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Background: Sishen Pill (SSP) is a traditional Chinese medicine prescription commonly used to treat diarrhea with kidney-yang 
deficiency syndrome. The aim was to investigate the underlying mechanisms of SSP’s therapeutic effects, providing experimental 
evidence for its mechanism of action.
Methods: A mouse model of diarrhea with kidney-yang deficiency syndrome was induced using adenine combined with Folium 
sennae. After successful model replication, SSP decoction was administered. CutC activity, TMAO, IL-6, TNF-α levels, and cecal 
content microbiota were measured.
Results: SSP significantly improved the general behavioral characteristics of diarrhea mice, and reduced CutC activity, TMAO and 
IL-6 levels. Sequencing results indicated significant changes at the phylum and genus levels. Correlation analysis revealed a positive 
correlation between CutC activity and Faecalibaculum (p<0.05) and Chryseobacterium (p<0.05), and a significant negative correlation 
with Prevotellaceae UCG−001, Rikenella (p<0.05), Acinetobacter (p<0.05), Parasutterella (p<0.05), and Lacticaseibacillus (p<0.05). 
TNF-α levels showed a significant negative correlation with Lacticaseibacillus (p<0.05), Prevotellaceae UCG−001 (p<0.01), 
Parasutterella (p<0.05), and Candidatus Saccharimonas (p<0.05). IL-6 levels exhibited a significant negative correlation with 
Rikenella (p<0.05), Acinetobacter (p<0.05), Prevotellaceae UCG−001 (p<0.05), Lacticaseibacillus (p<0.01), and Parasutterella 
(p<0.05), and a significant positive correlation with Faecalibaculum (p<0.05), Chryseobacterium (p<0.01), and A2. Serum TMAO 
levels showed a significant positive correlation with Faecalibaculum (p<0.05) and Chryseobacterium (p<0.01), and hepatic TMAO 
levels exhibited a significant positive correlation with Chryseobacterium (p<0.05).
Conclusion: SSP significantly alleviated the symptoms of diarrhea with kidney-yang deficiency syndrome by modulating the cecal 
microbiota, downregulating CutC activity, and reducing TMAO and inflammatory factor levels. The cecal microbiota-CutC-TMAO- 
inflammatory cytokine axis may be a key mechanism underlying the therapeutic effects of SSP.
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Introduction
Diarrhea is defined as having more than 3 bowel movements per day, increased water content in stools, and loose or watery 
stool consistency. It is a common global public health issue that significantly impacts the physical and mental health as well as 
the quality of life of affected individuals.1 The earliest discussions on diarrhea in traditional Chinese medicine (TCM) can be 
found in the “Huang Di Nei Jing” (“Yellow Emperor’s Inner Canon”). Due to variations in the etiology, pathogenesis, and 
clinical manifestations of diarrhea, different TCM patterns are observed, with kidney-yang deficiency syndrome being one of 
the common patterns associated with diarrhea.2 The hallmark of diarrhea with kidney-yang deficiency syndrome is its 
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occurrence predominantly in the early morning, characterized by loose, watery stools, accompanied by a sensation of body 
coldness and icy cold limbs.2,3 In previous studies, our research team successfully established a mouse model of diarrhea with 
kidney-yang deficiency syndrome using adenine combined with Folium sennae.2,3 Adenine combined with Folium sennae 
administered via gavage is a well-established method to prepare a mouse model of diarrhea with kidney-yang deficiency 
syndrome. Adenine, under the action of xanthine oxidase, generates 2.8-dihydroxyadenine, which is insoluble in water and 
accumulates in the renal tubules and interstitium, causing renal function damage. This accumulation also impedes the 
metabolism of substances such as sugars, fats, and proteins, thereby affecting the body’s energy metabolism and leading to 
the formation of kidney-yang deficiency syndrome. Following gastric lavage with Folium sennae, mice exhibit evident 
symptoms of diarrhea.2,4

The intestinal microbiota plays a crucial role in maintaining human health. Under normal conditions, it establishes 
a dynamic ecological balance between the host and the external environment. Disruption of this balance can lead to 
various host dysfunctions, such as loss of barrier function, inflammation, and immune dysfunction, which may trigger 
disease.5–7 Diarrhea and intestinal microbiota disorder exhibit a bidirectional relationship: diarrhea frequently coexists 
with intestinal microbiota imbalance, and disruption of bacterial microbiota can subsequently exacerbate diarrhea. 
Compared to non-diarrheal individuals, those with diarrhea exhibit significant differences in the composition of their 
intestinal microbiota, showing a higher abundance of Bacteroides and a lower abundance of Firmicutes. Furthermore, 
microbiota dysbiosis can further exacerbate diarrhea.3,8 In antibiotic-associated diarrhea mice, there is a decrease in 
intestinal microbiota diversity, and changes in intestinal microbiota abundance and composition lead to further dysfunc
tion in microbiota function.9 Previous studies have found that diarrhea with kidney-yang deficiency syndrome mice 
exhibit dysbiosis in the cecal microbiota, with a notable reduction in beneficial bacteria.10 The imbalance in microbiota is 
a crucial factor in the occurrence of diarrhea with kidney-yang deficiency syndrome.

One of the main ways in which the intestinal microbiota interacts with the host is through metabolites. The intestinal 
microbiota can produce biologically active metabolites, directly or indirectly affecting the host’s physiological functions. 
Disruption of the microbiota structure can reduce the production of beneficial metabolites and increase the accumulation 
of harmful metabolites. Trimethylamine N-oxide (TMAO) is one of the choline metabolites produced by the intestinal 
microbiota and is considered a gut-derived uremic toxin.11 Choline, under the action of choline-trimethylamine lyase 
(CutC) produced by the intestinal microbiota, is converted to trimethylamine (TMA), the main source of TMA in the gut, 
primarily produced in the cecum. TMA is absorbed through the intestinal wall and reaches the liver via the portal vein, 
where it is rapidly oxidized to form TMAO catalyzed by flavin-containing monooxygenases (FMOs), mainly FMO3.12,13 

In the pathway of TMAO formation, two important enzymes are involved, and the activity of these enzymes can affect 
the levels of TMAO. Inhibiting FMO3 activity can reduce TMAO levels but may lead to TMA accumulation, resulting in 
the “fish odor syndrome”. The strong activity of CutC enzyme produced by the intestinal microbiota is a focus of 
research to reduce the harmful metabolite TMAO.13,14 Microbes that produce CutC are primarily found in the cecum. 
Anaerobic degradation of choline by CutC is considered the main source of TMA formation in the intestine, and TMA is 
mainly produced in the cecum. Therefore, the cecal microbiota is the optimal focus for this study.

TMAO can participate in the development of cardiovascular and chronic kidney diseases by activating p38 
phosphorylation and upregulating human antigen HuR, thereby increasing the expression of inflammatory cytokines 
such as tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6).13,14 Elevated levels of inflammatory cytokines are 
closely related to diarrhea. Increased expression of TNF-α and IL-6 enhances the permeability of vascular endothelial 
cells, leading to leakage of intestinal fluid and causing diarrhea.15 Furthermore, elevated serum TNF-α levels in IBS-D 
patients exacerbate immune dysfunction of the intestinal mucosa, induce inflammatory responses, and promote disease 
recurrence. TMAO-induced release of inflammatory cytokines associated with diarrhea with kidney-yang deficiency 
syndrome is related to TNF-α and IL-6 levels. TMAO participates in the disease process by regulating inflammatory 
cytokine levels and may be associated with intestinal microbiota dysbiosis. The abnormal expression of a large number of 
inflammatory cytokines, once entering the bloodstream and circulating to the intestines, causes congestion and edema of 
the intestinal wall. Subsequent intestinal ischemia and hypoxia can disrupt the intestinal mucosal barrier, further causing 
microbial imbalance.
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Sishen Pill is a classical formula for treating diarrhea with kidney-yang deficiency syndrome. SSP was first recorded 
in the “Chen’s Treatise on Pediatric Smallpox and Measles”. This formula consists of six ingredients: Psoralea 
corylifolia L., Myristica fragrans Houtt., Evodia rutaecarpa (Juss). Benth., Schisandra chinensis (Turcz). Baill., 
Zingiber officinale Rosc., and Ziziphus jujuba Mill. The composition ratio is 4:2:1:2:2:2, with a total mass of 39 g. It 
functions to warm the kidneys and spleen, strengthen the intestines, and stop diarrhea.3 Studies have found that it 
achieves therapeutic effects through the synergistic action of various bioactive substances.16 It is commonly used in 
modern medicine for the treatment of inflammatory bowel disease, chronic colitis, irritable bowel syndrome, functional 
diarrhea, chronic diarrhea, and refractory diarrhea, showing good efficacy.17–19 TCM is characterized by multiple 
components, targets, and modes of action in disease prevention and treatment. The intestinal microbiota, as one of its 
main targets, is closely related to the effectiveness of TCM.20 In previous research, our team found that SSP effectively 
improves diarrhea by regulating the disrupted intestinal mucosal microbiota in a mouse model of diarrhea with kidney- 
yang deficiency syndrome.3 Furthermore, SSP can treat colitis by modulating the composition of the intestinal microbiota 
and downregulating the expression of inflammatory factors.19 The study found that SSP can significantly reduce the 
levels of Proteobacteria and Mycoplasma in the intestines of IBS-D model rats. Proteobacteria is a large group of bacteria 
that includes many pathogenic species, and an increase in its abundance can lead to intestinal microbiota imbalance.21

Previous studies have demonstrated that mice with diarrhea with kidney- yang deficiency syndrome exhibit dysbiosis 
in the cecal microbiota, along with elevated levels of CutC activity, TMAO, and inflammatory factors.10 Additionally, 
research has identified a link between intestinal microbiota imbalance and increased TMAO concentrations, where 
TMAO can activate inflammatory responses and cytokines, contributing to diarrhea with kidney-yang deficiency 
syndrome through the “gut-kidney axis”.22 Hence, we hypothesize that SSP may influence CutC activity and TMAO 
levels by modulating the composition of the cecal microbiota, and affecting the inflammatory response thereby mediating 
the treatment of diarrhea. This study employed adenine combined with Folium sennae to construct a diarrhea with 
kidney-yang deficiency syndrome in mice. Subsequently, SSP was administered to these mice, and the influence of the 
TCM formula SSP on the cecal microbiota, CutC activity, TMAO level, and inflammatory response in mice with diarrhea 
with kidney-yang deficiency syndrome was investigated to explore the mechanism of its therapeutic action.

Material and Methods
Animal and Feeding
To eliminate the influence of gender on the gut microbiota, only male mice were used in this study.23 Thirty male KM 
mice of SPF-grade, weighing 18–22 g, 4 weeks old were purchased from Hunan Slack Jingda Experimental Animal Co, 
Ltd. (Changsha, China, License No: SCXK (Xiang) 2019–0004). They were housed in separate cages in the barrier 
environment of the Experimental Animal Center of Hunan University of Chinese Medicine (License No: SYXK (Xiang) 
2019–0009) at a temperature of 23–25°C, relative humidity of 50%-70%, and a 12-hour light/dark cycle. Mice were 
provided with ad libitum access to food and water. The feed was supplied by the Experimental Animal Center of Hunan 
University of Chinese Medicine and produced by Jiangsu Medisan Biopharmaceutical Co., Ltd. The nutritional 
composition included moisture, crude protein, crude fiber, crude fat, crude ash, calcium, total phosphorus, lysine, 
methionine, and cysteine. The experiment was approved by the Animal Ethics and Welfare Committee of Hunan 
University of Chinese Medicine and was conducted in accordance with the Guidelines for Humane Endpoint Review 
of Animal Experiments. (Ethics Number: LL2023081010).

Drug and Preparation
Adenine (Changsha Yaer Biology Co., LTD, Changsha, China, EZ7890C450). Folium sennae (Anhui Pure Traditional 
Chinese Medicine Co., Ltd, 2008232). Preparation of adenine suspension: Prepare a suspension with sterile water at 
a dosage of 50 mg/(kg•d), prepare and use immediately, and avoid light. Preparation of Folium sennae decoction: Place 
Folium sennae in a beaker with an appropriate amount of water, discard the water after soaking for 30 minutes, add 5 
times the weight of the medicinal herbs, heat in a 75 °C water bath for 30 minutes, filter and collect the filtrate. Then add 
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an appropriate amount of water to the residue, heat in a 75 °C water bath for 15 minutes, filter, and collect the filtrate. 
Combine the filtrates, rotary evaporate at 75 °C to a concentration of 1 g/mL and store at 4 °C for later use.3,24

Composition and Dosage of SSP: Psoraleae fructus 12 g (produced by Hunan Sanxiang Traditional Chinese Medicine 
Co., Ltd., batch number: 2023010602), Myristica semen 6 g (produced by Hunan Hengyue Traditional Chinese Medicine 
Co., Ltd., batch number: 23020923), Euodiae fructus 3 g (produced by Anhui Pure Traditional Chinese Medicine Co., Ltd., 
batch number: 2302283), Schisandrae chinensis 6 g (produced by the First Affiliated Hospital of Hunan University of 
Chinese Medicine, batch number: HQ23030603), Jujubae fructus 6 g (produced by Anhui Boyao Qiancao Traditional 
Chinese Medicine Pieces Co., Ltd., batch number: 2304156), Zingiberis rhizome recens 6 g.2,3,24 Preparation of SSP 
decoction: Soak the herbs in water for 30 minutes, discard the water, add 5 times the amount of water to the herbs, boiled at 
100°C for 30 minutes, filter the liquid. Add an appropriate amount of water to the residue, repeat the heating and filtering 
process, combine the two liquids, and concentrate to 0.29 g/mL. The SSP decoction is stored at 4 °C for later use.2,3,24

Animal Grouping and Treatment
The animal experimental procedure is illustrated in Figure 1. Thirty mice were adaptively fed with free access to water and 
maintenance feed for 3 days. They were then randomly divided into the normal control group (Healthy) with 10 mice and 
the model group (MM) with 20 mice. Mice in the MM group were administered an adenine suspension by gavage 
continuously for 14 days at a dose of 50 mg/(kg·d), 0.4 mL/mouse, once a day.2 Starting on the 8th day after the 
administration of the adenine suspension, mice in the MM group were also administered Folium sennae decoction by 
gavage for 7 consecutive days at a dose of 10 mg/(kg·d), 0.4 mL/mouse, once a day.2 During this period, the Healthy group 
was given sterile water with the same volume and frequency. After successful model establishment, the 20 mice in the MM 
group were randomly divided into the model control group (Control) and the SSP group, with 10 mice in each group. Mice 
in the SSP group were administered SSP decoction by gavage for 7 days at a dose of 5 g/(kg·d), 0.35 mL/mouse, twice a day. 
The Healthy and Control groups were administered sterile water with the same volume and frequency.3

Animal Behavioral Observation
Using Healthy and Control group mice as controls, observe the mental status, spontaneous activity, fecal form and color, 
and perianal cleanliness of mice before and after SSP treatment. Record the daily average food and water intake of mice in 
each group during the treatment. On days 1, 3, and 7 of treatment, weigh and record the body weight and rectal temperature 
of the mice. Collect mouse feces at 9 a.m. on days 1, 3, and 7 of treatment, calculate the fecal water content, weigh and 
record the wet weight of the fecal sample, dry the sample at 110°C to constant weight, and record the dry weight.25

Model Evaluation Criteria
Based on the clinical manifestations of diarrhea with kidney-yang deficiency syndrome, the diagnostic criteria for 
macroscopic signs in the mouse model include loose stools or undigested grains in the feces, cold extremities, decreased 

Figure 1 Flow chart of animal experiment. The administration method for all groups was via gavage.
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appetite, and body weight, and a lethargic demeanor.2,3 The collected feces were crushed and examined for the presence 
of loose stools or undigested particles to assess diarrhea based on fecal water content. Rectal temperature was used to 
evaluate limb coldness, while daily average food intake, daily average water intake, and body weight were used to assess 
reduced appetite and weight loss. The mental state of the mice was evaluated by observing squinting and clustering 
behavior.2

Sample Collection
After the treatment, mice were anesthetized with isoflurane inhalation, and blood was collected by enucleating the eyeball of 
mice. Blood samples collected from each group were allowed to stand at room temperature for 30 minutes, followed by 
centrifugation at 3000 rpm for 10 minutes. The upper layer of serum was then collected and transferred into Eppendorf tubes, 
which were stored at −80°C for subsequent ELISA assays. After cervical dislocation, the liver tissues of each mouse were 
collected and stored at −80 °C for later use in ELISA analysis. Under sterile conditions, sterile forceps were used to collect 
intestinal contents for CutC activity. Subsequently, the entire intestine was cut open with surgical scissors, and the intestinal 
mucosa was scraped after rinsing with physiological saline for the measurement of CutC activity. For each group, cecal contents 
and mucosa were collected from 5 mice for CutC activity measurement. Additionally, cecal contents from another set of 5 mice in 
each group were collected, labeled, and stored at −80 °C for subsequent 16S rRNA high-throughput sequencing.3,26

Measurement of CutC Activity
The small intestine contents and mucosa, the cecum contents and mucosa collected from each group were placed in 
sterilized conical bottles containing distilled water and glass beads, shaken for 30 minutes to extract the enzyme proteins 
fully, and then centrifuged at 3000 r/min for 15 minutes to collect the supernatant, which was used to prepare the crude 
enzyme solution. CutC activity was determined at a wavelength of 410nm using the picric acid–toluene method. This 
method is based on the catalysis of choline to TMA by CutC. The reaction of TMA with picric acid produces a yellow picric 
acid trimethylamine salt, which has an absorbance peak at 410nm. Therefore, the absorbance of the solution at 410nm was 
measured, and TMA was quantitatively analyzed using the standard curve method to calculate the activity of CutC.27,28

Enzyme-Linked Immunosorbent Assay
ELISA was used to detect the levels of IL-6, TNF-α, and TMAO in the serum and TMAO in liver. Blood samples 
collected from each group were allowed to stand at room temperature for 30 minutes, centrifuged at 3000r/min for 
10 minutes, and the upper serum was transferred to ep tubes. The samples were then processed following the instructions 
of the kit, including adding samples, adding enzymes, incubation, plate washing, color development, stopping the 
reaction, and machine detection. Liver samples collected from each group were ground using a tissue grinder to obtain 
the supernatant, which was processed following the kit instructions for sample addition, enzyme addition, incubation, 
plate washing, color development, stopping the reaction, and machine detection. The IL-6, TNF-α, and TMAO kits were 
provided by Quanzhou Kenuodi Biotechnology Co., Ltd.

DNA Extraction, 16S rRNA Gene Amplicon Sequencing, and Sequence Analysis
(1) DNA Extraction: Total genomic DNA samples were extracted from cecal contents using the bacterial DNA extraction 
kit (produced by MP Biomedicals, batch number: 116564384). The quantity and quality of the extracted DNA were 
measured using a NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose 
gel electrophoresis, respectively.
(2) PCR Amplification: PCR amplification was performed using specific primers targeting the V3+V4 region of bacterial 
16S rRNA. The forward primer sequence 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and the reverse primer sequence 
806R (5′-GGACTACHVGGGTWTCTAAT-3′) were used.
(3) PCR Product Recovery and Purification: PCR products were detected using 2% agarose gel electrophoresis, and 
purification was carried out using the Axygen® AxyPrep DNA Gel Extraction Kit.

Journal of Inflammation Research 2024:17                                                                                          https://doi.org/10.2147/JIR.S470254                                                                                                                                                                                                                       

DovePress                                                                                                                       
7279

Dovepress                                                                                                                                                             Guo et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


(4) Fluorescent Quantification of PCR Products: The Quant-it PicoGreen dsDNA Assay Kit was used to quantitate the 
recovered PCR amplification products. Samples were mixed in proportion according to the sequencing volume require
ments for each sample.
(5) Sequencing: Library construction was performed using the Illumina TruSeq Nano DNA LT Library Prep Kit, and 
sequencing was conducted using the Illumina NovaSeq 6000 platform with the NovaSeq 6000 SP Reagent Kit v1.5 (500 
cycles) (Illumina, San Diego, CA, USA) in a 2*250bp sequencing mode. Sequencing was conducted by Shanghai 
Personal Biotechnology Co., Ltd. The sequencing data of the cecal content microbiota have been deposited in the NCBI 
database under the accession number: PRJNA1073021.

Bioinformatics Analysis
(1) Species annotation: Sequences were denoised to obtain ASVs according to the QIIME2 dada2 analysis workflow. The 
Silva database (http://www.arb-silva.de/) was selected, and the classify-sklearn algorithm from QIIME2 (https://github. 
com/QIIME2/q2-feature-classifier) was used for species annotation of each ASV feature sequence, using default 
parameters in QIIME2 and a pre-trained Naive Bayes classifier.
(2) Alpha diversity: Using the unrarefied ASV/OTU table, the “qiime diversity alpha-rarefaction” command is executed 
with parameters set to “–p-steps 10 –p-min-depth 10 –p-iterations 10”, where the minimum rarefaction depth is set to 10. 
The parameter “–p-max-depth” is set to 95% of the sequencing depth of the sample with the lowest sequencing depth 
among all samples. Ten depth values are evenly selected between this depth and the minimum depth, and each depth 
value is rarefied 10 times to compute the chosen alpha diversity indices. The average score at the maximum rarefaction 
depth is used as the alpha diversity index.
(3) Rarefaction curve: The alpha-rarefaction.qzv file is generated by the “qiime diversity alpha-rarefaction” command. 
This file can be visualized by dragging it into https://view.qiime2.org/.25

(4) Beta diversity: Using the rarefied ASV table, the “qiime diversity core-metrics-phylogenetic” command is used to 
compute four distance matrices: Jaccard, Bray-Curtis, unweighted UniFrac, and weighted UniFrac. These distance 
matrices are then analyzed using PCoA, and a QZV file is outputted. The QZV file can be visualized by dragging it 
into the appropriate area on https://view.qiime2.org/.29

(5) Feature Microbiota Analysis: LEfSe (LDA Effect Size) analysis is a method that combines non-parametric Kruskal– 
Wallis and Wilcoxon rank-sum tests with Linear Discriminant Analysis (LDA) effect size. LEfSe analysis allows for 
simultaneous differential analysis at all taxonomic levels and emphasizes identifying robust differential taxa between 
groups, known as biomarker taxa. Using the unrarefied ASV table, the “classify_samples_ncv” function from q2-sample- 
classifier was called for random forest analysis.30

(6) Functional Prediction Analysis: Functional prediction of 16S rRNA sequence data was performed using PICRUSt2 
2.3.0 based on the KEGG database.
(7) Correlation Analysis: Spearman analysis was conducted using the R stats package to explore the correlation between 
cecal content microbiota and CutC activity, TMAO levels, and inflammatory factors.

Statistical Analysis
Statistical processing and analysis were performed using SPSS 22.0 software. For metric data conforming to a normal 
distribution, the mean ± standard deviation was used to represent the data. When comparing two groups with samples that 
followed a normal distribution, t-test analysis was employed. If the distribution was non-normal, the Mann–Whitney 
U-test was used. For comparisons involving more than two groups, if the sample distribution was normal and the 
variances were homogenous, one-way analysis of variance (ANOVA) was applied, followed by LSD post hoc tests for 
further comparisons. If the data did not meet the assumptions of normal distribution or homogeneity of variance, the 
Kruskal–Wallis test was used. Count data from each group were expressed as percentages (%), and group comparisons 
were conducted using the chi-square test. The significance level was set at α=0.05, and p<0.05 indicated statistical 
significance.
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Results
Effects of SSP on General Behavior in Diarrhea with Kidney-Yang Deficiency Syndrome 
Mice
Mice in the Healthy group exhibited normal mental state and spontaneous activity, with dry bedding, well-formed stools, 
moderate softness, and cleanliness around the anus. Compared to the Healthy group, mice in the Control group showed 
poor mental state, reduced spontaneous activity, a tendency to gather in clusters, damp bedding, loose and sticky stools, 
and soiled perianal area. Mice in the SSP group showed some improvement in mental state, increased activity, and 
a reduction in clustering behavior (Figure 2). This indicates that the decoction of SSP can improve the symptoms and 
signs of mice with diarrhea with kidney-yang deficiency syndrome.

Throughout the experiment, the daily average food intake of the three groups of mice remained relatively stable 
(Figure 3A). With SSP intervention on days 1, 2, and 3, the food intake fluctuated significantly among the three groups. 
As the intervention time with SSP increased, the daily average food intake of the three groups tended to stabilize 
uniformly. From Figure 3B, it can be observed that, throughout the entire experimental process, the daily water intake of 
the Healthy group mice showed minimal fluctuations. The daily average water intake of Control group and SSP group 
mice was higher than that of the Healthy group. Starting from the SSP intervention, the daily average water intake of the 

Figure 2 Effects of SSP on General Behavior in Diarrhea with Kidney-Yang Deficiency Syndrome Mice. (A) Behavioral and activity status of mice in the Healthy group; 
(B) Behavioral and activity status of mice in the Control group; (C) Behavioral and activity status of mice in the SSP group; (D) Perianal conditions of mice in the Healthy 
group; (E) Perianal conditions of mice in the Control group; (F) Perianal conditions of mice in the SSP group; (G and H) Fecal characteristics of the three groups of mice 
at the end of the experiment.
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SSP group mice began to decline, falling below the daily average water intake of the Control group. It can be seen that 
the SSP decoction does not significantly improve the food intake and water consumption of mice with diarrhea with 
kidney-yang deficiency syndrome.

Comparing the changes in body weight and rectal temperature on days 1, 3, and 7 of SSP treatment. As shown in 
Figure 3C, on the first day of SSP treatment, compared to the Healthy group, the body weight of mice in the Control 
group significantly decreased (p<0.05), and the SSP group mice’s body weight decreased significantly (p<0.01). On the 
third day of SSP treatment, compared to the Healthy group, the body weight of mice in the Control group significantly 
decreased (p<0.001), and the SSP group mice’s body weight decreased significantly (p<0.05), but the SSP group mice’s 
body weight was significantly higher than that of the Control group (p<0.05). On the seventh day of treatment, only the 
body weight of mice in the Control group was significantly lower than that of the Healthy group (p<0.05), while there 
was no significant difference in body weight between the SSP group and the Healthy group (p>0.05). As shown in 

Figure 3 Effects of SSP on General Behavior in Diarrhea with Kidney-Yang Deficiency Syndrome Mice. (A) Average food intake. (B) Average water intake. (C) Body weight. 
(D) Rectal temperature. (E) Fecal water content. *p<0.05; **p<0.01; ***p<0.001.

https://doi.org/10.2147/JIR.S470254                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2024:17 7282

Guo et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 3D, on the first day of SSP treatment, compared to the Healthy group, the rectal temperature of mice in the 
Control group significantly decreased (p<0.01), and the SSP group mice’s rectal temperature also decreased significantly 
(p<0.001). On the third day of SSP treatment, the rectal temperature of mice in the Control group was significantly lower 
than that of the Healthy group (p<0.01), and there was no significant difference in rectal temperature between the SSP 
group and the Healthy group (p>0.05). On the seventh day of SSP treatment, there was no significant difference in rectal 
temperature among the three groups of mice. This indicates that SSP can promote the recovery of body weight in mice 
but does not have a significant restorative effect on rectal temperature. It suggests that the SSP decoction can increase the 
body weight and rectal temperature of mice with diarrhea, gradually restoring them to normal levels.

Compare the changes in fecal water content on days 1, 3, and 7 of SSP treatment. As shown in Figure 3E, on the 
first day of treatment, the fecal water content of mice in the Control and SSP groups was significantly higher than that in 
the Healthy group. On the third and seventh days of SSP treatment, there was a sharp decline in fecal water content in the 
SSP group, while the Healthy group showed a relatively gradual decrease. This suggests that the SSP decoction can, to 
some extent, reduce the fecal water content in mice with diarrhea.

Effects of SSP on CutC Activity and TMAO Levels in Diarrhea with Kidney-Yang 
Deficiency Syndrome Mice
As shown in Figure 4A, the serum TMAO level in the Control group was significantly higher than that in the Healthy 
group (p<0.01), while there was no significant difference in TMAO levels between the SSP group and the Healthy group. 

Figure 4 Effects of SSP on CutC Activity, IL-6, TNF-α, and TMAO Levels in Diarrhea with Kidney-Yang Deficiency Syndrome Mice. (A) TMAO levels in serum and liver 
tissue; (B) CutC activity in the intestine; (C) TNF-α levels in serum; (D) IL-6 levels in serum; SC, small intestinal contents; SM, small intestinal mucosa; CC, cecal contents; 
CM, cecal mucosa. *p<0.05, **p<0.01.
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The TMAO level in the liver tissue of the Control group was significantly higher than that in the Healthy and SSP groups 
(p<0.01), and the TMAO level in the liver tissue of the SSP group was extremely significantly higher than that in the 
Healthy group (p<0.01). This indicates that the SSP decoction has a significant reducing effect on TMAO levels in the 
serum and liver tissue, but the TMAO level in the liver tissue still does not decrease to normal levels. As shown in 
Figure 4B, the CutC activity in the cecum mucosa (CM) of the Control group was extremely significantly higher than that 
in the Healthy and SSP groups (p<0.01). However, there was no significant difference in CutC activity in cecal contents 
(CC), small intestine mucosa (SM), and small intestine contents (SC) among the three groups. This suggests an elevation 
in CutC activity in the cecum mucosa of mice with diarrhea with kidney-yang deficiency syndrome, and SSP can reduce 
CutC activity in the cecum mucosa.

Effects of SSP on Serum Levels of IL-6 and TNF-α in Diarrhea with Kidney-Yang 
Deficiency Syndrome Mice
As shown in Figure 4C, the serum TNF-α level in the Healthy group mice was significantly lower than that in the SSP 
group (p<0.05) and extremely significantly lower than that in the Control group (p<0.01). In Figure 4D, the serum IL-6 
level in the Control group mice was significantly higher than that in the Healthy and SSP groups (p<0.01), while there 
was no significant difference in serum IL-6 levels between the SSP group and the Healthy group. This suggests that 
diarrhea with kidney-yang deficiency syndrome can lead to an increase in inflammatory cytokine levels, and SSP has the 
effect of reducing the levels of inflammatory cytokines.

Effects of SSP on the Richness and Diversity of Cecal Microbiota in Diarrhea with 
Kidney-Yang Deficiency Syndrome Mice
The dilution curve is mainly used to evaluate whether the sequencing depth is reasonable, indirectly reflecting the 
richness of species in the sample. With the increase in sample sequencing depth, the dilution curve no longer significantly 
rises and tends to a plateau, indicating that the sequencing depth of the two groups has covered almost all species in the 
sample (Figure 5A and B). The species accumulation curve can be used to judge whether the sample size is sufficient. As 
shown in Figure 5C, with the increase in sample size, the total number of ASVs will no longer significantly increase with 
the increase in sample size, and the curve tends to flatten, indicating that the sample size in this study is sufficient to 
reflect the species composition of the community.

The petal chart (Figure 5D) shows that the number of shared ASVs among the Healthy, Control, and SSP groups is 
733, while the number of unique ASVs for each group is 2296, 2174, and 1836, respectively.

Alpha diversity reflects the richness and diversity of species in a single sample. Chao1 and Observed_species indices 
were used to evaluate species richness, and Shannon and Simpson indices were used to evaluate species diversity. As 
shown in the Figure 5E and F, there were no significant changes in the Chao1 index (p=0.78) and Observed species 
(p=0.83) among the three groups. Compared to the Healthy group, the Shannon index (p=0.34) (Figure 5G) and Simpson 
index (p=0.23) (Figure 5H) in the Control group increased, while the Shannon and Simpson indices in the SSP group 
showed a decreasing trend compared to the Healthy group, but the differences were not statistically significant. This 
suggests that the alpha diversity of the internal microbiota changed during the modeling process, manifested by 
a decreasing trend in both richness and diversity of the cecal microbiota in mice. Beta diversity focuses on differences 
between samples. PCoA unfolds the sample distance matrix in a low-dimensional space, preserving the original distance 
relationships of the samples to the maximum extent, in line with the characteristics of ecological data. In Figure 5I, the 
contribution rates of PCo1 and PCo2 are 11.4% and 10.1% on the x-axis and y-axis, respectively. There is no intersection 
between the Healthy and Control groups, and they show a grouping clustering phenomenon, indicating that diarrhea with 
kidney-yang deficiency syndrome changes the microbial community structure of cecal contents. The SSP group intersects 
with the Healthy group, suggesting that SSP favors the recovery of microbial community structure towards the Healthy 
group.
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Effects of SSP on the Dominant Microbial Community in the Cecal Contents of 
Diarrhea with Kidney-Yang Deficiency Syndrome Mice
Figure 6A displays the relative abundance of the top 10 phyla in the cecal microbiota. Firmicutes is the major dominant 
phylum in all groups, accounting for 48.82%, 38.06%, and 55.23% in the Healthy, Control, and SSP groups, respectively. 
Bacteroidetes is the second major phylum, with proportions of 44.13%, 53.20%, and 37.78%, respectively. 
Desulfobacterota is the third major phylum, with proportions of 2.42%, 3.16%, and 1.61%, respectively. At the genus 
level (Figure 6B), the dominant genera in each group are Muribaculaceae, accounting for 26.64%, 19.85%, and 26.24% 
in the Healthy, Control, and SSP groups, respectively. The second major genus is Lachnospiraceae_NK4A136_group, 
with proportions of 8.43%, 11.77%, and 6.85%, respectively. Additionally, Alistipes has a higher abundance in the 
Healthy group, accounting for 11.90%, while Odoribacter has a higher abundance in the SSP group, accounting for 
10.07%. Subsequently, statistical analysis of the above species (Figure 6C–F) revealed that the relative abundance of the 
phylum Bacteroidetes in the cecal contents of mice in the SSP group was significantly higher than that in the Control 
group (p<0.05), and the relative abundance of the phylum Firmicutes was significantly lower than that in the Control 
group (p<0.05). However, there was no significant difference in the ratio of Firmicutes to Bacteroidetes (F/B ratio) 
among the three groups (p>0.05). Compared to the Healthy group, the abundance of the genus Odoribacter in the cecal 
contents of mice in the Control and SSP groups increased significantly (p<0.05).

Figure 5 Effects of SSP on the Abundance and Diversity of ASVs in the Cecal Microbiota of Diarrhea with Kidney-Yang Deficiency Syndrome Mice. (A) Chao1 rarefaction 
curve; (B) Shannon rarefaction curve; (C) Species accumulation curve; (D) Number of ASVs; (E) Chao1 index; (F) Observed_species index; (G) Shannon index; (H) 
Simpson index; (I) Principal Coordinates Analysis.
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Effects of SSP on the Characteristic Microbiota in the Cecal Contents of Diarrhea with 
Kidney-Yang Deficiency Syndrome Mice
LEfSe analysis was conducted with a threshold set at >3.0 to identify taxa with significant differences in sample division between 
groups, focusing on the characteristic taxa between Healthy and Control groups, as well as Control and SSP groups. The LEfSe 
analysis between Healthy and Control groups (Figure 7A) revealed significant enrichment of Prevotellaceae_UCG_001 
(LDA=3.71; p=0.016), Ruminococcaceae (LDA=3.45; p=0.026), Eubacterium_siraeum_group (LDA=3.35; p=0.018) and 
Acinetobacter (LDA=3.31; p=0.034) in the Healthy group, while Rikenellaceae_RC9_gut_group (LDA=3.90; p=0.028), A2 
(LDA=3.62; p=0.047), Chryseobacterium (LDA=3.36; p=0.005), Candidatus_Arthromitus (LDA=3.28; p=0.018), and 
Faecalibaculum (LDA=3.27; p=0.023) were significantly enriched in the Control group. In the LEfSe analysis between 
Control and SSP groups (Figure 7B), Chryseobacterium (LDA=3.95; p=0.005) and A2 (LDA=3.71; p=0.047) were significantly 
enriched in the Control group, whereas Alloprevotella (LDA=4.47; p=0.016), Desulfovibrio (LDA=3.29; p=0.047), 
Ruminococcus (LDA=3.21; p=0.047), Prevotellaceae_UCG_001 (LDA=3.17; p=0.047), and Parasutterella (LDA=3.15; 
p=0.044) were significantly enriched in the SSP group.

To further analyze the impact of SSP on the cecal contents of mice with diarrhea with kidney-yang deficiency syndrome, 
a random forest model (Figure 7C and D) was established to screen the top 10 important bacteria in Healthy, Control, and SSP 
groups. ROC analysis was then conducted, with an AUC>0.8 as the standard, to validate the accuracy of the combined 
evaluation of diagnostic and characteristic bacteria between different groups and determine their diagnostic and therapeutic 
efficacy. The bacteria with AUC>0.8 were defined as important bacteria describing different features between the two groups. 
In the ROC analysis between Healthy and Control groups (Figure 7E), the bacteria with AUC>0.8 were Faecalibaculum 
(AUC=0.920), Family_XIII_UCG−001 (AUC=0.880), Lacticaseibacillus (AUC=0.900), Prevotellaceae_UCG−001 
(AUC=0.960), Acinetobacter (AUC=0.880), Rikenella (AUC=0.960), and [Eubacterium]_siraeum_group (AUC=0.900). 
Similarly, in the ROC analysis between Control and SSP groups (Figure 7F), specific bacterial taxa exhibited prominent 
AUC values: Chryseobacterium (AUC=1.000), Parasutterella (AUC=0.880), A2 (AUC=0.880), Prevotellaceae_UCG−001 
(AUC=0.880), and Odoribacter (AUC=0.840). Among them, Faecalibaculum, Family_XIII_UCG−001, Lacticaseibacillus, 
Prevotellaceae_UCG−001, Acinetobacter, Rikenella, [Eubacterium]_siraeum_group, Chryseobacterium, Parasutterella, A2, 
and Odoribacter all had AUC values >0.8, suggesting that they are bacteria with diagnostic efficacy.

Figure 6 Effects of SSP on the Dominant Microbial Community in the Cecal Contents of Diarrhea with Kidney-Yang Deficiency Syndrome Mice. (A) Relative abundance plot 
at the phylum level; (B) Relative abundance plot at the genus level; (C and D) Dominant phyla; (E) F/B ratio; (F) Dominant genera. *p<0.05.
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Correlation Analysis of SSP in the Treatment of Diarrhea with Kidney-Yang Deficiency 
Syndrome
To explore the relationship between SSP treatment for diarrhea with kidney-yang deficiency syndrome, CutC activity, cecal 
microbial community, TMAO, and inflammatory factors, random forest analysis was conducted. The top 10 feature genera 
were selected for Healthy vs Control groups and Control vs SSP groups. Spearman correlation analysis was performed 
directly between these genera and CutC activity. In the analysis of the top 10 feature genera in Healthy and Control groups 
(Figure 8A), CutC activity in cecal mucosa (CM) was significantly negatively correlated with Prevotellaceae_UCG−001 
(p<0.05), Rikenella (p<0.05), Acinetobacter (p<0.05), and Lacticaseibacillus (p<0.01). In the analysis of the top 10 feature 
genera in Control and SSP groups (Figure 8B), CutC activity in cecal mucosa was significantly negatively correlated with 
Parasutterella (p<0.05) and significantly positively correlated with Chryseobacterium (p<0.05). Subsequently, Spearman 
correlation analysis was conducted between the top 10 feature genera and the levels of TNF-α, IL-6, and TMAO. In the 
analysis between Healthy and Control groups (Figure 8C), serum TNF-α level was significantly negatively correlated with 
Lacticaseibacillus (p<0.05) and Prevotellaceae_UCG−001 (p<0.01). Serum IL-6 level was significantly negatively 
correlated with Rikenella (p<0.05), Acinetobacter (p<0.05), Prevotellaceae_UCG−001 (p<0.05), and Lacticaseibacillus 
(p<0.01), and significantly positively correlated with Faecalibaculum (p<0.05). Liver TMAO level was significantly 
negatively correlated with Rikenella (p<0.05), Prevotellaceae_UCG−001 (p<0.05), and [Eubacterium]_siraeum_group 

Figure 7 Effects of SSP on the Characteristic Microbiota in the Cecal Contents of Diarrhea with Kidney-Yang Deficiency Syndrome Mice. (A) Distribution of LDA scores 
(Healthy vs Control); (B) Distribution of LDA scores (Control vs SSP); (C) Genus-level random forest plot (Healthy vs Control); (D) Genus-level random forest plot 
(Control vs SSP); (E) Genus-level ROC curve (Healthy vs Control); (F) Genus-level ROC curve (Control vs SSP).
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(p<0.01). Serum TMAO level was significantly negatively correlated with [Eubacterium]_siraeum_group (p<0.05), 
Rikenella (p<0.01), Acinetobacter (p<0.01), and Prevotellaceae_UCG−001 (p<0.01), and significantly positively corre
lated with Faecalibaculum (p<0.05). In the analysis between Control and SSP groups (Figure 8D), serum TNF-α level was 
significantly negatively correlated with Parasutterella (p<0.05) and Candidatus_Saccharimonas (p<0.05). Serum IL-6 
level was significantly negatively correlated with Parasutterella (p<0.05) and significantly positively correlated with 
Chryseobacterium (p<0.01) and A2 (p<0.05). Liver TMAO level was significantly negatively correlated with Odoribacter 
(p<0.05) and significantly positively correlated with Chryseobacterium (p<0.05). Serum TMAO level was significantly 
negatively correlated with Parasutterella (p<0.05) and significantly positively correlated with Chryseobacterium (p<0.01).

Effects of SSP on the Functional Profile of Cecal Microbial Community in Diarrhea 
with Kidney-Yang Deficiency Syndrome Mice
Based on the PICRUSt2 analysis using the KEGG database, the functional categories of the cecal microbial community 
are generally divided into six classes (Figure 9A), mainly including Organismal Systems, Metabolism, Human Diseases, 
Genetic Information Processing, Environmental Information Processing, and Cellular Processes. Among them, the 
metabolic pathways of Metabolism, Genetic Information Processing, Environmental Information Processing, and 
Cellular Processes have a higher abundance. The second level includes 35 sub-functional categories. In the Cellular 

Figure 8 Correlation heatmaps between characteristic bacteria and CutC activity: (A) Healthy and Control; (B) Control and SSP. Correlation heatmaps between 
characteristic bacteria, TMAO, and inflammatory factors: (C) Healthy and Control; (D) Control and SSP. CC: Cecal contents. CM: Cecal mucosa. *p<0.05, **p<0.01.
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Processes metabolic pathways, the abundance of Cell motility and Cell growth and death is higher. In Environmental 
Information Processing, the abundance of Membrane transport is higher. In Genetic Information Processing, the 
metabolic abundance of Translation, Replication and repair, and Folding, sorting, and degradation are higher. In 
Metabolism, the metabolic pathways of Metabolism of terpenoids and polyketides, Metabolism of other amino acids, 
Metabolism of cofactors and vitamins, Lipid metabolism, Carbohydrate metabolism, and Amino acid metabolism have 
higher abundance. Further analysis (Figure 9B) revealed that in the Pentose phosphate pathway, the abundance was 
significantly upregulated in the Control group compared to the Healthy group (p<0.05). In the One-carbon pool by folate 
pathway, the abundance was significantly upregulated in the SSP group compared to the Control group (p<0.05). In the 
Lysine biosynthesis pathway, the abundance was significantly upregulated in both the Healthy and SSP groups compared 
to the Control group (p<0.05). In the Carbon fixation in photosynthetic organisms pathway, the abundance was 
significantly upregulated in the SSP group compared to the Control group (p<0.05).

Discussion
SSP Regulate the Cecal Microbiota, a Crucial Factor in Its Therapeutic Effect on 
Diarrhea with Kidney-Yang Deficiency Syndrome Mice
Our study found that the structure of the cecal microbiota altered in both the Control group and the SSP group. ASV 
analysis revealed that the model of diarrhea with kidney-yang deficiency syndrome and and SSP intervention led to 
changes in the cecal microbiota. PCoA demonstrated that both the diarrhea model and SSP intervention affected the cecal 
microbiota structure. Notably, the cecal microbiota profiles of the SSP and Healthy groups were closely aligned and 
overlapped, suggesting that SSP could restore the cecal microbiota structure.

SSP altered the relative abundance of major bacterial phyla and genera in the cecum of model mice. Specifically, the 
relative abundance of Bacteroidota was higher in the SSP group compared to the Control group, while the relative 
abundance of Firmicutes was lower in the SSP group. The F/B ratio slightly increased in the Control group relative to the 
Healthy group, but the F/B ratio in the SSP group tended to return towards levels observed in the Healthy group. 
Firmicutes is the predominant phylum in the cecal microbiota, followed by Bacteroidota.31 The F/B ratio is crucial for 

Figure 9 Effects of SSP on the Functional Profile of Cecal Microbial Community in Diar-rhea with Kidney-Yang Deficiency Syndrome Mice. (A) Predicted KEGG functional 
pathways; (B) Inter-group comparison of metabolic functions. *p<0.05.
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maintaining intestinal balance; an increased F/B ratio is indicative of ecological imbalance and is often associated with 
the development of diseases such as cardiovascular disease, obesity, and diabetes.32,33

Further LEfSe analysis and ROC analysis of Healthy vs Control groups and Control vs SSP groups revealed 
meaningful differential species, including A2, Chryseobacterium, and Faecalibaculum in the Control group. A2 is an 
unnamed genus in the Lachnospiraceae family. Studies have reported that Chryseobacterium belongs to the Bacteroidetes 
phylum, and its frequent distribution in patients with coronary artery disease, especially in those with weakened 
immunity and irrational use of antibiotics, can cause endogenous infections and dominate the intestinal 
microbiota.34,35 Faecalibaculum has been found to increase in experimental obesity and is positively correlated with 
serum lipid level.36 Alloprevotella, Ruminococcus, Prevotellaceae_UCG_001, Parasutterella, and Odoribacter are 
meaningful differential bacteria in the SSP group. Alloprevotella is usually considered a bacterium related to a healthy 
plant-based diet and acts as a “probiotic” in the human intestinal tract. Alloprevotella is also considered a producer of 
short-chain fatty acids.37 Seventy percent of the energy of intestinal epithelial cells comes from butyric acid produced by 
bacteria in the Ruminococcus and Faecalibacterium genera.38 Prevotellaceae_UCG_001 belongs to the Prevotellaceae 
family and can produce short-chain fatty acids.39 Odoribacter is considered a beneficial bacterium because it is 
negatively correlated with the severity of non-alcoholic fatty liver and inflammatory bowel disease. The species 
Odoribacter splanchnicus can produce SCFAs and has anti-inflammatory activity.40 Parasutterella has been defined as 
a core component of the intestinal microbiota in humans and mice, promoting host health in the gastrointestinal tract.41

In summary, SSP treatment shifts the cecal microbiota composition from a predominance of harmful bacteria, character
istic of the diarrhea model, to a predominance of beneficial bacteria. This shift restores intestinal balance and contributes to the 
therapeutic efficacy of SSP in treating diarrhea. In addition, further experiments involving fecal microbiota transplantation 
(FMT) would be significant. Transplanting the fecal microbiota from SSP-treated diarrhea with kidney-yang deficiency 
syndrome mice into untreated diarrhea with kidney-yang deficiency syndrome mice could further validate the critical role of 
gut microbiota in SSP treatment. The absence of such FMT experiments is a limitation of this study.

The SSP Can Downregulate CutC Activity in Cecal Mucosa, Decrease the Expression 
of TMAO and Inflammatory Factor
Our study demonstrated that neither diarrhea nor SSP intervention significantly altered CutC activity in the cecal contents or small 
intestine mucosa. However, in the cecal mucosa, CutC activity was elevated in the Control group, indicating dysregulated TMA 
metabolism associated with diarrhea. Notably, SSP treatment effectively normalized CutC activity to levels comparable to the 
Healthy group, indicating its potential in restoring microbial homeostasis. CutC, produced by the intestinal microbiota, is pivotal 
in TMA production from choline and plays a crucial role in conditions associated with dysbiosis.13,42,43 Through anaerobic 
degradation of choline, CutC initiates the conversion of choline to TMA via a glycine radical-mediated mechanism, ultimately 
leading to TMAO formation in the liver.44,45 TMAO, implicated in diseases such as atherosclerosis and chronic kidney disease, 
exerts pathogenic effects by inducing the expression of inflammatory factors, including IL-1β, IL-6, and TNF-α.46,47

Consistent with the modulation of CutC activity, TMAO levels in serum and liver were elevated in the Control group 
compared to the Healthy group, reflecting dysbiosis-induced metabolic disturbances. Remarkably, SSP intervention 
attenuated TMAO accumulation in serum, suggesting a regulatory effect on TMA metabolism. These findings underscore 
the therapeutic potential of SSP decoction in mitigating TMAO-related health risks. Furthermore, our study assessed the 
impact of SSP intervention on inflammatory cytokines TNF-α and IL-6, which are implicated in chronic low-grade 
inflammatory diseases. Elevated levels of TNF-α and IL-6 in the Control group suggested an inflammatory response 
associated with dysbiosis-induced TMAO accumulation. Importantly, SSP treatment mitigated TNF-α elevation and 
restored IL-6 levels to baseline, highlighting its anti-inflammatory potential.

In conclusion, our findings demonstrate that SSP treatment effectively modulates CutC activity, reduces TMAO 
levels, and attenuates inflammatory cytokine expression, thereby ameliorating diarrhea-associated dysbiosis and its 
systemic complications. Although this study highlights the regulatory effects of SSP, it lacks an in-depth exploration 
of the specific molecular mechanisms involved. Further investigation into the molecular mechanisms underlying SSP’s 
effects on the cecal microbiota and host metabolism is necessary to optimize its therapeutic application.
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Distinct Cecal Microbiota Correlate with CutC Activity, TMAO Levels, and 
Inflammatory Factors, Highlighting Their Role in SSP-Mediated Therapeutic Effects
In our study, significant correlations emerged between CutC activity and cecal microbiota. Faecalibaculum and 
Chryseobacterium correlated positively with CutC activity, while Prevotellaceae UCG−001, Rikenella, Acinetobacter, 
Parasutterella, and Lacticaseibacillus showed negative correlations, indicating microbiota influence on CutC activity. 
Moreover, changes in CutC activity aligned with TMAO level trends. Faecalibaculum and Chryseobacterium not only 
correlated positively with CutC activity but also with TNF-α, IL-6, and TMAO levels, suggesting a link between CutC activity 
and TMAO production. Additionally, TMAO levels correlated with inflammatory factors. Prevotellaceae UCG−001, 
Rikenella, Acinetobacter, Parasutterella, and Lacticaseibacillus displayed negative correlations with both CutC activity and 
TNF-α, IL-6, and TMAO levels, indicating a potential association between TMAO levels and inflammation.

Faecalibaculum is positively correlated with TMAO, and studies have shown that chlorogenic acid (CGA) reduces 
TMAO production by regulating intestinal microbiota involved in TMAO synthesis, such as Blautia, Enterococcus, and 
Faecalibaculum. This regulation lowers the risk of renal fibrosis and demonstrates potential in preventing hyperuricemic 
nephropathy.48 Our results confirmed that Faecalibaculum promotes TMAO production, which is associated with 
enhanced CutC enzyme activity. Chryseobacterium, an opportunistic pathogen, produces unique sphingolipids called 
sulfolipids (SoL) that promote inflammation.49 However, its relationship with CutC enzymatic activity remains unclear.

Studies have found that homologs of the CutC gene are present in the genomes of 89 bacterial species. These homologs are 
unevenly distributed among the major bacterial phyla in the gut, primarily found in Firmicutes, Actinobacteria, and 
Proteobacteria.50 Additionally, Desulfovibrio is one of the top five genera in humans carrying CutC.43 Knocking out the CutC 
gene in Desulfovibrio desulfuricans results in the loss of its ability to convert choline to TMA (which is further converted to 
TMAO).50 This indicates that changes in CutC are indeed caused by the intestinal microbiota. The presence of the CutC gene 
directly affects TMA production, which can be converted to TMAO in the liver. Researchers inoculated germ-free mice with 
either wild-type MS 200–1 strains or CutC gene mutant MS 200–1 strains. After induction with a high-fat diet, mice inoculated 
with the wild-type strain showed significantly elevated TMAO levels in their blood compared to those inoculated with the mutant 
strain.51 This demonstrates a close correlation between CutC activity and TMAO levels. TMAO can upregulate the expression of 
inflammatory factors such as TNF-α and IL-6 by activating p38 phosphorylation and upregulating human antigen R, thereby 
contributing to the development of cardiovascular diseases and chronic kidney disease. Injecting TMAO into female LDL 
C57BL/6J mice and treating cultured HAECs and VSMCs with this molecule resulted in higher IL-6 mRNA expression levels in 
the aorta and cells, respectively.52 It can be concluded that the cecal microbiota-CutC-TMAO-inflammatory factor axis may be 
a potential mechanism for the occurrence of diarrhea.

Conclusion
In conclusion, our study indicates that SSP significantly alleviates symptoms of diarrhea with kidney-yang deficiency 
syndrome. SSP achieves this by downregulating CutC activity, reducing TMAO levels, and decreasing inflammatory 
cytokines such as TNF-α and IL-6. These effects are mediated through modulation of the cecal microbiota, specifically by 
reducing harmful bacteria (Faecalibaculum and Chryseobacterium) and increasing beneficial bacteria (Prevotellaceae UCG 
−001, Rikenella, etc). The cecal microbiota-CutC-TMAO-inflammatory cytokine axis may be a key mechanism underlying 
SSP’s therapeutic effects on diarrhea with kidney-yang deficiency syndrome. These findings enhance our understanding of the 
mechanisms by which SSP exerts its therapeutic effects.
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