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Objective: Previous studies have indicated that diarrhea with kidney-yang 
deficiency syndrome leads to a disorder of small intestine contents and mucosal 
microbiota. However, the relationship of TMA-lyase (CutC) activity and TMAO 
with diarrhea with kidney-yang deficiency syndrome remains unexplored. 
Therefore, this study explores the relationship between cecal microbiota 
and choline TMA-lyase (CutC) activity, as well as the correlation between 
trimethylamine oxide (TMAO), inflammatory index, and CutC activity.

Method: Twenty SPF-grade male KM mice were randomly divided into the 
normal group (CN) and the diarrhea model group (CD). Diarrhea mouse models 
were established by adenine combined with Folium sennae administration. 
CutC activity, TMAO, interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) 
levels were detected, and the cecal content microbiota was sequenced.

Result: After 14  days, diarrhea occurred in the CD group. Compared with 
the CN group, there was no significant change in the activity of CutC in the 
small intestine of the CD group, while the activity of CutC in the cecum was 
significantly increased, and the levels of TMAO, IL-6, and TNF-α showed a 
significant increase. The Chao1 index, Observed_species index, Shannon index, 
and Simpson index all exhibited a decreasing trend. The main changes at the 
bacterial genus level were Alistipes, Enterorhabdus, Desulfovibrio, Bacteroides, 
Candidatus_Saccharimonas, and [Ruminococcus]_torques_group. The results 
of LEfSe analysis, random forest analysis and ROC curve analysis revealed 
Paludicola, Blautia, Negativibacillus, Paraprevotella, Harryflintia, Candidatus_
Soleaferrea, Anaerotruncus, Oscillibacter, Colidextribacter, [Ruminococcus]_
torques_group, and Bacteroides as characteristic bacteria in the CD group. 
Correlation analysis showed a significant negative correlation between cecal 
CutC activity and Ligilactobacillus, and a significant positive correlation with 
Negativibacillus and Paludicola. The level of TMAO was significantly positively 
correlated with CutC activity and IL-6.

Conclusion: Diarrhea with kidney-yang deficiency syndrome significantly 
affects the physiological status, digestive enzyme activity, CutC activity, TMAO 
levels, and inflammatory response in mice. Additionally, there are changes in 
the composition and function of cecal microbiota, indicating an important 
impact of diarrhea with kidney-yang deficiency syndrome on the host intestinal 
microbiota balance. The occurrence of diarrhea with kidney-yang deficiency 
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syndrome may be associated with dysbiosis of intestinal microbiota, increased 
CutC activity, elevated TMAO levels, and heightened inflammatory factor levels.

KEYWORDS

adenine, folium sennae, diarrhea with kidney-yang deficiency syndrome, CutC, cecal 
microbiota, TMAO, inflammatory factors

1 Introduction

Diarrhea is defined as more than 3 daily defecations, increased 
fecal water content, and loose, unformed stool. It is a common global 
public health issue and the second leading cause of death in children 
under 5 years old, with 525,000 children dying from this disease every 
year, which seriously impacts the physical and mental health as well 
as the quality of life of patients (Schiller et  al., 2017; Case and 
Dickenson, 2018). The earliest discussion of diarrhea in traditional 
Chinese medicine (TCM) is found in the “Yellow Emperor’s Classic of 
Internal Medicine.” Due to variations in the etiology, pathogenesis, 
and clinical manifestations of diarrhea, different TCM patterns 
emerge, among which the deficiency kidney-yang syndrome was a 
common syndrome of diarrhea. According to the theory of TCM, the 
human body is considered an organic whole. When the kidney yang 
is deficient and fails to warm the spleen yang, the body’s ability to 
transform dampness properly is compromised. As a result, dampness 
cannot be adequately processed, leading to diarrhea (Li et al., 2021). 
The intestinal microbiota plays a crucial role in human health, 
establishing a dynamic ecological balance between the host and the 
external environment. Disruption of this balance can lead to various 
host dysfunctions, such as damaged barrier function, inflammation, 
and immune function loss, which will induce diseases (Sun et al., 
2022; Wang et al., 2022; Xu et al., 2022). Studies have shown that the 
disorder of intestinal microbiota structure is closely related to the 
occurrence of diarrhea. Diarrhea is usually accompanied by a disorder 
of microbiota structure. Compared with non-diarrhea patients, there 
are significant differences in the composition of intestinal microbiota 
in diarrhea patients. Non-diarrhea patients show a higher abundance 
of Bacteroides and a lower abundance of Firmicutes (Sakai et al., 2021; 
Zhu et al., 2023). Mice with diarrhea caused by a high-fat diet in 
fatigue state have dysbacteriosis, Limosilactobacillus is significantly 
reduced, and Anaerotruncus is significantly increased (Liu et al., 2023). 
Additionally, previous research by our team revealed that diarrhea 
with kidney-yang deficiency syndrome changed the structure and 
function of the intestinal content microbiota in mice, featuring 
enriched Lactobacillus intestinalis and Bacteroides acidifaciens (Li 
et al., 2022a). Thus, it is evident that diarrhea is closely linked to the 
ecological balance of the intestinal microbiota.

The intestinal microbiota can produce bioactive metabolites, 
which directly or indirectly affect the physiological function of the 
host. Disruption of the microbiota structure can reduce the production 
of beneficial metabolites and increase the accumulation of harmful 
metabolites. In diarrhea mice induced by a high-fat diet under fatigue, 
there is a reduction in the production of short-chain fatty acids 
(SCFAs) (Qiao et  al., 2023). Similarly, in diabetic kidney disease 
patients with imbalanced intestinal microbiota, the production of 
SCFAs decreases, and the levels of harmful metabolites such as TMAO 

increase (Tian et al., 2023). Trimethylamine oxide is a metabolite of 
choline. Choline is converted into trimethylamine (TMA) under the 
action of CutC produced by intestinal microbiota. TMA is absorbed 
through the intestinal wall and reaches the liver through the portal 
vein. In the liver, it is rapidly oxidized to TMAO by flavin containing 
monooxygenases (FMOs), mainly FMO3 (Wang et al., 2011, 2015). 
Choline is primarily metabolized anaerobically by CutC, serving as a 
major precursor for the formation of TMA in the intestinal tract. The 
generation of TMA predominantly occurs in the cecum, where 
distinct cecal bacterial populations have been identified, and their 
proportions have been associated with elevated levels of TMA or 
TMAO (Schugar and Brown, 2015). In the pathway of TMAO 
production, there are two important enzymes involved, and the 
activity of these enzymes can influence TMAO levels. Inhibiting 
FMO3 activity can lower TMAO levels but leads to TMA 
accumulation, resulting in the “fish odor syndrome.” Therefore, the 
activity of CutC produced by the intestinal microbiota is a focal point 
in researching the reduction of the harmful metabolite TMAO 
(Messenger et al., 2013; Wang et al., 2015). The contents of the mouse 
cecum serve as a physiological polymicrobial source of TMA lyase 
activity, making the cecal microbial community an optimal focus for 
research (Skye et al., 2018).

TMAO is considered a uremic toxin, and the dose-related 
relationship between TMAO and the risk of cardiovascular disease 
was first discovered in 2011 (Wang et al., 2011). Subsequent research 
on TMAO and human health has expanded, revealing a positive 
association between TMAO and the development of cardiovascular 
diseases, metabolic diseases, and chronic kidney disease (Tang et al., 
2015; Zhuang et al., 2019; Sánchez-Alcoholado et al., 2020; Tan et al., 
2020; Gatarek and Kaluzna-Czaplinska, 2021; Deng et  al., 2022). 
TMAO is involved in the development of cardiovascular diseases and 
chronic kidney diseases by upregulating the expression of 
inflammatory factors such as TNF-α and IL-6 (Al-Obaide et al., 2017; 
Canyelles et  al., 2023). The up-regulated expression of the 
inflammatory factors TNF-α and IL-6 increases the permeability of 
vascular endothelial cells, leading to intestinal fluid extravasation, 
which can cause diarrhea (Chen et al., 2022). It can be speculated that 
TMAO may be  involved in the occurrence and development of 
diarrhea by promoting inflammatory reactions.

Therefore, this study replicated the diarrhea model from our 
team’s previous research, observed the behavior of mice, detected 
microbial activity, digestive enzyme activity, and CutC activity, 
determined the levels of inflammatory factors and TMAO, and 
analyzed the microbiota of cecal contents. This study analyzed the 
characteristics of the cecal content microbiota and the changes in 
CutC activity at different locations. The research explored the 
relationship between cecal characteristic microbiota and CutC 
activity, inflammatory factors, and TMAO levels. These findings 
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contribute to a deeper understanding of the pathogenesis of diarrhea 
and provide important theoretical and experimental foundations for 
further research and treatment of diarrhea with kidney-yang 
deficiency syndrome.

2 Materials and methods

2.1 Animals

To exclude the effect of gender on the intestinal microbiota, only 
male mice were used in this study (Wu et al., 2022). Twenty male KM 
mice of SPF grade, weighing 18–22 g, 4 weeks old (Slack Jingda 
Experimental Animal Co, Ltd., Changsha, China, License No: SCXK 
(Xiang) 2019-0004) were used. The mice were housed in specific 
pathogen-free conditions of the Experimental Animal Center of 
Hunan University of Chinese Medicine (License No: SYXK (Xiang) 
2019-0009) under controlled conditions (temperature: 23–25°C, 
humidity: 50–70%, light/dark cycle: 12 h) with free access to food and 
water. The feed was provided by the Experimental Animal Center. The 
experiment was approved by the Animal Ethics and Welfare 
Committee of Hunan University of Chinese Medicine (permission 
number: LL2023032901).

2.2 Feed

The mouse diet was provided by the Experimental Animal Center 
of Hunan University of Chinese Medicine and produced by Jiangsu 
Medisen Biopharmaceutical Co., Ltd. The main nutritional 
components included moisture, crude protein, crude fiber, crude fat, 
crude ash, calcium, total phosphorus, lysine, methionine, and cysteine.

2.3 Drugs and preparation

Adenine (Changsha Yaer Biology Co., Ltd. Changsha, China, 
EZ7890C450) and Folium sennae (Anhui Pure Traditional Chinese 
Medicine Co., Ltd. 2,008,232) were used. Adenine suspension was 
prepared at a dosage of 50 mg/(kg d) with sterile water and prepared 
just before use. Folium sennae decoction was prepared by soaking the 
Folium sennae in an appropriate amount of water, discarding the water 
after 30 min, adding 5 times the weight of the herbal medicine in 
water, and boiling it for 30 min. The filtrate was filtered and collected. 
Next, an appropriate amount of water was added to the residue, 
boiling was continued for 15 min, and the filtrate was filtered and 
collected. The two filtrates were combined, and the solution was 
concentrated to a concentration of 1 g/mL raw herbs and stored at 4°C 
(Li et al., 2022b).

2.4 Animal grouping and intervention

After a 3 days adaptation period, the 20 male KM mice were 
randomly divided into the normal group (CN) and the diarrhea model 
group (CD), with 10 mice in each group. The modeling was performed 
according to the references (Li et al., 2022a, b). Mice in the CD group 
were gavaged with adenine suspension at a dosage of 50 mg/(kg d), 

0.35 mL per time, once a day, for 14 consecutive days. From the 8th 
day of modeling, the CD group mice were gavaged with Folium sennae 
decoction at a concentration of 1 g/mL of raw herbs, 0.35 mL per time, 
once a day, for 7 consecutive days. Mice in the CD group were gavaged 
with an equal volume of sterile water for 14 consecutive days.

2.5 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 appetite, and body weight, and a 
lethargic demeanor (Wu et al., 2022).

2.6 Behavioral observation of animals

Using CN group mice as a control, the mental status, spontaneous 
activity, fecal morphology and color, and perianal cleanliness of mice 
were observed before and after modeling. The average daily diet and 
water intake were recorded during the modeling period. The body 
weight, rectal temperature, and fecal water content of the mice were 
measured and recorded on the 1st, 5th, 9th, and 13th days of 
modeling. On the 1st, 5th, 9th, and 13th days of modeling, the feces 
of mice were collected at 9 a.m., weighed, and recorded the wet weight 
of the feces samples. The samples were dried to constant weight at 
110°C, the dry weight was recorded, and the fecal water content was 
calculated (Qiao et al., 2023).

2.7 Sample collection

After the experiment, blood was collected from all mice for 
enzyme-linked immunosorbent assay (ELISA). After euthanizing the 
mice, the liver tissue of each mouse was collected in a separate EP tube 
and stored at −80°C for ELISA. Under sterile conditions, sterile 
forceps were used to collect intestinal contents for the measurement 
of microbial activity, digestive enzyme activity, and CutC activity. The 
entire intestine was then cut open, and washed with physiological 
saline, and the intestinal mucosa was scraped for the measurement of 
digestive enzyme activity and CutC activity. For each group, the 
intestinal contents and mucosa of 5 mice were collected for CutC 
activity measurement, and an additional 5 mice from each group had 
their cecal contents collected and labeled in sterile EP tubes, marked, 
and stored at −80°C for subsequent 16S rRNA high-throughput 
sequencing (Li et al., 2022b; Qiao et al., 2023).

2.8 Measurement of digestive enzyme 
activity

The collected small intestine contents and mucosa samples from 
each group were placed in a conical flask containing sterilized distilled 
water and glass beads, shaken for 30 min to fully dissolve the enzyme 
protein, centrifuged at 3000 r/min for 15 min, and the supernatant was 
collected. The enzyme activity in the supernatant was analyzed using 
a UV–visible spectrophotometer. Lactase activity was determined by 
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the o-Nitrophenyl β-D-galactopyranoside (ONPG) method at a 
wavelength of 420 nm, protease activity was determined by the Folin 
phenol method at a wavelength of 660 nm, and cellulase and sucrase 
activities were determined by the 3,5-dinitrosalicylic acid (DNS) 
method at a wavelength of 540 nm (Qiao et al., 2022; Zhou et al., 2024).

2.9 Determination of microbial activity

The collected small intestinal content samples were prepared into 
crude enzyme solutions using the same method as in section 2.8. The 
2.5 mL Fluorescein diacetate (FDA) stock solution was added to the 
sterilized phosphate buffer (A solution) at pH 7.6, and the dry sterile 
test tube was taken. Then 2 mL of solution A and 50 μL of test solution 
were added to the shaker at 24°C for 90 min, followed by the addition 
of 2 mL of acetone to terminate the reaction. The blank control was 
prepared by sequentially adding 50 μL of the test solution and 2 mL of 
acetone to 2 mL of Solution A. The absorbance was measured at a 
wavelength of 490 nm, and each sample was measured in triplicate to 
represent the microbial activity per unit mass of the sample (Yi 
et al., 2023).

2.10 Measurement of CutC activity

The collected small intestine contents, mucosa and cecum content, 
and mucosa samples were prepared into crude enzyme solutions using 
the same method as in Section 2.8. Then, the CutC activity was 
determined by the picric acid-toluene method at a wavelength of 
410 nm. This method is based on the catalysis of choline by CutC to 
produce TMA, which reacts with picric acid to form a yellow 
quinoline trimethylamine salt. The salt has an absorption peak at a 
wavelength of 410 nm. Therefore, the absorbance of the solution at 
410 nm was measured, and the standard curve method was used for 
TMA quantitative analysis, to calculate the enzyme activity of CutC 
(Ferrell et al., 2021; Heng et al., 2021).

2.11 ELISA detection

The blood samples collected from each group were placed at room 
temperature for 30 min, and centrifuged at 3000 r/min for 10 min, and 
the upper serum was taken and loaded into the EP tube. The liver 
samples collected from each group were ground using a tissue grinder 
to obtain the supernatant. The preparation and analysis of samples 
were carried out according to the instructions of the kit. The IL-6, 
TNF-α, and TMAO kits were provided by Quanzhou Kenuodi 
Biotechnology Co., Ltd.

2.12 DNA extraction, 16S rRNA gene 
amplicon sequencing, and sequence 
analysis

All cecal content samples of the two groups were sent to Shanghai 
Personal Biotechnology Co., Ltd. for processing. The DNA extraction 
kit OMEGA Soil DNA Kit (M5635-02) (Omega Bio-Tek, Norcross, 
GA, United States) was used to extract total microbial genomic DNA 

from each tube of cecal content samples according to the 
manufacturer’s instructions, and stored at −20°C for further analysis. 
The quantity and quality of extracted DNA were determined by a 
NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, United  States) and agarose gel electrophoresis, 
respectively. Specific primers targeting the bacterial 16S rRNA V3 + V4 
region were used for PCR amplification. The upstream primer 338F 
(5′-ACTCCTACGGGAGGCAGCA-3′) and the downstream primer 
806R (5′-GGACTACHVGGGTWTCTAAT-3′) were used. 
Quantification of PCR products was performed using the Quant-iT 
PicoGreen dsDNA Assay Kit, and the libraries were prepared using 
the Illumina TruSeq Nano DNA LT Library Prep Kit. For the qualified 
library, NovaSeq  6,000 SP Reagent Kit (500 cycles) was used to 
perform 2 × 250 bp paired-end sequencing on the Illumina NovaSeq 
machine. The cecal content microbiota sequencing data have been 
deposited in the NCBI database: PRJNA1041605.1

2.13 Bioinformatics analysis

The sequencing data were mainly analyzed using QIIME2 and R 
software packages (v3.2.0). ASVs were obtained by denoising the 
original sequencing data and the ASV feature sequences were 
compared with reference sequences in the SILVA database to obtain 
the taxonomic information of each ASV. Using QIIME2 software, the 
sequence numbers of each sample in the ASV abundance matrix were 
randomly sampled at different depths, and the number of sequences 
extracted at each depth and the corresponding number of ASVs were 
used to draw a rarefaction curve (Qiao et al., 2023). The Chao1 index, 
Observed_species index, Shannon index, and Simpson index were 
calculated for each sample to compare the richness and evenness of 
ASVs between different samples. Beta diversity analysis was performed 
using the Bray–Curtis distance to investigate changes in microbial 
community structure between samples. Visualization was performed 
using principal coordinate analysis (PCoA) and non-metric 
multidimensional scaling (NMDS) methods (Craciun and Balskus, 
2012; Li et  al., 2022c). Venn diagrams were generated using the 
“VennDiagram” R package to visualize shared and unique ASVs 
between samples or groups. QIIME2 software was used to obtain the 
composition and abundance table of each sample at different 
taxonomic levels and present the results with a bar chart. The Linear 
discriminant analysis effect size (LEfSe) method was used to detect 
differentially abundant taxa across groups using the default parameters 
(Bray and Curtis, 1957). Random forests analysis was performed on 
samples from different groups using the default settings of QIIME2. 
The PICRUSt2 tool was used to predict the functional abundance of 
samples in the KEGG database, and LEfSe analysis was performed to 
obtain differentially abundant metabolic pathways between groups 
(Douglas et al., 2020). Spearman analysis was used to explore the 
correlation between CutC activity and cecal content microbiota, as 
well as the correlation between TMAO level and CutC activity and 
inflammatory factors.

1 https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1041605
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2.14 Statistical analysis

SPSS 25.0 software was used for statistical analysis of the 
experimental data. The results were expressed as the mean ± standard 
deviation. If the data were normally distributed and the variances were 
homogeneous, Student’s t-test was used. If the data were not normally 
distributed, the Mann–Whitney U test was used. p < 0.05 was 
considered significant.

3 Results

3.1 General characteristics of diarrhea with 
kidney-yang deficiency syndrome mice

In the CN group, the mice exhibited normal mental status and 
spontaneous activity. The bedding was dry, feces were well-formed 
with moderate consistency, and the perianal area was clean. In the CD 
group, mice showed signs of poor mental status, reduced spontaneous 
activity, tendency to gather in clusters, damp bedding, loose and sticky 
feces that easily adhered to the bedding, and the perianal area was 
sticky with loose stool (Figure 1). These observations indicate that the 
modeling procedure altered the behavior of the mice.

On the first day of administration, there were no significant 
differences in the average food intake (Figure 2A) or water intake 
(Figure 2B) between the CN and CD groups. Starting from the third 
day of administration, the CD group exhibited a lower daily average 
food intake than the CN group. From the second day of administration, 
the CD group showed a higher and more fluctuating daily average 
water intake, while the CN group’s water intake remained relatively 
stable. It is suggested that the modeling process suppressed the average 
food intake in mice and increased their average water intake.

As shown in Figure 2C, there was no significant difference in body 
weight between the CN group and the CD group on the 1st and 5th 
days of administration. However, on the 9th and 13th days of 
administration, the body weight of the CD group was significantly 
lower than that of the CN group (p < 0.01). In Figure 2D, throughout 
the administration process, the rectal temperature of the CN group 
showed minimal variation, while the CD group exhibited a larger 
fluctuation. On the first day of administration, there was no significant 
difference in rectal temperature between the CN and CD groups. 
However, on the 5th, 9th, and 13th days of administration, the CD 
group showed a significant reduction in rectal temperature (p < 0.01; 
p < 0.01; p < 0.01). This indicates that modeling can inhibit weight gain 
in mice and cause a decrease in rectal temperature.

As shown in Figure 2E, with an increase in administration time, 
the fecal water content in the CD group gradually increased and 
remained higher than that of the CN group from the 5th day onward. 
This suggests that the modeling process can induce diarrhea in mice.

3.2 Intestinal digestive enzyme activity in 
diarrhea with kidney-yang deficiency 
syndrome mice

Most nutrients need to be broken down into simpler compounds 
for absorption by the human body, a process catalyzed by endogenous 
and exogenous enzymes. As illustrated in Figure 3, the enzymatic 
activities of lactase, protease, and sucrase in the small intestinal 
contents of the CD group were significantly lower than those in the 
CN group (p < 0.01), with no difference in cellulase activity. In the 
small intestinal mucosa of the CD group, lactase, cellulase, and sucrase 
activities were significantly lower than those in the CN group 
(p < 0.01), whereas protease activity in the small intestinal mucosa of 

FIGURE 1

General characteristics of diarrhea with kidney-yang deficiency syndrome mice. (A) Perianal condition of mice in CN group; (B) mental state and 
activity of mice in CN group; (C) feces of mice in CN group; (D) perianal condition of mice in CD group; (E) the mental state and activity of mice in CD 
group; (F) feces of mice in CD group.
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the CD group was significantly higher than that in the CN group 
(p < 0.01). The activity of intestinal digestive enzymes affects the 
absorption of nutrients by the body. This modeling process reduces 
the activities of lactase, protease, and sucrase in small intestinal 
contents, as well as lactase, cellulase, and sucrase in the intestinal 
mucosa while increasing the activity of protease in small 
intestinal contents.

3.3 Small intestinal content microbial 
activity in diarrhea with kidney-yang 
deficiency syndrome mice

The FDA can be catalytically hydrolyzed to generate luminescence 
by nonspecific enzymes expressed in bacteria and fungi. Microbial 
activity, to some extent, reflects the metabolic capability of the 
intestinal microbiota. As shown in Figure 3E, microbial activity in 
small intestinal contents under conditions of absorbance at 490 nm 
was significantly higher in the CD group than in the CN group 

(p < 0.01). This suggests that modeling may have promoted the 
expression of certain microbes or their functional genes.

3.4 Intestinal CutC activity in diarrhea with 
kidney-yang deficiency syndrome mice

CutC plays a crucial role in the synthesis of TMA, a precursor 
compound for TMAO (Segata et al., 2011). As indicated in Table 1, 
after diarrhea was induced by adenine combined with Folium sennae, 
the CutC activity in the small intestinal contents of the CN group was 
slightly higher than that in the CD group, while the enzymatic activity 
in the small intestinal mucosa of the CN group was slightly lower than 
that in the CD group. However, the CutC activity in the cecum 
contents and mucosa of the CD group was significantly higher than 
those in the CN group (p < 0.05). This suggests that the modeling 
process has a minimal impact on CutC activity in small intestinal 
contents and mucosa but can enhance CutC activity in cecum contents 
and mucosa.

FIGURE 2

General characteristics of diarrhea with kidney-yang deficiency syndrome mice. (A) Average food intake. (B) The average water intake. (C) Body weight. 
(D) Rectal temperature. (E) Fecal moisture content. **p  <  0.01. CN, normal group; CD, diarrhea model group.
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3.5 Serum levels of IL-6, TNF-α, TMAO, and 
hepatic TMAO in diarrhea with kidney-yang 
deficiency syndrome mice

In Figure 4, compared with the CN group, the CD group exhibited 
a significant increase in TNF-α (p < 0.01) and a highly significant 
increase in IL-6 (p < 0.01) in serum. The levels of TMAO in both 
serum and liver tissue were significantly elevated in the CD group 
compared to the CN group (p < 0.01), with the TMAO content in the 

liver being higher than that in serum for both groups. This suggests 
that the modeling process increased inflammation and TMAO 
production in mice.

3.6 Richness and diversity of cecal contents 
microbiota in diarrhea with kidney-yang 
deficiency syndrome mice

The dilution curve is primarily used to assess whether the 
sequencing depth is reasonable, indirectly reflecting the richness of 
species in the sample. As the sequencing depth of the samples 
increased, the dilution curve no longer significantly rose and reached 
a plateau, indicating that the sequencing depth for both groups 
essentially covered all the species in the samples (Figures  5A,B). 
Species accumulation curves are utilized to evaluate the adequacy of 
the sample size. As depicted in Figure 5C, with an increase in sample 
size, the total number of ASVs no longer significantly rises, and the 
curve tends to plateau. This indicates that the sample size in this 
study is sufficient to adequately represent the species composition of 
the community.

FIGURE 3

Intestinal digestive enzyme activity and microbial activity in diarrhea with kidney-yang deficiency syndrome mice. (A) Lactase activity. (B) Sucrase 
activity. (C) Protease activity. (D) Cellulase activity. (E) Microbial activity. SC, small intestinal contents; SM, small intestinal mucosa. **p  <  0.01. CN, 
normal group; CD, diarrhea model group.

TABLE 1 Intestinal CutC activity in diarrhea with kidney-yang deficiency 
syndrome mice (−x  ±  s, N  =  3).

Group
CutC activity (U/g)

SC SM CC CM

CN 0.90 ± 0.05 0.79 ± 0.17 0.28 ± 0.12 1.01 ± 0.26

CD 0.86 ± 0.12 0.89 ± 0.16 0.97 ± 0.22a 1.82 ± 0.18a

SC, small intestinal contents; SM, small intestinal mucosa; CC, cecum contents; CM, cecum 
mucosa. CN, normal group; CD, diarrhea model group. 
aCompared with the CN group, p < 0.05.
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According to Figure 5D, the CN group had 2,202 ASVs, while the 
CD group had 1,637 ASVs. This result suggests that diarrhea with 
kidney-yang deficiency syndrome may lead to a reduction in the 
number of ASVs. Alpha diversity reflects the richness and diversity of 
species within individual samples. Species richness was evaluated 
using the Chao1 and Observed_species indices, while species diversity 
was assessed using the Shannon and Simpson indices. The results 
indicate a decreasing trend in Chao1 (Figure 5E), Observed_species 
(Figure 5F), Shannon (Figure 5G), and Simpson (Figure 5H) indices 
in the cecal contents of mice in the CD group compared to the CN 
group. This suggests that the alpha diversity of the microbial 
community within the samples changed during the modeling process, 
showing a decreasing trend in richness and diversity.

The beta diversity focuses on differences between samples. 
Principal coordinates analysis projects the distance matrix of samples 
into a low-dimensional space, preserving the original distance 
relationships. In Figure 5I, the contribution rate of the x-axis PCo1 was 
36.7%, and the contribution rate of the y-axis PCo2 was 14.9%. The CN 
group and CD group were non-overlapping and distant, indicating a 
significant change in the cecal microbial community structure after 
modeling. Additionally, the results of NMDS are consistent with PCoA, 
and the stress value of NMDS (0.0851) is considerably less than 0.2, 
signifying the reliability of the NMDS analysis results. Cluster analysis 
(Figure 5K) revealed that samples within both the CN and CD groups 
clustered well together, with minor differences within each group but 
substantial differences between groups. The results of alpha and beta 
diversity analyses indicate changes in the richness, diversity, and overall 
structure of the cecal microbial community in mice after modeling.

3.7 Species composition and abundance of 
the cecal microbial community in diarrhea 
with kidney-yang deficiency syndrome 
mice

Figure 6A displays the relative abundance of cecal microbiota at 
the phylum level. Firmicutes and Bacteroidetes were the predominant 
phyla in both the CN and CD groups. Compared to the CN group, the 
CD group showed a slightly increased Firmicutes/Bacteroidetes (F/B) 

ratio (p > 0.05), with a significant increase in the relative abundance of 
Verrucomicrobiota (p < 0.01). In Figure 6B, the top 20 genera at the 
cecal microbiota level are presented. Muribaculaceae, Lactobacillus, 
Alistipes, Bacteroides, Limosilactobacillus, and [Ruminococcus]_
torques_group are major genera in the cecal microbial community of 
mice. Compared to the CN group, the CD group exhibited a significant 
reduction (p < 0.05) in Alistipes, Enterorhabdus, and Desulfovibrio, a 
highly significant decrease (p < 0.01) in Candidatus_Saccharimonas, a 
significant increase (p < 0.05) in Bacteroides, and a highly significant 
increase (p < 0.01) in [Ruminococcus]_torques_group. This suggests 
that the major changes in the cecal microbial community of mice after 
modeling involve Actinobacteriota, Patescibacteria, Alistipes, 
Enterorhabdus, Desulfovibrio, Bacteroides, Candidatus_Saccharimonas, 
and [Ruminococcus]_torques_group.

3.8 Distinctive microbial community in the 
cecal contents of diarrhea with 
kidney-yang deficiency syndrome mice

As shown in Figures 7A,B, LEfSe analysis, with a threshold set at 
>4, was employed to identify genera with significant differences in 
abundance between groups. Linear discriminant analysis (LDA) was 
applied to discriminate genera showing significant enrichment 
between the CN and CD groups. Notably, Alistipes and Candidatus_
Saccharimonas were significantly enriched in the CN group, while 
Bacteroides, Blautia, and Akkermansia were notably enriched in the 
CD group.

To identify key species that differentiate between the CN and CD 
groups, a random forest diagnostic model was constructed using 20 
genera, revealing nonlinear relationships among variables (Figure 7C). 
Subsequently, ROC curve analysis was conducted with an area under the 
curve (AUC) >0.8 as the criterion (Figure 7D). The characteristic genera 
in the CD group, including Paludicola (AUC = 1), Blautia (AUC = 1), 
Negativibacillus (AUC = 1), Paraprevotella (AUC = 1), Harryflintia 
(AUC = 0.9), Candidatus_Soleaferrea (AUC = 1), Anaerotruncus 
(AUC = 0.9), Oscillibacter (AUC = 0.88), Colidextribacter (AUC = 1), 
[Ruminococcus]_torques_group (AUC = 1), and Bacteroides (AUC = 0.96), 
exhibited large AUC values, suggesting their distinctive enrichment in 

FIGURE 4

Levels of IL-6, TNF-α, and TMAO in diarrhea with kidney-yang deficiency syndrome mice. (A) IL-6 levels. (B) TNF-α levels. (C) TMAO levels. **p  <  0.01. 
CN, normal group; CD, diarrhea model group.
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diarrhea with kidney-yang deficiency syndrome. Combining the results 
of LEfSe analysis, random forest analysis, and ROC curve analysis, it can 
be  inferred that Paludicola, Blautia, Negativibacillus, Paraprevotella, 
Harryflintia, Candidatus_Soleaferrea, Anaerotruncus, Oscillibacter, 
Colidextribacter, [Ruminococcus]_torques_group, and Bacteroides 
constitute characteristic microbial groups in this diarrhea model.

3.9 Functional profile of the cecal 
microbiota in diarrhea with kidney-yang 
deficiency syndrome mice

To determine the effect of diarrhea with kidney-yang deficiency 
syndrome on the metabolic function of the bacterial microbiota in the 

cecal contents of mice, PICRUSt2 analysis based on the KEGG database 
was employed. Figure 8A shows 6 main functional types composed of 
29 functional pathways, among which the metabolic type has the 
greatest abundance. LEfSe analysis (set threshold > 2) was conducted on 
all functional pathways to identify those significantly enriched in either 
the CN or CD group (Figure 8B). Polyketide sugar unit biosynthesis, 
Starch and sucrose metabolism, beta-Lactam resistance, Glyoxylate and 
dicarboxylate metabolism, RNA polymerase, Glycosphingolipid 
biosynthesis-lacto and neolacto series, mRNA surveillance pathway, 
NOD-like receptor signaling pathway, Proteasome, Insulin signaling 
pathway, Lysine degradation pathways were significantly enriched in 
the CD group. In Figure 8C, among the 19 pathways with an abundance 
greater than the median value of 405.0519 in the third-level metabolic 
pathways, D-Glutamine and D-glutamate metabolism, 

FIGURE 5

Analysis of richness and diversity of cecal contents microbiota in mice. (A) Chao1 dilution curve. (B) Shannon dilution curve. (C) Species accumulation 
curve. (D) ASV quantity. (E) Chao1 index. (F) Observed_Species index. (G) Shannon index. (H) Simpson index. (I) PCoA analysis. (J) NMDS analysis. 
(K) Cluster analysis. CN, normal group; CD, diarrhea model group.
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FIGURE 7

Analysis of core feature microbial groups in the cecal contents of mice. (A) Cladogram diagram. (B) LDA diagram. (C) Random forest diagram at genus 
level. (D,E) ROC curve of genera. CN, normal group; CD, diarrhea model group.

FIGURE 6

Cecal microbiota species composition and abundance in mice. (A) Phylum-level cecal microbiota composition. (B) Genus-level cecal microbiota 
composition. (C) F/B ratio. (D,E) Dominant phyla in the cecal contents of the CN and CD groups. (F–K) Dominant genera in the cecal contents of the 
CN and CD groups. CN, normal group; CD, diarrhea model group. *p <0.05;**p < 0.01.
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Aminoacyl-tRNA biosynthesis, and Ribosome pathways were 
significantly decreased in the CD group compared to the CN group 
(p < 0.05).

3.10 Correlation analysis of intestinal CutC 
activity and cecal content microbiota, 
TMAO, and inflammatory factors

To explore the relationship between intestinal CutC activity and 
cecal content microbiota, TMAO, and inflammatory factors in mice with 
diarrhea with kidney-yang deficiency syndrome, 16 characteristic genera 
were screened and Spearman correlation analyses were performed with 
CutC activity. Additionally, Spearman correlation analysis was performed 
to explore the associations between serum and liver TMAO levels, 
TNF-α, IL-6, and CutC activity. As there were no significant changes in 
CutC activity in small intestine contents and mucosa, the analysis 
focused on cecal contents and mucosal CutC activity. The correlation 
heatmap (Figures 9A,B) indicates that cecal contents and mucosal CutC 

activity, TNF-α, IL-6, serum, and liver TMAO levels are positively 
correlated. Specifically, cecal contents and mucosal CutC activity and 
IL-6 showed a significant positive correlation with serum TMAO levels, 
while cecal mucosal CutC activity and IL-6 exhibited a significant 
positive correlation with liver TMAO levels. Notably, the cecal contents 
CutC activity was significantly negatively correlated with Ligilactobacillus, 
while the cecal content and mucosal CutC activity showed significant 
positive correlations with Negativibacillus and Paludicola.

4 Discussion

4.1 Increased activity of cecal CutC 
induced by diarrhea with kidney-yang 
deficiency syndrome

The intestinal microbiota utilizes the TMA lyase complex, consisting 
of CutC/D, CntA/B, and YeaW/X, to metabolize choline, L-carnitine, 
and betaine into trimethylamine (TMA). Among these enzymes, CutC 

FIGURE 8

Metabolic function prediction of cecal microbiota based on the KEGG database. (A) Predicted abundance of KEGG functions. (B) LEfSe analysis results. 
LDA  >  2, p  <  0.05. (C) Inter-group comparison of metabolic functions. *p  <  0.05. CN, normal group; CD, diarrhea model group.
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FIGURE 9

Spearman correlation analysis heatmap: red indicates a positive correlation, and blue indicates a negative correlation. The closer the color is to red, the 
stronger the positive correlation between two parameters; the closer the color is to blue, the stronger the negative correlation between two 
parameters. (A) Heatmap depicting the correlation of CutC activity, TNF-α, IL-6 in cecal contents (CC) and mucosa (CM) with serum and liver TMAO 
levels. (B) Heatmap illustrating the correlation between CutC activity in cecal contents and mucosa with the feature microbial genera in cecal contents.

is acknowledged for its anaerobic degradation of choline, considered a 
primary source of TMA formation in the intestinal tract (Wang et al., 
2015; Gabr and Świderek, 2020; Cai et al., 2022). CutC, a member of the 
glycine reductase enzyme (GRE) family, activates the glycine radical in 
its structure, which can generate a sulfur radical from cysteine. This 
sulfur radical further captures a hydrogen atom from choline’s C1, 
initiating a molecular rearrangement that results in TMA formation 
(Craciun et al., 2014; Zhu et al., 2014). TMAO is the oxidative product 
of TMA catalyzed by FMOs in the liver. Therefore, the role of CutC is 
crucial in the formation of both TMA and TMAO. In this study, a mouse 
diarrhea model was established by intragastric administration of adenine 
combined with Folium sennae, and the activity of CutC in the contents 
and mucosa of the small intestine and cecum was measured. The results 
revealed that there was no significant difference in CutC activity between 
the small intestinal contents and mucosa of the CN group, and the CD 
group showed similar findings. Moreover, CutC activity in the small 
intestinal contents and mucosa of the CD group mice was comparable 
to that of the CN group mice. The cecal mucosal CutC activity was 
consistently higher than that in the cecal content. Additionally, in 
comparison with the CN group, the cecal contents and mucosal CutC 
activity in the CD group were significantly increased. Diarrhea with 
kidney-yang deficiency syndrome increased the activity of CutC in the 
cecum while having no impact on the small intestine segment. The gut 
is a diverse ecosystem with distinct layered environments in different 
segments, leading to variations in microbial composition (de Vos et al., 
2022). Moreover, TMA production is primarily localized in the cecum 
(Li et al., 2022d). Bacteria primarily responsible for producing CutC are 
mainly located in the cecum. The diarrhea with kidney-yang deficiency 
syndrome appears to result in an increased proliferation of bacteria 
producing CutC in the cecum or a decrease in the growth of bacteria that 
inhibit CutC. Further analysis is needed, incorporating changes in the 
microbial composition of cecal contents in mice.

4.2 Decreased beneficial bacteria and 
microbial dysbiosis in cecal contents as 
potential contributors to diarrhea with 
kidney-yang deficiency syndrome

The CN group exhibited a higher number of unique ASVs in cecal 
contents compared to the CD group, indicating a shift in bacterial 
composition in response to diarrhea with kidney-yang deficiency 
syndrome. This study further investigated the impact of diarrhea with 
kidney-yang deficiency syndrome on the diversity, community 
structure, characteristic microbial groups, and functionality of the cecal 
microbiota in mice. In comparison to the CN group, the CD group 
exhibited a decreasing trend in both Chao1 and Observed_species 
indices, used to assess species richness, as well as in the Shannon and 
Simpson indices, which evaluate species diversity. These findings 
indicate a reduction in species richness and diversity of cecal microbial 
communities in mice following adenine combined with Folium sennae 
administration. Consistent results from PCoA and NMDS analyses 
revealed significant differences in the community structure of cecal 
contents between the CN and CD groups. Earlier studies by our 
research group found that diarrhea with kidney-yang deficiency 
syndrome altered the microbial structure in the small intestine contents 
and mucosa of mice (Zhu et al., 2022; Li et al., 2022a), indicating distinct 
microbial compositions in different segments of the intestine. Therefore, 
it can be inferred that diarrhea with kidney-yang deficiency syndrome 
alters the diversity and structure of the cecal microbiota in mice.

To gain further insights into the impact of adenine combined with 
Folium sennae administration on the cecal microbiota, inter-group 
relative abundance comparisons were conducted. The F/B ratio is often 
utilized to gauge intestinal homeostasis, with an increased F/B ratio 
indicating an imbalance or instability in the microbial community 
structure (Shin et al., 2015; Li et al., 2022e). This study indicates that the 
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F/B ratio in the CD group was higher than that in the CN group, 
suggesting an imbalance in the intestinal microbial environment 
induced by diarrhea with kidney-yang deficiency syndrome. In 
comparison to the CN group, the CD group exhibited a decreasing 
trend in the relative abundance of the Ligilactobacillus, and a significant 
reduction in the relative abundance of Alistipes, Enterorhabdus, 
Desulfovibrio, and Candidatus_Saccharimonas, and a significant 
increase in Bacteroides and [Ruminococcus]_torques_group. 
Ligilactobacillus is a lactic acid-producing probiotic in the gut, known 
for its various health benefits and alleviation of diarrhea (An et al., 2011; 
Guerrero Sanchez et al., 2022). Alistipes, belonging to the Bacteroidetes 
phylum, may have protective effects against certain diseases such as 
liver fibrosis, colitis, and cardiovascular diseases, and it is a bacterium 
that produces short-chain fatty acids (Parker et al., 2020). Enterorhabdus 
has been associated with the development of type 2 diabetes mellitus 
(T2DM), obesity, and non-alcoholic fatty liver disease in humans or 
mice (Le Roy et al., 2013; Yang et al., 2015). However, some studies have 
found a negative correlation between Enterorhabdus and 
pro-inflammatory cytokine concentrations, and a decrease in 
Enterorhabdus has been observed in ulcerative colitis (UC) mice 
(Cheng et al., 2023). Desulfovibrio is considered a harmful bacterium 
that produces hydrogen sulfide in the intestines, which is toxic to the 
intestinal epithelium and can cause gastrointestinal diseases (Verstreken 
et al., 2012). The decrease in the relative abundance of Desulfovibrio in 
diarrheal mice may be due to the inhibition of its growth by adenine or 
Folium sennae. Candidatus_Saccharimonas, as a probiotic, possesses 
anti-inflammatory properties and contributes to the secretion of IL-4 
and IL-10 (Sang et al., 2020; Ge et al., 2021). Bacteroides is a crucial 
cornerstone genus in the gut microbiota and plays a significant role in 
the balance of intestinal microbial communities in inflammatory bowel 
disease, colorectal cancer, and other intestinal disorders (Garrett, 2019; 
Ryan et al., 2020). The elevation of [Ruminococcus]_torques_group has 
been observed in patients with diabetic retinopathy, and it is associated 
with sustained systemic inflammation in the irritable bowel syndrome 
with diarrhea (IBS-D) model (Zhen et al., 2021; Bai et al., 2022). Based 
on these results, it can be inferred that adenine combined with Folium 
sennae administration in mice leads to a reduction in beneficial bacteria 
and microbial dysbiosis in cecal contents, which may be important 
factors contributing to diarrhea.

4.3 Reduced ligilactobacillus in the cecal 
contents of mice with diarrhea with 
kidney-yang deficiency syndrome may 
elevate CutC activity, potentially leading to 
increased TMAO levels and promotion of 
inflammatory factor expression

Based on LEfSe analysis and random forest diagnostics, 
Paludicola, Blautia, Negativibacillus, Paraprevotella, Harryflintia, 
Candidatus_Soleaferrea, Anaerotruncus, Oscillibacter, Colidex 
tribacter, [Ruminococcus]_torques_group, and Bacteroides were 
identified as characteristic bacteria in the CD group, while 
Lachnospiraceae_UCG-006, Alistipes, Lachnospiraceae_
NK4A136_group, Staphylococcus, and Ligilactobacillus were 
characteristic in the CN group. Correlation analysis between 
cecal CutC activity and these characteristic bacteria revealed a 

significant negative correlation with Ligilactobacillus and a 
significant positive correlation with Negativibacillus and 
Paludicola. Negativibacillus, considered detrimental to health, has 
been found to significantly increase in patients with ulcerative 
colitis (Gryaznova et al., 2021), and Paludicola, a new genus in 
the Ruminococcaceae family, remains unexplored in the gut (Li 
et  al., 2017). While Negativibacillus and Paludicola exhibit a 
positive correlation with CutC activity, further research is needed 
to establish the nature of their relationship. Ligilactobacillus, a 
probiotic producing lactic acid in the gut, is associated with 
various health benefits and diarrhea alleviation. Studies have 
shown that bacterial-produced lactic acid can significantly reduce 
TMA levels (An et al., 2011; Park et al., 2020; Guerrero Sanchez 
et al., 2022), and CutC activity directly influences the production 
of TMA, a precursor to TMAO. It can be  inferred that 
Ligilactobacillus may inhibit CutC activity and reduce TMA 
production by generating lactic acid. The negative correlation 
between Ligilactobacillus and cecal CutC activity suggests that the 
high CutC activity in cecal contents induced by diarrhea with 
kidney-yang deficiency syndrome is mediated by the reduction 
of Ligilactobacillus.

IL-6 and TNF-α are inflammatory factors critical in both acute 
and chronic inflammation (Gabay, 2006). TMAO, known for its 
pro-inflammatory properties, is implicated in various diseases, 
particularly atherosclerosis, chronic kidney disease, and type 2 
diabetes (Tang et al., 2015; Janeiro et al., 2018; Zhuang et al., 2019; Tan 
et  al., 2020). Correlation analysis was conducted between TMAO 
levels, inflammatory markers, and cecal CutC activity. The results 
revealed a positive correlation between TMAO levels and IL-6, TNF-α, 
and cecal CutC activity, with a significant positive correlation observed 
between TMAO levels and IL-6, as well as between TMAO levels and 
cecal CutC activity. Previous research has demonstrated that increased 
TMAO induces the production of IL-6 and TNF-α, exacerbating 
peritoneal inflammation in peritoneal dialysis patients and increasing 
the risk of peritonitis. This mechanism may involve TMAO inducing 
macrophages toward M1 polarization, leading to increased expression 
of IL-6 and TNF-α (Wu et al., 2020; Zhang et al., 2022), aligning with 
the findings of this study.

5 Conclusion

In summary, diarrhea with kidney-yang deficiency syndrome 
significantly affects the physiological status, digestive enzyme 
activity, CutC activity, TMAO levels, and inflammatory response 
in mice. Additionally, there are changes in the composition and 
function of cecal microbiota, indicating an important impact of 
diarrhea with kidney-yang deficiency syndrome on the host 
intestinal microbiota balance. The occurrence of diarrhea with 
kidney-yang deficiency syndrome may be  associated with 
dysbiosis of intestinal microbiota, increased CutC activity, 
elevated TMAO levels, and heightened inflammatory factor 
levels. These findings not only contribute to a deeper 
understanding of the pathogenesis of diarrhea but also provide 
important theoretical and experimental foundations for further 
research and treatment of diarrhea with kidney-yang deficiency  
syndrome.

https://doi.org/10.3389/fmicb.2024.1354823
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Guo et al. 10.3389/fmicb.2024.1354823

Frontiers in Microbiology 14 frontiersin.org

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be  found at: https://www.ncbi.nlm.nih.gov/, 
PRJNA1041605.

Ethics statement

The animal study was approved by the Animal Ethics and Welfare 
Committee of Hunan University of Chinese Medicine. The study was 
conducted in accordance with the local legislation and institutional  
requirements.

Author contributions

MG: Conceptualization, Data curation, Writing – original 
draft. LF: Data curation, Methodology, Writing – review & 
editing. MC: Investigation, Visualization, Writing – review & 
editing. JS: Investigation, Visualization, Writing – review & 
editing. ZT: Funding acquisition, Supervision, Writing – review &  
editing. WH: Funding acquisition, Supervision, Writing –  
review & editing.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Acknowledgments

We appreciate all the help for this work.

Conflict of interest

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

Publisher’s note

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

References
Al-Obaide, M. A. I., Singh, R., Datta, P., Rewers-Felkins, K. A., Salguero, M. V., 

Al-Obaidi, I., et al. (2017). Gut microbiota-ddependent trimethylamine-N-oxide and 
serum biomarkers in patients with T2DM and aadvanced CKD. J. Clin. Med. 6:86. doi: 
10.3390/jcm6090086

An, H. M., Lee, D. K., Cha, M. K., Lee, S. W., Lee, S. J., Kim, B. S., et al. (2011). Effects 
of lactic acid Bacteria (lab) supplement on the growth rate and elimination of 
enteropathogenic bbacteria in calves. Biotechnol. Biotechnol. Equipment. 25, 2597–2603. 
doi: 10.5504/BBEQ.2011.0085

Bai, J., Wan, Z., Zhang, Y., Wang, T., Xue, Y., and Peng, Q. (2022). Composition and 
diversity of gut microbiota in diabetic retinopathy. Front. Microbiol. 13:926926. doi: 
10.3389/fmicb.2022.926926

Bray, J. R., and Curtis, J. T. (1957). An ordination of the upland forest communities of 
southern Wisconsin. Ecol. Monogr. 27, 325–349. doi: 10.2307/1942268

Cai, Y. Y., Huang, F. Q., Lao, X., Lu, Y., Gao, X., Alolga, R. N., et al. (2022). Integrated 
metagenomics identifies a crucial role for trimethylamine-producing Lachnoclostridium 
in promoting atherosclerosis. NPJ Biofilms Microbiomes. 8:11. doi: 10.1038/
s41522-022-00273-4

Canyelles, M., Borràs, C., Rotllan, N., Tondo, M., Escolà-Gil, J. C., and Blanco-Vaca, F. 
(2023). Gut microbiota-derived TMAO: a causal factor promoting atherosclerotic 
cardiovascular disease? Int. J. Mol. Sci. 24:1940. doi: 10.3390/ijms24031940

Case, H. B., and Dickenson, N. E. (2018). MxiN differentially regulates monomeric 
and oligomeric species of the shigella type three secretion system ATPase Spa47. 
Biochemistry 57, 2266–2277. doi: 10.1021/acs.biochem.8b00070

Chen, S., Hao, M., and Zhang, L. (2022). Antidiarrheal effect of fermented millet bran 
on diarrhea induced by senna leaf in mice. Food Secur. 11:2082. doi: 10.3390/
foods11142082

Cheng, H., Zhang, D., Wu, J., Liu, J., Tan, Y., Feng, W., et al. (2023). Atractylodes 
macrocephala Koidz. volatile oil relieves acute ulcerative colitis via regulating gut 
microbiota and gut microbiota metabolism. Front. Immunol. 14:1127785. doi: 10.3389/
fimmu.2023.1127785

Craciun, S., and Balskus, E. P. (2012). Microbial conversion of choline to 
trimethylamine requires a glycyl radical enzyme. Proc. Natl. Acad. Sci. USA 109, 
21307–21312. doi: 10.1073/pnas.1215689109

Craciun, S., Marks, J. A., and Balskus, E. P. (2014). Characterization of choline 
trimethylamine-lyase expands the chemistry of glycyl radical enzymes. ACS Chem. Biol. 
9, 1408–1413. doi: 10.1021/cb500113p

de Vos, W. M., Tilg, H., Van Hul, M., and Cani, P. D. (2022). Gut microbiome and 
health: mechanistic insights. Gut 71, 1020–1032. doi: 10.1136/gutjnl-2021-326789

Deng, Y., Zou, J., Hong, Y., Peng, Q., Fu, X., Duan, R., et al. (2022). Higher circulating 
trimethylamine N-oxide aggravates cognitive impairment probably via downregulating 
hippocampal SIRT1 in vascular dementia rats. Cells 11:3650. doi: 10.3390/cells11223650

Douglas, G. M., Maffei, V. J., Zaneveld, J. R., Yurgel, S. N., Brown, J. R., Taylor, C. M., 
et al. (2020). PICRUSt2 for prediction of metagenome functions. Nat. Biotechnol. 38, 
685–688. doi: 10.1038/s41587-020-0548-6

Ferrell, M., Bazeley, P., Wang, Z., Levison, B. S., Li, X. S., Jia, X., et al. (2021). Fecal 
microbiome composition does not predict diet-induced TMAO production in healthy 
adults. J. Am. Heart Assoc. 10:e021934. doi: 10.1161/JAHA.121.021934

Gabay, C. (2006). Interleukin-6 and chronic inflammation. Arthritis Res. Ther. 8:S3. 
doi: 10.1186/ar1917

Gabr, M., and Świderek, K. (2020). Discovery of a histidine-based scaffold as an 
inhibitor of gut microbial choline trimethylamine-lyase. ChemMedChem 15, 2273–2279. 
doi: 10.1002/cmdc.202000571

Garrett, W. S. (2019). The gut microbiota and colon cancer. Science 364, 1133–1135. 
doi: 10.1126/science.aaw2367

Gatarek, P., and Kaluzna-Czaplinska, J. (2021). Trimethylamine N-oxide (TMAO) in 
human health. EXCLI J. 20, 301–319. doi: 10.17179/excli2020-3239

Ge, H., Cai, Z., Chai, J., Liu, J., Liu, B., Yu, Y., et al. (2021). Egg white peptides 
ameliorate dextran sulfate sodium-induced acute colitis symptoms by inhibiting the 
production of pro-inflammatory cytokines and modulation of gut microbiota 
composition. Food Chem. 360:129981. doi: 10.1016/j.foodchem.2021.129981

Gryaznova, M. V., Solodskikh, S. A., Panevina, A. V., Syromyatnikov, M. Y., 
Dvoretskaya, Y. D., Sviridova, T. N., et al. (2021). Study of microbiome changes in 
patients with ulcerative colitis in the central european part of Russia. Heliyon 7:e06432. 
doi: 10.1016/j.heliyon.2021.e06432

Guerrero Sanchez, M., Passot, S., Campoy, S., Olivares, M., and Fonseca, F. (2022). 
Ligilactobacillus salivarius functionalities, applications, and manufacturing challenges. 
Appl. Microbiol. Biotechnol. 106, 57–80. doi: 10.1007/s00253-021-11694-0

Heng, X., Liu, W., and Chu, W. (2021). Identification of choline-degrading bacteria 
from healthy human feces and used for screening of trimethylamine (TMA)-lyase 
inhibitors. Microb. Pathog. 152:104658. doi: 10.1016/j.micpath.2020.104658

Janeiro, M. H., Ramírez, M. J., Milagro, F. I., Martínez, J. A., and Solas, M. (2018). 
Implication of trimethylamine N-oxide (TMAO) in ddisease: potential biomarker or 
new therapeutic target. Nutrients 10:1398. doi: 10.3390/nu10101398

Le Roy, T., Llopis, M., Lepage, P., Bruneau, A., Rabot, S., Bevilacqua, C., et al. (2013). 
Intestinal microbiota determines development of non-alcoholic fatty liver disease in 
mice. Gut 62, 1787–1794. doi: 10.1136/gutjnl-2012-303816

https://doi.org/10.3389/fmicb.2024.1354823
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.3390/jcm6090086
https://doi.org/10.5504/BBEQ.2011.0085
https://doi.org/10.3389/fmicb.2022.926926
https://doi.org/10.2307/1942268
https://doi.org/10.1038/s41522-022-00273-4
https://doi.org/10.1038/s41522-022-00273-4
https://doi.org/10.3390/ijms24031940
https://doi.org/10.1021/acs.biochem.8b00070
https://doi.org/10.3390/foods11142082
https://doi.org/10.3390/foods11142082
https://doi.org/10.3389/fimmu.2023.1127785
https://doi.org/10.3389/fimmu.2023.1127785
https://doi.org/10.1073/pnas.1215689109
https://doi.org/10.1021/cb500113p
https://doi.org/10.1136/gutjnl-2021-326789
https://doi.org/10.3390/cells11223650
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1161/JAHA.121.021934
https://doi.org/10.1186/ar1917
https://doi.org/10.1002/cmdc.202000571
https://doi.org/10.1126/science.aaw2367
https://doi.org/10.17179/excli2020-3239
https://doi.org/10.1016/j.foodchem.2021.129981
https://doi.org/10.1016/j.heliyon.2021.e06432
https://doi.org/10.1007/s00253-021-11694-0
https://doi.org/10.1016/j.micpath.2020.104658
https://doi.org/10.3390/nu10101398
https://doi.org/10.1136/gutjnl-2012-303816


Guo et al. 10.3389/fmicb.2024.1354823

Frontiers in Microbiology 15 frontiersin.org

Li, X., Deng, N., Zheng, T., Qiao, B., Peng, M., Xiao, N., et al. (2022c). Importance of 
dendrobium officinale in improving the adverse effects of high-fat diet on mice 
associated with intestinal contents microbiota. Front. Nutr. 9:957334. doi: 10.3389/
fnut.2022.957334

Li, X., Peng, X., Qiao, B., Peng, M., Deng, N., Yu, R., et al. (2022a). Gut-kidney 
impairment process of adenine combined with folium sennae-induced diarrhea: 
association with interactions between Lactobacillus intestinalis, Bacteroides acidifaciens 
and acetic acid, inflammation, and kidney function. Cells 11:3261. doi: 10.3390/
cells11203261

Li, X., Song, J., Shi, X., Huang, M., Liu, L., Yi, G., et al. (2022d). FMO3 deficiency of 
duck leads to decreased lipid deposition and increased antibacterial activity. J Anim Sci 
Biotechnol. 13:119. doi: 10.1186/s40104-022-00777-1

Li, Y. L., Yuan, Z. Y., and Tan, Z. J. (2021). Correlation between intestinal flora and 
traditional chinese medicine syndromes of diarrhea: a review. Chin. J. Exp. Tradit. Med. 
Formul. 27, 209–217. doi: 10.13422/j.cnki.syfjx.20211698

Li, Y., Zhang, L. L., Liu, L., Tian, Y. Q., Liu, X. F., Li, W. J., et al. (2017). Paludicola 
psychrotolerans gen. Nov., sp. nov., a novel psychrotolerant chitinolytic anaerobe of the 
family Ruminococcaceae. Int. J. Syst. Evol. Microbiol. 67, 4100–4103. doi: 10.1099/
ijsem.0.002260

Li, C., Zhou, K., Xiao, N., Peng, M., and Tan, Z. (2022e). The effect of Qiweibaizhu 
powder crude polysaccharide on antibiotic-associated diarrhea mice is associated with 
restoring intestinal mucosal bacteria. Front. Nutr. 9:952647. doi: 10.3389/
fnut.2022.952647

Li, X. Y., Zhu, J. Y., Wu, Y., Liu, Y. W., Hui, H. Y., and Tan, Z. J. (2022b). Model 
bbuilding and validation of diarrhea mice with kidney-yang ddepletion syndrome. J. 
Tradit. Chin. Med. 63, 1368–1373. doi: 10.13288/j.11-2166/r.2022.14.012

Liu, J., Qiao, B., Cai, Y., Tan, Z., and Deng, N. (2023). Diarrhea accompanies intestinal 
inflammation and intestinal mucosal microbiota dysbiosis during fatigue combined with 
a high-fat diet. BMC Microbiol. 23:151. doi: 10.1186/s12866-023-02896-9

Messenger, J., Clark, S., Massick, S., and Bechtel, M. (2013). A review of 
trimethylaminuria: (fish odor syndrome). J. Clin. Aesthet. Dermatol. 6, 45–48.

Park, S. K., Jo, D. M., Yu, D., Khan, F., Lee, Y. B., and Kim, Y. M. (2020). Reduction of 
trimethylamine off-odor by lactic acid bacteria isolated from Korean traditional 
fermented food and their in situ application. J. Microbiol. Biotechnol. 30, 1510–1515. doi: 
10.4014/jmb.2005.05007

Parker, B. J., Wearsch, P. A., Veloo, A. C. M., and Rodriguez-Palacios, A. (2020). The 
genus Alistipes: gut bbacteria with emerging implications to inflammation, cancer, and 
mental health. Front. Immunol. 11:906. doi: 10.3389/fimmu.2020.00906

Qiao, B., Li, X., Zheng, T., and Tan, Z. (2022). Different effects of lard and vegetable 
blend oil on intestinal microorganisms, enzyme activity, and blood routine in mice. J. 
Oleo Sci. 71, 301–310. doi: 10.5650/jos.ess21247

Qiao, B., Liu, J., Deng, N., Cai, Y., Bian, Y., Wu, Y., et al. (2023). Gut content microbiota 
dysbiosis and dysregulated lipid metabolism in diarrhea caused by high-fat diet in a 
fatigued state. Food Funct. 14, 3880–3892. doi: 10.1039/d3fo00378g

Qiao, B., Liu, J., Peng, X., Cai, Y., Peng, M., Li, X., et al. (2023). Association of short-chain 
fatty acids with gut microbiota and lipid metabolism in mice with diarrhea induced by high-
fat diet in a fatigued state. Mol. Nutr. Food Res. 67:e2300452. doi: 10.1002/mnfr.202300452

Ryan, F. J., Ahern, A. M., Fitzgerald, R. S., Laserna-Mendieta, E. J., Power, E. M., 
Clooney, A. G., et al. (2020). Colonic microbiota is associated with inflammation and 
host epigenomic alterations in inflammatory bowel disease. Nat. Commun. 11:1512. doi: 
10.1038/s41467-020-15342-5

Sakai, K., Sakurai, T., De Velasco, M. A., Nagai, T., Chikugo, T., Ueshima, K., et al. 
(2021). Intestinal microbiota and gene expression reveal similarity and dissimilarity 
between immune-mediated colitis and ulcerative colitis. Front. Oncol. 11:763468. doi: 
10.3389/fonc.2021.763468

Sánchez-Alcoholado, L., Ordóñez, R., Otero, A., Plaza-Andrade, I., Laborda-Illanes, A., 
Medina, J. A., et al. (2020). Gut microbiota-mediated inflammation and gut permeability 
in patients with obesity and colorectal cancer. Int. J. Mol. Sci. 21:6782. doi: 10.3390/
ijms21186782

Sang, H., Xie, Y., Su, X., Zhang, M., Zhang, Y., Liu, K., et al. (2020). Mushroom 
Bulgaria inquinans modulates host immunological response and gut microbiota in mice. 
Front. Nutr. 7:144. doi: 10.3389/fnut.2020.00144

Schiller, L. R., Pardi, D. S., and Sellin, J. H. (2017). Chronic diarrhea: diagnosis and 
management. Clin. Gastroenterol. Hepatol. 15, 182–193.e3. doi: 10.1016/j.cgh.2016.07.028

Schugar, R. C., and Brown, J. M. (2015). Emerging roles of flavin monooxygenase 3 in 
cholesterol metabolism and atherosclerosis. Curr. Opin. Lipidol. 26, 426–431. doi: 
10.1097/MOL.0000000000000215

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. 
(2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60. doi: 
10.1186/gb-2011-12-6-r60

Shin, N. R., Whon, T. W., and Bae, J. W. (2015). Proteobacteria: microbial signature of 
dysbiosis in gut microbiota. Trends Biotechnol. 33, 496–503. doi: 10.1016/j.tibtech.2015.06.011

Skye, S. M., Zhu, W., Romano, K. A., Guo, C. J., Wang, Z., Jia, X., et al. (2018). 
Microbial transplantation with human gut commensals containing CutC is sufficient to 
transmit enhanced platelet reactivity and thrombosis potential. Circ. Res. 123, 
1164–1176. doi: 10.1161/CIRCRESAHA.118.313142

Sun, T., Liu, X., Su, Y., Wang, Z., Cheng, B., Dong, N., et al. (2022). The efficacy of 
anti-proteolytic peptide R7I in intestinal inflammation, function, microbiota, and 
metabolites by multi-omics analysis in murine bacterial enteritis. Bioeng Transl Med. 
8:e10446. doi: 10.1002/btm2.10446

Tan, Y., Zhou, J., Liu, C., Zhou, P., Sheng, Z., Li, J., et al. (2020). Association between 
plasma trimethylamine N-oxide and neoatherosclerosis in patients with very late stent 
thrombosis. Can. J. Cardiol. 36, 1252–1260. doi: 10.1016/j.cjca.2019.10.041

Tang, W. H., Wang, Z., Kennedy, D. J., Wu, Y., Buffa, J. A., Agatisa-Boyle, B., et al. 
(2015). Gut microbiota-dependent trimethylamine N-oxide (TMAO) pathway 
contributes to both development of renal insufficiency and mortality risk in chronic 
kidney disease. Circ. Res. 116, 448–455. doi: 10.1161/CIRCRESAHA.116.305360

Tian, E., Wang, F., Zhao, L., Sun, Y., and Yang, J. (2023). The pathogenic role of 
intestinal flora metabolites in diabetic nephropathy. Front. Physiol. 14:1231621. doi: 
10.3389/fphys.2023.1231621

Verstreken, I., Laleman, W., Wauters, G., and Verhaegen, J. (2012). Desulfovibrio 
desulfuricans bacteremia in an immunocompromised host with a liver graft and 
ulcerative colitis. J. Clin. Microbiol. 50, 199–201. doi: 10.1128/JCM.00987-11

Wang, Z., Klipfell, E., Bennett, B. J., Koeth, R., Levison, B. S., Dugar, B., et al. (2011). 
Gut flora metabolism of phosphatidylcholine promotes cardiovascular disease. Nature 
472, 57–63. doi: 10.1038/nature09922

Wang, Z., Roberts, A. B., Buffa, J. A., Levison, B. S., Zhu, W., Org, E., et al. (2015). 
Non-lethal inhibition of gut microbial trimethylamine production for the treatment of 
atherosclerosis. Cell 163, 1585–1595. doi: 10.1016/j.cell.2015.11.055

Wang, H., Yao, J., Chen, Y., Wang, Y., Liu, Y., Liao, Y., et al. (2022). Gut dysbacteriosis 
attenuates resistance to Mycobacterium bovis infection by decreasing cyclooxygenase 2 
to inhibit endoplasmic reticulum stress. Emerg Microbes Infect. 11, 1806–1818. doi: 
10.1080/22221751.2022.2096486

Wu, Y., Peng, X., Li, X., Li, D., Tan, Z., and Yu, R. (2022). Sex hormones influence the 
intestinal microbiota composition in mice. Front. Microbiol. 13:964847. doi: 10.3389/
fmicb.2022.964847

Wu, K., Yuan, Y., Yu, H., Dai, X., Wang, S., Sun, Z., et al. (2020). The gut microbial 
metabolite trimethylamine N-oxide aggravates GVHD by inducing M1 macrophage 
polarization in mice. Blood 136, 501–515. doi: 10.1182/blood.2019003990

Xu, J., Liu, C., Shi, K., Sun, X., Song, C., Xu, K., et al. (2022). Atractyloside-a 
ameliorates spleen deficiency diarrhea by interfering with TLR4/MyD88/NF-κB 
signaling activation and regulating intestinal flora homeostasis. Int. Immunopharmacol. 
107:108679. doi: 10.1016/j.intimp.2022.108679

Yang, J., Summanen, P. H., Henning, S. M., Hsu, M., Lam, H., Huang, J., et al. (2015). 
Xylooligosaccharide supplementation alters gut bacteria in both healthy and prediabetic 
adults: a pilot study. Front. Physiol. 6:216. doi: 10.3389/fphys.2015.00216

Yi, X., Zhou, K., Deng, N., Cai, Y., Peng, X., and Tan, Z. (2023). Simo decoction curing 
spleen deficiency constipation was associated with brain-bacteria-gut axis by intestinal 
mucosal microbiota. Front. Microbiol. 14:1090302. doi: 10.3389/fmicb.2023.1090302

Zhang, L., Xie, F., Tang, H., Zhang, X., Hu, J., Zhong, X., et al. (2022). Gut microbial 
metabolite TMAO increases peritoneal inflammation and peritonitis risk in peritoneal 
dialysis patients. Transl. Res. 240, 50–63. doi: 10.1016/j.trsl.2021.10.001

Zhen, Z., Xia, L., You, H., Jingwei, Z., Shasha, Y., Xinyi, W., et al. (2021). An integrated 
gut microbiota and network pharmacology study on Fuzi-Lizhong pill for treating 
diarrhea-predominant irritable bowel syndrome. Front. Pharmacol. 12:746923. doi: 
10.3389/fphar.2021.746923

Zhou, M. S., Li, X. Y., Liu, J., Wu, Y., Tan, Z. J., Deng, N., et al. (2024). Adenine’s impact 
on mice’s gut and kidney varies with the dosage administered and relates to intestinal 
microorganisms and enzyme activities. 3 Biotech. 14, 88. doi: 10.1007/
s13205-024-03959-y

Zhu, Y., Jameson, E., Crosatti, M., Schäfer, H., Rajakumar, K., Bugg, T. D., et al. (2014). 
Carnitine metabolism to trimethylamine by an unusual Rieske-type oxygenase from human 
microbiota. Proc. Natl. Acad. Sci. USA 111, 4268–4273. doi: 10.1073/pnas.1316569111

Zhu, J., Li, X., Deng, N., Peng, X., and Tan, Z. (2022). Diarrhea with deficiency kidney-
yang syndrome caused by adenine combined with folium senna was associated with gut 
mucosal microbiota. Front. Microbiol. 13:1007609. doi: 10.3389/fmicb.2022.1007609

Zhu, J., Li, X., Deng, N., Zhou, K., Qiao, B., Li, D., et al. (2023). Intestinal mucosal flora 
of the intestine-kidney remediation process of diarrhea with deficiency kidney-yang 
syndrome in Sishen pill treatment: association with interactions between Lactobacillus 
johnsonii, Ca2+-Mg2+-ATP-ase, and Na+-K+-ATP-ase. Heliyon. 9:e16166. doi: 10.1016/j.
heliyon.2023.e16166

Zhuang, R., Ge, X., Han, L., Yu, P., Gong, X., Meng, Q., et al. (2019). Gut microbe-
generated metabolite trimethylamine N-oxide and the risk of diabetes: a systematic 
review and dose-response meta-analysis. Obes. Rev. 20, 883–894. doi: 10.1111/obr.12843

https://doi.org/10.3389/fmicb.2024.1354823
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3389/fnut.2022.957334
https://doi.org/10.3389/fnut.2022.957334
https://doi.org/10.3390/cells11203261
https://doi.org/10.3390/cells11203261
https://doi.org/10.1186/s40104-022-00777-1
https://doi.org/10.13422/j.cnki.syfjx.20211698
https://doi.org/10.1099/ijsem.0.002260
https://doi.org/10.1099/ijsem.0.002260
https://doi.org/10.3389/fnut.2022.952647
https://doi.org/10.3389/fnut.2022.952647
https://doi.org/10.13288/j.11-2166/r.2022.14.012
https://doi.org/10.1186/s12866-023-02896-9
https://doi.org/10.4014/jmb.2005.05007
https://doi.org/10.3389/fimmu.2020.00906
https://doi.org/10.5650/jos.ess21247
https://doi.org/10.1039/d3fo00378g
https://doi.org/10.1002/mnfr.202300452
https://doi.org/10.1038/s41467-020-15342-5
https://doi.org/10.3389/fonc.2021.763468
https://doi.org/10.3390/ijms21186782
https://doi.org/10.3390/ijms21186782
https://doi.org/10.3389/fnut.2020.00144
https://doi.org/10.1016/j.cgh.2016.07.028
https://doi.org/10.1097/MOL.0000000000000215
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1161/CIRCRESAHA.118.313142
https://doi.org/10.1002/btm2.10446
https://doi.org/10.1016/j.cjca.2019.10.041
https://doi.org/10.1161/CIRCRESAHA.116.305360
https://doi.org/10.3389/fphys.2023.1231621
https://doi.org/10.1128/JCM.00987-11
https://doi.org/10.1038/nature09922
https://doi.org/10.1016/j.cell.2015.11.055
https://doi.org/10.1080/22221751.2022.2096486
https://doi.org/10.3389/fmicb.2022.964847
https://doi.org/10.3389/fmicb.2022.964847
https://doi.org/10.1182/blood.2019003990
https://doi.org/10.1016/j.intimp.2022.108679
https://doi.org/10.3389/fphys.2015.00216
https://doi.org/10.3389/fmicb.2023.1090302
https://doi.org/10.1016/j.trsl.2021.10.001
https://doi.org/10.3389/fphar.2021.746923
https://doi.org/10.1007/s13205-024-03959-y
https://doi.org/10.1007/s13205-024-03959-y
https://doi.org/10.1073/pnas.1316569111
https://doi.org/10.3389/fmicb.2022.1007609
https://doi.org/10.1016/j.heliyon.2023.e16166
https://doi.org/10.1016/j.heliyon.2023.e16166
https://doi.org/10.1111/obr.12843

	Dysfunction of cecal microbiota and CutC activity in mice mediating diarrhea with kidney-yang deficiency syndrome
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Feed
	2.3 Drugs and preparation
	2.4 Animal grouping and intervention
	2.5 Model evaluation criteria
	2.6 Behavioral observation of animals
	2.7 Sample collection
	2.8 Measurement of digestive enzyme activity
	2.9 Determination of microbial activity
	2.10 Measurement of CutC activity
	2.11 ELISA detection
	2.12 DNA extraction, 16S rRNA gene amplicon sequencing, and sequence analysis
	2.13 Bioinformatics analysis
	2.14 Statistical analysis

	3 Results
	3.1 General characteristics of diarrhea with kidney-yang deficiency syndrome mice
	3.2 Intestinal digestive enzyme activity in diarrhea with kidney-yang deficiency syndrome mice
	3.3 Small intestinal content microbial activity in diarrhea with kidney-yang deficiency syndrome mice
	3.4 Intestinal CutC activity in diarrhea with kidney-yang deficiency syndrome mice
	3.5 Serum levels of IL-6, TNF-α, TMAO, and hepatic TMAO in diarrhea with kidney-yang deficiency syndrome mice
	3.6 Richness and diversity of cecal contents microbiota in diarrhea with kidney-yang deficiency syndrome mice
	3.7 Species composition and abundance of the cecal microbial community in diarrhea with kidney-yang deficiency syndrome mice
	3.8 Distinctive microbial community in the cecal contents of diarrhea with kidney-yang deficiency syndrome mice
	3.9 Functional profile of the cecal microbiota in diarrhea with kidney-yang deficiency syndrome mice
	3.10 Correlation analysis of intestinal CutC activity and cecal content microbiota, TMAO, and inflammatory factors

	4 Discussion
	4.1 Increased activity of cecal CutC induced by diarrhea with kidney-yang deficiency syndrome
	4.2 Decreased beneficial bacteria and microbial dysbiosis in cecal contents as potential contributors to diarrhea with kidney-yang deficiency syndrome
	4.3 Reduced ligilactobacillus in the cecal contents of mice with diarrhea with kidney-yang deficiency syndrome may elevate CutC activity, potentially leading to increased TMAO levels and promotion of inflammatory factor expression

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

