3.

2.7. Microbiota Analysis in Feline Feces

Fecal samples were collected at week 0 and 8, respectively. The fecal genomic DNA
samples were extracted and stored at —20 °C. The DNA concentration was measured by a
Qubit 4.0 Fluorometer (Thermo Scientific, Rockford, IL, USA) before third-generation sequenc-
ing assays were performed by BIOTOOLS Co., Ltd. (Taipei, Taiwan). The 165 whole-length
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sequencing was amplified by universal primers 27F: 5-AGRGTTYGATYMTGGCTCAG-3/,
and 1492R: 5 RGYTACCTTGTTACGACTT-3'. In this study, Hifi reads with read quality
(RQ) > 30 were retained and the DADAZ2 package (dada2_1.20) in R software was used to
denoise. The reads after denoising are called ASVs (amplicon sequence variants) and one
ASV was regarded as one species cluster. QIIME2 (v2021.4; http://qiime2.org/ (accessed
on 18 November 2020)) was used to process and analyze the representative sequencing of
the same ASVs. The NCBI 16S ribosomal RNA database (July 2020) was used to identify
the taxonomy classification. The observed species, Shannon-Wiener diversity index, and
Pielou’s evenness were analyzed through QIIME2 as the « diversity indexes. Beta diversity
used principal coordinate analysis (PCoA) to compare the differences between microbiota
composition before and after administrating Lm pet treats.

Specific bacteria, including Bifidobacterium, Lactobacillus, and Enterobacteriaceae, were
quantified by qPCR. Each reaction included 5 pL 2 x KAPA SYBR FAST qPCR Master Mix
(Kapa Biosystems, Wilmington, MA, USA), 0.2 uL 10 uM forward primer, 0.2 uL 10 uM
reverse primer (Table S4), 2 uL template DNA, and 2.6 pL ddH,O.

The PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Un-
observed States) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
were applied to compare the gene information to predict metabolic function changes. In
Spearman correlation analysis, kidney function indexes (BUN and creatinine), uremic
toxins (IS, PS, TMAQO, and PCS), and KEGG level 3 pathways were correlated with the
bacterial biomarkers in the third-generation sequencing analysis.

2.8. Statistical Analysis

Lactic acid bacteria storage stability of Lm pet treats was shown as mean + SD, and
analyzed through one-way ANOVA by GraphPad Prism v9.3.1 (GraphPad Software Inc.,
Boston, MA, USA). All data of the clinical study were presented as mean £ SEM. Based on
the results of the Shapiro-Wilk normality test, the statistical analyses were performed by
the Wilcoxon signed-rank test or ratio paired ¢-test by GraphPad Prism v9.3.1 and Statistical
Analysis System v9.4 (SAS Institute Inc., Cary, NC, USA). Considering the limited sample
size in this pilot study and the resulting limitations in statistical power, it is possible that
the effects of the Lm intervention may be underestimated. The treatment effect of the Lm
intervention in clinical measurements was assessed in conjunction with 90% confidence
intervals (Cls) to elucidate its clinical significance [25,26].

3. Results
3.1. Safety and Stability of Lm Pet Treats

The chemical and microbial analyses of the Lm pet treats showed no evidence of
pathogenic bacteria or harmful residues, therefore the treats met all the relevant regulatory
standards (Table S5). When stored at room temperature, there were no distinct changes
in moisture, acid value, and peroxide value (POV) of the Lm pet treats (Table S6) after
8 weeks of storage. The average lactic acid bacteria count of the three flavors of Lm pet
treats declined gradually from 4.3 x 108 CFU/g to 5.4 x 10° CFU/g after 12 weeks of
storage (Figure 2). The effective dose of Lm in CKD cats (3-5 kg) was determined as
2.79-3.93 x 108 CFU/cat/day [9,27]. Therefore, each cat weighing less than 5 kg should be
given 10 g of Lm pet treats daily to receive the effective probiotic dosage. For cats weighing
over 5 kg, the quantities of Lm pet treats were individually calculated to ensure they met
the required probiotic intake. In our study, one cat weighed 6.3 kg and therefore required a
daily intake of 12 g of Lm pet treats. The Lm pet treats were produced monthly and sent to
owners directly to maintain the Lm viable dose.
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Figure 2. Lactic acid bacteria storage stability in Lm pet treats (50 g of probiotic powder per 5 kg
of food). The data are presented as mean + SD (n = 3). CA: chicken + fish; CB: fish + mutton; CC:
chicken. * p < 0.05 indicates a significant difference compared to week 0.

3.2. Effect of Lm Pet Treats on Life Quality and Kidney Function in CKD Cats

Blood and urine biochemical parameters were maintained during the administration
of Lm treats, except serum phosphate, which was significantly elevated (p < 0.05) after
taking Lm treats. The body weights of tested cats also remained stable (Table S7), indicating
no adverse effects of Lm in cats with CKD (Table S8). Creatinine, a key indicator of kidney
function, showed each measurement shifted towards a lower distribution (90% of ClIs)
with a p-value = 0.06 after 8 weeks of Lm treatment (Table 2), with all cats experiencing
a reduction in creatinine, signifying a potential alleviatory effect of Lm treats on CKD
progression (Figure 3A). BUN levels were also reduced or maintained in 50% of the cats.
The kidney function indicators showed improvement for PF-1, who progressed from the
third to the second stage of CKD (Table S9). The other subjects maintained their respective
CKD stages.

After two months of Lm treatment, 66.67% (4/6 cats) of CKD cats had a better appetite
with 100% (6/6 cats) of cats improving/maintaining their activity. One cat had a higher
defecation frequency, and the others sustained the frequency (83.33%) (Figure 3B). Feed-
back from cat owners also reported that feline stool shape and color improved after the
Lm treatment.

Table 2. Kidney function indicators and uremic toxins in plasma of CKD cats during the trial.

Before Lm During Lm After Lm

Indicators Intervention Intervention Intervention p Value
Week 0 Week 4 Week 8 Week 0 vs. 4 Week 0 vs. 8
BUN 37.83 (23.91-51.76) 35.33 (28.64—42.03)  37.67 (22.22-51.12) 0.851 0.906
creatinine 3.57 (2.85-4.29) 3.52 (2.73-4.30) 3.22 (2.53-3.90) 0.742 0.063
1340.17 865.95 1367.73
TMAO (977.60-1702.74) (447.43-1284.48) (533.86-2201.60) 0.100 0.475
522.05 764.80 557.97
s (109.72-934.38) (296.23-1233.37) (124.62-991.31) 0.287 0.276
6410.50 2727.87 5766.97
15 (—1306.75-14,127.75) (1304.41-4151.32) (977.79-10,554.14) 0.313 >0.999
3259.52 1914.03 4394.73
PCS (439.16-6077.87) (—524.98-4353.04)  (1681.35-7108.12) 0-156 0.202

Data were presented as mean (90% confidence intervals). Variables were tested using the ratio paired f-test or
Wilcoxon signed-rank test.
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Figure 3. Effects of Lm pet treats on CKD cats. (A) Plasma value and the fold change of kidney
function indicators. (B) Life quality of CKD cats. The data are presented as mean = SEM (n = 6).
Statistical analysis was performed using the Wilcoxon signed-rank test. PF: pet food group.

3.3. Effect of GDUT5 in Plasma after the Administration of Lm Treats

Although plasma TMAO, IS, PCS, and PS were not significantly different between
groups (p > 0.05), GDUTs were further evaluated based on CIs (90%) to assess the treatment
effect. The ClIs in the present study suggest potential clinical significance in IS (Table 2)
after 4 weeks of Lm treatment. A comparison of the percentage changes in individual cats,
66%, 50%, and 50% of the CKD cats decreased or maintained their plasma levels of TMAO,
IS, and PCS, respectively, after 8 weeks of Lm treatment (Figure 4).
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Figure 4. Plasma value and the fold change of uremic toxins after administrating 8 weeks of Lm pet
treats. (A) Trimethylamine-N-oxide (TMAO), (B) indoxyl sulfate (IS), (C) phenyl sulfate (PS), and
(D) p-cresyl sulfate (PCS). The data are presented as mean £ SEM (n = 6). Statistical analysis was
performed using the Wilcoxon signed-rank test. PF: pet food group.
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3.4. Lm Pet Treats Modified Fecal Microbiota of CKD Cats

We used 1665 full-length sequencing to explore the link between Lm treatment and the
gut microbiota composition, showing that the Shannon index and alpha diversity index
significantly increased after the Lm treatment (p < 0.05), while the Pielou evenness increased
(p = 0.06) (Figure 5A). Conversely, beta diversity in the PCoA plot showed only a slight
shift, indicating 24.4% and 21.7% of the total gut microbiota composition in PC1 and PC2,
respectively (Figure 5B). These findings indicate that Lm increased the richness of microbial
species that were phylogenetically similar, enhanced evenness among these species, and
simultaneously maintained the core gut microbiome composition in felines.
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Figure 5. Fecal microbiota analyses of CKD cats. (A) Differences before and after the trial in fecal
microbiota in different CKD cats. The results are shown as quartiles with minimum and maximum
(n = 6). Statistical analysis was performed using the Wilcoxon signed-rank test. * p < 0.05 indicates a
significant difference compared with week 0. (B) Alpha diversity. (C) Beta diversity. (D) Taxonomic
shifts in species level. Each dot represents a cat. Letters C and Ctrl represent the fecal sample before
administrating Lm; letters L and Lm represent the fecal sample after administrating Lm.

Regarding the gut microbial configuration before and after administrating Lm treats,
there were four dominant phyla including Firmicutes (~90%), Actinobacteria (~10%),
Proteobacteria, and Bacteroidetes (Figure 5C), and ten prominent families, with Peptostrep-
tococcaceae being the most dominant family (from 55.0% to 43.5%), followed by Lach-
nospiraceae (from 30.0% to 35.0%), Coriobacteriaceae (from 5.8% to 6.62%), Clostridiaceae (from
2.4% to 4.6%), Bifidobacteriaceae (from 2.6% to 3.0%), Oscillospiraceae (from 1.7% to 3.7%),
Erysipelotrichaceae (from 0.7% to 1.2%), Eubacteriaceae (from 0.7% to 0.3%), Pepcococcaceae
(from 0.6% to 0.2%), and Enterococaceae (from 0.0% to 0.5%). Peptacetobacter (from 55.0%
to 42.7%) was the most abundant at the genus level, followed by Blautia (from 28.2% to
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32.3%), Collinsella (from 5.7% to 6.6%), Clostridium (from 2.4% to 4.6%), Bifidobacterium
(from 2.6% to 3.0%), Subdoligranulum (from 0.9% to 2.1%), Drancourtella (from 0.5% to 1.1%),
Mediterraneibacter (from 0.7% to 0.9%), Solobacterium (from 0.5% to 0.8%) and Faecalimonas
(remaining 0.5%) (Figure 5C).

A total of 121 bacterial species were identified in the feline gut microbiome and the
top ten were Peptacetobacter hiranonis (from 55.0% to 42.7%), Blautia caecimuris (from 10.1%
to 14.9%), Blautia schinkii (from 4.3% to 3.3%), Blautia coccoides (from 3.1% to 1.6%), Blautia
argi (from 3.0% to 1.3%), Blautia glucerasea (from 2.5% to 4.2%), Collinsella aerofaciens (from
1.5% to 1.3%), Collinsella tanakaei (from 1.1% to 1.7%), Blautia faecicola (from 1.0% to 2.3%),
and Subdoligranulum variabile (from 0.9% to 2.1%) (Figure 5C).

There were also variations in the individual fecal microbiomes at the species level
(Figure 5D), for example, the PF-1 cat had a high proportion of Blautia, while the other
5 cats had more P. hiranonis. However, they showed a similar change in fecal microbiota
after treatment with Lm pet treats (Figure 6A). Peptostreptococcaeae significantly reduced
(p < 0.05), while Lactobacillaceae and Bifidobacterium increased from week 0 to week 8. At the
species level, Blautia hominis (p < 0.05), B. coccoides (p = 0.063), and P. hiranonis (p = 0.063)
were reduced but the genus Blautia increased after the trial. Besides, one of the Lm bacterial
strains (L. plantarum) was detected in two cats after the clinical trial.
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Figure 6. (A) Relative abundance of specific bacteria in fecal microbiota. The results are shown as
quartiles with minimum and maximum (n = 6). Group Ctrl and Lm represent the samples before and
after administrating probiotics pet treats, respectively. (B) The specific bacterium number per gram
of CKD cats’ feces. The results are presented as mean £ SEM (n = 6). Each dot represents one cat.
Statistical analysis was performed using Wilcoxon signed-rank test in relative abundance analyses,
and ratio paired t-test in qPCR analyses. * p < 0.05.
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Bacteria related to CKD in fecal microbiota were quantified by qPCR (Figure 6B)
showing that Lactobacillus and Enterobacteriaceae were significantly upregulated (p < 0.05)
and downregulated (p = 0.071) after 8 weeks of Lm pet treats administration, respectively.

3.5. Lm Pet Treats Altered Gut Microbial Function

Genetic functional prediction was performed (Figure 7) revealing that the pathways
related to producing uremic toxins, including “Tyrosine metabolism (ko00350),” “Pheny-
lalanine metabolism (ko00360)”, “Tryptophan metabolism (ko00380)”, and “Phenylalanine,
tyrosine and tryptophan biosynthesis (ko00400)”, were not different after Lm treatment,
whereas the carbohydrate-related pathway, “Galactose metabolism (ko00052)” was sig-
nificantly higher (p < 0.05). After the clinical trial, the lipid metabolism pathways “Glyc-
erolipid metabolism (ko00561)”, “Glycerophospholipid metabolism (ko00564)”, “Linoleic
acid metabolism (ko00591)”, and “Alpha-linolenic acid metabolism (ko00592)” were upreg-
ulated (p <0.1).

Tryptophan metabolism — Ctrl

Tyrosine metabolism -
Phenylalanine metabolism

Butanoate metabolism

Citrate cycle (TCA cycle)
Pentose phosphate pathway

Galactose metabolism

N}
*

Glycolysis / Gluconeogenesis —
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Fatty acid biosynthesis —
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Linoleic acid metabolism = 1 P=0.063

//
4
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Figure 7. Comparison of the relative abundance of the PICRUSt functional prediction of the fecal
microbiota between before/after trial. The results are presented as mean + SEM (n = 6). Group
Ctrl and Lm represent the samples before and after administrating probiotics pet treats, respectively.
Distinct gene categories were selected in KEGG pathway level 3. Statistical analysis was performed
using Wilcoxon matched-pairs signed-rank test. * p < 0.05.

A Spearman’s correlation network was first constructed between eight bacterial species
and 5 CKD risk factors that were significantly different before and after administration
of the Lm treats (Figure 8A). All bacteria belonging to the genus Blautia were negatively
correlated with BUN and creatinine, particularly the genus Blautia (p < 0.05). In uremic
toxins analyses, B. caecimuris and Blautia were significantly negatively correlated with
IS and TMAO (p < 0.05), whereas Peptostreptococcaceae and P. hiranonis demonstrated a
significant positive correlation with kidney function indicators and uremic toxins, especially
creatinine and TMAO (p < 0.05). The correlation network between bacterial species and
KEGG pathways revealed two and three positive and negative relationships with KEGG
level 3 pathways, respectively (p < 0.05, Figure 8B). B. caecimuris and Clostridium were
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negatively correlated with phenylalanine metabolism and phenylalanine, tyrosine and
tryptophan biosynthesis pathways, respectively (Figure 8B).

(A)

Blautia hominis

Blautia coccoides

Blautia caecimuris

Blautia

Peptacetobacter hiranonis

Peptostreptococcaceae

(B)

- . Blautia hominis
0.5
0 - |- Blautia coccoides

-0.5
I~ Blautia caecimuris

|- Blautia

I~ Peptacetobacter hiranonis

- Peptostreptococcaceae

I~ Clostridium disporicum

|- Clostridium

Figure 8. Spearman correlation analysis of biomarkers and (A) risk factors of CKD progression and
(B) KEGG pathways. * p < 0.05. BUN: blood urea nitrogen; CREA: creatinine; IS: indoxyl sulfate; PCS:
p-cresyl sulfate; PS: phenyl sulfate; TMAO: trimethylamine N-oxide.

4. Discussion

In the present study, a novel low-temperature oil-spreading approach was developed
to produce pet food coated with Lactobacillus mix (Lm, L. plantarum subsp. plantarum
MEFM 30—3 and L. paracasei subsp. paracasei MFM 18). The produced Lm pet treats were



Animals 2024, 14, 630

12 of 16

chemically and bacterially stable with a 4-month shelf life at room temperature. Pet food
production designed to ensure food safety and to extend shelf-life negatively impacts the
survival of probiotics [24]. Additional verification of the potential health benefits is crucial
to ensure the efficacy of probiotics in pet foods. Although there was no significant difference
in plasma indicators and GDUTs before and after treating with Lm probiotic treats (due to
the limited sample size), we still found the potential CKD alleviatory effect of Lm probiotic
treats in this open-label, single-arm pilot study of cats with stage 2-3 CKD. The clinical
tendency for downregulation of harmful GDUT (IS) and CKD plasma indicators (creatinine
and BUN) (confidence intervals = 90%) and improved life quality (appetite, activity, and
defecation frequency) of CKD cats were observed after two months of the Lm pet treats
intervention. This is in line with our previous studies using an adenine-induced CKD
mouse model [9] and CKD patient clinical trial [21]. This finding provides evidence that
Lm probiotics have the potential to be applied with various matrices without negatively
impacting their health benefits. Statistical significance indicates the reliability of the study
results, which is dependent on the study’s sample size [28], whereas clinical significance
reflects its impact on clinical practice, which emphasizes the estimated effect size and its
precision (such as confidence interval) [29]. To evaluate the actual treatment effect of Lm
pet treats on CKD cats, the clinical significance was interpreted in this study through 90%
confidence intervals and p < 0.1 [26,30].

Intensive studies have shown numerous outcomes to disclose the physiological func-
tions of probiotics in human patients with CKD, including reduced uremic toxins and
related precursors, modulation of gut microbiota, regulation of immune capacity, protec-
tion of the gastrointestinal tract, and improved gastrointestinal symptoms [31-35], but few
studies have evaluated the effect of probiotics and probiotic pet food in feline CKD. Serum
creatinine is one of the main evaluation indicators because it is the major parameter to
calculate the estimated glomerular filtration rate (eGFR) to measure the stability of renal
function [36]. Maintenance or reduction of plasma creatinine levels in all of the tested cats
after the administration of Lm pet treats suggests a potential moderating effect on CKD
in felines. A previous clinical study with CKD stage 2—4 cats showed that the BUN and
creatinine levels of most cats decreased after taking synbiotics for two months [18], but this
effect was not observed in the CKD counterparts with prebiotics that were mixed with or
sprinkled onto the cat food.

The improved life quality of CKD cats, including appetite, activity, and defecation
frequency, was also observed after two months of Lm treatment. Cats and patients with
CKD have an increased risk of constipation, which would further impact their life qual-
ity [8,37,38]. Constipation may lead to enhanced fermentation of unmetabolized amino
acids and peptides in the colon, resulting in the generation and absorption of more uremic
toxins precursors [9,39]. Thus, a higher frequency of defecation and moister and softer
feces would promote body waste discharge rather than accumulation. Therefore, Lm pet
treats could be a novel way to supplement probiotics and offer potential benefits in terms
of life quality and kidney function in cats with CKD.

Gut dysbiosis in patients with CKD contributes to deteriorating CKD progression [10,40—42].
Feline fecal bacteria diversity and abundance were restored with the Lm pet treats interven-
tion. Most bacterial taxa that showed lower abundances after the Lm treatment belonged
to proteolytic families (Peptostreptococcaceae and Enterobacteriaceae). Peptostreptococcaceae
and Enterobacteriaceae, which possess GDUT precursor-producing enzymes contributing to
indole, phenol, and TMAO production in humans, were more abundant in CKD patients
than in healthy participants [43-45]. The correlation analysis is consistent with the findings
of the feline gut microbiome. Peptostreptococcaceae was positively correlated to kidney
function indicators and uremic toxins. The beneficial bacteria, Lactobacillus, in feline feces
was elevated after administrating Lm pet treats. Lactobacillaceae (especially Lactobacillus),
which are butyric acid-producing bacteria, are important for intestinal homeostasis [46—-48].
Additionally, after consuming probiotic pet treats for 8 weeks, L. plantarum was detected in
the feces of 2 tested cats (Figure 6A), indicating that Lm could be preserved in the intestine.
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The abundance of Lm strains may affect its efficacy in improving gut-derived metabolites
and kidney function. However, further investigation is necessary to identify the factors
impacting probiotic colonization.

Interestingly, the Blautia species demonstrated different changes in abundance in CKD
cats after administrating Lm pet treats, but they were all negatively correlated with renal
function indicators and GDUT. The less abundant genus, Blautia, has been reported in
the gut microbiota of CKD patients and chronic renal failure (CRF) rats [44,49], and it is
also negatively correlated with plasma uremic toxins [50]. However, Blautia was rich in
patients with CKD stage 5 [44], suggesting that different strains of Blautia might cause
different effects. It is also worth noting the effect of diet on gut microbiota, with the higher
abundance of Blautia and Peptostreptococcaceae in the feline fecal microbiota associated with
consuming kibbled meals and canned food, respectively [3]. This might explain why there
was a difference in gut microbial composition between PF-1 and the other cats.

Alteration of gut microbial composition was associated with significant changes in
KEGG microbial functions, with the phenylalanine pathway being most related to the CKD
alleviatory effect of Lm pet treats. Abnormal phenylalanine metabolism has been detected
in patients with diabetic kidney disease [51]. However, few studies have exposed the
effect of probiotics on downstream microbial functions in patients and cats with CKD. The
analyses of feline gut microbiota, KEGG microbial functions, and renal function indicators
clarified the possible downstream mechanisms of the CKD-alleviating effects of Lm pet
treats involving the downstream functional phenylalanine pathway.

5. Conclusions

Lm pet treats may offer a potential supportive option for mitigating the progression of
CKD, with a possibility of improving the quality of life in cats with CKD. Administration
of Lm pet treats modulated feline microbiota (Peptostreptococcaceae, Lactobacillus, Blautia,
and Enterobacteriaceae), further regulating microbial functions involved in phenylalanine
metabolism, contributing to downregulating deleterious IS. The abundance of Lm strains
may influence their efficacy in improving gut-derived metabolites and kidney function.
Although large-scale clinical studies are necessary to verify this finding, the current study
provides potential adjuvant therapeutic insights into probiotic pet foods or treats for pets
with CKD. To the best of our knowledge, this study is the first to directly evaluate CKD-
alleviating efficacy in pet treats.

6. Limitation of the Study

The study sample size was restricted by the willingness of cat owners, the palatability
of the pet treats, and rigorous candidate screening. The different diets used could also have
caused inconsistent changes in microbiota composition, thus impacting achievement of
statistical significance. Large-scale prospective longitudinal clinical studies are needed to
confirm this finding in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ani14040630/s1, Table S1. Comprehensive ingredient list of Lm
pet treats; Table S2. Demographic characteristics of the study group; Table S3. Detection parameters of
gut-derived uremic toxins in LC-MS/MS system; Table S4. qPCR primers for targeted microorganisms;
Table S5. Harmful residue and pathogenic bacteria analyses of Lm pet treats; Table S6. Chemical
stability analysis of Lm pet treats; Table S7. Weight changes in CKD cats throughout the trial; Table S8.
Serum and urinary biochemical parameters of CKD cats throughout the trial; Table S9. Change of
CKD stage of tested cats before and after the trial [52-55].
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