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A B S T R A C T   

Huoxiang Zhengqi San (HXZQS), a traditional Chinese herbal formula, enjoys widespread use in 
Chinese medicine to treat diarrhea with cold-dampness trapped spleen syndrome (CDSS), which is 
induced by exposure to cold and high humidity stress. This study aimed to explore its therapeutic 
mechanisms in mice, particularly focusing on the intestinal microbiota. Forty male SPF-grade KM 
mice were allocated into two groups: the normal control group (H-Cc, n = 10) and the CDSS 
group (H-Mc, n = 30). After modeling, H-Mc was subdivided into H-Mc (n = 15) and HXZQS 
treatment (H–Tc, n = 15) groups. Intestinal samples were analyzed for enzyme activity and 
microbiota composition. Our findings demonstrated a notable reduction in intestinal lactase ac-
tivity post-HXZQS treatment (P < 0.05). Lactobacillus johnsonii, Lactobacillus reuteri, and Lacto-
bacillus murinus emerged as the main dominant species across most groups. However, in the H-Mc 
group, Clostridium sensu stricto 1 was identified as the exclusive dominant bacteria. LEfSe analysis 
highlighted Clostridiales vadinBB60 group and Corynebacterium as differential bacteria in the H–Tc 
group, and Cyanobacteria unidentified specie in the H-Mc group. Predicted microbiota functions 
aligned with changes in abundance, notably in cofactors and vitamins metabolism. The collinear 
results of the intestinal microbiota interaction network showed that HXZQS restored cooperative 
interactions among rare bacteria by mitigating their mutual promotion. The HXZQS decoction 
effectively alleviates diarrhea with CDSS by regulating intestinal microbiota, digestive enzyme 
activity, and microbiota interaction. Notably, it enhances Clostridium vadinBB60 and suppresses 
Cyanobacteria unidentified specie, warranting further study.   

1. Introduction 

In traditional Chinese medicine (TCM), cold-dampness trapped spleen syndrome (CDSS) is a type of diarrhea that is triggered by 
exposure to a cold and damp environment. This can manifest in various ways, including diarrhea caused by the plateau climate or acute 
infantile diarrhea due to a cold environment [1]. Diarrhea induced by a cold and damp environment can also occur in modern diseases 
such as diarrhea-predominant irritable bowel syndrome, functional diarrhea, non-infectious diarrhea, and infectious diarrhea [2,3]. 
This makes diarrhea with CDSS one of the six most common syndrome-type diarrhea in Chinese medicine [4]. Similarly, it’s worth 
noting that diarrhea induced by exposure to cold and high humidity stress is also prevalent in animal husbandry, resulting in 
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considerable economic losses [5–7]. While sharing identical written characters, the term “spleen” (pronounced as “pi” in Chinese) is 
used in both TCM and Western medicine. Nevertheless, the interpretation of this term diverges significantly between these two medical 
disciplines [8]. In TCM, the concept of spleen includes some organs and their functions, which are similar but not identical to those in 
Western medicine, including immune, digestion, and absorption functions [9]. Additionally, the pathogenesis of diarrhea with CDSS 
involves external stressors originating from cold and damp environments, which impede the spleen’s transportation and trans-
formation functions. This disruption leads to diarrhea characterized by the simultaneous excretion of water, nutrients, and feces [4]. 
Therefore, diarrhea induced by exposure to cold and humid environmental conditions falls within the spectrum of diarrhea with CDSS. 

Huoxiang Zhengqi San (HXZQS) is a classic Chinese medicine formula for treating diarrhea with CDSS that has been used effec-
tively for thousands of years in China [10]. It consists of 13 Chinese herbal medicines including Herba Pogostemonis, Folium Perillae, 
Cortex Magnoliae Officinalis, Radix Angelicae Dahuricae, Pericarpium Arecae, Poria, Rhizoma Pinelliae, Radix Platycodonis, Rhizoma 
Atractylodis Macrocephalae, Pericarpium Citri Reticulatae, Glycyrrhizae Radix et Rhizoma Praeparata, Recens Zingiberis Rhizoma, and 
Fructus Jujubae. In TCM theory, it is believed that each disease manifesting specific pathologies and symptom patterns, while Chinese 
herbal medicine exhibits distinct pharmacological properties and therapeutic effects. Consequently, TCM practitioners formulate 
tailored herbal prescriptions to address different diseases and syndrome presentations. This underscores the personalized and holistic 
nature of TCM treatment, constituting one of the fundamental principles in clinical practice [11]. Following this principle, HXZQS is 
used for diseases with CDSS and is also effective in treating novel coronavirus pneumonia, functional dyspepsia, vomiting, and 
heatstroke [12,13]. In China, HXZQS is produced in various oral dosage forms, including water, pills, capsules, tablets, granules, and 
powders, and are widely used in various medical fields such as gastroenterology, respiratory medicine, surgery, gynecology, pediatrics, 
and ENT [14]. However, owing to the complex composition and multiple therapeutic targets of HXZQS, researchers find it challenging 
to make significant progress in studying the prescription’s efficacy. 

Chinese herbal medicine ingredients usually undergo transformation by intestinal microbiota upon entering the intestine, rather 
than being directly absorbed by the host [15]. This close relationship between Chinese herbal medicines and intestinal microbiota has 
two major aspects. Firstly, carbohydrates, proteins, lipids, and small non-nutritive compounds in Chinese herbal medicines are con-
verted into active metabolites by the intestinal microbiota after entering the intestine, directly affecting the therapeutic effect of TCM. 
Secondly, the active metabolites can regulate the composition of intestinal microbiota, which in turn influences intestinal health 
[16–18]. Network pharmacology studies have shown that HXZQS, excluding Glycyrrhizae Radix et Rhizoma Praeparata, Recens Zin-
giberis Rhizoma, and Fructus Jujubae have 23 target points in the treatment of functional dyspepsia (FD), of which only 5 can directly 
enter the bloodstream [19]. This indicates that most of the active ingredients of the prescription may require conversion into active 
metabolites by intestinal microbiota to treat diseases. 

The intestinal microbiota balance is vital for gut health, relying on dynamic interactions and host-related compounds. Disruptions 
from factors like high-fat diets, antibiotics, or environmental stress can harm gut integrity. Evaluating microbiota health involves 
assessing bacterial growth, diversity, and functional capacity. Ecological resilience ensures ecosystem stability post-disturbance. In-
ternal bacterial cooperation is crucial for holistically assessing microbiota changes. Digestive enzyme activity (DEA) is essential for 
nutrient absorption and gut health. Understanding these processes is crucial for comprehending gut health and disease mechanisms 
[20]. Ecological resilience refers to an ecosystem’s ability to revert to its original state after disruption [21]. Internal cooperation 
among intestinal bacteria is vital for maintaining ecosystem stability, providing a holistic view of microbiota changes [22]. DEA is 
critical for efficient nutrient digestion, preventing the accumulation of unabsorbed nutrients that can exacerbate diarrhea [23]. 
Carbohydrates serve as a primary energy source, with disaccharides hydrolyzed into monosaccharides by intestinal enzymes. These 
enzymes, derived from both the host and microbiota, include lactase, sucrase, and amylase, essential for intestinal function [24–27]. 

In previous studies, our research team successfully established a diarrheal mice model with CDSS [28]. Therefore, our study utilized 
HQZQS to treat diarrhea in mice with cold-dampness trapped spleen syndrome. Subsequently, we conducted analyses on the DEA of 
the intestinal mucosa and contents, as well as the diversity, structure, differential analysis, functional prediction, and cooperative 
dynamics of the microbial community within the intestinal contents. These comprehensive analyses were undertaken to explore the 
intestinal microecological mechanism of HXZQS. 

2. Materials and methods 

2.1. Experimental animals and housing facilities 

SPF-grade KM male mice, with a weight range of 18–20 g, were housed in the Animal Center of Hunan University of Chinese 
Medicine under controlled conditions, including a light-dark cycle, room temperature maintained at 23 ℃-25 ℃, and a relative hu-
midity of 47 %-53 %. The sterilized mouse growth and breeding feed and drinking water were uniformly provided by the Animal 
Center. The feed mainly consists of soybean meal, fish meal, bran, corn, flour, as well as sources of vitamins and minerals. The animal 
production license number: [SCXK (Xiang) 2019-0004], and the facility use license number: [SYXK (Xiang) 2019-0009]. 

2.2. Chemicals and equipment 

The environmental chamber was procured from a supplier in Jiangsu, China. the vertical pressure steam sterilizer was acquired 
from a manufacturer in Chongqing, China. The GZX-9240MBE electric blast dryer was Sourced from a supplier based in Shanghai, 
China. A desktop high-speed frozen centrifuge was obtained from a distributor in Changsha, China. A constant temperature shaker 
incubator was purchased from a vendor in Guangzhou, China. 
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2- nitrophenyl-β-D-galactopyranoside was purchased from Yuanye Biotechnology Co., Ltd. (Shanghai, China), 3,5-dinitrosalicylic 
acid from Runcheng Biotechnology Co., Ltd. (Shanghai, China), soluble starch from Pengcai Fine Chemical Co., Ltd. (Langfang, 
China). O-nitrophenol (ONP) was acquired from Xiechen Import and Export Co., Ltd. (Shanghai, China). Folinol was obtained from 
Shanghai Xinyu Biotechnology Co., Ltd. (Shanghai, China) and carboxymethylcellulose sodium (CMC-Na) was sourced from 
Guangzhou Songbai Chemical Co., Ltd. (Guangzhou, China). 

2.3. Preparation of Huoxiang Zhengqi San decoction 

According to the textbook on Chinese herbal formulas [29], the ingredients of HXZQS were used: 90 g of Herba Pogostemonis from 
Guangdong (production batch number: 2002180142), 30 g of Folium Perillae from Jiangsu (production batch number: 2005280022), 
60 g of Cortex Magnoliae Officinalis from Hunan (production batch number: 2020033001), 30 g of Radix Angelicae Dahuricae from 
Henan (production batch number: SL20060801), 30 g of Pericarpium Arecae from Guangxi (production batch number: 1912042), 30 g 
of Poria from Hunan (production batch number: CK20061001), 60 g of Rhizoma Pinelliae from Sichuan (production batch number: 
20181201), 60 g of Radix Platycodonis from Liaoning (production batch number: CK20052003), 60 g of Rhizoma Atractylodis Mac-
rocephalae from Zhejiang (production batch number: NG20062304), 60 g of Pericarpium Citri Reticulatae from Hunan (production batch 
number: HH20062301), and 75 g of Glycyrrhizae Radix et Rhizoma Praeparata, from Gansu (production batch number: 1907025). 
Recens Zingiberis Rhizoma, and Fructus Jujubae were also added to the mixture. After soaking the mixture in water for 30 min, it was 
decocted twice for approximately 30 min each time. The resulting solution was filtered through double-layer gauze and then 
concentrated in a water bath to achieve a crude drug concentration of 0.24 g/mL. Finally, the concentrate was stored in a refrigerator 
at 4 ◦C. 

2.4. Animals and groups 

Forty male SPF-grade KM mice were used in this study. After a three-day adaptation period, the mice were assigned randomly to 
two groups: a normal control group (H-Cc, n = 10) and the diarrhea with CDSS group (H-Mc, n = 30). Following successful modeling, 
the H-Mc group was further split into two subgroups, the H-Mc group (n = 15) and the HXZQS treatment group (H–Tc, n = 15). 

2.5. Experimental design 

Modeling stage: We established a mouse model exhibiting diarrhea with CDSS in accordance with established protocols. Specif-
ically, the model group mice were exposed to an environmental chamber set at (4 ± 0.5)◦C and (90 ± 2)% humidity from 8:00 to 12:00 
each morning for seven consecutive days, and had unlimited access to water but no food during this period. In contrast, the H-Cc group 
was maintained in a standard environment with a temperature range of 23 ℃-25 ℃ and a relative humidity of 47 %-53 %, while all 
other conditions remained the same as those for the model group. 

TCM treatment stage: After the modeling phase, the mice were further randomized into the H–Tc group and the H-Mc group. The 

Fig. 1. Experimental design of the study. The H-Cc group represents the normal control group (n = 10), the H-Mc group represents the diarrhea with 
CDSS group (n = 15), and the H–Tc group represents the HXZSQ treatment group (n = 15). Likewise for subsequent groups. 
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H–Tc group received HXZQS decoction, while the H-Mc and H-Cc groups were given distilled water. The oral administration was given 
once in the morning and evening, respectively, for three consecutive days, with each mouse receiving 0.35 mL of the assigned solution 
per administration. A detailed experimental design is provided in Fig. 1. 

2.6. Observation of general behavior and calculation of diarrhea index in mice 

The behavior and characteristics of the mice was observed and recorded at a fixed time each day, including stool morphology, 
mental state, fur color, and anal color. At the same time each day, mice were stimulated to defecate, and fresh feces were collected 
separately using curved forceps onto clean filter paper for observation of fecal morphology. The degree of diarrhea in mice was graded 
based on the size of the wet circle on the filter paper, and the diarrhea index was calculated [30]. 

2.7. Small intestine contents and mucosa collection 

Following the treatment, the mice were sacrificed quickly by neck dislocation. Five mice per group were selected, and small in-
testine samples were removed on an ultra-clean operating table. Intestinal contents were collected and marked accordingly: H-Cc 1–5, 
H-Mc 1–5, H–Tc 1–5. The samples were preserved at − 80 ◦C prior to sequencing. Furthermore, we extracted the small intestinal 
contents/mucosa from the remaining mice in each group, recorded the weight of each sample after weighing them, and transferred 
them to sterile water filled with glass beads for further processing. 

2.8. Detection of small intestinal content and mucosal DEA 

To assess the levels of different digestive enzymes in small intestinal content and mucosa, we first prepared a crude enzyme solution 
using a previously established method. Thereafter, we determined lactase activity using the ONPG assay. For the detection of amylase, 
cellulase, and sucrase activities, we used the DNS method, and the Folin phenol method was employed for detecting protease activity. 
Finally, we quantified the activity levels of different digestive enzymes using a spectrophotometer. For lactase activity, 1 unit (U) was 
determined as the quantity of 20 mmol/L substrate decomposed within 10 min at 37 ◦C by 1 g of samples. Regarding amylase activity, 
1 unit (U) represented the generation of 1 mg of reducing sugar per 15 min incubation at 40 ◦C by 1 g of samples. As for sucrase activity, 
1 unit (U) signified the enzyme amount necessary to break down sucrose and yield 1 mg of glucose per min at 37 ◦C within 1 g of 
intestinal contents/mucosa. The definition of cellulase activity paralleled that of sucrase activity. In the case of protease activity, 1 unit 
(U) of enzyme activity was characterized by the generation of 1 mg of amino acid within a 15 min incubation period at 40 ◦C, catalyzed 
by 1 g of samples. We adhered to the referenced protocols for conducting these assays [31]. 

2.9. PCR amplification and illumina hiSeq sequencing 

We utilized the Meiji kit (D3142-03) to extract microbial DNA from the collected samples, assessing its quantity and quality. PCR 
amplification of the bacterial full-length 16S rRNA gene was performed using forward primer 27F (5′-AGRGTTYGATYMTGGCTCAG-3′) 
and reverse primer 1492R (5′-RGYTACCTTGTTACGACTT-3′), with subsequent purification and quantification of the PCR products. 

2.10. Bioinformatics analysis 

To facilitate sequence assembly and de-duplication, we employed FLASH v1.2.11 software. Subsequently, the resulting high- 
quality sequences were clustered into operational taxonomic units (OTUs) at a 97 % threshold. OTU annotations were then 
compared with the Silva database to enhance taxonomic classification accuracy. The upset Venn diagrams were created between 
groups using R software, while the alpha diversity indices such as the Chao 1 index, ACE index [32], Shannon index [33], and Simpson 
index [34] were calculated using Mothur software (http://www.mothur.org/wiki/) and visualized using R package. We conducted 
multivariate analyses, including Principal Coordinate Analysis (PCoA) and Partial Least Squares Discriminant Analysis (PLS-DA), 
leveraging R packages for visualization. Our analysis encompassed generating histograms depicting microbiota abundance at both 
genus and species levels. Additionally, we employed Linear Discriminant Analysis Effect Size (LEfSe) and Receiver Operating Char-
acteristic (ROC) curve analyses using R packages. For predicting bacterial function, we employed PICRUSt 2 software along with KEGG 
and METACY databases. Differential analysis was performed using STAMP, and species-related network diagrams were constructed 
using Gephi 1.0.3.8 software. 

2.11. Statistical analysis 

We conducted statistical analysis using IBM SPSS Statistics version 24.0 (IBM Corp., Armonk, NY, USA). Continuous data adhering 
to normality and homogeneity assumptions underwent one-way ANOVA for comparison. Non-parametric tests, such as the Kruskal- 
Wallis test, were employed for data not meeting these assumptions. Dunnett’s multiple comparison test (Tukey test) facilitated 
inter-group comparisons. Statistical significance was set at P < 0.05. 
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3. Results 

3.1. Effects of HXZQS on the symptoms of diarrhea and general behavior in diarrhea mice with CDSS 

Our research findings indicate that following successful modeling, model mice exhibited swollen perianal mucosa, redness and 
slight protrusion around the anus, and thickening of the tail base compared to normal mice. Additionally, they displayed pronounced 
abdominal wall contractions but experienced difficulty with bowel movements, passing soft or watery stools. The feces were poorly 
formed and inconsistent in size, accompanied by poor mental state, vacant gaze, and sparse fur. 

Upon commencing treatment with HXZQS, mice in the H–Tc group displayed consistent mental states, regular bowel movements, 
and stools with slight formation on the initial day. However, mice in the H-Mc group still showed signs of agitation, clustering, and 
drowsiness, with increased abdominal wall contractions and difficulty with bowel movements. By the second day of treatment, mice in 
the H–Tc group showed restored redness and sensitivity in the perianal and joint mucosa, with improved mobility and smooth bowel 
movements. Stool color deepened, and stool pellets became uniformly sized and formed. In contrast, mice in the H-Mc group exhibited 
restored mental states, reduced drowsiness, increased spontaneous activity, and slightly formed stools. By the third day of treatment, 
mice in the H–Tc group had glossy fur, and their mental states and bowel movements had largely returned to normal. Mice in the H-Mc 
group showed some improvement, with only slightly disheveled fur and a slightly lethargic demeanor, and looser stool consistency. 

As depicted in Table 1, throughout the modeling phase, the diarrhea index notably surged in model mice compared to those in the 
H-Cc group (P < 0.01). Subsequently, during the Chinese medicine intervention period, mice in the H-Mc group exhibited a significant 
rise in the diarrhea index relative to the H-Cc group (P < 0.05), whereas the H–Tc group demonstrated a pronounced reduction in this 
index compared to the H-Mc group (P < 0.05). 

3.2. Effects of HXZQS on intestinal digestive enzymes in diarrhea mice with CDSS 

During the experiment, we observed that mice exposed to cold and humid environments had wet and soft feces, increased stool 
frequency, and showed signs of malaise and messy hair, compared to the H-Cc group. However, these symptoms were alleviated after 
treatment with HXZQS. Fig. 2 illustrates the level of intestinal digestive enzymes in each group. As shown in Fig. 2A–E, in comparison 
to the H-Mc group, the H–Tc group demonstrated significantly decreased lactase activity in intestinal contents (P < 0.05) and slightly 
lower sucrase activity (P > 0.05), which subsequently normalized. Conversely, the H–Tc group exhibited elevated levels of protease, 
amylase, and cellulase activity in intestinal contents, also returning to normal levels (P > 0.05). Moreover, as shown in Fig. 2F–I, the 
H–Tc group displayed higher levels of intestinal mucosal lactase, mucosal sucrase, and cellulase activity compared to the H-Mc group 
(P > 0.05). However, no significant difference was observed in intestinal mucosal protease activity between the two groups (P > 0.05). 

3.3. Impact of HXZQS on intestinal microbiota diversities in diarrhea mice with CDSS 

The dilution curve analysis (Fig. 3A) indicated that sequencing data volume was sufficient for subsequent analysis. In total, 13, 
5158 high-quality bacterial 16S rRNA sequences were acquired, distributed as follows: 4052 sequences in the H-Cc group, 4,3606 in 
the H-Mc group, and 4,7500 in the H–Tc group. As illustrated in Fig. 3B–a total of 72 OTUs were shared among all three groups. 
Additionally, unique OTUs were identified: the H-Cc group had 43, the H-Mc group had 52, and the H–Tc group had 61. Fig. 3C showed 
minimal variation in α diversity across the three groups, suggesting a gradual recovery of species abundance, evenness, and diversity in 
the intestinal microbiota of the H-Mc and H–Tc groups over time. However, Fig. 3D and E indicated significant differences in the H–Tc 
group compared to the others, highlighting the substantial impact of HXZQS intervention on the mice’s intestinal microbiota 
composition. 

Table 1 
Comparison of diarrhea index among three groups of mice（‾x ± s，n = 10）.  

Group The H-Cc group The H-Mc group The H–Tc group F P 

Modeling Stage Day 1 0.093 ± 0.001 0.332 ± 0.013## 0.385 ± 0.017 11.83 0.004 
Day 2 0.073 ± 0.001 0.526 ± 0.035## 0.640 ± 0.048 16.69 0.0014 
Day 3 0.166 ± 0.009 1.294 ± 0.362## 1.245 ± 0.194 15.74 0.0017 
Day 4 0.156 ± 0.004 2.880 ± 0.162## 1.667 ± 0.347 ** 77.94 ＜0.001 
Day 5 0.087 ± 0.001 2.418 ± 0.522## 2.348 ± 0.653 30.58 ＜0.001 
Day 6 0.074 ± 0.001 1.143 ± 0.163## 1.600 ± 0.133 29.5 ＜0.001 
Day 7 0.040 ± 0.001 1.524 ± 0.121## 1.587 ± 0.104 42.24 ＜0.001 

Treatment Stage Day 1 0.120 ± 0.002 1.015 ± 0.043## 0.533 ± 0.036 ** 51.61 ＜0.001 
Day 2 0.067 ± 0.001 0.790 ± 0.026## 0.200 ± 0.005 ** 55.95 ＜0.001 
Day 3 0.044 ± 0.041 0.343 ± 0.015## 0.123 ± 0.002 ** 20.9 ＜0.001 

Note: # denotes a significant difference from the H-Cc group (P < 0.05); ## denotes a highly significant difference from the H-Cc group (P < 0.01); * 
denotes a significant difference from the H-Mc group (P < 0.05). The H-Cc group serves as the normal control (n = 10), the H-Mc group corresponds to 
the CDSS-induced diarrhea group (n = 10), and the H–Tc group represents the HXZSQ treatment (n = 10). Likewise for subsequent groups. 
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Fig. 2. DEA in intestinal contents and mucosa. A–E: Activities of lactase, sucrase, protease, cellulase, and amylase in intestinal contents, respec-
tively. F–I: Activities of lactase, sucrase, protease, and cellulase in intestinal mucosa, respectively. Data are expressed as mean ± standard deviation 
(SD). *P < 0.05, ***P < 0.001. 

Fig. 3. Diversity and community structure of intestinal microbiota. A: Dilution curve. B: Upset graph. C: Alpha diversity index map, including 
richness, good coverage, Shannon, Simpson, Chao1, and ACE index. D: Principal component analysis (PCA) graph based on Bray-Curtis distance. E: 
Partial least squares discriminant analysis (PLS-DA) graph. 
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3.4. The administration of HXZQS altered the microbial community structure in mice with CDSS 

To assess the functions and impacts of microbial taxa, we set thresholds at 1 % for both rare and abundant taxa, organizing all OTUs 
into separate categories according to their abundance levels. Analysis at the phylum level revealed that three primary groups (Fir-
micutes, Bacteroidetes, and Proteobacteria) collectively comprised more than 98 % of the microbial community composition (refer to 
Fig. 4A). Notably, Deferribacteres and Epsilonbacteraeota were absent in the H–Tc group, whereas they continued to exist in the H-Mc 
group. In Fig. 4B and C, concerning the genus level, Lactobacillus and Candidatus Arthromitus emerged as the prevailing bacterial genera 
in both the H-Cc and H–Tc groups, with Lactobacillus notably more predominant. The H-Mc group also showed a high abundance of 
Lactobacillus (account for 87.4 %), and a smaller proportion of Candidatus Arthromitus (6.26 %) and Clostridium sensu stricto 1 (1.97 %). 
As shown in Fig. 4B and D, at the species level, the H-Cc group was dominated by Lactobacillus johnsonii (51.23 %), Lactobacillus reuteri 
(22.27 %), Lactobacillus murinus (6.02 %). The H–Tc group was dominated by Lactobacillus johnsonii (36.28 %), Lactobacillus reuteri 
(25.37 %), Lactobacillus murinus (6.7 %). In contrast, the H-Mc group was dominated by Lactobacillus johnsonii (43.53 %), Lactobacillus 
murinus (21.60 %), Lactobacillus reuteri (17.17 %) and Clostridium sp. ND2 (1.70 %). Notably, the relative abundance of Clostridium sp. 
ND2 exhibited a significant increase in the H-Mc group compared to both the H-Cc and H–Tc groups (P < 0.05). 

3.5. Differential analysis of intestinal microbiota in diarrhea mice with CDSS intervened by HXZQS 

In Fig. 5A, employing LEfSe analysis with LDA scores exceeding 2, we identified Corynebacterium and Clostridiales vadinBB60 group 
as differential bacteria in the H–Tc group, while Cyanobacteria unidentified specie was identified as a differential bacterium in the H- 
Mc group. The ROC curve shown in Fig. 5B demonstrates that Clostridiales vadinBB60 group, Cyanobacteria unidentified specie, and 
Corynebacterium exhibit high sensitivity and specificity in distinguishing each group. In discriminating between the H-Mc and H-Cc 
groups, Cyanobacteria unidentified species demonstrated the highest efficacy, achieving an AUC of 1. Meanwhile, in distinguishing the 
H-Mc group from the H–Tc group, Cyanobacteria unidentified species and Corynebacterium emerged as the most effective, with 
respective AUC values of 0.74 and 0.8. 

3.6. Bacterial gene function prediction in diarrhea mice with CDSS intervened by HXZQS 

From Fig. 6A, it is evident that HXZQS had a significant impact on several metabolic functions in mice with cold and humid stress- 
induced diarrhea, including cofactors and vitamins metabolism, energy metabolism, carbohydrate metabolism, and amino acid 
metabolism. Fig. 6B indicated that the H–Tc group was effective in restoring and improving metabolic pathways related to terpenoids 
and polyketides metabolism, cofactors and vitamins metabolism, energy metabolism, and amino acid metabolism, while also reducing 
functions of carbohydrate metabolism, membrane transport, infectious disease: bacterial, etc. Fig. 6D indicated that C5-Branched 
dibasic acid metabolism, Lipoarabinomannan biosynthesis, and Biosynthesis of secondary metabolites-unclassified had significant 

Fig. 4. Species distribution of intestinal microbiota. A: Species distribution and relative abundance at the phylum level. B: Species with significant 
changes in relative abundance. C and D: Relative abundance at the genus and species levels, respectively. *P < 0.05. 
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differences among the three groups (P < 0.05 or P < 0.01). The results in Fig. 6C and E demonstrate the impact of HXZQS on the 
activity of intestinal microbiota metabolic enzymes. For example, L-fucose isomerase (EC:5.3.1.25) activity was altered, resulting in the 
production of L-fucose, known for its health benefits such as immune enhancement and anti-tumor effects [35]. Similarly, the activity 
of diacetyl reductase (EC:1.1.1.303) and (R, R)-butanediol dehydrogenase (EC:1.1.1.4), typically associated with butanediol dehy-
drogenase function, was affected. These enzymes play a role in butyrate metabolism and have been reported to be produced by 
Saccharomyces cerevisiae [36]. Additionally, enzymes like Inositol 2-dehydrogenase (EC:1.1.1.18), D-chiro-inositol 1-dehydrogenase 
(EC:1.1.1.369), and sn-glycerol-1-phosphate dehydrogenase (EC:1.1.1.261) underwent changes, influencing processes such as cell 
growth, energy provision, and cellular repair. 

3.7. The shifts in the cooperative patterns of intestinal microbiota in diarrhea mice with CDSS intervention using HXZQS 

As demonstrated in Fig. 7A and C, consistent with previous research by our group, modeling led to a competitive and inhibitory 
relationship between the intestinal probiotics Lactobacillus johnsonii, Lactobacillus reuteri, and Lactobacillus murinus. However, after 
treatment with HXZQS, the inhibitory competition between them disappeared (Fig. 7B and C). The same change occurred in rare 
bacteria, and HXZQS restored the original cooperative mode between rare bacteria by slowing down their intensive mutual promotion. 

4. Discussion and conclusion 

4.1. HXZQS improves the intestinal microbiota of diarrhea mice with CDSS 

The findings regarding species abundance revealed that HXZQS primarily elevated and reinstated the presence of Lactobacillus 
reuteri while reducing the population of Lactobacillus murinus. It has been reported that an excessive proliferation of Lactobacillus 
murinus due to antibiotic usage can disrupt intestinal metabolic function, leading to conditions such as alopecia in mice [37]. However, 
Lactobacillus murinus has also been reported to prevent intestinal damage [38]. Under energy-restricted conditions, Lactobacillus 
murinus grows rapidly and contributes to maintaining intestinal barrier function, reducing serum endotoxin load, and improving 
systemic inflammation [39]. Lactobacillus reuteri, recognized as a beneficial bacterium, enhances intestinal microbiota and counters the 
colonization of harmful bacteria. Additionally, it inhibits intestinal inflammatory factors and bolsters intestinal immune function [37, 
40–42]. 

In addition, HXZQS also reduced the abundance of Clostridium sp. ND2, a Gram-positive obligate anaerobic of Firmicutes that 
ferments D-glucose and D-maltose, producing butyric acid [43]. The LEfSe analysis results revealed several differential bacteria among 

Fig. 5. Analysis of differential bacterial species in the intestinal microbiota. A: LEfSe analysis. B: ROC curve.An AUC value of 1.0 indicates flawless 
discrimination between the two groups, with no prediction errors. The closer the AUC value is to 1.0, the higher the accuracy of the prediction. AUC 
values between 0.5 and 0.7 suggest low accuracy, while those between 0.7 and 0.9 indicate reasonable accuracy, and values above 0.9 signify high 
accuracy. An AUC of 0.5 suggests the diagnostic method is ineffective and lacks diagnostic value. AUC <0.5 rarely occurs in practice and does not 
reflect the real situation. 
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Fig. 6. Analysis of Intestinal Bacterial Functional Prediction. A: Predicted abundance map of KEGG secondary functions. Colors represent group 
names, the x-axis represents relative abundance, the y-axis represents KEGG secondary functional classification, and titles in gray areas represent 
corresponding first-level classification names. B: Heatmap displaying the top 30 tertiary function abundances. Horizontal direction represents group 
names, vertical direction represents function information, the left side displays clustering tree of functions based on relative abundance, and the 
upper part indicates sample clustering tree. Colors in the heatmap represent relative abundance of functions, where Z values obtained after 
normalization processing. Closer to red indicates higher abundance. C: Relative abundance of enzymatic functions. D and E: STAMP differential 
analysis (ANOVA method) based on relative abundance of pathways and enzymes, respectively.*P < 0.05, **P < 0.01, ***P < 0.001. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Intestinal microbiota interaction network. A: Network depicting interactions between rare and abundant species in the intestines of the H-Cc 
and H-Mc groups. B: Network illustrating interactions between rare and abundant species in the intestines of the H-Cc and H–Tc groups. C: Network 
showing interactions between rare and abundant species in the intestines of the H-Mc and H–Tc groups. Red nodes denote the presence of rare 
species, while green nodes signify abundant species; node size is proportional to their respective weights. Correlations between species are depicted 
by edges: red lines denote positive correlations, while green lines indicate negative correlations. The thickness of the lines corresponds to the 
strength of the correlation, with connections depicting strong (r > 0.8) and statistically significant (P < 0.05) correlations. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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the three groups. Corynebacterium 1 was diverse and included both pathogenic and nonpathogenic strains. The Clostridiales vadin BB60 
group, identified as a differential bacterium in the H–Tc group, shows increased abundance under the stimulation of HXZQS decoction. 
It can produce short-chain fatty acids, which are negatively correlated with obesity, abnormal blood lipids, and insulin resistance, 
suggesting its potential as a probiotic [44,45]. 

In line with our prior research, there was an observed increase in Cyanobacteria unidentified specie within the intestinal tract of 
mice in the H-Mc group, marking them as distinctive bacteria in this group [46]. Notably, HXZQS demonstrates the ability to coun-
teract this phenomenon. Cyanobacteria unidentified specie belonged to the phylum Cyanobacteria, an ancient class of bacteria playing 
a vital role in biological evolution. Although Cyanobacteria can excrete a large amount of C4 dicarboxylic acid through glycogen 
fermentation in a dark anoxic environment [47], they also produce toxins causing damage to the body [48]. Some studies suggest that 
Cyanobacteria may be involved in the development of inflammatory bowel diseases such as Crohn’s disease and ulcerative colitis, 
though the exact mechanism remains unclear. Additionally, HXZQS treatment significantly reduced the abundance of an Cyanobac-
teria unidentified species in the H-Mc group, indicating its potential impact on the intestinal microbiota. 

4.2. Effects of HXZQS on intestinal DEA, intestinal microbial abundance and function in diarrhea mice with CDSS 

Our research findings indicate that HXZQS significantly decreased lactase activity in intestinal contents and also moderately in-
creases disaccharidase activity, including sucrase and lactase, in the intestinal mucosa. This augmentation contributes to the pro-
motion of intestinal digestive function. We also observed that HXZQS increased the protease activity in the contents of diarrhea mice 
with CDSS. This is significant, as small intestinal proteases, many of which are microbiota-derived, can negatively impact the immune 
response to dietary antigens, compromise mucosal barrier integrity, and trigger pro-inflammatory or pro-nociceptive signals [49,50]. 
The increased protease activity may also be linked to intestinal inflammation and microbiota dysbiosis. Increased protease activity 
observed in the feces of inflammatory bowel disease (IBD) patients suggests a potential link to gut microbiota dysbiosis in these 
conditions [51]. Furthermore, HXZQS was found to enhance the activity of intestinal cellulase, which is responsible for breaking down 
complex carbohydrates such as cellulose. These findings suggest that HXZQS may help improve the digestion and absorption of 
carbohydrates in diarrhea mice with CDSS. Overall, our study offers valuable insights into the potential benefits of HXZQS in 
enhancing intestinal DEA, as well as microbial abundance and function, in mice with diarrhea induced by cold and high humidity 
stress. 

In addition to its effects on intestinal digestive enzymes, our study also investigated the impact of HXZQS on intestinal microbial 
abundance and function in CDSS mice. Our findings suggest that HXZQS inhibited the growth of bacteria such as Alloprevotella UCG- 
001, Alloprevotella, Bacteroides, Parabacteroides, and Bacteroides acidifaciens, while increasing the relative abundance of Marvinbryantia, 
a genus known for its ability to decompose cellulose [52]. This is consistent with the observed increase in cellulase activity in intestinal 
contents in the HXZQS group. Shifts in the predicted function of the intestinal microbiota were aligned with alterations in enzyme 
activity. Our results showed that HXZQS increased the activity of bacterial amylase, specifically alpha-amylase, which is the most 
important bacterial amylase accounting for 98.47 % [53]. This was further supported by a rise in the relative presence of crucial 
amylase-producing bacteria, such as Bacillus and Lactobacillus, observed in the HXZQS group [54]. Furthermore, our study highlighted 
the potential negative impact of excessive fermentation of Prevotellaceae and Bacteroidaceae bacteria, which can lead to a reduction in 
intestinal pH and an imbalance in the intestinal microbiota. HXZQS was found to inhibit the growth of these bacteria, which may 
contribute to restoring a more balanced intestinal microbiota. Moreover, HXZQS restored the activity of disaccharidases in the small 
intestinal mucosa while concurrently reducing it in the intestinal contents. This aligns with the decline in relative abundance observed 
in an unidentified species within the Cyanobacteria phylum, which is recognized for its inhibition of the metabolic process of c-5 
branched dibasic acids [55]. 

This discovery implies that HXZQS could enhance carbohydrate digestion and absorption efficiency within the small intestine, 
potentially contributing to its overall positive effects on intestinal health. Further investigation is warranted to delve into the un-
derlying mechanisms and potential therapeutic applications of HXZQS concerning intestinal microbial metabolism. 

4.3. Regulation of intestinal microbiota interactions by HXZQS improves intestinal health in diarrhea with CDSS 

We examined the significance of microbial interactions within the intestine and their connection to microbiota health in cases of 
diarrhea with CDSS. The microbial ecosystem in the intestinal is a dynamic and complex process, with intricate communication among 
intestinal microbiota to adapt to the environment [22]. Different interactions such as mutualism, competition, predation/parasitism, 
favoritism, harmless parasitism, and neutralism shape the stability and dynamics of microbial communities in consortiums. Under-
standing these microbial interactions can help determine the overall regulation of the intestinal microbiota and targeted regulation of 
specific bacteria by pharmaceuticals. Network association analysis can be used to study the interaction relationship in the intestinal 
microbiota under both natural and intervention states [56]. 

Our study found that when subjected to extreme cold and humid environment stress, intestinal bacteria change the way of 
cooperation to adapt to the new environment, causing an imbalance in the microbiota and contributing to diarrhea with CDSS. 
However, we observed that HXZQS can restore the cooperation of the intestinal microbiota, returning it to the state before modeling. 
HXZQS mainly improved the competition or inhibition strategies of several dominant Lactobacillus strains in the intestine while 
reducing the mutual promotion strategies of the main intestinal rare bacteria. This beneficial change in bacterial interaction can 
mainly be attributed to the improvement in the distribution of nutrients and energy in the intestinal tract by HXZQS. However, the 
cooperation among intestinal bacteria is complex, but the molecular mechanism of the ecological relationship between co-cultured 
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microorganisms is currently poorly understood, and the development of co-culture technology is slow [22,57]. Our findings indicate 
that HXZQS may be vital in modulating microbiota cooperation and enhancing intestinal microbiome health. Additional research is 
needed to explore the clinical applications of HXZQS in intestinal microbial metabolism and to uncover the mechanisms behind its 
beneficial effects. 

5. Conclusion 

In conclusion, our study sheds light on the therapeutic potential of HXZQS in regulating intestinal lactase activity and restoring 
microbiota balance in diarrhea with CDSS in mice. HXZQS primarily achieves its therapeutic effects by augmenting the abundance of 
Clostridiales vadinBB60 group while suppressing the proliferation of Cyanobacteria unidentified specie. Moreover, our findings 
highlight the capacity of HXZQS to reinstate the symbiotic relationship between both rare and abundant bacteria in the gut to pre- 
modeling levels. Crucially, HXZQS targets and regulates intestinal lactase activity directly, indicating its pivotal role in addressing 
gastrointestinal disturbances. Furthermore, our observations suggest that HXZQS also impacts the metabolic functions of intestinal 
bacteria to some degree. This modulation of bacterial metabolism corresponds with observed changes in digestive enzyme activity 
within the intestine, further underscoring the therapeutic efficacy of HXZQS. 
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